Exploring the Potential of Homogeneous Ru-
SNS/NNS Complexes and Heterogeneous
Ru-Hydrotalcite in De(hydrogenative)
Transformations

A Dissertation
Submitted in partial fulfilment of the
Requirements for the Degree of

Doctor of Philosophy
by

Bitan Sardar

SR 5y

>
;F ’
5. y . :
%) o
- R .
o

&
2 ‘
%"@ Of Tech™

o""h atj» 13,\3&

Q

Department of Chemistry
Indian Institute of Technology Guwahati
Guwabhati, 781039

Assam, India

TH-3203_176122045



TH-3203_176122045



Dedicated
to
My Parents

22222222222222222



TH-3203_176122045



INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

PRI
%ﬁ ?9 ASSAM, INDIA, 781039
A %
f ¥ Department of Chemistry
2 ®:
) 3
N &
'PofrechnO‘ds\

Statement

I, hereby declare that the work comprised in this thesis entitled “Exploring the Potential of
Homogeneous Ru-SNS/NNS Complexes and Heterogeneous Ru-Hydrotalcite in
De(hydrogenative) Transformations” is the outcome of the research work carried out by me
under the supervision of Dr. Dipankar Srimani, Department of Chemistry, Indian
Institute of Technology Guwabhati, India, for the award of the degree of Doctor of
Philosophy.

In harmony with the general practice of reporting scientific observations, due
acknowledgments have been made if the work is established on the findings of other

investigators.

Guwahati Bitan Sardar
July, 2023 Roll no: 176122045
Department of Chemistry

IIT Guwahati, Assam

India, 781039

TH-3203_176122045



TH-3203_176122045



AR
INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI

»
Y %
£ 4 ASSAM, INDIA, 781039
%5 ‘ g Department of Chemistry
EN &
%feofTechnd‘oq\
Dr. Dipankar Srimani Email: dsrimani@iitg.ac.in

Associate Professor, Department of Chemistry
Certificate

This is to certify that the work incorporated in the thesis entitled “Exploring the Potential
of Homogeneous Ru-SNS/NNS Complexes and Heterogeneous Ru-Hydrotalcite in
De(hydrogenative) Transformations” which is being submitted to the Indian Institute of
Technology Guwahati for the award of Doctor of Philosophy in Chemistry by Mr. Bitan
Sardar (Roll No: 176122045) was carried out by him under my supervision at this institute.
The work presented in his thesis is original and has not been submitted elsewhere for a

degree.

Guwahati Dr. Dipankar Srimani

July, 2023
(Thesis Supervisor)

Associate Professor
Department of Chemistry
T Guwahati
Assam-781039

India

TH-3203_176122045



TH-3203_176122045



~Acknowledgements~

I want to show my appreciation to everyone who has guided and assisted me in any way
during my academic journey. This thesis would not have come to be without their
contributions.

First and foremost, | want to mention the name of the two most important persons in my
life, my parents, Mr. Anil Kumar Sardar (Father) and Mrs. Rita Sardar (Mother). Thank
you for being the living miracle of my life.

I would like to express my sincere gratitude to my supervisor Dr. Dipankar Srimani for
his constant guidance, support and insightful advice throughout my research work. I am
deeply indebted to him for inspiring me towards scientific research and also thankful for
giving me the opportunity to work under his guidance.

Besides my advisor, | would like to acknowledge my doctoral committee members Prof.
Bhubaneswar Mandal (Chairman) (IIT Guwahati), Prof. Lal Mohan Kundu (IIT
Guwahati), Prof. Debapratim Das, (IIT Guwahati), Dr. Sunanda Chatterjee (IIT
Guwahati) for their valuable suggestions and encouragements which helped a lot to
improve my thesis.

I sincerely appreciate the whole hearted cooperation and valuable help rendered by the
teaching and non-teaching staff of the Department of Chemistry, Indian Institute of
Technology Guwahati. | am also thankful to IIT Guwahati, Department of Chemistry and
Central Instruments Facilities (CIF) for providing research facilities and instrumental
facilities. I wish to extend my thanks to CSIR for the financial support.

My deepest gratitude to my lab mates for their support during my PhD period. | am very
much thankful to my seniors, Dr. Ramen Jamatia, Dr. T. S. Manikandan, Dr. Kalicharan
Das; Dr. Nandita Biswas, Dr. Sundarraman Balaji, my labmates Avijit, Debjyoti, Rahul
and my juniors Mithu, Arup, Hirak, and Rajashri.

| greatly appreciate and acknowledge the support received from other laboratories of
Department of Chemistry, 1T Guwahati.

I would like to thank all my batchmates Bishwanath Mahato, Araghni Bhattacharya, Tipu
Alam, Abu Sufian, Manmath Mishra, Pran Gobinda Nandi and Suvendu Halder.

Now, | would like to express my gratitude too Monikha Chetia, Dr. Saurav Das and Dr.

Swapna Debnath. Thank you for always helping me in my good and hard times.

TH-3203_176122045



| also take this opportunity to tender my thanks to my university, college friends and
seniors. Sumana, Diotima Di, Sunny, Subhajit, Kamal, Debayan, Saborni, Pubali, Jayoti,
Abarnana, Wrivu, Soumya, Gaurav, Dr. Jeet Banerjee and Dr. Sourav Mal for their
pricelss friendship and moral support.

| owe a debt of gratitutde to all of my teachers for their contributions to my education at
various stages. | woud like to mention the name who piqued my interest in chemistry is
Debojyoti Biswas. | would like to thank University of Kalyani and Krishnath College.
Professors like Professor Dr. Kamakhya Prasad Guha, Dr. Arijit De, Prof. Sakti Pada
Das, Prof. Shital Kumar Chattopadhyay, Prof. Kumaresh Ghosh and Prof. Asoke Prasun
Chattopadhyay are deeply acknowledged in this regard.

| am very much grateful to my elder brother Tiaus Sardar. He constantly supports me in
every aspects of my life.

It’s tough to fit all of the names into a single paper; any absence in this brief

acknowledgement does not imply a lack of appreciate.

Thank You
-Bitan

TH-3203_176122045



TH-3203_176122045



TH-3203_176122045



Context

Chapter 1

TH-3203_176122045

General Introduction

1.1. Introduction

1.2. Acceptorless dehydrogenation

1.2.1. Dehydrogenation of alcohols

1.3. Borrowing hydrogen approach

1.4. Homogeneous catalysis

1.4.1. Dehydrogenation of alcohols to form aldehydes or ketones
1.4.2. Dehydrogenative coupling of alcohols to form esters
1.4.3. Dehydrogenative coupling of alcohols to form acetals
1.4.4. Dehydrogenative synthesis of acids from alcohols

1.4.5. Dehydrogenative coupling of alcohols and amines to form
imine and amides
1.4.6. Dehydrogenative coupling of alcohols to form heterocyclic
compounds

1.4.6.1. Synthesis of pyrroles

1.4.6.2. Synthesis of pyridines and quinolines
1.4.7. C=C bond formation

1.4.7.1. Julia olefination

1.4.7.2. Wittig reaction
1.4.8. C-C bond formation
1.4.9. Amination of alcohols
1.5. Heterogeneous catalysis
1.5.1. A quick introduction to Layered Double Hydroxide
1.5.2. Dehydrogenation of Alcohols to form aldehydes and ketones
1.5.3. Dehydrogenation of Amines to Imines
1.5.4. Dehydrogeative coupling of alcohol and amines
1.5.5. C-C bond formation

1.5.5.1. Nitrile alkylation

1.5.5.2. a-alkylation of ketones
1.5.6. C-N bond formation
1.6. Concluding remarks

1.7. References

Page

© oo b B WO DN PP

11

14

14
15
15
16
17
17
19
20
20

23
25
26
26
27
28
28
29



Chapter 2

Chapter 3

TH-3203_176122045

Ruthenium Pincer Catalyzed Selective Synthesis of Alkanes
and Alkenes via Deoxygenative Coupling of Primary Alcohols
2.1. Introduction

2.2 Our work

2.3 Results and discussions

2.3.1. Optimization of the reaction conditions for the selective
synthesis of alkenes

2.3.2. Homocoupling of 2-arylethanols

2.3.3. Optimization of the reaction conditions for the selective
synthesis of alkanes

2.3.4. Scope of alkanes

2.3.5. Optimization of the ratio of two alcohols for cross coupling
of 2-arylethanols

2.3.6. Deoxygenative cross-coupling of various 2-arylethanols
2.3.7. Deoxygenative cross-coupling of 2-phenylethanol with
primary alcohols

2.4. Reaction mechanism for dehydrogenation

2.5. Reaction mechanism for hydrogenation

2.6. Mechanistic investigation

2.7. Kinetic study

2.8. Post synthetic modification

2.9. Conclusion

2.10. Experimental section

2.11. Characterization data and reports

2.12. References

2.13.H and **C NMR spectra of the compounds

Ruthenium Catalysed Dehydrogenative Cyclization to
Synthesize Polysubstituted 4-quinolones under Solvent-Free
Conditions

3.1. Introduction

3.2 Our work

3.3 Results and discussions

Page

37
39
39
40

41
42

44
45

45
46

46
47
48
52
53
53
54
66
73
76

Page

79
82
83



3.3.1. Optimization for the reaction between 2'- 84

aminoacetophenone (3.1.1a) and benzyl alcohol (3.1.2a)

3.3.2. Substrate scope of 2, 3-disubstituted 4-quinolones 85
3.3.3. Scope of 2'-aminoarylketones 86
3.3.4. Substrate scope of 2, 3-disubstituted 4-quinolones from 2'- 87
aminophenylethan-1-ol (3.1.6) and alcohols

3.4. Reaction mechanism 88
3.5. Mechanistic investigation 89
3.6. Post synthetic modification 91
3.7. Conclusion 92
3.8. Experimental section 92
3.9. Characterization data and reports 104
3.10. References 117
3.11.'H and *3C NMR spectra of the compounds 120

Chapter 4  Multicomponent Dehydrogenative Synthesis of Acridine-1,8- Page
diones Catalyzed by Ru-doped Hydrotalcite

4.1. Introduction 127
4.2 Our work 129
4.3 Results and discussions 130
4.3.1. Material characterization 130

4.3.2. Optimization of the reaction conditions for the synthesis of 133
acridine-1,8-diones

4.3.3. Substrate scope of acridine-1,8-diones 135
4.3.4. Optimization of the reaction conditions for the synthesis of 136

N-substituted acridine-1,8-diones

4.3.5. Substrate scope of N-substituted acridin-1,8-diones 137
4.4. Reaction mechanism 138
4.5. Mechanistic investigation 140
4.6. Kinetic study 143
4.7. Conclusion 145
4.8. Experimental section 145
4.9. Characterization data and reports 158
4.10. References 167

TH-3203_176122045



4.11.'H and 3C NMR spectra of the compounds 172

Chapter5 Ru doped Hydrotalcite Catalyzed Borrowing Hydrogen- Page
Mediated N-Alkylation of Benzamides, Sulfonamides and

Dehydrogenative Synthesis Quinazolinones

5.1. Introduction 176
5.2 Our work 179
5.3 Results and discussions 179
5.3.1. Optimization of the reaction conditions of N-alkylation of 179
benzamide

5.3.2. N-Alkylation of diverse benzamides with various alcohols 181
5.3.3. Optimization of the reaction conditions of N-alkylation of 182
sulfonamide

5.3.4. N-Alkylation of diverse sulfonamides with various alcohols 183
5.3.5. Optimization of the reaction conditions for the synthesis of 184

qunazolin-4(3H)-ones

5.3.6. Scope of quinazolin-4(3H)-ones 186
5.4. Mechanistic investigation 186
5.5. Kinetic profile 192
5.6. Conclusion 193
5.7. Experimental section 193
5.8. Characterization data and reports 203
5.9. References 215
5.10.H and 3C NMR spectra of the compounds 219
Thesis Overview 225
List of publications 227
Workshop and conferences 228
Copyright permission 229

TH-3203_176122045



Abstract

The contents of the present thesis entitled as “Exploring the Potential of Homogeneous Ru-
SNS/NNS Complexes and Heterogeneous Ru-Hydrotalcite in De(hydrogenative)
Transformations” have been divided into five chapters. The first chapter contains a brief
literature study related to various de(hydrogenative transformations) and the last four chapters
were based on the results achieved from the experimental works performed during the entire

course of the PhD research programme.

Chapter 1 contains a brief introduction about the literature review of acceptorless
dehydrogenation and borrowing hydrogen reaction of alcohols via homogeneous catalysis and
heterogeneous catalysis. In 21% century, the rapid depletion of fossil fuels and growing
environmental concerns urges chemists and chemical industries to search for alternative raw
materials and to develop new methodology to produce sustainable chemicals and important
building blocks. In this regard, biomass derived alcohols was found to be best candidate, as
they are non-toxic in nature. Moreover, alcohols are considered renewable starting materials
that can be used in organic synthesis for various organic transformations and the preparation
of commodity chemicals. In this context, “acceptorless dehydrogenation (AD)” and
“borrowing hydrogen (BH)” catalysis play a key role. These approaches are sustainable
because these process liberates water and in some cases (i.e., AD) molecular hydrogen as clean
by-products. And, these type of reactions could be successfully performed by various types of

homogeneous and heterogeneous catalysts.

(o]
RAOH __________________ - JL N R AOH

Catalyst Catalyst
+
2Hz+ ,.\‘ i) Base
Catalyst-H, Catalyst-H,
Condensation
R0 R X R R 0 ~ R

RS XH R"™NH, H,0
X=NH,0,S

Scheme 1: A schematic representation of acceptorless dehydrogenation and borrowing
hydrogen
Publication: B. Sardar, D. Srimani, Tetrahedron Letter, 2023, 138, 133414
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Chapter 2 highlights the selective conversion of alcohols to alkanes and alkenes. In this
approach, the catalytic activity of various Ru complexes was thoroughly studied for
deoxygenative coupling of primary alcohols to selectively synthesize both alkenes and alkanes.
It is a captivating but extremely difficult process, as the success of the reaction primarily
depends on multistep processes. Initially, dehydrogenation of primary alcohols produces
aldehydes, which undergo aldol condensation to furnish unsaturated aldehydes. Deoxygenation
of the formed unsaturated aldehydes leads to the formation of the corresponding alkenes.
Finally, the hydrogenation of alkenes forms the desired alkanes. Delightfully, the activity of
acridine-derived SNS-Ru pincer complex was found to be exemplary than the other complexes
and the outcome of both homo- and cross-coupling reactions of primary alcohols was found to
be moderate to excellent. Homo-coupled alkenes, alkanes, and cross-coupled alkanes were
obtained in good yield with excellent selectivity. Various control experiments and mechanistic
and kinetic studies were done to prove that the reaction sequence is dehydrogenation, aldol-
condensation, deformylation, and hydrogenation. In addition, to demonstrate the synthetic

utility of 1,3-diarylpropenes, various post-synthetic modifications were done.

Lubricating oil, Hydraulic oil

o

Hvd roca
N
Selective formation of alkene

Useful for various heterocycle formation N‘"
x N
N

=

Scheme 3: A schematic representation of the research work covered in chapter 2
Publication: B. Sardar, N. Biswas, D. Srimani, Organometallics, 2023, 42, 55 — 61.
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Chapter 3 highlights acridine based SNS-Ru complex catalysed oxidative coupling of alcohols
with 2’-amino phenyl ketones to synthesize polysubstituted 4-quinolones. 4-quinolone
analogues are well known for their wide range of bioactivities and prominent applications in
medical science and pharmacology. The reported conventional methodologies were found to
utilise harsh conditions, excessive amounts of oxidants and substrate prefunctionalization. In
contrast, this methodology is based on de(hydrogenative) transformations. In addition, the
reaction is selective towards 2,3-disubstituted-4-quinolone derivatives and barely formed C/N-
alkylated products. Furthermore, the modified protocol could be utilized for a wide range of
alcohols and diverse aminoacetophenones like a-alkylated 2'-aminoacetophenone. The
synthetic utility of the methodology was highlighted by synthesising 4-quinolones with
antibiotic properties. In order to understand the mechanism, various control experiments were
performed, which showed that C-alkylation has an edge over N-alkylation and referred to the
possibility of in situ alkenylation to branched ketones, which will eventually undergo oxidative
annulation to polysubstituted 4 quinolones. Moreover, various post-synthetic modifications

were done to synthesise polysubstituted quinolines.

» Biologically important
quinolone formation

» Detailed mechanistic
investigation

» Controlled de(hydrogenative)
coupling
» Unprecedented annulation

RI
H
R = alkyl, aryl, CN

¥» Wide substrate scope

Scheme 3: A schematic representation of the research work covered in chapter 3

Publication: B. Sardar, D. Pal, R. Sarmah, D. Srimani, Chem Comm, 2023,
https://doi.org/10.1039/D3CC02426A.
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Chapter 4 highlights the usage of biomass-derived chemicals to synthesize pharmaceutically
important heterocyclic scaffold via acceptorless dehydrogenation, which is an emerging trend
in chemistry. Literature study shows, there are numerous reports on dehydrogenative
multicomponent reactions but most of the reactions were reported with homogeneous catalysts.
In contrast, heterogeneous catalysts have distinct advantages over homogeneous ones in terms
of operational simplicity, cost-effectiveness and catalysts recycling. Therefore, in this report,
Ru-grafted hydrotalcite was synthesised and thoroughly characterised with PXRD, FTIR, XPS,
TGA, ICP AES, FETEM and EPR. In addition, the applicability of Ru-doped hydrotalcite (Ru-
HT) in the dehydrogenative synthesis of structurally important acridine-1,8-dione derivatives
was examined. It was observed that the catalyst successfully dehydrogenated a wide range of
alcohols including aliphatic alcohols and delivered the expected product in good vyield.
Moreover, N-substituted acridine-1,8-dione was also synthesised. VVarious control experiments,
mechanistic and Kinetic studies were investigated to shed light on the proposed mechanistic
pathway. To highlight the practical utility, the gram-scale synthesis of acridine-1,8-dione and

successful recyclability of the catalyst were done.
R= Alkyl, Aryl, o

Heteroaryl
1
=y
OH
(o)

Ru-Hydrotlcite

Energy source

w0 fimo,

(0}

2 \ 0o.__NH
RATY 2
NH, NH,
(o) R2= Alkyl, Aryl,

Benzyl

Upto 90% vyield

Acceptorless dehydrogenative multicomponent  Kinetic study
Deuterium labelling experiment Broad substrate scope
Recyclable upto five times Gram scale synthesis
One pot process

Mechanistic investigation

Scheme 4: A schematic representation of the research work covered in chapter 4
Publication: B. Sardar, R. Jamatia, D. Pal, D. Srimani, Asian J. Org. Chem., 2021, 10, 2195.
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Chapter 5 contains an efficient Ru-doped hydrotalcite catalyzed N-alkylation of benzamides
and sulfonamides with alcohols via borrowing hydrogen catalysis. Conventionally, aryl and
alkyl halides were employed for the N-alkylation of amides. However, the stoichiometric
equivalent of waste generation and involvement of multistep synthetic procedures lowers its
practical applicability. In this regard, the usage of biomass-derived alcohols for the N-
alkylation of amides was found to be sustainable. In this work, the scope of a newly developed
Ru-grafted HT catalyst was explored for direct N-alkylation of amides, and various primary
alcohols, including benzyl, heteroaryl, and aliphatic alcohols, were alkylated to various amides
in good to excellent yields. To shed light on the mechanistic details, several control studies and
deuterium labeling experiments were performed. Mechanistic studies underpin that the reaction
is going via de(hydrogenative) pathway rather than an Sx1-type mechanism. The reaction could
be easily scaled up without any detrimental effect on the yield. Moreover, the catalyst was
found to be capable of synthesizing quinazolinone directly from 2'-amino benzamide and
alcohols. In addition, successful recyclability and high reactivity highlight the practical
applicability of the catalyst.

0

I~

RN R1|

R2"OH %

0
I (Ru- Hydrotalcu@

\/

R" “NH,
0. .0 R2OH
N\ O\ ,O
RIS R? 18
H R"™“NH,
Sole by product H,O &

Relatively mild conditions Recyclable upto 5 times
Mechanistic investigation Broad substrate scope

Acceptorless dehydrogenation Borrowing hydrogenation

Scheme 5: A schematic representation of the research work covered in chapter 5
Publication: B. Sardar, R. Jamatia, A. Samanta, D. Srimani, J. Org. Chem., 2022, 87, 9,
5556-5567.
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General Introduction
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Introduction: Aceeptorless dehydrogenation and borrowing hydrogen
1.1. Introduction:

In the 21% century, the population of the world has increased dramatically due to advances
in technology and economic prosperity. In addition, the consumption of energy and numerous
chemical feedstocks has also intensified.! Every country is facing multiple complications in
securing a sufficient supply of energy and essential chemicals to support its interest.
Unfortunately, humanity paid a high price for this rapid progress by ignoring environmental
issues. Humanity must own up to its actions and look for better options for the future. To
address this issue, three things must be considered: alternative resources, catalysis, and
sustainable transformations.? Currently, it is very desirable to utilize the natural resources of
the world sustainably to meet demand while considering environmental constraints. Reports
suggest fossil fuels are primarily utilized to manufacture the vast majority of the key chemicals
needed for different chemical processes. The alarming point is that the use of fossil fuels has
terrible effects on the earth's atmosphere. To address this problem, a hunt for alternatives to
fossil fuels is currently going on. Considering, the number of by-products of present
agricultural and food-processing units, the scientific community soon understood that
agricultural waste could be the possible alternative. On the other hand, catalysis and sustainable
reactions play a crucial role in the modern world. Catalysis, the process of accelerating
chemical reactions, enables the production of desired products with higher efficiency and
selectivity, minimizing waste and energy consumption. Sustainable reactions, on the other
hand, focus on developing environmentally friendly and economically viable processes that
utilize renewable resources, reduce toxic byproducts, and minimize the overall ecological
footprint.

In this regard, reactions like acceptorless dehydrogenation and borrowing hydrogen is in
demand. They are considered atom economical and environmentally friendly methods. With
time several methodologies using homogeneous and heterogeneous catalyst systems have been

developed and they have been utilized to perform various de(hydrogenative) transformations.
1.2. Acceptorless dehydrogenation:

Acceptorless dehydrogenation® can efficiently oxidize small molecules like alcohols,
amines, and alkanes by liberating molecular hydrogen and does not require any hydrogen

acceptor, oxidants, or substrate pre functionalization. The catalytic dehydrogenation of organic

molecules is a strained process and often requires relatively high temperature as the removal

TH-3203_176122045



Chapter 1

of hydrogen atoms from adjacent atomic positions of an organic substrate is endothermic but

it is widely considered as an environmentally benign and efficient approach for the synthesis

of valuable products. Acceptorless dehydrogenation is superior to conventional methodologies
(like the use of Pb(OAC)s4, KoCr207, KMnO4, MnO2, and H20-) since it generates less waste.

Another intriguing fact is, the acceptorless dehydrogenation strategy can perform well and shift

the equilibrium of the reaction in the absence of sacrificial hydrogen acceptor* (Scheme 1.1).

/\XH

A R + Oxidants
L

Substrate
X =CH,, CH, NH, O

B R”XH
v J M
Qvﬂ

Substrate Sacrificial
X = CH,, CH, NH, O H;acceptor

N

c R”XH
S

Qvﬂ

Substrate

X =CH,, CH,NH, O

Metal salts

BQX Copious
L. ,J + toxic
r waste
Product
7z N
R™ X
NN ¢
Product .
Sacrificial
waste
RX T
] + H
Lh OJ 2
Prc;::luct Only byproduct

(non-poluting, valuable)

Scheme 1.1. (A) Conventional oxidation reactions. (B) Hydrogen-transfer reactions.

(C) Acceptorless dehydrogenation reactions.

So, as a whole acceptorless dehydrogenation can convert less reactive substrates like alcohols,

amines, alkanes, etc. into more reactive ones like carbonyls, imines, alkenes, etc. Later, the

related highly active in-situ formed oxidized products can easily undergo tandem reactions to

a variety of useful chemicals (Scheme 1.2).

R/\ XH Catalyst

., .

X=CH,, CH,NH, O

Metathesis
Dehydrogenative Coupling

+ HZT — Condensation

Decarbonylation
Deoxygenation
etc.

Scheme 1.2. Acceptorless dehydrogenative transformations.
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Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

1.2.1. Dehydrogenation of alcohols:

Fossil fuels, including coal, oil and natural gas are the three pillars for powering
economies for over 150 years and are currently responsible to supply 80% of the world’s
energy.® They are a non-renewable source of energy and are widely used as fuel to generate
electricity and power vehicles. But, burning fossil fuels releases greenhouse gases into the
atmosphere, contributing to climate change. To minimize the damage related to the
environment and control the release of greenhouse gas, the scientific community is actively
researching and exploring alternative energy sources to fossil fuels. And among them, alcohol
can be the most promising alternative. Alcohol is the most basic chemical for various organic
synthesis and is renewably available from lignocellulosic biomass, agricultural waste, garbage,
wood, and forestry. Biomass can also be converted into biofuels like ethanol and biodiesel.
Nowadays, 90% of ethanol is produced from biomass mostly from the bagasse of sugarcane.
Recently, various government organizations have launched the Ethanol Blended Petrol (EBP)®
program to mix biofuel like ethanol with petrol to reduce the consumption of fossil fuel.
Additionally, biomass is used in industrial processes as a feedstock or a fuel source. So, the
source of alcohol is very promising, and acceptorless dehydrogenation is a rather encouraging

alternative to the problem.

There is plenty of research going on to use the acceptorless dehydrogenation effectively
to produce valuable products and fine chemicals. Reactions like C-C bond formation,
esterification, and deoxygenation reactions have been developed to prepare synthetically useful
chemicals. On the other hand, acids and some important heterocyclic compounds like
quinoline, pyrrole, and benzimidazoles can also be synthesized directly from alcohol.
Moreover, the liberated H. from the reaction can be easily harnessed to use as an alternative
energy source. So, it became clear that alcohol and its source of renewable biomass are the

most optimal choice for the near future.

1.3. Borrowing hydrogen approach:

The borrowing hydrogen (BH) catalysis’ is also coined as hydrogen auto-transfer
reaction, which is an important strategy in organic synthesis. In acceptorless dehydrogenation
strategy, the catalyst dehydrogenates the organic compounds with the liberation of Ha. The
catalyst in the (BH)-approach dehydrogenates the organic compounds, forming unsaturated

organic species that can be converted to unsaturated intermediates (Scheme 1.3) by the reaction

3
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Chapter 1

with nucleophiles (RY). In this case, the catalyst stores the hydrogen and transfers it to
unsaturated intermediates to form the saturated product. As a result, H is not liberated in the
BH approach, and H>O is the only by-product. The last step (hydrogenation) is
thermodynamically privileged and hence it shifted the reaction equilibrium towards
completion. Moreover, it drives the dehydrogenation step to form a more reactive intermediate
from a less reactive donor molecule. And for these obvious reasons, BH reaction received much

more attention in organic synthesis over the past few decades (Scheme 1.3).

Catalyst '
R xn  © aays/ _____ I RAY‘R
[Cat]
[Cat-H,]
R-Y .
R x rRYv-R
-H,X

Scheme 1.3. Borrowing hydrogen.

These types of reactions have been reported both by heterogeneous and homogeneous catalysts
and the introduction part has been divided into two parts. (i) Homogeneous Catalysis and (ii)
Heterogeneous catalysis.

1.4. Homogeneous Catalysis:

1.4.1. Dehydrogenation of alcohols to form aldehydes or ketones:

For decades, several oxidant-free catalytic acceptorless dehydrogenation was reported.
The very first example is from 1975, when Dobson and Robinson® reported
[Ru(OCOCFs3)2(CO)(PPhs):] catalyzed dehydrogenation of primary and secondary alcohols.
Here, they proposed the formation of hydride complex [RuH(OCOCFs3)2(CO)(PPhs)2], Ru-1
by S-hydride elimination, and subsequently, it leads to the formation of aldehydes and ketones.

The mechanism was depicted in scheme 1.4.
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A

7/
Ph3P—Ru—0C0CF3

oc’ |
PPh,
Ru-1 +RCH,0H
Ru(OCH,R)(OCOCF;)CO(PPhj),
H,}
-RCHO
H oph,
oC 7Ru—l0
Phsp” |...s
o CF,

Scheme 1.4. Acceptorless dehydrogenation via Ru-hydride elimination pathway.

Later, various ligand-derived Ru,® Rh® or Ir*! metal complexes were also reported to
be active in this type of reaction. In 2004, Milstein developed an electron-rich, bulky Ru PNP-
type complex [2,6-bis-(di-tert-butylphosphinomethyl)pyridine] for efficient acceptorless
catalytic alcohol dehydrogenation of both primary and secondary alcohols, which was found
to be a significant improvement over the previous reports.*?® Here, the base is required to
activate the catalyst. Later, Milstein and co-workers further improved the catalyst and formed
complex Ru-3 and Ru-4.'?® They can perform under neutral conditions and Ru-3 is much
superior to Ru-4. Next, Baratta and co-workers™ reported a series of Ru and Os complexes for
the dehydrogenation of secondary alcohols to ketones. Among them, diamine based trans-
[MCly(dppf)(en)] (M = Ru, Os), dppf = 1,1’-bis(diphenyl-phosphino)ferrocene; en =
ethylenediamine i.e.; Ru-5and Os-1 was found to display high activity. Later, Beller and co-
worker'* introduced several known Ru and Ir complexes and applied those for the acceptorless
dehydrogenation of secondary alcohols, with remarkable TONs and TOFs. Next, Hong®®
reported alcohol dehydrogenation with Shvo’s catalysts, Ru-9 and RuH2(CO)(PPh3)s (1.21) in
a neutral reaction medium. In recent times, dehydrogenation of secondary alcohols to ketones
with earth-abundant transition metal complexes like Fe-1 was also reported by various

groups'® (Scheme 1.5).
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)O\H Catalyst )(1 . H T
2

Ri” 'R Solvent Ri™ 'Ry

R4 = alkyl, aryl

R, = alkyl, aryl,H

N t
H P'Buz P‘Buz | H P'Bu, Ph, Ph,
\l ANV Hoosp & 1 o'
u e 1 & ' LI 1
o U Ul ol Bt -y
H
‘zBu \BHZ Et,” BH Ph, H Ph,
Ru-2 Ru-3 Ru-4 Os-1
H{ |/H\P'P"2 H\l/I-I\Pth “ Y?H P'Bu, | T H PPr,
N\Ir N~R|u/ D NNR‘/ ~N_ 1/
~ ~ u Ir
[ | H [/\ co ) ~co /\\H
1 .
2P|' 2 Etz |2Pr
Ir-1 -
r Ru-6 Ru-7 Ir-2
Ph 0. .0 Ph
H
= Ph  Ph
RU’H.Ru
PhH . “,
oc | “co
co co
Ru-9

Scheme 1.5. Dehydrogenation of alcohols to form aldehyde or ketone.

1.4.2. Dehydrogenative coupling of alcohols to form esters:

One of the most important chemical processes in synthetic organic chemistry is esterification,
which finds use in the production of precise chemicals ranging from cosmetics to drugs. In
conventional methodologies, esters were usually synthesized by reacting carboxylic acid
(RCOOH) with the (ROH) hydroxyl group. But nowadays, esters were primarily synthesized

via the dehydrogenative coupling of alcohols (Scheme 1.6).

o
RNOH - RJ'LO/\R
Catalyst
HzT T H
Catalyst-H,
R/b /7 )\ P
o P R” 0" 'R
R "OH

Scheme 1.6. Dehydrogenative coupling of alcohol to form ester.
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Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

In 1985, Shvo and co-workers reported (n*-tetracyclone)(CO)sRu and [(n*-
tetracyclone)(CO).Ru]. catalyzed acceptorless direct oxidation of primary alcohol to ester.
Both the catalysts are involved in this transformation and the true catalytic species is the
coordinatively unsaturated complex (Scheme 1.7).Y’

-CO
(0] lo) o
+CO
Ru(CO), Ru(CO), Ru(CO), = 2
Ru-10 RCH,OH : Ru-11
/ 2
RCHO
(o)
Ru(CO),H,

Scheme 1.7. Dehydrogenative coupling of alcohol to form ester presented by Shvo.

After 2 years, in 1987, Murahashi and co-workers!® found both RuH2(PPhs)s and
RuH2(CO)(PPhs)s were quite active for the effective transformation of alcohols to esters and
lactams. Although, the methodology requires a high temperature (180 °C). In 2005, Milstein?®
prepared a 'Pr-PNP (2,6-bis-(di-iso-propylphosphinomethyl)pyridine), Ru-12 and PNN (2-(di-
tert-butylphosphinomethyl)-6-diethylaminomethyl)pyridine, Ru-13 ligand scaffold based two
complexes. It was found that in the presence of base PNN ligand scaffold-based Ru complex

acts at a much faster rate for esterification reaction (Scheme 1.8).

N

H P'Pr,
- N~R‘/
/\co
P ClI
'Pr
2
Ru-12
f N N | N
N
1s7 )  KoBY, THF, 32°C OGN Hz Vo
Et;N—Ru—P'Bu, » Et;N=—Ru=—P'Bu, _ Et,N—Ru=—P'Bu,
O N
Cl co -KClI co H, H co

Ru-13

Scheme 1.8. MLC based on deprotonation/dearomatization-aromatization.
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Again Milstein group® utilized a well-defined acridine-based ruthenium pincer complex
RuHCI(CO)(A-'Pr-PNP) Ru-14 [A-Pr-PNP = 4,5-bis-(diisopropylphosphinomethyl) acri dine]
Ru-14 for the direct conversion of alcohols into esters in presence of the catalytic amount of
base. Later, the efficient conversion of bio-renewable ethanol to ethyl acetate was first reported
with Ru-MACHO, Ru-6*'and Os-2% dimer complex. A ruthenium hydrido borohydride
complex, Ru-4? based lactonization of primary-primary diol, as well as primary-secondary
diol, have also been reported. In 2012, Gusev and co-workers developed a series of Ru and Os
metal-based PNHP, NNMP, and NN"N pincer complexes for the efficient acceptorless
dehydrogenative coupling of ethanol to esters. Among them, RuClz(PPhs)[NN"P] was found
to be superior.?! Later, Milstein also designed a Bipy-PNN Ru pincer complex Ru-16 to
synthesize unsymmetrical esters, from the coupling of two distinct alcohols (primary and
secondary alcohols)? (Scheme 1.9 and 1.10). Here the catalyst can perform in neutral
conditions. Previously, lactonization of 1,4- butanediol to y-butyrolactone was reported with
ruthenium-catalyst at 205 °C.?® Robertson and co-workers demonstrated the synthesis of
polyesters, by applying the dehydrogenative coupling strategy of alcohols.?** Some earth-
abundant metals also developed for the effective transformation of alcohols to esters.?4>" 25

o)
2 R OH R)LOAR + 2H, |
H PPr, N t
H P'Bu, H
H [ HPPh, ~ ‘ I
~N~R|/ 2'PI'P/,/,; “\\>N o ‘\\\CO e N‘R\u/ I \N R’;‘éﬁpph
u S S ~ — I
/ \€0 oc” | N7 | H 7\ h <ol | :
4\ N H\\ Cl’ PPh,
g 4 | 4 | Etz BH2
N \§
Ru-6 Os- Ru-15
X O (Q
Me;P.
®s Ru Hsl 1 H N N A
Me3P‘.>/[k P—Ru—P P—Ru—P N—Ru—P
)\ ‘yj\co)\ )\co)\ ) co)\
Ru-16 Ru-17 Ru-18 Ru-19 Ru-7

Scheme 1.9. The dehydrogenative synthesis of ester by Ru and Os complexes.
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~N
o) o I
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HO OH — d/ i | A
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R Ru-7
)\(vr\ O + 2H, |
HO n OH R n 2 I ~N H PtBu2
-, N\ |
n=2-3 n=1-2 Ru,
(33-90)% 7\ H
N H\
o Et, ““BH
Ru-4
T )Lo/\ + 2H, T

Scheme 1.10. The dehydrogenative coupling of alcohol to form ester

1.4.3. Dehydrogenative coupling of alcohols to form acetals:

In the dehydrogenative coupling reactions, alcohols reversibly combine with in-
situ formed aldehyde to form hemiacetal. The addition of another alcohol to this reaction
will eventually result in the formation of acetal. The first work related to this was reported
by Murahashi and co-workers.'® They used a whole variety of Ru precursors but it was
found that RuCIl2PPhs was the most active one. Later, the Thorp group established an
imidorhenium(V) complex, which successfully catalyzed the reaction with relatively
higher TON?®. Later in 2009, the Milstein group? introduced an acridine-PNP ruthenium
pincer complex (0.1 mol %), Ru-14. The complex showed superior activity due to its
unique “long-range” MLC.

In 2012, the same group reported ruthenium sulfate complex [Ru(n?-
S04)(PPh3)2(CH3CN)2] Ru-20 catalyzed acetal formation, efficiently at low temperature
compared to the previously reported acridine-PNP ligand-derived Ru pincer complex.?’
This report is very much important as they proposed a new mechanism, which eliminates
the necessity of s-hydrogen i.e.; the formation of vinyl ether intermediate, and established
a new way of acetal formation. This new mechanism acknowledges the role of Lewis

acidity influenced by the Ru metal complex (Scheme 1.11).
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Cat.l -H,
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+
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Cat. as lewis acid
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Scheme 1.11. Proposed pathways for acetalization

1.4.4. Dehydrogenative synthesis of acids from alcohols:

The most significant approach in organic synthesis is the direct conversion of alcohols

in the presence of water to form carboxylate salts by the removal of Hz, which reduces the need

for stoichiometric oxidants and chlorinated solvents.?® Here, water serves as both an oxygen

donor and a reaction medium. Milstein reported this transformation with complex Ru-21, with

a very good yield, exhibiting excellent atom economy (Scheme 1.12).%° In the same year

another group reported the conversion of alcohols to carboxylic acids with Ru-catalyst. J. K.

Bera reported a Ru-22 complex for the dehydrogenative synthesis of alcohols to acids. The

mechanism of the reaction was depicted in scheme 1.13.%°

Ru-21 Ru-22

Scheme 1.12. The dehydrogenative synthesis of aids from alcohols.
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C)
-PPh,

+RCH,0H

H (I;o Beta-H elimination

Scheme 1.13. Proposed catalytic cycle converting alcohols to carboxylates.

1.4.5. Dehydrogenative coupling of alcohols and amines to form imine and amides:

Alcohols and amines can be dehydrogenatively coupled to generate either amides or
imines. The characteristics of the catalyst or ligand scaffold determine selectivity. Double
dehydrogenation results in amide formation and dehydrogenation followed by elimination of
H20 via condensation furnished an imine formation (Scheme 1.14).

Amide formation:

o
RTYOH oo ~ RZSNR
Catalyst H
ol »
Catalyst-H, OH
R/bo 7 R)\ N/\ R
P
R NH, H

Amine formation:

N
RI™SN“SR1+ Hy | 4 Hy0

RNOH + HNTYR!

Scheme 1.14. Schematic representation of imines and amides via double dehydrogenation.
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Milstein®! introduced PNN ruthenium complex catalyzed selective synthesis of amide directly
from alcohol and amine with the liberation of Hz. They proposed the mechanism of this reaction
where the hemilability of the NEt> ligand is responsible for further dehydrogenating the
hemiaminal intermediate A, which leads to the amide formation (Scheme 1.15). They explored
the strategy more and the strategy was further extended by the Milstein group to achieve the
synthesis of polyamides and peptides directly from diols and diamines (Scheme 1.16).%? The

same group also reported the dehydrogenative synthesis of amide by the reaction of ester and

amine.®
P'Bu,
7 | H
R’1'°"' / 'N-Ri-co Ru-7
NEt,
HZ\
P'Bu, HO
| H R’"
7/ “N-Ru-CO ' H
— 6\/R1
2
Et,N R2NH,
RICHO

P'Bu,
/—'(“_\ |
/N N-Ru=CO
H
NEt,

Scheme 1.15. Proposed catalytic cycle for the synthesis of amides from alcohols and

amines.
o) A o)
Cat., Base
R11LOAR1"' 2 RN ————> 2 R11LN/\R2 + 2H, Y
Solvent, Heat 3
R N
|
Et,;N—Ru—P'Bu,
HO” YR NoH Cat o J(i H co
+ _— AN + 4nH Ru-7
2
H,N“ R'SNH,  Dioxane, Heat RN R NH}n

Polyamide

R O N__R
Cat.
JLCNZ N RINI + aH, |
o
H

Dioxane, Reflux

Scheme 1.16. Dehydrogenative coupling of alcohols and amines to form amides.
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Later, Crabtree group also established Ru-23 catalysed dehydrogenative coupling of alcohols
and amines for the formation of amides (Scheme 1.17).34

ph, 12\

o}
on N . v, |
OO PO LK
P
2

Ru-23

Scheme 1.17. Dehydrogenative coupling of alcohol and cyclic amine to form amides.

The PNP complexes Ru-18 developed by the Milstein group® afforded the development of
imines from alcohols and amines. After that, several imine formations have been reported with
diverse catalysts (Scheme 1.18).%

Catalyst PRI

N N
R™ "OH + H,N” "R’ solvent R” N7 TR'+ HzT + H,0

TS O PiPr,
N , \H,
O=0s
t ' ¢ /lr\\s i
,'BUP~—Ru—PBu, SUs] /H
H/ \CO *Mes P'Pr,
Mes*= 2,4,6'tBU3c6H2
Ru-18 Ru-24 Ir-1 0Os-3
BALF Ph
r <N
H 4
f:l _] I . N)bN
SN AL
CyP—Co—PCy  (ipr),p=—Mn=—P(Pr), HN N "NH
. SN\ ("Pr),P—Mn—P('Pr),
SlMe3 ocC coO oc"’
oc co Br
Ru-25 Ru-26 Co-1 Mn-1 Mn-2

Scheme 1.18. Dehydrogenative coupling of alcohols and amines to form imines.

Very recently, Co-complex®” and Mn-complexes® were shown catalytic activity. Aza —Wittig
reaction can also be a possible alternative for the selective formation of imines via

dehydrogenative coupling.®

Later, the Hong group established Ru-27%° complex catalyzed selective imine synthesis from
nitriles and secondary alcohols under hydrogen acceptor and base-free conditions. The
complex is RuH2(CO)(PPhs)s and showed superior selectivity over the reaction. Following
that, many heterogeneous and homogeneous catalytic methods for the synthesis of amides and

imines from alcohols and amines were reported (Scheme 1.19).
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Ru-27 ,
RuH,(CO)(PPh;); (10 mol%) R

@/CN j)\H Pyridine (20 mol%) (j/\\N)\R1
+ |
R" “R? Toluene, 110 °C, 1h Z

R——=N
O[Ru]H R?
Mechanism: 2 [Ru]H, 2 [Ru] [Ru] R1 RAN,)\R1
L

R “R2?

Scheme 1.19. Ruthenium-catalyzed selective imine synthesis from nitriles and secondary alcohols.
1.4.6. Dehydrogenative coupling of alcohols to form heterocyclic compounds:

1.4.6.1. Synthesis of pyrroles:

Pyrrole constitutes an important chemical analog for pharmaceuticals, agrochemicals,
and advanced functional materials. In 2013, Kempe41 first reported iridium Ir-2 catalyzed

pyrrole formation from secondary alcohols and p-amino alcohols via acceptorless
dehydrogenation under very mild reaction conditions. During the process, two equivalents of
hydrogen gas are eliminated. In the same year, the Milstein group42 performed this efficient
transformation with the bipyridine-derived Ru-PNN complex Ru-21 with excellent yield. Later

Saito Ru-27,* Beller**# and  Crabtree Ru-23% all synthesized pyrrole from the

dehydrogenation of diol and amine (Scheme 1.20).

R' OH
+ HO R? E\>—R2 R
H,N T — > RSN + 2H, T + 2H,0 R2 +
OH HIR3 OH
Ph
P'Bu, Ph
c
Nn)b N | ..c! PVZCI 4§ d )\
7 N-Ru-CO N ~—— .
H,ﬁ)\v)\NH , Ru C| )\ )\
N S Y \N CI NS
2 PrP——Ir—"P'Pr, N | K Uph= P\Q 'PrP—Mn—PPr2
L) 0"
PH oc” | ™n
co
Ir-2 Ru-21 Ru-27 Ru-23 Mn-3

Scheme 1.20. Pyrrole synthesis via dehydrogenative coupling.
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1.4.6.2. Synthesis of pyridines and quinolines:

Pyridine and quinoline can be synthesised via reacting y-amino alcohols with secondary
alcohols/ketones. Milstein first reported the synthesis of quinolone direst from y-amino
alcohols and secondary alcohols in the presence of Ru-21 complex.*® In the same year, Kempe*’
also reported iridium-catalyzed Ir-3 synthesis of pyridine with primary alcohols and y-amino
alcohols. Some earth-abundant transition metals-based reports are also published regarding this

heterocyclic synthesis (Scheme 1.21).4

R3
R2 OH R2 R4
N I W T N
R s R R1J\ 3 I o’
N7 R! 2 R2 R on [ NR
Quinoline R‘@f\OH R4_C Pyridine
NH, NH,

R5
uz PFg
| N g
N-Ru-CO 1 N
I U S e
JPep—lr—PiPr, ¥ ~pri—"N"N
) H” (!:O
Ru-21 Ru-28 Ru-29
Ir-3
NS Y
» 4
N
NN :
PrP—Nn—P'Pr oc.: N,
2 2 -Ru v
K4 Ph;P 3
oc” 1N, iy
co PN
Ph’ “Ph
Mn-4 Ru-30

Scheme 1.21: Quinoline synthesis via dehydrogenative coupling.

1.4.7. C=C bond formation:

1.4.7.1. Julia type olefination:

In 2014, Milstein and co-workers* first reported a catalytic Julia-type olefination
reaction using a Ru-PNN pincer complex to form alkene directly from alcohols and sulfones.
A series of primary alcohols such as aromatic alcohols and secondary alcohols were reacted
with different sulfones such as dimethyl sulfone and benzyl phenyl sulfones in dioxane solvent
to form styrene and stilbene (mostly E) derivatives. The sterically less hindered bipyridyl-
based Ru-PNN catalyst (Ru-32) was found to be the most reactive (Scheme 1.22).
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Scheme 1.22: Alkenylation and alkylation of sulfone with alcohols.

1.4.7.2. Wittig reaction:

The Wittig olefination reaction has gained recognition as one of the most useful
processes for the formation of carbon— carbon bonds in organic chemistry. And In this regard,
Milstein®® and co-workers reported the Ru-PNN pincer-catalyzed, Ru-21 olefination of
alcohols using Wittig reagents under oxidant-free conditions. This method works well with
both benzylic and aliphatic alcohols and the expected alkenes (E) were achieved in good yields.
In 2016, Bera and co-workers®! introduced a diruthenium complex [Ruz(L1)(OAc)s]CI Ru-33,
which executed the Wittig reaction directly from alcohol. In this report, they used only
triphenylphosphonium methoxycarbonylmethylide (Wittig reagent). The methodology is
selective towards E alkene. The mechanism of the reaction is depicted here (Scheme 1.23).

N°»
- Slo. | |
o9 H COR Nl__. o) N

R OH + PhP” “COR’ V=¢F" " 4 H,+ OPPh Ru=Rug
| ol o
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0_.0

Ru-33
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Scheme 1.23. Mechanistic pathway for bimetallic Ru-catalysed alcohol
dehydrogenation.
In 2019, Srimani and co-workers utilized a well-defined Ru-SNS pincer complex (Ru-16) to
perform a similar transformation. Different benzylic or heteroaryl alcohols reacted well with
Wittig-salt to form olefins, and in most cases, the E isomer was formed as the main product.*®

1.4.8. C-C bond formation:

Strategically, by applying the BH method, ketones can be alkylated with alcohols to
furnish a-alkylated ketones. There are numerous examples of complexes based on the C, N,
and P-bound heterocyclic ligands to demonstrate the a-alkylation of ketones with alcohols as
a green alkylating agent following a hydrogen auto-transfer protocol. In those reports, various
benzylic/ aliphatic alcohols were efficiently alkylated with ketones containing aromatic,

heteroaromatic, and cyclic ketones (Scheme 1.24 and 1.25). *2
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Scheme 1.24. Reports of C-C alkylation with various Ru-complexes.
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Scheme 1.25. Mechanistic pathway of alkylation of ketone with secondary alcohol.
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1.4.9. Amination of alcohols:

In 1981, Grigg® and Watanable®* independently reported N-alkylation of amine with

alcohol via BH strategy using [RhH(PPhs)4] and [Ru(PPhs)sCl2] catalysts respectively, and

found great progress towards this reaction. Later, Yamaguchi®® reported [Cp*IrCl2]> complex

catalyzed efficient amination of alcohols. In 2010, Kempe®® reported that different types of

aniline have been mono-alkylated with alcohol in the presence of complex Ir-5 and Ir-6 under

mild reaction conditions at 70 °C and a very low catalyst loading of 0.05% (Scheme 1.26).

Xiao and co-workers®’ also demonstrated N-alkylation of amine with iridium complex 1r-6 by

using a catalytic amount of a weaker base (5 mol% K>COs). In 2013, Andersson®® reported

iridium-catalyzed Ir-7 selective alkylation of anilines with alcohols at room temperature and

without solvent. A ruthenium-phosphine-based catalyst Ru-41 was active towards this

transformation at very low catalyst loading and was reported by Ramachandran et al.>®
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2 H |
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CH,
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Scheme 1.26: N-alkylation of amine with alcohol using Ir and Ru complexes

Ru-NHC complexes efficiently did the N-alkylation reaction of different cyclo-

aliphatic amines like pyrrolidine and morpholine with different benzylic alcohols and were
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reported by Bruneau.®® In recent times, the capability of earth-abundant 3d transition metal

complexes such as Mn,%! Fe®2 and Co® has been explored to catalyze such types of reactions.

1.5. Heterogeneous catalysis:

It is a fact that heterogeneous catalysts have several advantages over homogeneous
ones. They can be easily separated, and recycled and the workup procedure is simple. There
are several types of heterogeneous catalysts like graphene, MOFs, and other heterogeneous
catalysts but among them, LDHSs have gathered significant attention because of their robustness

and tunable nature.

1.5.1. A quick introduction to Layered Double Hydroxide:

LDHs are a class of synthetic clays, often characterized by a layered structure, which
is also known very often as hydrotalcite (HTs).54% They deserved special recognition since
these synthetic inorganic materials with well-organized alternate acidic/ basic sites and surfaces
have beneficial features for solving today's environmental and industrial concerns. The first
discovered LDH was the mineral hydrotalcite [MgsAl.(OH)16](CO3).4H20. Because of its
water content (hydro) and its talc-like appearance (talcite), it was given the name hydrotalcite.
LDHs can be found in nature as minerals, but if necessary, they can be easily synthesized by
using simple and inexpensive methods. The structure of most of LDHSs is similar to that of
naturally occurring hydrotalcite (HT), which is a natural magnesium-aluminum hydroxyl
carbonate [MgsAl2(OH)16](COs).4H20. In natural hydrotalcite, Mg?* ions coordinate with six
OH" in an octahedral way and form two-dimensional brucite sheets by sharing edges with
surrounding atoms. The LDHs can be represented with the general formula [M?*1x M3
«(OH)2*A™n.mH20 (0 < x < 1). Here M?* denotes divalent metal cations, M3* stands for
trivalent metal cations, and A"™ is an n-valent anion. The Brucite-layers ([Mg?":-
AL (OH)2]*"), consist of Mg?* ions which are isomorphically substituted by AI** ions.
Interestingly, M?* (Ma) and M** (Mg) ions having ionic radii close to Mg?* and AI** can replace
a portion of Mg?* or AI** respectively in the brucite layer.6” They can be substituted with Co,
Zn, Fe, Ni, etc. This change often offers a distinct change in reactivity from the others. Between
the two brucite layers, various organic and inorganic anions (A™) are positioned, along with
water, to compensate for the positive charges of the brucite layers. The anions sandwiched

between the layers of LDH can also be interchanged to bring in a variety of common organic

20
TH-3203_176122045



Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

anions, inorganic anions such as NOg", COs*, F, CI" etc.), and complex anions Fe(CN)s*,
Fe(CN)s* and polyoxometalates as catalytically active species. Notably, a wide variety of
LDHs can also be synthesized by altering M#*/M3" molar ratios. The catalytic reactivity of
these LDHs also varied with the M?*/M3" molar ratios. Other noticeable advantages of
hydrotalcite are, (i) Memory effect: The memory effect of hydrotalcite refers to its ability to
retain a structural memory of its previous state even after changing high temperature. This
memory effect has been observed in hydrotalcite's reversible dehydration and rehydration.
When hydrotalcite is dehydrated at high temperatures, it loses its water molecules and forms
mixed metal oxides. However, when the dehydrated hydrotalcite is rehydrated, it returns to its
original structure with the same crystallographic orientation as before,%%° (ii) Adsorption
capacity: Hydrotalcite has excellent adsorption and catalytic properties, making it useful in a
wide range of applications such as wastewater treatment, ’® gas purification, and catalysis. They
can adsorb various organic and inorganic species like arsenates,’* chromates,’?> and anionic
surfactants”® on their external surface as well as interlayer space, (iii) High thermal stability:
Hydrotalcite is widely used as a flame retardant in plastics, rubbers, and other materials due to
its high thermal potential™*" and (iv) Non-Toxicity: It is non-toxic, making it safe for use in
various applications, including pharmaceuticals and food additives.’® Overall, hydrotalcite has
a unique combination of properties, making it a versatile and valuable material in many fields.
In the context of catalysis, metal-fabricated hydrotalcite catalysts also have attracted significant
attention (Scheme 1.27).

General formula: [(MgM)?";_(AIMp)**(OH),|X*

Brucite layer

M 2+ M 3+
Figure la Mg, AP* A 9 Interlayer
OH', COxz' Cation exchange

Brucite layer

[ M2 O Mg Mg () AP* Q OH }

(A) MgM ,-AIV ;-CO;

Metal nano particle

. 2 .
Figure 1b HCOy  COy OH

Brucite layer 0
Q05
L,&‘,..,.A.A
2+ A3+ AN (). 2- M"
Mg ,Alz 3 Interlayer  H20 COy? COy? H,0 €Oy cos*
OH", CO;* Adsorption 0 Q 0
capacity .r‘.i—."!-—. .—‘._v‘.,-“_.ﬁ!-_.
bmdgv 'b,m QAU
ST e
Brucite layer
[0 me @ ar 0 on] [0 e Qar 0 on]
Mg-Al-CO; M/Mg-Al-CO; M/Mg-Al-CO5

Scheme 1.27: Strategies for the preparation of hydrotalcite-based catalysts
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1.5.2. Dehydrogenation of Alcohols to form aldehydes and ketones:

In 2008, the group of Kaneda first introduced Ag NP fabricated HT (Ag/Mg-Al-COs
HT), which was capable of dehydrogenating alcohols with the simultaneous liberation of
molecular Hz (Scheme 1.28). The Ag-nanoparticle having a 3.3 nm mean diameter was found
highly effective for this process. Ag/Mg-Al-COs HT showed high TON (220 000) and
TOF(1375 h™1) for the oxidation of 1-phenyl ethanol to acetophenone at 130 °C in the p-xylene
solvent under Ar atmosphere. The surface adsorption of Hz is weak for Ag/Mg-Al-COs HT
which promotes the release of equivalent molar amounts of Hz during the acceptorless

dehydrogenation of alcohols.”’

OH 0
Bs)\ Rg Rs)L Rg

A /Mg-Al-CO5-HT
[Ag] gnp/Mg 3

(0.10 g, Ag: 45 nmol)
3 i p-xylene, 130 °C,
..... AI"

Scheme 1.28. Ag/Mg-Al-CO3 HT catalyzed acceptorless dehydrogenation of alcohols.

This weak adsorption of H2 over the Ag/Mg-Al-COs HT surface leads to a distinctive
chemoselective property (Scheme 1.29) e.g. when cinnamyl alcohol is dehydrogenated, it just

produces cinnamaldehyde, neither hydrogen transfer nor isomerization occurs.

100

B Dehydrogenation

80
Isomerization

s
Ohh
Ohl
O
60 Hydrogenation

40

20

Ag/HT RwHT Pd/HT

Scheme 1.29. Comparison of chemoselectivity among Ag/HT, Ru/HT, and Pd/HT.

Two years later, the potential of another noble metal fabricated HT was also explored
(Scheme 1.30). Hung synthesized hydrotalcite-supported Au nano particles (mean diameter

2.8 nm), which are capable enough to dehydrogenate alcohol to their corresponding carbonyl
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compounds and liberate hydrogen. It was prepared via the impregnation method, followed by
H> reduction. It outperforms the previously reported Agne/Mg-Al-COsz HT. It can even
dehydrogenate less reactive alicyclic, aliphatic primary, and aliphatic secondary alcohols also.
The rate of the reaction is comparatively slow in the case of aliphatic primary.’

OH o)
Rs)\Re [Au] R.5)LR6 AuNleg-AI-CO3 HT
3 . -, (0.06 wt%)
3 o4 p-xylene, 120 °C, Ar

Scheme 1.30. AUNP/Mg -Al-COs HT catalyzed acceptorless dehydrogenation of alcohols.

The applicability of less expensive base metal catalyst-supported HT for acceptorless
dehydrogenation was introduced by Kaneda and co-workers (Scheme 1.31). Cu NPs (7.5 nm
mean diameter) were successfully grafted onto HT (Cune/Mg-Al-CO3 HT) which displayed an
excellent dehydrogenation ability towards various alcohols.”” The catalyst was well
characterized by XAFS. The Cune/Mg-Al-CO3z HT could perform in acceptorless
dehydrogenation reactions under both solvent and neat conditions. Although it failed to
dehydrogenate primary aliphatic alcohols, its catalytic reactivity towards the dehydrogenation

of alicyclic alcohols is admirable.

OH fo)
Rs” "R RSJLR6 Cupp/Mg-Al-CO;-HT (7.3 mol%)
3 [Cul_ ; ‘-:+ H, p-xylene, 130 - 150°C, Ar
152a 152b 1.5.2c 1.5.2d 1.5.2¢ 1.5.2f 1.5.2g
33% 94% 99% 85% 97% 93% 99%

Scheme 1.31. Cune/Mg-AIl-COs HT catalysed oxidation of secondary alcohols.
1.5.3. Dehydrogenation of Amines to Imines:

In 2019, Kostal and co-workers reported acceptorless dehydrogenation of primary and
secondary amines using Pd-doped hydrotalcite (Scheme 1.32).8% In this report, they developed
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two types of Pd-doped hydrotalcite. A catalyst with high Pd (5%) loading 5%Pd/Mg-Al-COs3
HT and another with low Pd (0.5%) loading 0.5Pd%/Mg-Al-CO3 HT was created via
coprecipitation approach under continuous flow condition. Catalysts 5%Pd/Mg-Al-COs HT
and 0.5Pd%/Mg-Al-COs HT have the same layered double hydroxide structure but their XPS
speciation is different, showing proof of dispersed Pd°, Pd?* and Pd** species. XPS analysis
also suggests that catalyst 5%Pd/Mg-Al-COs HT contains Pd (0) nanoparticles and Pd*
clusters. On the other hand, catalyst 0.5%Pd/Mg-Al-COs HT mainly contains Pd?* and Pd*".
For the dehydrogenation of secondary amines and oxidative transamination process, catalyst
5%Pd/Mg-Al-CO3 HT showed higher activity and selectivity compared to 0.5%Pd/Mg-Al-COs
HT. Substrate scope variation suggested that catalyst 5%Pd/Mg-Al-COs HT was very much
active to secondary benzyl, and alkyl amines. Notably, various N-heterocyclic compounds such
as 1,2,3,4-tetrahydroquinoline, piperidine, and indoline could be easily dehydrogenated.
Moreover, the developed catalyst could also perform the oxidative transamination of primary

amines to form secondary imines in excellent yields.

R, i PdiMg-AI-CO, HT
. N 0.5 mol% catalyst
.R (0.5 mol% catalyst)
R1)\"rR3 )\ : p-xylene, 140 °C
H 3
16 17
DN
K o OO
H
1.5.3a, 95% 1.5.3b, 80% 1.5.3¢, 83% 1.5.3d, 72%
S S
N N” N N NN
' g
”
N
1.5.3e, 45% 1.5.3f, 27% 1.5.3g, 5% 1.5.3h, 64%

Scheme 1.32. Pd/Mg-Al-COs HT catalysed dehydrogenation of amines.

Under standard reaction conditions, when catalyst, 5%Pd/Mg-Al-COz HT was treated with
benzyl amine, it afforded 93% imine and catalyst 0.5%Pd/Mg-Al-COsz HT gave 56% (Scheme
1.33). The superior activity of 5%Pd/Mg-Al-COz HT over catalyst 0.5%Pd/Mg-Al-COz HT
suggests that Pd® might be the most effective Pd species for this process. Similar outcomes
were achieved under inert conditions, which negates the involvement of residual oxygen and

confirms acceptorless dehydrogenation. The catalyst was also recycled up to six times.
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NH, 0.5 mol% Pd ©/\ ’\©
-xylene

Catalyst Imine Amine Conversion %

5% Pd-HT 96 (+/-3) <5 >98
0.5% Pd-HT 56 (+/- 4) <5 >98
Mg-Al-CO; HT <5 0 <5

Scheme 1.33. Selectivity of the catalyst.

1.5.4. Dehydrogenative Coupling of alcohol and amine:

In 2015, Kostal and co-workers presented the Mg-Al-Fe-COs catalyzed
dehydrogenative synthesis imines by reaction alcohols and amines.®! In this report, six
modified Mg-Al-COs HTs were prepared via the coprecipitation method with first-row
transition metal ions (Cu?*, Cr®*, Fe®*, Zn?* and Ni?*). Though the structures of all six HTs are
similar, they differ in acid-base, redox properties, adsorption capacity, and surface area. Among
these Mg-Al-Fe-CO3 HT resulted in the highest yield (92%) for the synthesis imine (Scheme
1.34). Notably, the reaction does not require any external base. The immobilization of Pd (0)
on Mg-Al-Fe-CO3 leads to the enhancement in the catalytic activity further. Increased Pd (5%)
results in a loss of catalytic activity. The catalyst was found to be effective in the coupling of
benzylic alcohols with primary amines. However, it failed to activate aliphatic and alicyclic

alcohols. Furthermore, the catalyst was reused up to for imination reaction.

NH,
R B [Fe] R Mg-Al-Fe-CO3 (100 mg)
+ Ry” OH — R/\\N p-xylene, 110 °C
1
19 20

21 Ar

Scheme 1.34. Mg-Al-Fe-COs catalyzed synthesis of imines.

In 2018, Wang and co-workers®? illustrated a hydrotacite-supported BINAP-Cu system for the
acceptorless dehydrogenative synthesis of benzimidazoles in water (Scheme 1.35).
Characterization of the catalyst was done via TEM, PXRD, SEM, FT-IR, etc. The reaction is
not facile with [Cu(binap)l]> and Cul, which indicates the influence of support in this process.
The synergistic effect of the HT and BINAP results in an enhancement in the catalytic activity
of [Cu(binap)I]2@HT over [Cu(binap)l].. Later, substrate scope analysis showed that various
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substituted diamines and aromatic alcohols responded well to deliver the targeted heterocycles

NH, ,/@ [Cu(BINAP)I],/Mg-Al-CO4 HT
O™ o s
L 2C03, Hy
NH, (:EJF@ 90°C, 12 h

Scheme 1.35. Benzimidazole synthesis.

in high yield.

1.5.5. C-C bond formation:

1.5.5.1. Nitrile alkylation:

In 2004, Kaneda introduced the first additive-free Ru/Mg-Al-CO3 HT for the o-
alkylation of nitrile via BH approach. Characterization data revealed that Ru is in a +4
oxidation state within the catalyst. This Ru/Mg-Al-COs HT can alkylate a variety of
arylacetonitriles with diverse alcohols. The catalyst can even activate ethanol in the presence

of phenyl acetonitrile to deliver an excellent yield (98%) of a-ethylated phenyl acetonitrile

(Scheme 1.36).%
Ru/Mg-AI-CO4 HT
(0.75 mol%), Argon,
180 °C
RZ
RSN + REOH — > krm
CN

Brucite layer

Mg2+ O A13+ O OH ]
Ru/Mg-Al-CO;
Scheme 1.36. Ru/Mg-Al-COs HT cataysed a-alkylation of nitrile.

The mechanism of the reaction can be explained easily. It consists of three steps.
Dehydrogenation of alcohols to aldehydes (Step 1). The next step involves, base promoted
aldol condensation of nitriles with aldehydes, (Step 2) followed by reduction of «, f-unsaturated

nitriles with a Ru—H species (Step 3) (Scheme 1.37). Moreover, via borrowing the hydrogen
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approach, a-alkylation of carbonyl compounds was first introduced by Kaneda. The Ru/HT
catalyst system effectively performs a-alkylation of a ketone with alcohol without any base

additive.®*

Ry OH

Scheme 1.37. A proposed catalytic cycle of Ru/Mg-Al-COs HT in a-alkylation of nitrile.

1.5.5.2. a-alkylation of ketones:

Later, in 2013, Fan and co-workers reported an HT-supported Au-Pd bimetallic catalyst
(Au:Pd = 13:1), which performed C-C cross-coupling of primary and secondary benzylic
alcohols in the absence of any additives under an inert atmosphere in p-xylene. The catalyst
was prepared by allowing HT in an aqueous solution of HAuCl4 and PdClI with varying Au/Pd
molar ratios. Later, the filtered material was dried and heated at 300 °C under 5% H2/Ar for 2
hours. This report is a unique example of bimetallic interaction over the support of hydrotalcite.
The optimal ratio of Au:Pd was illustrated as 13:1. The activity of the catalyst was greatly

affected by the decreasing ratio and led to unnecessary side products.

Later, in 2016 Liu et al. developed another bimetallic Cu-Ag/HT catalyst.®* The catalyst was
prepared via the co-impregnation method by mixing the support with an aqueous solution of
aqueous solution of Ag(l) and Cu(ll) nitrates. The catalyst responded well to various

substituted benzyl alcohols and 1-phenyl ethanol, including both electron-rich and electron-
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withdrawing substituents. The catalyst is reusable up to 5 times, which promotes the

heterogeneity of the catalyst (Scheme 1.38).

OH 0 Liu Fan
2~ r2 Cu-Ag/Mg-Al-CO HT (0.1g)  Au-PdiMg-Al-CO5 HT
R + RO OH o-xylene (1 mol%), p-xylene
150 °C, 48 h, 1 bar N, 120 °C, 1 bar N,

Scheme 1.38. Cu-Ag/Mg-Al-COs HT catalysed dehydrogenative C-C cross-coupling of
alcohols

1.5.6. Amine alkylation:

Wang and co-workers used their well-characterized hydrotalcite supported
[Cu(binap)I]2 for the N-alkylation of amines via the BH approach.8? The reaction can proceed
under solvent-free conditions. The protocol showed a range of substrate scope related to
benzylic alcohols with electron-donating and electron-withdrawing substituents but it failed to
dehydrogenate aliphatic alcohols. The catalyst also effectively catalyzes the a-alkylation of

ketones.
1.6. Concluding remarks:

The above discussion shows that acceptorless dehydrogenation and borrowing
hydrogen principle have attracted significant attention because of their significant contribution
to the creation of atom-economical, environmentally benign sustainable methodologies for the
synthesis of important building blocks. The number of reports in terms of heterogeneous and
homogeneous catalysts is quite significant and it inspires us for further development. In
homogeneous catalysis, various ligand frameworks like PNP, NNP, and NHC carbene-based
ligands have been used to form these complexes. However, the synthesis of these complexes
is frequently found to be challenging. In addition, these complexes are often found to be
moisture sensitive and quite expensive. Moreover, it has been observed that different types of
catalysts can lead to different products from the same set of reactions. This underpins that there
is growing interest in the development of new catalysts in various de(hydrogenative)
transformations. So, here air stable Ru-SNS/NNS complexes have been synthesized and
utilized in a much simpler way. On the other hand in terms of cost effectiveness and

recyclability, heterogeneous catalysts are much more superior to homogeneous catalysts.
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Consequently, Ru-grafted hydrotalcite was utilized in various de(hydrogenative)
transformations.

1.7. References:

1. Kumar, A.; Daw, P.; Milstein, D.; Chem. Rev. 2022, 122, 385-441.

2. (a) Ivankovié, A.; Dronji¢, A.; Bevanda, M.; Tali¢, S.; Int. J. Sustainable Green Energy.
2017, 6, 39-48. (b) Sharma, U. K; Ranjan, P.; Eycken, E. V .; You, S. L.; Chem. Soc. Rev.
2020, 49, 8721-8748.

3. (a) Crabtree, R. H.; Chem. Rev. 2017, 117, 9228-9246. (b) Obora, Y.; ACS Catal. 2014, 4,
3972-3981. (c) Alig, L.; Fritz, M.; Schneider, S.; Chem. Rev. 2018, 119, 2681-2751, (d)
Irrgang, T.; Kempe, R. Chem. Rev. 2018, 119, 2524-2549. (e) Gunanathan, C.; Milstein, D.;
Chem. Rev. 2014, 114, 12024-12087.

4. (a) Dani, P.; Karlen, T.; Gossage, R. A.; Gladiali, S.; van Koten, G. Angew. Chem. Int. Ed.
2000, 39, 743-745, (b) Naota, T.; Takaya, H.; Murahashi, S. I.; Chem. Rev. 1998, 98, 2599, (c)
Que Jr., L.; Tolman, W. B. Nature 2008, 455, 333-340, (d) Frigerio, M.; Santagostino, M.;
Sputore, S. J. Org. Chem. 1999, 64, 4537-4538.

5. Pfaltzgraff, L. A; Clark, J. H. Advances in Biorefineries, 2014, 3-33.

6. Tuck, C. O.; Pe'rez, E.; Horva’'th, I. T.; Sheldon, R. A.; Poliakoff, M.; Science, 2012, 337,
695-699.

7. (@) Hamid, M.H. S. Slatford, P.A.; Williams, J. M.; Adv. Synth. Catal. 2007, 349, 1555 —
1575. (b) Dobereiner, G. E.; Crabtree, R. H. Chem. Rev. 2010, 110, 681-703. (c) Corma, A.;
Navas, J.; Sabater, M. J. Chem. Rev. 2018, 118, 1410-1459. (d) Choi, G.; Hong, S. H. Angew.
Chem. Int. Ed. 2018, 57, 6166-6170. (e) Elangovan, S.; Neumann, J.; Sortais, J.-B.; Junge, K.;
Darcel, C.; Beller, M. Nat. Commun. 2016, 7, 1-8. (f) Huang, F.; Liu, Z.; Yu, Z. Angew. Chem.
Int. Ed. 2016, 55, 862-875. (g) Reed-Berendt, B. G.; Polidano, K.; Morrill, L. C. Org. Biomol.
Chem. 2019, 17, 1595-1607. (h) Alig, L.; Fritz, M.; Schneider, S. Chem. rev. 2018, 119, 2681-
2751, (i) Irrgang, T.; Kempe, R.; Chem. Rev. 2018, 119, 2524 — 2549.

29
TH-3203_176122045



Chapter 1

8. (a) Dobson, A.; Robinson, S. D. J. Organomet. Chem. 1975, 87, 52-53. (b) Dobson, A.;
Robinson, S. D. Inorg. Chem. 1977, 16, 137-142.

9. (a) Jung, C. W.; Garrou, P. E. Organometallics, 1982, 1, 658-666. (b) Ligthart, G. B. W. L;
Meijer, R. H.; Donners, M. P. J.; Meuldijk, J.; Vekemans, J. A. J. M.; Hulshof, L. A.
Tetrahedron Lett. 2003, 44, 1507-1509. (c) Meijer, R. H.; Lighart, G. B. W. L.; Meuldijk, J.;
Vekemans, J. A. J. M.; Hulsof, L. A.; Mills, A. M.; Kooijman, H.; Spek, A. L. Tetrahedron,
2004, 60, 1065-1072. (d) Morton, D.; Cole-Hamilton, D. J. Chem. Soc., Chem. Commun. 1988,
1154-1156. (e) Junge, H.; Beller, M. Tetrahedron Lett. 2005, 46, 1031-1034, (f) Delgado-
Rebollo, M.; Canseco-Gonzalez, D.; Hollering, M.; Mueller-Bunz, H.; Albrecht, M. Dalton
Trans. 2014, 43, 4462-4473.

10. (a) Morton, D.; Cole-Hamilton, D. J.; Utuk, 1. D.; Paneque-Sosa, M.; Lopez-Poveda, M. J.
Chem. Soc., Dalton Trans. 1989, 489-495. (b) Morton, D.; Cole-Hamilton, D. J. J. Chem. Soc.,
Chem. Commun. 1987, 248-249. (c) Delgado-Lieta, E.; Luke, M. A.; Jones, R. F.; Cole-
Hamilton, D. J. Polyhedron, 1982, 1, 839-840.

11. Fujita, K. I.; Tanino, N.; Yamaguchi, R. Org. Lett. 2007, 9, 109-111. (b) Valencia, Muller-
Bunz, H. M.; Gossage, R. A.; Albrecht, M. Chem. Commun. 2016, 52, 3344-3347.

12. (@) Zhang, J.; Gandelman, M.; Shimon, L. J. W.; Rozenberg, H.; Milstein, D.
Organometallics, 2004, 23, 4026-4033. (b) Zhang, J.; Balaraman, E.; Leitus, G.; Milstein, D.
Organometallics, 2011, 30, 5716-5724.

13. Baratta, W.; Bossi, G.; Putignano, E.; Rigo, P. Chem.-Eur. J. 2011, 17, 3474-3481.

14. Nielsen, M.; Kammer, A.; Cozzula, D.; Junge, H.; Gladiali, S.; Beller, M. Angew. Chem.,
Int. Ed. 2011, 50, 9593-9597.

15. Muthaiah, S.; Hong, S. H. Adv. Synth. Catal. 2012, 354, 3045-3053.

16. (a) Budweg, S.; Wei, Z.; Jiao, H.; Junge, K.; Beller, M. ChemSusChem. 2019, 12, 2988-
2993. (b) Budweg, S.; Junge, K.; Beller, M. Chem. Commun., 2019, 55, 14143-14146. (c)

30
TH-3203_176122045



Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

Zhang, G.; Vasudevan, K.V.; Scott, B. L.; Hanson, S. K. J. Am. Chem. Soc. 2013, 135, 23,
8668-8681. (d) Ye, D.; Liu, Z.; Sessler, J. L.; Lei, C. Chem. Commun., 2020, 56, 11811-11814.

17. Blum, Y.; Shvo, Y. J. Organomet. Chem. 1985, 282, 7-10.
18. Murahashi, S. I.; Naota, T.; Ito, K.; Maeda, Y.; Taki, H. J. Org. Chem.1987, 52, 4319-4327.

19. Zhang, J.; Leitus, G.; Ben-David, Y.; Milstein, D. J. Am. Chem. Soc. 2005, 127, 10840-
10841.

20. Gunanathan, C.; Shimon, L. J. W.; Milstein, D. J. Am. Chem. Soc. 2009, 131, 3146-3147.

21. Spasyuk, D.; Gusev, D. G. Organometallics, 2012, 31, 5239-5242,

22. (a) Srimani, D.; Balaraman, E.; Gnanaprakasam, B.; Ben-David Y.; Milstein, D. Adv. Synth.
Catal. 2012, 354, 2403-2406. (b) Gnanaprakasam, B.; Ben-David, Y.; Milstein, D. Adv. Synth.
Catal. 2010, 352, 3169-3173.

23. Zhao, J.; Hartwig, J. F. Organometallics, 2005, 24, 2441-2446.

24. (a) Hunsicker, D. M.; Dauphinais, B. C.; Mc llrath, S. P.; Robertson, N. J. Macromol. Rapid
Commun. 2012, 33, 232-236. (b) Paudel, K.; Pandey, B.; Shi Xu, Taylor, D. K.; David L. Tyer,
Torres, C. L.; Gallagher, S.; Kong, L.; Ding, K. Org. Lett. 2018, 20, 4478-4481. (c)
Chakraborty, S.; Lagaditis, P.; rster, M.; Bielinski, E. A.; Hazari, N.; Holthausen, M. C.; Jones,
W. D.; Schneider, S. ACS Catal. 2014, 4, 3994-4003. (d) Chakraborty, S.; Piszel, P. E.;
Brennessel, W. W.; Jones, W. D. Organometallics, 2015, 34, 5203-5206. () Bielinski, E. A;
rster, M.; Zhang, Y.; Bernskoetter, W. H.; Hazari, N.; Holthausen, M. C. ACS Catal. 2015, 5,
2404-2415. (f) Nguyen, D. H.; Trivelli, X.; Capet, F.; Paul, J. F.; Dumeignil, F.; Gauvin, R. M.
ACS Catal. 2017, 7, 2022-2032.

25. Lin, Y.; X. Zhu, X.; Zhou, Y.; J. Organomet. Chem.1992, 429, 269-274.

26. Suing, A. L.; Dewan, C. R.; White, P. S.; Thorp, H. H. Inorg. Chem. 2000, 39, 6080-6085.

31
TH-3203_176122045



Chapter 1

27. Kossoy, E.; Diskin-Posner, Y.; Leitus, G.; Milstein, D. Adv. Synth. Catal. 2012, 354, 497-
504.

28. (a) Bowers, H.; Jones, L.; J. Chem. Soc. 1953, 2548-2860. (b) Millar, J. G.; Oehlschlager,
A. C.; Wong, J. W. J. Org. Chem. 1983, 48, 4404-4407. (c) Nooy, A. E. J. de.; Rosemer, A.
C.; Bekkum H. V. Synthesis, 1996, 1153-1174. (d) Charlsen, P. H. J.; Katsuki, T.; Martin, V.
S.; Sharpless, K. B. J. Org. Chem. 1987, 52, 2559-2562.

29. Balaraman, E.; Khaskin, E.; Leitus, G.; Milstein, D. Nat. Chem. 2013, 5, 122-125.

30. Sarbajna, A.; Dutta, I.; Daw, P.; Dinda, S.; Rahaman, S. M. W.; Sarkar, A.; Bera, J. K,;
ACS Catal., 2017, 7, 2786-2790.

31. Gunanathan, C.; Ben-David, Y.; Milstein, D. Science, 2007, 317, 790-792. 59.

32. (a) Zeng, H.; Guan, Z. J. Am. Chem. Soc. 2011, 133, 1159-1161. (b) Gnanaprakasam, B.;
Balaraman, E.; Gunanathan, C.; Milstein, D. J. Polym. Sci. A. Polym. Chem. 2012, 50, 1755-
1765. (c) Gnanaprakasam, B.; Balaraman, E.; Ben-David, Y.; Milstein, D. Angew. Chem. Int.
Ed. 2011, 50, 12240-12244.

33. Gnanaprakasam, B.; Milstein, D. J. Am. Chem. Soc. 2011, 133, 1682-1685.

34. Schley, N. D.; Dobereiner, G. E.; Crabtree, R. H. Organometallics, 2011, 30, 4174-4179.
35. Gnanaprakasam, B.; Zhang, J.; Milstein, D. Angew. Chem., Int. Ed. 2010, 49, 1468-1471.
36. (a) Nakajima, Y.; Okamoto, Y.; Chang, Y.-H.; Ozawa, F. Organometallics, 2013, 32, 2918-
2925. (b) Xu, C.; Goh, L. Y.; Pullarkat, S. A. Organometallics, 2011, 30, 6499-6502. (c)
Esteruelas, M. A.; Honczek, N.; Olivan, M.; Onate, E.; Valencia, M. Organometallics, 2011,
30, 2468-2471. (d) Musa, S.; Fronton, S.; Vaccaro, L.; Gelman, D. Organometallics, 2013, 32,

3069-3073. (e) Maggi, A.; Madsen, R. Organometallics, 2012, 31, 451-455.

37. Zhang, G.; Hanson, S. K. Org. Lett. 2013, 15, 650-653.

32
TH-3203_176122045



Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

38. (@) Mukherjee, A.; Nerush, A.; Leitus, G.; Shimon, L. J. W.; Ben-David, Y.; Espinosa
Jalapa, N. A.; Milstein, D. J. Am. Chem. Soc. 2016, 138, 4298-4301. (b) Fertig, R.; Irrgang, T.;
Freitag, F.; Zander, J.; Kempe, R. ACS Catal. 2018, 8, 8525-8530.

39. Biswas, N.; Das, K.; Sardar, B.; Srimani, D.; Dalton Trans., 2019, 48, 6501-6512.

40. Kim, D.; Kang, B.; Hong, S. H.; Org. Chem. Front., 2016, 3, 475-479.

41. Michlik, S.; Kempe, R.; Nature Chemistry, 2013, 5, 140-144.

42. Srimani, D.; Ben-David, Y.; Milstein, D.; Angew. Chem. Int. Ed. 2013, 52, 4012 —4015.
43. lida, K.; Miura, T.; Ando, J.; Saito, S. Org. Lett. 2013, 15, 1436-1439.

44. Zhang, M.; Neumann, H.; Beller, M. Angew. Chem., Int. Ed. 2013, 52, 597-601.

45. Zhang, M.; Neumann, H.; Beller, M. J. Am. Chem. Soc. 2013, 135, 30, 11384-11388.

46. (a) Srimani, D.; Ben-David, Y.; Milstein, D. Chem. Commun. 2013, 49, 6632-6634, (b)
Maji, M.; Chakrabarti, K.; Panja, D.; Kundu, S. J. Catal. 2019, 373, 93-102, (c) Das, S;
Mallick, S.; Sarkar, S. D. J. Org. Chem. 2019, 84, 12111-12119, (d) Das, S.; Maiti, D.; Sarkar,
S. D. J. Org. Chem. 2018, 83, 2309-2316.

47. Michlik, S.; Kempe, R. Angew. Chem., Int. Ed. 2013, 52, 6326-6329.

48. (a) Mastalir, M.; Glatz, M.; Pittenauer, E.; Allmaier, G.; Kirchner, K. J. Am. Chem. Soc.
2016, 138, 15543-15546. (b) Shee, S.; Ganguli, K.; Jana, K.; Kundu, S. Chem. Commun. 2018,
54, 6883-6886. (c) Mastalir, M.; Glatz, M.; Pittenauer, E.; Allmaier, G.; Kirchner, K. J. Am.
Chem. Soc. 2016, 138, 15543-15546. (d) Chakraborty, G.; Sikari, R.; Das, S.; Mondal, R.;
Sinha, S.; Banerjee, S.; Paul, N. D. J. Org. Chem. 2019, 84, 2626-2641. (e) Midya, S. P.;

Landge, V. G.; Sahoo, M. K.; Rana, J.; Balaraman, E. Chem. Commun., 2018, 54, 90-93.

49. D. Srimani, D.; G. Leitus, G.; Y. Ben-David, Y.; D. Milstein, D.; Angew. Chem., Int. Ed.,
2014, 53, 11092-11095.

33
TH-3203_176122045



Chapter 1

50. Khaskin, E.; Milstein, D.; Chem. Commun., 2015, 51, 9002—9005.

51. Dutta, l.; Sarbajna, A.; Pandey, P.; Rahaman, S. W.; Singh, K.; Bera, J. K,;
Organometallics, 2016, 35, 1505-1513.

52. (a) Cao, X. N.; Wan, X. M.; Yang, F. L.; Li, K.; Hao, X. Q.; Shao, T.; Zhu, X.; Song, M.
P.; J. Org. Chem., 2018, 83, 3657-3668. (b) Piehl, P.; Amuso, R.; Alberico, E.; Junge, H.;
Gabriele, B.; Neumann, H.; Beller, M.; Chem. Eur. J., 2020, 26, 6050-6055. (c) D.
Gnanamgari, E. L. Sauer, N. D. Schley, C. Butler, C. D. Incarvito and R. H. Crabtree,
Organometallics, 2009, 28, 321-325. (d) Gnanamgari, D.; Leung, C. H.; Schley, N. D.; Hilton,
S. T.; Crabtree, R. H.; Org. Biomol. Chem., 2008, 6, 4442-4445. (e) Thiyagarajan, S.;
Gunanathan, C.; J. Am. Chem. Soc. 2019, 141, 9, 3822-3827. (f) Bhattacharyya, D.; Sarmah,
B. K.; Nandi, S.; Srivastava, H. K.; Das, A.; Org. Lett. 2021, 23, 869-875. (g) Cheung, H. W_;
Lee, T. Y.; Lui, H. Y.; Yeung, C. H.; Lau, C. P.; Adv. Synth. Catal., 2008, 350, 2975-2983. (h)

53. Grigg, R.; Mitchell, T. R. B.; Sutthivaiyakit, S.; Tongpenyai, N. J. Chem. Soc., Chem.
Commun. 1981, 611-612.

54. Watanabe, Y.; Tsuji, Y.; Ohsugi, Y. Tetrahedron Lett. 1981, 22, 2667-2670.

55. (a) Fujita, K.-i.; Li, Z.; Ozeki, N.; Yamaguchi, R. Tetrahedron, Lett. 2003, 44, 2687-2690.
(b) Fujita, K.-i.; Enoki, Y.; Yamaguchi, R. Tetrahedron, 2008, 64, 560-571.

56. Michlik, S.; Kempe, R. Chem.-Eur. J. 2010, 16, 13193-13198.

57. Zou, Q.; Wang, C.; Smith, J.; Xue, D.; Xiao, J. Chem.-Eur. J. 2015, 21, 9656-9661.

58. Li, J.-Q.; Andersson, P. G. Chem. Commun. 2013, 49, 6131-6133.

59. Ramachandran, R.; Prakash, G.; Nirmala, M.; Viswanathamurthi, P.; Malecki, J. G. J.
Organomet. Chem. 2015, 791, 130-140.

60. Sahin, Z.; Gurbuz, N.; Ozdemir, I.; Sahin, O.; Buyukgungor, O.; Achard, M.; Bruneau, C.
Organometallics 2015, 34, 2296-2304.

34
TH-3203_176122045



Introduction: Aceeptorless dehydrogenation and borrowing hydrogen

61. (a) Fertig, R.; Irrgang, T.; Freitag, F.; Zander, J.; Kempe, R. ACS Catal. 2018, 8, 8525-
8530. (b) Elangovan, S.; Neumann, J.; Sortais, J.-B.; Junge, K.; Darcel, C.; Beller, M. Nat.
Commun. 2016, 7, 12641. (c) Homberg, L.; Roller, A.; Hultzsch, K. A. Org. Lett. 2019, 21,
3142-3147.

62. (a) Yan, T.; Feringa, B. L.; Barta, K. Nat. Commun. 2014, 5, 5602. (b) Emayavaramban,
B.; Roy, M.; Sundararaju, B. Chem.-Eur. J. 2016, 22, 3952-3955.

63. (a) Rsler, S.; Ertl, M.; Irrgang, T.; Kempe, R. Angew. Chem., Int. Ed. 2015, 54, 15046-
15050. (b) Zhang, G.; Yin, Z.; Zheng, S. Org. Lett. 2016, 18, 300-303. (c) Mastalir, M.; Tomsu,
G.; Pittenauer, E.; Allmaier, G.; Kirchner, K. Org. Lett. 2016, 18, 3462-3465. (d) Midya, S. P.;
Pitchaimani, J.; Landge, V. G.; Madhu, V.; Balaraman, E. Catal. Sci. Technol. 2018, 8, 3469-
3473.

64. Nishimura, S.; Takagaki, A.; Ebitani, K.; Green Chem. 2013, 15, 2026-2042.

65. Kaneda, K.; Mizugaki, T.; Green Chem. 2019, 21, 1361-1389.

66. Kaneda, K.; Ebitani, K.; Mizugaki, T.; Mori, K.; Bull. Chem. Soc. Jpn. 2006, 79, 981.

67. Conterosito, E.; Gianotti, V.; Palin, L.; Boccaleri, E.; Viterbo, D.; Milanesio, M.; Inorg.
Chim. Acta. 2018, 470, 36-50.

68. Takehira, K.; Shishido, T.; Catal. Surv. Asia, 2007, 11, 1-30.

69. Takehira, K.; Appl. Clay Sci. 2017, 136, 112-141.

70. Goh, K. H.; Lim, T. T.; Dong, Z.; Water Res. 2008, 42, 1343-1368.

71. Lazaridis, N.K.; Hourzemanoglou, A.; Matis, K. A.; Chemosphere, 2002, 47, 319-324.

72. Lazaridis, N. K.; Asouhidou, D. D.; Water Res. 2003, 37, 2875-2882.

73. Pavan, P. C.; Crepaldi, E. L.; Valim, J. B.; J. Colloid Interface Sci. 2000, 229, 346-352.

35
TH-3203_176122045



Chapter 1

74. Matusinovic, Z.; Wilkie, C. A.; J. Mater. Chem. 2012, 22, 18701-18704.

75. Utracki, L. A.; Sepehr, M.; Boccaleri, E.; Polym. Adv. Technol. 2007, 18, 1-37.

76. Sels, B. F.; Vos, D. D. E.; Jacobs, P. A.; Catal. Rev. 2001, 43, 443.

77. Mitsudome, T.; Mikami, Y.; Funai, H.; Mizugaki, T.; Jitsukawa, K.; Kaneda, K.; Angew.
Chem. Int. Ed. 2008, 47, 138-141.

78. W. Fang, Q. Zhang, J. Chen, W. Deng, Y. Wang, Chem. Commun. 2010, 46, 1547-1549.

79. Mitsudome, T.; Mikami, Y.; Ebata, K.; Mizugaki, T.; Jitsukawa, K.; Kaneda, K.; Chem.
Commun. 2008, 4804-4806.

80. Ainembabazi, D.; An, N.; Manayil, J.C.; Wilson, K.; Lee, A. F.; Kostal, A.M.V.; ACS
Catal. 2019, 9, 1055-1065.

81. Bain, J.; Cho, P.; Kostal, A.V.; Green Chem. 2015, 17, 2271.

82. Xu, Z.; Yu, X.; Sang, X.; Wang, D.; Green Chem. 2018, 20, 2571-2577.

83. Motokura, K.; Nishimura, D.; Mori, K.; Mizugaki, T.; Ebitani, K.; Kaneda, K.; J. Am.
Chem. Soc. 2004, 126, 5662-5663.

84. (a) Kaneda, K.; Jitsukawa, K.; Ebitani, K.; Mizugaki, T.; Motokura, K.; Res. Chem.
Intermed. 2008, 34, 475-486, (b) Liu, X.; Ding, R.; He, L.; Liu, Y.; Cao, Y.; He, H.; Fan, K.;
Chem. Sus. Chem. 2013, 6, 604-608, (c) Xu, J.; Yue, H.; Liu, S.; Wang, H.; Du, Y.; Xu, C,;
Dong, W.; Liu, C.; RSC Adv. 2016, 6, 24164-24174.

36
TH-3203_176122045



TH-3203_176122045



TH-3203_176122045



TH-3203_176122045

Chapter 2

Ruthenium Pincer Catalyzed Selective
Synthesis of Alkanes and Alkenes via
Deoxygenative Coupling of Primary
Alcohols



TH-3203_176122045



Deoxygenative Coupling of Primary Alcohols

2.1. Introduction:

In light of the rapid depletion of fossil fuels and increasing awareness of environmental
protection and economic benefits, the sustainable conversion of low-cost biomass into biofuels
and various chemical feedstocks is an important goal.! In this context, recently, significant
efforts have been contributed towards borrowing hydrogen-mediated upgradation of short-
chain alcohols into long-chain alcohols.? Compared to oxygenated fuels, hydrocarbon fuels
have higher energy density and are more compatible with the existing engines and
infrastructure.® Therefore, the catalytic conversion of alcohols to hydrocarbons is highly
captivating.* However, the access of alkanes via direct coupling of alcohols is rare® because
the success of the reaction depends on the selective multistep reaction sequence. Initially,
dehydrogenation of primary alcohols® produces aldehydes, which undergo aldol condensation
to furnish unsaturated aldehydes. Deoxygenation of the formed unsaturated aldehydes leads to
the formation of the corresponding alkenes. Finally, the hydrogenation of alkenes forms the
desired alkanes. A highly active catalyst with a high degree of selectivity is critical for
achieving such a challenging process.

In 2011, Obora and co-workers described an Ir-catalyzed homocoupling of 2-aryl ethanols
to produce 1,3-diarylpropanes. They also demonstrated that the higher w-aryl alcohols
furnishes f-methyl hydroxyl-a,w-diaryl alkanes which can be further converted to a,w—diaryl
alkanes i the presence of [(Cp*IrCL).]/[{IrCl(cod)}2] /dppe (dppe: 1,2-
bis(diphenylphosphino) ethane) catalytic systems (Scheme 2.1). >

Ishii and et al:

, Ar(/\)R/OH [(Cp*IrCl2),] ArW\)n.Ar * Homo coupled alkanes

KO'Bu, p-xylene
120 °C, 4h

[(Cp*IrCly),],

[(Cp*IrCly),] A " [{IrCI(COD)},l/dppe
r r
KO'Bu, 1,4 -dioxane W1 K,CO;, Mesitylene

120°C, 24h,n=2-5 HO 160 °C, 24h

Scheme 2.1. Preparation of a,w-diarylalkanes by Obora.

In 2018, Wang and his group first established manganese catalyzed deoxygenative coupling
of various aryl alcohols to their corresponding olefins. Finally, the alkenes were hydrogenated

by employing Ni@SiO2—A1>O3 under 20 bar H» to furnish the desired alkanes (Scheme 2.2). 3
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Liu and et al: ® Homo coupled alkenes
2 A A_OH Mn-MACHO (0.2 mol%) Ar&/\Ar ® Cross coupled alkanes
r -
NaOH (0.5 equiv), Xylene, reflux, 16 h ° Two different catalysts
-HCOONa * High H, pressure
Ar~\-OH Mn-MACHO (0.2 mol%) AR Ni@Si0,-Al;03 ANYR
%~._OH NaOH (0.5 equiv), Xylene, reflux, 16 h 20 bar Hy,

RV % _HCOONa MeOH, 50 °C

n=1,2, 3.

Scheme 2.2. Selective alkene and alkane preparation by Wang

Recently, Tu and co-workers utilized a bis-N-heterocyclic carbene-derived Ir-complex for

synthesizing alkanes via direct deoxygenative coupling of alcohols (Scheme 2.3).°

Tu and et al: ® Homo coupled alkanes
Bis-NHC-Ir (0.8 mol% N | lk
2 Ar/\/OH ( o) AT Cross coupled alkanes
NaO'Bu (0.6 equiv), ‘Amyl alcohol,
140 °C, 24 h
AOH Bis-NHC-Ir (0.8 mol%)
Ar . Ar/\/\R

*~_OH NaO®Bu (0.6 equiv), ‘Amyl alcohol
RY n 140 °C, 24 h

n=1,2,3..

Scheme 2.3: Selective alkane preparation by Tu

Interestingly, the selective synthesis of 1,3-diarylpropenes from the coupling of alcohols’ is

also important as these can be further utilized to synthesize important building blocks (Scheme

2.4and 2.5).8
Johnson et al : ®* Homo coupled alkenes
RuClI,(PPh3)3], 1 mol% DS
2 Ar/\/OH [ 2(PPhj3);] o s AT AN,

DPPP (1.2 mol%), NaO'Bu 0.6 equiv
Toluene, reflux, 24 hour

Scheme 2.4: Previous work by Johnson
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I N
Wang et al : -
NN
PPT-Ru (0.1 mol% N - -~
2 Ar/\/OH ( o) _ Ar/\/\Ar N—E;‘RIU“C_IN
KO'Bu 0.5 equiv 3t Cl
2.b

Toluene, 120 °C, N, 24 hour
®* Homo coupled alkenes

Scheme 2.5: Previous work by Wang

From the above discussion, it was observed that the outcome of the reaction (alkene/alkane)
was very much dependent on the design of the catalysts. Tuning the ligand framework can alter
the electronic environment of the metal center and the outcome may vary between an alkene
or alkane, which eventually limits the scope of the methodology. Thus, we envisioned that a
single catalyst capable of selectively synthesizing 1,3-diaryl propenes from alcohols and also
having the ability to hydrogenate them under mild conditions to produce the desired alkanes
would be appealing, as both alkenes and alkanes are synthetically important. For instance,

alkenes could be used for heterocycle formation and alkanes have numerous applications.

2.2. Our work:

Here in this chapter, the activity of various well-defined Ru® complexes was explored in the
selective conversion of primary alcohols into both long-chain alkenes and alkanes. Both homo-
and cross-coupling reactions provide good yields of the desired products with excellent
selectivity. Various control experiments, mechanistic and kinetic studies were performed to

detect the pathway of the reaction.

2.3. Results and discussions:

In our initial experiments, NNS/SNS ligand-derived Ru complexes were synthesized according
to the literature procedure and Ru-MACHO was obtained commercially. Next, the
deoxygenative coupling of 2-phenyl ethanol 2.1.1a was thoroughly investigated. After rigorous
screening (Table 2.1), the optimal reaction conditions were found to obtain 1,3-aryl propene,
2.1.2a. When a toluene solution containing 2-phenyl ethanol 2.1.1a (2 mmol), Cat. 1 (0.5
mol%), and NaOH (0.6 equiv) was refluxed for 24 h in a 10 mL Schlenk tube under argon; 1,3-
diphenyl propene was isolated in 85% yield. Notably, the hydrogenated product of 1,3-diphenyl
propene was not detected. NaOH was found to be significantly better compared to KOH,
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KO'Bu, NaO'Bu, and carbonates. (Table 2.1, entries 1 to 7). For this process, 0.6 equivalent
of NaOH was found to be optimal. (Table 2.1, entries 8 and 9). Cat. 2 and cat. 3 were quite
active towards the reaction but were inferior compared to Cat. 1. Ru-MACHO failed to give
the desired product; however, the formation of ester phenyl ethyl 2-phenylacetate (10%) was
noticed (Table 2.1, entry 20).

; H
I
H /w r\N/ﬁ
NS r51 Cl I.H
| Cl s+ Ru—sJ Ph,P—RU—PPh,
‘co

N—Ri—S__~ rc| *PPh, cr’

Ru-MACHO
Cat. 2 Cat. 3 Cat. 4

Figure 2.1: Ruthenium complexes

2.3.1. Optimization of the reaction condition for the selective synthesis of alkenes:

Table 2.1. Screening table:

@/\/OH Cat. (mol%), Base
Schlenk tube, 140 °C

2.1.1a Solvent, Time 2.1.2a
Entry | Cat. (mol%) Base (equiv) Solvent Conversion | Yield (%)°
(2mL) of alcohol
1 Cat. 1 (1.0) KOH (1.0) Toluene 62 34 (25)
2 Cat. 1 (1.0) CsOH.H0 (1.0) Toluene 58 42 (30)
3 Cat. 1(1.0) NaO'Bu (1.0) Toluene 89 61 (60)
4 Cat. 1(1.0) KO'Bu (1.0) Toluene 91 85 (72)
5 Cat. 1 (1.0) Na,COs (1.0) Toluene 25 20 (18)
6 Cat. 1(1.0) Cs2CO3 (1.0) Toluene 32 24 (15)
7 Cat. 1 (1.0) NaOH (1.0) Toluene 97 86 (88)
8 Cat. 1(1.0) NaOH (0.6) Toluene 100 88 (85)
9 Cat. 1 (1.0) NaOH (0.4) Toluene 65 60 (52)
10 Cat. 1 (0.5) NaOH (0.6) Toluene 100 88 (85)
11 Cat. 1 (0.3) NaOH (0.6) Toluene 75 66 (65)
12 Cat. 1 (0.5) NaOH (0.6) Neat 100 14 (12)
13° Cat. 1 (0.5) NaOH (0.6) Toluene 35 20 (15)
14 Cat. 1 (0.5) NaOH (0.6) Dioxane 40 30 (38)
15 Cat. 1 (0.5) NaOH (0.6) 'Amyl alcohol 62 60 (55)
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16 Cat. 2 (0.5) NaOH (0.6) Toluene 83 52 (40)
17 Cat. 3(0.5) NaOH (0.6) Toluene 90 74 (65)
18 Cat. 1 (0.5) - Toluene - -
19 - NaOH (0.6) Toluene - -
20¢ Cat. 4 (0.5) NaOH (0.6) Toluene 50 -

2Reaction conditions: 2.1.1a (2 mmol), Cat. (0.3 — 1.0 mol%), base (0.3 — 1.0 equiv), solvent
(2 mL), at 140 °C (bath temperature) for 24 h, Ar. ° NMR yield (Yield in parenthesis is the

isolated yield). ¢ Pressure tube. ¢ 10% percent formation of ester phenylethyl 2-phenylacetate.

2.3.2. Homocoupling of 2-arylethanols:

To explore the applicability of the protocol, different 2-aryl ethanols were reacted under
optimal conditions. Homo-coupled alkene products with high selectivity were obtained in good
to excellent yields (64-85% for 2.1.2a-2g) (Scheme 2.6). Different functional groups with
varying electronic and steric properties were well tolerated at the ortho-, meta-, and para-
positions. The 1-(naphthalenyl)- and 2-(naphthalenyl) ethanols (2.1.2] and 2.1.2m) also

furnished a moderate yield of the desired alkenes.

OH cat. 1 (0.5 mol%) N
21.4 140 °C, Toluene (2 mL) 24.9b

NaOH (0.6 equiv), Ar, 24 h

o0,

2.1.2k: 68% 2.1.2m: 55%°

2.1.2b: R = -Me, 80%

2.1.2c: R = -OMe, 85% Cl Cl
2.1.2d: R =-Br, 55%
- 2.1.2e: R=-Cl, 85% Cl
\ ‘ 2.1.2f: R=-F, 79% 2.1.2n: 52%
©/\/\© 2.1.2g: R = -NMe,, 53% 2 1.2 56%
2.1.2h: R=-CN, 0%

2.1.2a: 85% 2.1.2i: R=-NO,, 0% \ [} | /

2.1.2j: R = -NH,, 0%
2.1.20: 75%

aStandard reaction conditions: 2.1.1 (2 mmol), NaOH (0.6 equiv), Cat. 1 (0.5 mol%), 2 mL
toluene, Ar, 140 °C (bath temperature) for 24 h. Isolated yield, 36 h.
Scheme 2.6. Substrate Scope for Alkenes®

The electronic properties of the substituents on the phenyl ring were found to have a negligible

effect on the deoxygenative coupling process. Under optimal conditions, the heterocyclic
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alcohol 2-(thiophenyl)ethanol undergoes a smooth reaction and furnished desired 2.1.20 in an
excellent yield (75%). However, 2-pyridine-ethanol failed to give the desired product.
Encouraged by this finding, it was thought whether the developed catalyst could hydrogenate
1,3-diaryl propenes to the corresponding alkanes under the mild pressure of hydrogen. (Table
2.2) Thus, when 1,3-diphenylpropene 2.1.2a (1 mmol), KO'Bu (0.5 equiv), Cat. 1 (0.5 mol%)
were reacted under 3 bar hydrogen at 100 °C for 24 hours, 1,3-diphenylpropane 2.1.3a was
isolated exclusively (99%). Notably, the H» pressure used in our method (Scheme 2.7, A) is

substantially lower than the previously reported protocol.*

2.3.3. Optimization of the reaction conditions for the synthesis of alkanes:

Table 2.2. Optimization of the Reaction Conditions:

2.1.2a

Cat. (mol%)

Temp, Base

H, pressure, Time

N

NS

;

2.2.3a%

TH-3203_176122045

entry| cat. base solvent [Temp. Hz ftime |yield (%)°

(mol%o) (mmol) (2mL) Pressure| (h) 2a:3a
(bar)

Solvent and base variation:

1 1(1.0) KOH (1) Toluene (140°C 30 30 99:1

2 1(1.0) CsOH.H20(1), Toluene [140°C 30 30 99:1

3 1(1.0) NaO'Bu (1) | Toluene [140°C 30 30 99:1

4 1(1.0) KOBu (1) | Toluene [140°C 30 30 90:10

5 1(1.0) K2COs3(1) | Toluene [140°C 30 30 99:1

6 1(1.0) Na,CO3(1) | Toluene [140°C 30 30 99:1

7 1(1.0) Cs2C0Oz3(1) | Toluene [140°C 30 30 85:15

8 1(1.0) NaOH (1) | Toluene [140°C 30 24 99:1

9 1(1.0) KO'Bu (1) amyl  [140°C 30 24 85:15

alcohol

10 [1(1.0) KOBu (1) | Dioxane [140°C 30 24 95:5

Base variation and neat condition:

11 |1(1.0) KOH (1) Neat [140°C 30 24 40:60

12 |1(1.0) CsOH.H2O(1), Neat [140°C 30 30 15:85

13 [1(1.0) NaO'Bu (1) Neat (140°C 30 30 30:70
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14  [1(1.0) KO'Bu (1) Neat [140°C 30 30 0:100
15 [1(1.0) K2COs3(1) Neat [140°C 30 30 20:80
16 [1(1.0) Na.COsz (1) Neat [140°C 30 30 10:90
17 [1(1.0) Cs2C03 (1) Neat [140°C 30 30 35:65
Temperature variation:

18 [1(1.0) KO'Bu (1) Neat (100 °C 30 30 0:100
19 [1(1.0) KO'Bu (1) Neat [80°C 30 30 30:70
Pressure variation:

20 [1(1.0) KO'Bu (1) Neat 100 °C 3 30 0:100
21 [1(1.0) KO'Bu (1) Neat [100 °C 1 30 5:95
Loading of catalyst, base and time variation:

22 1(1.0) KO'Bu (1) Neat |100°C 3 24 0:100
23 [1(1.0) KO'Bu (1) Neat [100°C 3 18 20:80
24 [1(0.5) KO'Bu (1) Neat (100 °C 3 24 0:100
25 |1(0.5) KO'Bu (0.5) Neat (100 °C 3 24 0:100
26 [1(0.4) KO'Bu (0.5)| Neat [100°C 3 24 10:90
27 1(0.5) KO'Bu (0.5) Neat (100 °C 3 24 30:70
28 2(0.5) KO'Bu (0.5) Neat (100 °C 3 24 10:90
29 [3(0.5) KO'Bu (0.5) | Neat [100°C 3 24 30:70

?Reaction conditions: 2.1.2a (1 mmol), Cat. (0.3 — 1.0 mol%), base (0.3 — 1.0 equiv), at
100 - 140 °C (bath temperature), H> pressure, 18 — 24h.

Next, it was decided to explore the scope of this protocol towards other 1,3-diaryl propenes.
Gratifyingly, for all the cases, desired 1,3-diaryl propane (2.2.3a — 3i) were obtained in a
quantitative yield. Then, the synthesis of 1,3-diaryl propane directly from alcohol by sequential
manner was examined. Therefore, after the deoxygenative coupling of alcohol, the crude
mixture was subjected to hydrogenation without further purification. Delightfully, excellent

yields were also obtained in this sequential strategy (Scheme 2.7, B).
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2.3.4. Selective synthesis of alkanes:

Procedure A:

N Cat. 1 (0.5 mol%)
R R —————— R O O R
100 °C, KO'Bu (0.5 equiv)
H:l
212 Neat, H, (3 bar), 24 h 2.2.3a-

Procedure B:

@/\/OH Cat. 1 (0.5 mol%) Cat. 1 (0.5 mol%) RR
2R
140 °C, Toluene (2 mL) 100 °C, KO'Bu (0.5 equiv) 2.2.3°

211 NaOH (0.6 equiv), Ar, 24 h Neat, H, (3 bar), 24 h

2.2.3a, 2.2.3e,
A: 98% A 98A, A 98"/ A 96"/ A: 99%
B: 84% B: 80% B: 84% B: 82% B: 60%
l I I I 2.2.3h, I| I m
A 97/., A gsty A: 97% A: 99%

B: 78%
“Standard reaction conditions: Procedure A: alkene 2.1.2 (1 mmol), Cat. 1 (0.5 mol%), KO'Bu
(0.5 equiv) at 100 °C (bath temperature), neat, 3 bar Ha. 24 h, isolated yield.
Procedure B: Step 1 includes alcohol 2.1.1 (2 mmol), NaOH (0.6 equiv), Cat. 1 (0.5 mol%),
2 mL toluene, Ar, 140 °C (bath temperature) for 24 h. Step 2 is performed without
purification and similar to procedure A. *Overall yield of the isolated product for two reaction
steps.

Scheme 2.7. Substrate scope for homo-coupled alkanes

Furthermore, the deoxygenative cross-coupling of 2-aryl ethanols (2.1.1a) with different
primary alcohols was investigated (Scheme 2.8). Homo coupling side-reactions is the primary
obstacle to this reaction. It is important to note that the ratio of two alcohol substrates was
found critical for effectively obtaining the desired cross-coupled product. The yield of cross-
coupling products increases when the stoichiometric ratio of 2.1.4a and 2.1.5a is changed from
1:1to0 4:1 (Table 2.3).

2.3.5. Optimization of the ratio of two alcohols for cross-coupling of 2-aryl ethanols:

Table 2.3. Screening Table:
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N

“OoH OH ! 5 O 2 O
Standard | 1
' Yo '

N
|/"‘ e

conditions ! O N O
O\ s : o | o 3

2.1.4a 2.1.5a

Entry | Ratioof |Yieldofl|Yieldof2|Yieldof 3
4a:5a
1 1:1 62 18 20
2 3:1 78 36 8
3 4:1 85 44 N.D

A broad scope of 2-aryl ethanols was compatible under the optimal reaction conditions. 2-
aryl ethanols containing electron-donating, electron-withdrawing, or heterocyclic groups
resulted in moderate to good yield (2.2.6a — 6h). A mixture of alkene products was first
produced by the non-selective cross-aldol condensation of the two aldehyde intermediates
formed by alcohol dehydrogenation. Nevertheless, hydrogenation of the mixture with Cat. 1
produced only the hydrogenated alkane products 2.2.6 (Scheme 2.8).

2.3.6. Deoxygenative cross-coupling of various 2-arylethanols:

Procedure A:

OH Cat. 1 (0.5 mol%) Cat. 1 (0.5 mol%)
AI'1/\/ 0 (]
140 °C, Toluene (4 mL) 100 °C (3 bar H,)
'1.2.4 . AFTNA A2
NaOH (0.6 equiv), u (0.5 equiv,
Arz”\OH Ar, 24 h 24 h, Neat 2.2.6a-h*"°
225

o /@ /@ /@ /@le“ f~ /e,

2.2.6a: 88% 2.2.6b: 65%° 2.2.6c: 68% 2.2.6d: 78% 2.2.6e: 68%  2.2.6f: 52% : 2.2.69: 60% 2.2.h: 72%
aStandard reaction conditions: 2.1.4 (4 mmol) and 2.1.5 (1 mmol) with NaOH (0.6 equiv), Cat.
1 (0.5 mol% w.r.t to total amount of alcohol), 4 mL toluene, Ar, 140 °C (bath temperature),
24 h. ®The overall yield of the isolated product, ¢2.1.4 (1 mmol) and 2.1.5 (4 mmol),

Scheme 2.8. Substrate Scope of Cross-Alkanes
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This method was also extended to the cross-coupling reactions with more challenging long-
chain aliphatic alcohols (2.2.6i, 2.2.6j, and 2.2.6k). However, the yields of crossed alkanes are

moderate as long-chain aliphatic alcohols tend to form Guerbet alcohols, which are also
considered valuable products (Scheme 2.9).1

2.3.7. Deoxygenative cross-coupling of various 2-aryl ethanols with primary alcohols:

Procedure B:

OH
Cat. 1 (0.5 mol%), Cat. 1 (0.5 mol%)
. 140 °C Isolated 100 °C (3 bar Hy) ©/\/H;
: and purified
21.1a  NaOH (0.6 equiv) P KO'Bu (0.5 equiv)
Aliphatic alcohols AN, 24h 24 h, Neat 2.2.6i-k®P

21.5

2.2.6i: 32% 2.2.6j: 35% m

Cat. 1 (0.5 mol%)

OH o | NS O
RITNA Cat. 1 (0.5 mol%) g lR1’\/\, + 1100 °C (3 bar Hy) A e
211 T‘?’ ' 1,\7\' . ' R! ~ -~
+ NaOH (0.6 equiv), Ar = | R" ™7 ™" ™ KoBy (0.5 equiv) 2.2.6i - k
Aliphatic alcohols 24 h, 140 °C 25 -30% 24 h -
215 CIIIIIIIIIIIIIIIIIIIICIG
T ”'YOH
60- 70%

Guerbet alcohols

Mixture of products
& Standard reaction conditions: 2.1.5 (4 mmol) and 2.1.1a (1 mmol) with NaOH (0.6 equiv),
Cat. 1 (0.5 mol% w.r.t to total amount of alcohol), Ar, 140 °C (bath temperature), ° In neat
condition.

Scheme 2.9. Substrate Scope of Cross-Alkanes

2.4. Reaction mechanism for dehydrogenation:

For this deoxygenative synthesis of olefins, two possible mechanistic pathways are proposed
(Scheme 2.10). Initially, Ru-catalyzed dehydrogenation of 2-phenyl ethanol furnishes 2-
phenylacetaldehyde which can further undergo a base-mediated aldol reaction to form [3-

hydroxyaldehyde (2.1.1a"). Dehydration of g-hydroxyaldehyde under the reaction condition
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leads to the formation of «,f-unsaturated aldehyde (2.1.A). Under the reaction conditions, «,
S-unsaturated aldehyde (2.1.A) is in equilibrium with the S,y-unsaturated aldehyde (2.1.B).
Nucleophilic attack by hydroxide ion on the carbonyl group of g,y-unsaturated aldehyde and
subsequent liberation of sodium formate generates the allyl anionic species that can be
protonated to form the 1,3-diphenyl propane (Pathway I). Another possibility is the Ru-
catalyzed decarbonylation and reductive elimination of «,f-unsaturated aldehyde (1.1.A) to
form 2.1.2a (Pathway II). In addition we have also proposed the catalytic cycle with the Ru
catalyst in scheme 2.10A based on previous literature studies.®

\ £ RCHO O
B e N R ’i
Sl W e (R

N
\r_s .
RU” N\ 3 -
S PPhs FRS Cl R H
— 2.1A <S ’ O™k R=PnCH2 < ‘ ’ “
I
PPh, PPh; RCHO PPh; "Ru" 'ﬁ Reductive
| elimination
NRCHO t'
u
B At e
- N r“co
\’S O H \’S O
/’/ O%H /,’/ D
3 “ /
_Ri__ R L :
d 0 s ‘ H R@O=E00
9 < v z
< PPhj PPhg " Fh
Migratory
extrusion

| ol
Ra. H'R
s H
< Vv Oxidative I
PPh; addition Ru
-H, Pathway I
o o H_.O
oH
(\ 2 Ph/\? NaOH NaOH P
H Ph Ph ho " Ph
21.1a 2442 Ado! OH z z1A
P 2.41.1a
Ph"N""ph L
2.1.2a Pathway | OH
H+'

- (\E)H
O__OH Hl O
PhN"""ph
{ S - S
HCOOH Ph Ph Ph Ph

lNaOH Base assisted 21.8

deformylation
HCOONa

Scheme 2.10A. Plausible Mechanism

47
TH-3203_176122045



Chapter 2

2.5 Reaction mechanism for hydrogenation:

Bassed on previos literature study, a long range metal-ligand cooperation could be

ascertained for H; activation (Scheme 2.10B).°

O } H,

cl
\i_s

S Ru~
S PPhs

\/—>

/ RU
Alkanes < \, PPhs

Scheme 2.10B. Plausible Mechanism

2.6. Mechanistic investigation:

To understand the plausible mechanistic pathway various control experiments were
performed (Scheme 2.10). Initially, dehydrogenation of alcohol forms the aldehyde 2.1.1a’. To
shed light on the reactivity of 2.1.1a’ to form 2.1.2a, first, 2-phenyl acetaldehyde was reacted
under the standard conditions which furnish the desired 1,3 diphenyl propene, 2.1.2a in 20%

yield (control experiment 1).

PhMO Cat. 1 (0.5 mol%) - Ph&/\Ph
0.6 equiv NaOH 21.2a
2.1.1a’, 2.0 mmol 2 mL Toluene, 140 °C 20%
24 h, Ar

Scheme 2.10.1 Control experiment 1

Even in the absence of cat. 1, a similar yield of 2a was isolated (control experiment 2) in
toluene. The lower yield might be due to the initial high concentration of 2-phenyl
acetaldehyde, which can lead to several side reactions!! under the reaction conditions before
converting to the desired 1,3-diphenyl propene. Low solubility of NaOH in toluene might be
another important factor.!! Thus, when the reaction was performed in famyl alcohol, 60% of

2.1.2a was formed (control experiment 2).
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i NS
Ph,\;o Without catalyst Ph/\/\Ph
0.6 equiv NaOH 2.1.2a
2.1.1a, 2 mL Solvent, 140 °C .
2.0 mmol 24 h, Ar Toluene: 20%

Dioxane: 32%
tamyl alcohol: 60%

Scheme 2.10.2. Control experiment 2
The proposed intermediate aldehyde (E)-2,4-diphenylbut-3-enal (2.1.A) was not detected
under the standard reaction conditions. However, in the absence of NaOH only cat. 1 is capable

of converting 2-phenyl acetaldehyde to 2.1.A (control experiment 3).

CHO
Cat. 1 (0.5 mol% P
ph ™~ ( Y Ph/\)\Ph
2.1.1a, 2 mL Toluene, 140 °C 21.A
2.0 mmol 24 h, Ar 23%

Scheme 2.10.3. Control experiment 3

This underpins the conversion of 2.1.A to 2.1.2a is very fast under basic conditions, which was
further proved by reacting 2.1.A in the presence of NaOH to afford 2.1.2a in 80% yield within
just 2 hours. (control experiment 4). This indicates that 2.1.A is the key intermediate for this

transformation.

CHO i D
/\/)\ 1 equiv NaOH Ph™ " ph
Ph Ph 2 mL Toluene
2.1.A, Ar,2h .28
2.0 mmol 80%

Scheme 2.10.4. Control experiment 4

Moreover, in the presence of a base, 2.1.6a did not isomerize to 2.1.6a" (control experiment
5), which indicates that the isomerization of alkenes under the reaction condition is not

possible.

/
N 1 equiv NaOH PR N"TNa
Ph” S"Ar q r
2 mL Toluene N.D
2.1.6a, 1.0 mmol Ar, 24 h 2.1.6a'
Ar= -4-OMe

Scheme 2.10.5. Control experiment 5
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Interestingly, when 2.2.C was treated under similar conditions, a mixture of two isomers
(2.2.6a" and 2.2.6a) was isolated (control experiment 6). This suggests the formation of an

allyl-anionic intermediate (Pathway 1).

CHO

1 equiv NaOH N Z
Ar/\/)\Ph ————— ACTkh AR
2 mL Toluene o 40%
Ar, 6 h 60% o
2.2.C, 1.0 mmol Ar=-4-OMe 2.2.6a’ 2.2.6a

Scheme 2.10.6. Control experiment 6

Furthermore, the isolation of HCOONa (77%) under the reaction conditions confirms that the

reaction follows pathway | (control experiment 7).

Cat. 1 (0.5 mol% N
ph~CH ( 2 ph”~“ph + HCOONa « Hy

H 0,
0.6 equiv NaOH 2.1.2a 80%
2 mL Toluene
140 °C, 24 h, Ar

Scheme 2.10.7. Control experiment 7

2.1.1a,
2.0 mmol

Gram scale synthesis:

on~OH Cat. 1 (0.5 mol%) Ph&/\Ph
0.6 equiv NaOH 2.1.2a
2.1.1a, 20 mmol 20 mL Toluene, 140 °C 72%
24 h, Ar 1.404 g

Scheme 2.10.8. Control experiment 8

During our mechanistic investigation, it was found the base has a vital role in the progress of
the reaction. Also, substrate-specific reactivity in the presence of different bases was detected
(Scheme 2.11).

Case 1: When the reaction was performed with KO'Bu in toluene with 2-(3,4,5-
trimethoxyphenyl)ethan-1-ol, 1,2,3-trimethoxy-5-methylbenzene was obtained as the final
product (Scheme 2.11.1).

~0 OH _o
Cat. 1 (0.5 mol%)
o So

oL 140 °C, Toluene (2 mL) oL
KOtBu (1.0 equiv), Ar, 24 h

2 mmol 90%
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Scheme 2.11.1. Selective conversion to 1,2,3-trimethoxy-5-methylbenzene.

Case 2: When the reaction was performed with KO'Bu in toluene with 2-(naphthalene-1-
yl)ethan-1-ol, a mixture of 1-methylnaphthalene, 1-ethyl naphthalene, and 1-vinyl naphthalene

was obtained in 5:3:2 manner (Scheme 2.11.2).

OH

N
Cat. 1 (0.5 mol%)
N
140 °C, Toluene (2 mL) I P

KOtBu (1.0 equiv), Ar, 24 h
5:3:2

Scheme 2.11.2. The selective case related to 2-(naphthalene-1-yl)ethan-1-ol.

Case 3: When the reaction was performed with KO'Bu in xylene, a mixture of product of our
target product and styrene was obtained. (Scheme 2.11.3).

OH
Cat. 1 (0.5 mol%) N
140 °C, Xylene (2 mL) ©/\/\©
KOtBu (1.0 equiv), Ar, 24 h

2.1.2a, 30% 70%
2 mmol

Scheme 2.11.3. Selective transformation of 2-phenyl ethanol.

Case 4: To a Schlenk tube (10 mL), acridine-based Ru-SNS catalyst, Cat. 1 (0.5 mol%, 7 mg),
CsOH.H20 (1.0 equiv, 336 mg), 2-aryl ethanol (2 mmol) were added under hydrogen
atmosphere. The reaction was conducted in neat condition at 140 °C for 24 h. After cooling to
room temperature, EtOAc (5 mL) was added and the reaction mixture was passed through a
small pad of celite filter and was transferred into another flask. The filtrate was then evaporated
and the crude product was purified by column chromatography (typically petroleum ether as

an eluent) using silica to afford a pure product (Scheme 2.11.4).

OH
Cat. 1 (0.5 mol%)
0 N
140 °C, Neat Z

CsOH.H,0 (1.0 equiv) 2.2.3a
H, balloon Only 10-15%

2.1.2a, 2 mmol

Scheme 2.11.4. Direct approach from alcohol to 1,3-diphenylpropane in presence of

hydrogen
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2.7. Kinetic study:

Thus, it was decided to study the reaction kinetics at various base loading. The optimum
amount of the NaOH was found to be 0.6 equivalent to 2-phenyl ethanol. Lowering of base
loading to 0.4 or 0.3 equivalent leads to a significant decrease in the rate of the reaction.
However, when 0.8 or even 1.0 equiv base was used instead of the optimal base loading (0.6
equiv), there was no significant change in reaction rate. To check the optimal catalyst loading
in the reaction, the initial rate of the reaction to various catalyst loading was studied. A sharp
increase in the initial rate of the reaction was observed when catalyst loading was increased
from 0.25 mol% to 0.5 mol%. However, a further increase in loading has no positive impact
on the initial reaction rate. So, the catalyst loading of 0.5 mol% is the ideal loading. Next, the
rate of the reaction to various solvents was explored. From the mechanistic studies (control
experiment 3), it was found that 'amyl alcohol is a good solvent for the conversion of
phenylacetaldehyde 2.1.1a" to compound 2.1.2a in high yield (60%). So, the reaction profile
diagram to solvent was explored, which revealed that the reaction is faster in toluene compared

to 'amyl alcohol or dioxane (Scheme 2.12).

OH 0 OH 0
Cat. 1 (1 mol%) @)j\ Cat. 1 (1 mol%) ©)]\
NaOH (1 equiv) tAmyl alcohol(1 equiv)
1 mmol Toluene, 140 °C 100% 1 mmol Toluene, 140 °C 60%
Argon, 36 hour Argon, 36 hour

Scheme 2.12. Kinetic profile at different solvent.

This suggests that, while the formation of product 2.1.2a from phenylacetaldehyde is faster in
tamyl alcohol, the alcohol dehydrogenation step might be slower in famyl alcohol compared to
toluene (Scheme 2.12). The temperature-dependent product formation was also checked. At
low temperatures like 110 °C or 125 °C, the progress of the reaction was found to be slow. It is
also necessary to mention, that other than the product and reactant we failed to detect any
intermediate at any hour of the reaction (Figure 2.3). This also suggests that the
dehydrogenation step is significantly slower compared to the subsequent aldol condensation

and deformylation step.
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100
a) | ——o3equiv b)40 —s— 0.25 mol%
~—o— (.4 equiv —o—0.5 mol%
=804 —4—0.6 equiv i —&— 1.0 mol%
) i 2
- —— 1.0 equiv . <
o] B 304
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Figure 2.2. Conversion-time profile of the homocoupling of 2-phenylethanol with respect to
(a) base (NaOH) loading, (b) catalyst loading, (c) solvent and (d) bath temperature.
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Figure 2.3: Kinetic profile of the reaction with respect to alcohol (2.1.1a) and product
(2.1.2a)

2.8. Post-synthetic modification:
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To demonstrate the utility of 1,3-diaryl propenes, strategies that can easily convert them into
synthetically important heterocycles such as isoquinolines and tetrazoles were illustrated.
(Scheme 2.14).

TsNH,
DDQ (1.0 equiv)
Nitromethane NHTs ref 12c, 8c
AN, — Y— .
50 °C Ar 'Ar

75%

TMSN; (5.5 equiv)
Ar&/\Ar Cul (10 mol%), DDQ (2 equiv)

M.S. (4 A) MeCN, 80 °C, 12 h @
212
2.8
88%

Approach to substituted tetrazoles

Scheme 2.14: Derivatization of Alkenes

2.9. Conclusion:

In conclusion, the coupling of primary alcohols to synthesize selectively alkenes and alkanes
is achieved by a single Ru-catalyst. The protocol is applicable for both homo and cross-
coupling reactions of primary alcohols and is highly selective. Mechanistic studies reveal that
deformylation of intermediate a,f-unsaturated aldehyde with simultaneous formation of
sodium formate is an important step to produce olefin. This selective dehydrogenation and
hydrogenation reaction with a single catalyst not only proves the versatility and tunability of

the catalyst but also elucidates future applications in upgrading of bio alcohols to chemicals.

2.10. Experimental Section:

2.10.1. General Information:

Unless otherwise mentioned, all chemicals were purchased from common commercial sources
and used as received. RuClz(PPhs)s was purchased from Sigma-Aldrich. All solvents were
dried by standard procedure.!® Solvents such as toluene were pre-dried using CaH, over Na
with a benzophenone indicator. The catalyst preparation was carried out under an argon
atmosphere with freshly distilled dry THF or dichloromethane. All catalytic reactions were

carried out under an argon atmosphere using dry glassware and standard syringe/septa
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techniques. Bruker Avance |11 600, 500, and 400 spectrometers were used to record H, 3C
NMR, and 3P NMR, respectively. Chemical shifts (5) are reported in ppm downfield from
tetramethylsilane; spin-spin coupling constants (J) are expressed in Hz and other data are
reported as follows: s = singlet, d = doublet, t = triplet, m = multiplet, g = quartet, and br s =
broad singlet. Column chromatography was done with SRL silica gel 100-200 mesh. Analytical
thin layer chromatography (TLC) was carried out on silica gel plates (silica gel 60 F254), that
were visualized by exposure to ultraviolet light and an aqueous solution of p-anisaldehyde.

2.10.2. Experimental Procedure:

2.10.2a. General procedure for deoxygenative homo-coupling of different aryl ethanols:

To a round bottom flask (10 mL) fitted with a condenser, 2-aryl ethanol, 1 (2 mmol), acridine-
based Ru-SNS® catalyst, Cat. 1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 48 mg), and toluene (2.0
mL) were added under argon atmosphere. The solution was heated at 140 °C for 24 h. After
cooling to room temperature, EtOAc (5 mL) was added and the reaction mixture was passed
through a small pad of celite filter and was transferred into another flask. The filtrate was then
evaporated and the crude product was purified by column chromatography (typically petroleum

ether as an eluent) using silica to afford a pure product (Scheme 2.6).

2.10.2b. General procedure for hydrogenation of olefins to alkane products:

Procedure A: The purified homo-coupled alkene, 2 (1.0 mmol), Cat. 1 (0.5 mol%), and KO'Bu
(0.5 equiv) were added sequentially to a 5 mL Teflon vial, inserted within a Parr reactor system
and was stirred for 24 hours at 100 °C under 3 bar hydrogen pressure. After cooling to room
temperature and gas releasing, the resulting solution was diluted by 5 mL of EtOAc. The
product can be easily extracted just via celite filtration without any further purification
(Scheme 2.7A).

Procedure B: Sequential conversion of alcohol to alkane. To a round bottom flask (10 mL)
fitted with a condenser, 2-aryl ethanol, 2.1.1a (2 mmol), acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 48 mg) and toluene (2.0 mL) were added under argon

atmosphere. The solution was heated at 140 °C for 24 h. After cooling to room temperature,
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EtOAc (5 mL) was added and the reaction mixture was passed through a small pad of celite
filter and was transferred into another flask. The filtrate was then evaporated and the crude
mixture was transferred to the Parr reactor without further purification. The crude mixture, Cat.
1 (0.5 mol%) and KO'Bu (0.5 equiv) were added sequentially to a 5 mL Teflon vial, inserted
within a Parr reactor system, and was stirred for 24 hours at 100 °C under 2 - 3 bar hydrogen
pressure. After cooling to room temperature and gas releasing, the resulting solution was
diluted by 5 mL of EtOAc. The filtrate was then evaporated and the crude product was purified
by column chromatography (typically petroleum ether as an eluent) using silica to afford a pure
product (Scheme 2.7B).

2.10.2c. General procedure for deoxygenative cross-coupling of different aryl ethanols:

Under the protection of argon, 2-aryl ethanols, 2.1.4 (1.00 mmol), primary alcohols, 2.1.5 (4.0
mmol), Cat. 1 (19 mg, 0.5 mol%), NaOH (120 mg, 0.6 equiv) and toluene (4.0 mL) were added
sequentially to a 10 mL round bottom flask fitted with a condenser. The reaction was stirred
for 24 hours at reflux temperature. After cooling to room temperature, the resulting solution
was diluted by 5 mL of EtOAc. The mixed olefin products were obtained by flash column
chromatography. Under the protection of argon, the mixed olefins, Cat. 1 (0.5 mol%) and
KO'Bu (0.5 equiv) were added sequentially to a 5 mL Teflon vial, inserted within a Parr reactor
system and were stirred for 24 hours at 100 °C under 3 bar hydrogen pressure. After cooling to
room temperature and gas releasing, the resulting solution was diluted by 5 mL of EtOAc. The
product can be easily extracted just via celite filtration and later the reaction mixture was

charged into column chromatography to obtain the desired alkane (Scheme 2.8).

2.10.2d. General procedure for deoxygenative cross-coupling of aryl ethanol and aliphatic
alcohols:

Under the protection of argon, 2-aryl ethanols, 1 (1.00 mmol), aliphatic alcohols, 5 (4.0 mmol),
complex Ru-SNS catalyst, Cat. 1 (19 mg, 0.5 mol%), NaOH (120 mg, 0.6 equiv) were added
sequentially to a 10 mL Schlenk tube. The reaction was stirred for 24 hours at 140 °C. After
cooling to room temperature, the resulting solution was diluted by 5 mL of EtOAc. The reaction
mixture was extracted just via celite filtration and it was charged into column chromatography
to obtain the desired alkene. Later, the desired alkene, Cat. 1 (0.5 mol%) and KO'Bu (0.5 equiv)
were sequentially charged to a 5 mL Teflon vial, inserted within a Parr reactor system, and

stirred for 24 hours at 100 °C under 3 bar hydrogen pressure. After cooling to room temperature
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and gas releasing, the resulting solution was diluted by 5 mL of EtOAc. The product can be

easily extracted just via celite filtration (Scheme 2.9).

2.10.3. Mechanistic Investigation:

Control Experiment 1:

To a round bottom flask (10 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 48 mg), phenylacetaldehyde (2 mmol) and toluene (2.0
mL) were added under argon atmosphere. The solution was heated at 140 °C for 24 h. After
cooling to room temperature, EtOAc (5 mL) was added and the reaction mixture was passed
through a small pad of celite filter and was transferred into another flask. The filtrate was then
evaporated and the NMR of the crude mixture was recorded using CH3CN as an external
standard (Scheme 2.10.1).

Control Experiment 2a:

To a round bottom flask (10 mL) fitted with a condenser, NaOH (0.6 equiv, 48 mpg),
phenylacetaldehyde (2.0 mmol), and toluene (2.0 mL) were added under an argon atmosphere.
The solution was heated at 140 °C for 24 h. After cooling to room temperature, EtOAc (5 mL)
was added and the reaction mixture was passed through a small pad of celite filter and was
transferred into another flask. The filtrate was then evaporated and the NMR of the crude

mixture was recorded using CH3CN as an external standard (Scheme 2.10.2).

Control Experiment 2b:

To around bottom flask (10 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 48 mg), phenylacetaldehyde (2 mmol) and 'amyl alcohol
(2.0 mL) were added under argon atmosphere. The solution was heated at 140 °C for 24 h.
After cooling to room temperature, EtOAc (5 mL) was added and the reaction mixture was
passed through a small pad of celite filter and was transferred into another flask. The filtrate
was then evaporated and the NMR of the crude mixture was recorded using CH3CN as an
external standard (Scheme 2.10.2).

Control Experiment 2c:
To a round bottom flask (10 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 48 mg), phenylacetaldehyde (2 mmol) and dioxane (2.0
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mL) were added under argon atmosphere. The solution was heated at 140 °C for 24 h. After
cooling to room temperature, EtOAc (5 mL) was added and the reaction mixture was passed
through a small pad of celite filter and was transferred into another flask. The filtrate was then
evaporated and the NMR of the crude mixture was recorded using CH3CN as an external
standard (Scheme 2.10.2).

Control Experiment 3:

To a round bottom flask (10 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), phenylacetaldehyde (2 mmol), and toluene (2.0 mL) were added under
argon atmosphere. The solution was heated at 140 °C for 24 h. After cooling to room
temperature, EtOAc (5 mL) was added and the reaction mixture was passed through a small
pad of celite filter and was transferred into another flask. The filtrate was then evaporated and
the NMR of the crude mixture was recorded using CH3CN as an external standard (Scheme
2.10.3).

Control Experiment 4:

To a round bottom flask (10 mL) fitted with a condenser, (Z)-2,4-diphenylbut-2-enal (1.0
mmol), NaOH (1.0 mmol), and toluene (2.0 mL) were added under argon atmosphere. The
solution was heated at 140 °C for 2 h. After cooling to room temperature, EtOAc (5 mL) was
added and the reaction mixture was passed through a small pad of celite filter and was
transferred into another flask. The filtrate was then evaporated and the NMR of the crude

mixture was recorded using CH3CN as an external standard (Scheme 2.10.4).

Control Experiment 5:

Under the protection of argon, 1-cinnamyl-4-methoxybenzene, 2.1.6a (1.0 mmol), toluene (2.0
mL), Cat. 1 (0.5 mol%), NaOH (1.0 mmol) was added to a round bottom flask (10 mL) fitted
with a condenser. The solution was heated at 140 °C for 24 h. After cooling to room
temperature, EtOAc (5 mL) was added and the reaction mixture was passed through a small
pad of celite filter and was transferred into another flask. The filtrate was then evaporated and
the NMR of the crude mixture was recorded (Scheme 2.10.5).

Preparation procedure 2.1.6a.
A mixture of cinnamyl alcohol (0.30 mmol), (4-methoxyphenyl)boronic acid (0.36 mmaol),
Pd(PPhs)s (0.015 mmol), and dry dichloromethane (1 mL) was heated at 80 °C in a sealed tube
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under argon atmosphere. After being stirred at the same temperature for 8 h, the reaction

mixture was evaporated and purified by column chromatography to give the product.'*

Control Experiment 6:

To a round bottom flask (10 mL) fitted with a condenser, 2.2.C, (E)-4-(4-methoxyphenyl)-2-
phenylbut-3-enal (1.0 mmol), NaOH (1.0 mmol) and toluene (2.0 mL) were added under argon
atmosphere. The solution was heated at 140 °C for 3 h. After cooling to room temperature,
EtOAc (5 mL) was added and the reaction mixture was passed through a small pad of celite
filter and was transferred into another flask. The filtrate was then evaporated and the NMR of

the crude mixture was recorded using CH3CN as an external standard (Scheme 2.11.6).

Preparation procedure of intermediate 1.1.C:

ethynylbenzene

Step 1 Step 2 Step 3
NCS, AgCO3 EtONa AgBF4
K,CO3, n-propanol DMSO, 0 °C { 1,4-dioxane, 80 °C

50 °C 2.1.P1 2.1.P2
45% 31%
COOEt O
Step 4 Step 5
O O _ DIBAL Dess-Martin O
DCM, -78 °c ~o DCM,RT N,
2.1.P3 2.1.P4 2.2.C
72% 82% 90%

Scheme 2.15. Step wise synthesis of 2.2.C.

Preparation procedure of 2.2.C:

Step 1: K2COs (523 mg, 3.79 mmol), NCS (2.02 g, 15.15 mmol), Ag2CO3 (209 mg, 0.758
mmol), and ethynylbenzene (775 g, 7.575 mmol) were added into a dry schlenk flask. The
reaction flask was evacuated and backfilled with argon (three cycles). Then 20 mL of n-
propanol was added to the reaction system, and the reaction mixture was stirred at 50 °C
overnight. After that, the mixture was cooled to room temperature, and brine was added to the
mixture at 0 °C. The resulting mixture was extracted by ethyl ether, and the combined organic
phase was washed with water, then dried over sodium sulfate. The resulting mixture was kept
in a beaker for 2-3 days for slow evaporation as the resulting compound is highly volatile.
Later, the resulting compound 2.1.P1 was used for step 2, without further purification (464 mg,
3.40 mmol, 45%). 5°
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Step 2: EtONa (1360 mg, 20 mmol) was added into a dry schlenk flask. The reaction flask was
evacuated and backfilled with argon (three cycles). After that, a solution of 2.1.P1 (1.36 g, 10
mmol) in 5 mL of dry DMSO was added dropwise at 0 °C and the reaction was conducted at O
°C. The progress of the reaction was monitored by TLC. Around 1 hour later, water was added
at 0 °C to quench the reaction. The mixture was then extracted with ether (3 x 25 mL) and the
combined organic layer was dried over MgSO4, filtered, and concentrated in a vacuum. The
residue was purified by flash chromatography on silica gel to afford the product (452 mg, 2.37

mmol, 31%)*

Step 3: 2-(4-methoxyphenyl)acetaldehyde (132 mg, 1.1 mmol), AgBF4 (21 mg, 0.11 mmol),
2.1.P2 (192 mg, 1.32 mmol) and 4 mL of 1,4-dioxane was added into a sealed tube. After
stirring at 80 °C for 2 h, the reaction mixture was quenched with water, extracted with EtOAc,
washed with brine, dried over anhydrous Na2SOa, and concentrated. Column chromatography
on silica gel gave the product (268 mg, 0.9 mmol, 82%) as mixed isomers, which can be

isolated as single isomers after reduction by DIBAL.!®

Step 4: 2.1.P3 (268 mg, 0.9 mmol) was dissolved in 5 mL of DCM in a dry schlenk tube. The
reaction system was cooled to -78 °C and then DIBAL (1 mmol, 1.5 M in toluene, 0.66 mL)
was added dropwise to the solution. The reaction mixture was maintained at -78 °C for 1.5 h.
After that it was allowed to warm to room temperature and 10 mL water was added to quench
the reaction. The reaction mixture was extracted with DCM, washed with brine, dried over
anhydrous Na»SQOs, and concentrated. Column chromatography on silica gel gave the product
2.1.P45 (187 mg, 0.74 mmol, 82%). *H NMR (600 MHz, CDCls) § 7.39 (t, J = 7.6 Hz, 2H),
7.32(d, J = 7.3 Hz, 1H), 7.28 — 7.26 (m, 2H), 7.05 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz,
2H), 5.89 (t, J = 7.5 Hz, 1H), 4.36 (d, J = 4.4 Hz, 2H), 3.78 (s, 3H), 3.29 (d, J = 7.5 Hz, 2H).
13C NMR (150 MHz, CDCl3) & 157.9, 140.9, 138.1, 132.8, 129.2, 128.7, 128.5, 127.4, 127.3,
113.9, 68.0, 55.3, 33.8.

Step 5: Dess-Martin oxidant (220 mg, 0.52 mmol) was added to a solution of 2.1.P4 (170 mg,
0.5 mmol) in DCM (5 mL) at 0 °C. The reaction mixture was stirred at 0°C for 30 minutes and
at room temperature for 1.5 hours, the reaction mixture was quenched with water. Then the
reaction mixture was washed with sodium thiosulfate 10% in water (25 mL) and sodium
hydroxide 1M (25 mL), dried over Na>SQyg, filtered, and concentrated under reduced pressure.

The title compound, (2)-4-(4-methoxyphenyl)-2-phenylbut-2-enal, 2.2.C was extracted with
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DCM, obtained in quantitative yield and can be used in the next step without further
purification (114 mg, 0.45 mmol, 90%).%° *H NMR (400 MHz, CDCls) § 9.64 (s, 1H), 7.43 (t,
J=7.3Hz 1H)), 7.38,d,J =7.2 Hz, 1H), 7.22 (7.22, d, J = 7.1 Hz, 2H), 7.07 (d, J = 8.5 Hz,
2H), 6.87 — 6.85 (m, 2H), 6.82 (d, J = 7.6 Hz, 1H), 3.79 (s, 3H), 3.63 (d, J = 7.6 Hz, 2H). 3C
NMR (150 MHz, CDCl3) 6 193.6, 158.5, 153.9, 143.8, 132.3, 130.0, 129.5, 129.5, 128.4, 128.2,
114.3, 55.3, 35.0.
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Figure 2.3: *H NMR (600 MHz) spectra of compound 2.1.P4 in CDCls
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Figure 2.5: 'H NMR (400 MHz) spectra of compound 2.1.C in CDCls
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Figure 2.6: 3C{*H} NMR (150 MHz) spectra of compound 2.1.C in CDCls
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Figure 2.7: Mixture of alkenes.
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Control Experiment 7:

Under the protection of argon, 2-aryl ethanol, 1 (2.0 mmol), Cat. 1 (0.5 mol%), NaOH (0.6
equiv), and toluene (2.0 mL) were added sequentially to a 10 mL round bottom flask fitted with
a condenser (Scheme 2.11.7). The reaction was stirred for 24 hours at reflux temperature. After
cooling to room temperature, the resulting solution was diluted by 5 mL of EtOAc. The mixed
olefin products were obtained by flash column chromatography. After the reaction, the
resulting reaction mixture was diluted by 5 mL of CH2Cl> and 5 mL of water. Then the aqueous
phase was separated and subjected to NMR analysis (D20 as solvent) using DMSO (1 mmol)
as the external standard. It was found that HCOONa was produced an 80% yield (Figure 2.8).

@ °

©

DMSO

HCOONa

T T T T T T T T
4 3 2 i 0 -1 2 3

T T T T T T T T
13 12 11 10 9 8 7 6 5
f1 (ppm)

Figure 2.8: Aqueous phase NMR analysis

2.9.4. Gram Scale Synthesis:

To a round bottom flask (50 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (0.6 equiv, 480 mg), 2-aryl ethanol, 1a (20 mmol) and toluene (20
mL) were added under argon atmosphere. The solution was heated at 140 °C for 24 h. After
cooling to room temperature, EtOAc (50 mL) was added and the reaction mixture was passed

through a small pad of celite filter and was transferred into another flask. The filtrate was then
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evaporated and the crude product was purified by column chromatography (typically petroleum

ether as an eluent) using silica to afford a pure product. The obtained yield was 72% (1.404 g).

2.9.5. Kinetic Study:

2.9.5a. Rate of the reaction in different solvents:

To around bottom flask (10 mL) fitted with a condenser, acridine-based Ru-SNS catalyst, Cat.
1 (0.5 mol%, 7 mg), NaOH (1.0 equiv, 40 mg), 1-phenyl ethanol, 1a (1 mmol) and toluene (1.0
mL) were added under argon atmosphere. The solution was heated at 140 °C for 36 h. After
cooling to room temperature, EtOAc (5 mL) was added and the reaction mixture was passed
through a small pad of celite filter and was transferred into another flask. The filtrate was then
evaporated and the NMR of the crude mixture was recorded using CH3CN as an external
standard. It proves that the initial rate of the reaction is faster in toluene compared to tamyl
alcohol (Scheme 2.12).

2.9.5b. Reaction with respect to various amount of base loading:

Eight different reactions were set up under the standard reaction condition for each specific
loading of base and the reaction mixtures were analyzed by *H NMR after 1h, 2h, 3h, 4h, 5h,
1 2h, 18h, and 24h respectively using CH3CN as external standard. Erroneous points have been
discarded (Figure 2.2).

2.9.5c. Reaction to various amounts of catalyst loading:

Five different reactions were set up under the standard reaction condition for each specific
loading of catalyst and the reaction mixture was analyzed by *H NMR after 1h, 2h, 3h, 4h, and
5h respectively using CH3CN as external standard. Erroneous points have been discarded
(Figure 2.2).

2.9.5d. Reaction with respect to various solvent:

Eight different reactions were set up under the standard reaction condition for each solvent and
the reaction mixture was analyzed by *H NMR after 1h, 2h, 3h, 4h, 5h, 12 h, 18h and 24h
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respectively using CH3CN as external standard. Erroneous points have been discarded (Figure
2.2).

2.9.5e. Reaction to temperature:

Five different reactions were set up under the standard reaction condition for specific
temperatures and the reaction mixture was analyzed by *H NMR after 1h, 2h, 3h, 4h, and 5h
respectively using CH3CN as the external standard. Erroneous points have been discarded
(Figure 2.2)

2.10. Spectroscopic data of the newly synthesized compounds in the present study:

(E)-prop-1-ene-1,3-diyldibenzeneProduct (2.1.2a): Product was isolated via column
chromatography (PE/EA = 99:1) as a colorless liquid. (Yield: 85%) *H NMR (600 MHz,
CDCl3) 6 7.35 (d, J = 7.5 Hz, 2H), 7.30 (dt, J = 13.6, 7.7 Hz, 4H), 7.25 — 7.18 (m, 4H), 6.45
(d, J=15.8 Hz, 1H), 6.38 - 6.33 (m, 1H), 3.54 (d, J = 6.9 Hz, 2H).

NN
13C NMR (150 MHz, CDCl3) § 140.2, 137.4, 131.0, 129.2, 128.7,

128.5, 128.5, 127.1, 126.2, 126.1, 39.4.%

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(methylbenzene)(2.1.2b): Product was isolated via column
chromatography (PE/EA = 99:1) as colourless liquid. (Yield: 80%) *H NMR (600 MHz,
CDCl3) 6 7.24 (d, J=7.2 Hz, 3H), 7.13 - 7.08 (m, 5H), 6.41 (d, J = 15.7 Hz, 1H), 6.31- 6.26
(m, 1H), 3.49 (d, J = 6.8 Hz, 2H), 2.33 (s, 3H), 2.32 (s, 3H).

/@/Q/ 5 13C NMR (150 MHz, CDCls) & 137.26, 136.78, 135.63,
= 134,78, 130.70, 129.19, 129.16, 128.56, 128.49, 126.02,

38.94, 21.16, 21.04.%°

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(methoxybenzene) (2.1.2c): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 85%) *H NMR (600 MHz, CDCls) &
7.28 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 8.5 Hz, 2H), 6.84 (dd, J = 12.0, 8.7 Hz, 4H), 6.37 (d, J =
15.7 Hz, 1H), 6.22 — 6.17 (m, 1H), 3.79 (s, 6H), 3.46 (d, J =

N 6.8 Hz, 2H). *C NMR (150 MHz, CDCls) & 158.8, 158.0,
\oo/ 132.5, 130.4, 130.1, 129.5, 127.5, 127.2, 113.9, 113.8, 55.3,

38.4.5

66
TH-3203_176122045



Deoxygenative Coupling of Primary Alcohols

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(bromobenzene) (2.1.2d): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 55%) *H NMR (600 MHz, CDCls) &
7.42 (t, J = 8.8 Hz, 4H), 7.20 (d, J = 8.5 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 6.35 (d, J = 15.0
Hz, 1H), 6.31 — 6.26 (m, 1H), 3.47 (d, J = 6.6 Hz, 2H). °C

N
BrBr NMR (150 MHz, CDClzs) 6 138.7, 136.2, 131.6, 131.6, 130.4,

130.3, 129.3, 127.7, 120.9, 120.1, 38.6.*"

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(chlorobenzene) (2.1.2e): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 85%) *H NMR (500 MHz, CDCls) &
7.28 —7.26 (m, 6H), 7.15 (d, J = 8.4 Hz, 2H), 6.37 (d, J = 15.8 Hz, 1H), 6.27 (dt, J = 15.8, 6.7
Hz, 1H), 3.49 (d, J = 6.6 Hz, 2H). *C NMR (125 MHz, CDCl5)

N
o 138.31, 135.80, 132.89, 132.13, 130.31, 130.03, 129.36,
Cl Cl

128.71, 128.67, 127.37, 38.59.%"

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(fluorobenzene) (2.1.2f): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 79%) *H NMR (500 MHz, CDCls) &
7.23 (dd, J = 8.6, 5.5 Hz, 2H), 7.10 (dd, J = 8.5, 5.5 Hz, 2H), 6.91 (td, J = 8.7, 6.4 Hz, 4H),
6.32 (d, J = 15.8 Hz, 1H), 6.15 (dt, J = 15.8, 6.8 Hz, 1H), 3.43 (d, J = 6.8 Hz, 2H). *C NMR
(100 MHz, CDClz3) 6 163.0 (d, J = 58.6 Hz), 160.6 (d, J = 56.3

N Hz), 135.6 (d, J = 3.2 Hz), 133.5 (d, J = 3.4 Hz), 130.0 (d, J=2.6
FF Hz), 129.9, 128.8, 128.7, 127.5 (d, J = 8.0 Hz), 115.5, 115.3 (d, J

=7.5Hz), 115.2, 38.4.%

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(N,N-dimethylaniline) (2.1.2g): Product was isolated via
column chromatography (PE/EA = 99:1) as yellow oil. (Yield: 53%) *H NMR (600 MHz,
CDCl3) 8 7.25 (d, J = 9.8 Hz, 2H), 7.12 (d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 6.67 (d,
J=8.8 Hz, 2H), 6.35 (d, J = 15.7 Hz, 1H), 6.13 (dt, J = 15.8, 7.0 Hz, 1H), 3.43 (d, J = 6.9 Hz,
2H), 2.93 (s, 6H), 2.91 (s, 6H). 3C NMR (150 MHz, CDCls) &

NS
149.72,149.18, 130.18, 129.76, 129.31, 126.98, 126.48, 125.98,
| |

113.19, 112.65, 41.08, 40.73, 38.47.17
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(E)-2,2'-(prop-1-ene-1,3-diyl)bis(methylbenzene) (2.1.2k): Product was isolated via column

chromatography (PE/EA = 99:1) as yellow oil. (Yield: 68%) *H NMR (500 MHz, CDClz) &

7.40 (d, J=6.1 Hz, 1H), 7.20 (d, J = 6.6 Hz, 1H), 7.16 — 7.11 (m, 6H), 6.58 (d, J = 15.7 Hz,

1H), 6.19 (dt, J = 13.6, 6.6 Hz, 1H), 3.55 (d, J = 6.5 Hz, 2H), 2.34 (s,

S 3H), 2.30 (s, 3H). 13C NMR (150 MHz, CDCl3) § 138.4, 136.7, 136.4,

O O 135.0, 130.2, 130.2, 129.9, 129.1, 128.9, 127.0, 126.4, 126.1, 126.0,
125.5,37.2,19.8,19.4.%

(E)-1,1'-(prop-1-ene-1,3-diyl)dinaphthalene (2.1.21): Product was isolated via column
chromatography (PE/EA = 99:1) as white solid. (Yield: 56%) *H NMR (600 MHz, CDCl3) §
8.13 (d, J = 8.3 Hz, 1H), 7.99 (d, J = 5.4 Hz, 1H), 7.85 (d, J = 7.9 Hz, 1H), 7.80 — 7.76 (m,
1H), 7.76 — 7.72 (m, 1H), 7.69 (d, J = 7.9 Hz, 1H), 7.51 (t, J = 7.1 Hz, 2H), 7.48 — 7.45 (m,
1H), 7.44 —7.41 (m, 4H), 7.35 (t, J = 7.7 Hz, 1H), 7.17 (d, J = 15.9 Hz, 1H), 6.48 (dt, J = 15.5,
6.5 Hz, 1H), 4.07 (d, J = 6.5 Hz, 2H). *C NMR (150 MHz, CDCl3) §
O S ‘ 136.34, 135.40, 134.02, 133.68, 132.17, 131.22, 128.86, 128.84,

0 0 128.55, 127.60, 127.24, 126.52, 126.07, 125.96, 125.80, 125.75,

125.72,124.17, 123.96, 123.78, 36.93.%°

(E)-2,2'-(prop-1-ene-1,3-diyl)dinaphthalene (2.1.2m): Product was isolated via column
chromatography (PE/EA = 99:1) as white solid. (Yield: 55%) *H NMR (500 MHz, CDCls3) &
7.75 - 7.66 (m, 6H), 7.62 (s, 2H), 7.51 (d, J = 8.6 Hz, 1H), 7.38 — 7.32 (m, 5H), 6.58 (d, J =
15.8 Hz 1H), 6.52 — 6.46 (m, 1H), 3.68 (d, J = 6.6 Hz, 2H). 3C NMR (125 MHz, CDCls) &
136.5, 133.8, 132.6, 132.6, 131.7, 131.1, 130.3, 128.5, 127.0,

N
OO Oe 127.0, 126.8. 126.6. 126.6, 126.5, 126.4, 125.7, 125.1, 124.9,

124.7,124.5,124.3, 122.5, 38.55.%"

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(1,2-dichlorobenzene) (2.1.2n): Product was isolated via
column chromatography (PE/EA = 99:1) as a yellowish liquid. (Yield: 52%) *H NMR (500
MHz, CDCls) 6 7.35 (d, J = 2.1 Hz, 1H), 7.29 (dd, J = 9.8, 8.3 Hz, 2H), 7.23 (d, J = 2.1 Hz,
1H), 7.08 (dd, J = 8.4, 2.1 Hz, 1H), 6.98 (dd, J = 8.1, 2.1 Hz, 1H), 6.28 — 6.17 (m, 2H), 3.41
(d, J = 6.2 Hz, 2H). 13C NMR (100 MHz, CDCl3) & 138.65,

cl NS cl
CICI 136.08, 131.65, 131.48, 130.01, 129.54, 129.45, 129.42,

129.41, 128.85, 128.69, 127.07, 126.87, 124.36, 37.21.7
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(E)-2,2'-(prop-1-ene-1,3-diyl)dithiophene (2.1.20): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 75%) *H NMR (600 MHz, CDClz) &
7.16 (d, J = 5.1 Hz, 1H), 7.11 (d, J = 4.9 Hz, 1H), 6.95 — 6.91 (m, 3H), 6.85 (d, J = 2.6 Hz,
1H), 6.60 (d, J = 15.6 Hz, 1H), 6.23 - 6.18 (m, 1H), 3.69 (d, J=6.8
S A \6’7 Hz, 2H). 3C NMR (150 MHz, CDCls) § 142.72, 142.29, 128.02,

S 127.32,127.00, 125.17, 124.89, 124.59, 123.89, 123.83, 33.12.%°

(E)-prop-1-ene-1,3-diyldibenzene (2.2.3a): Product was isolated via column chromatography
(PE/EA =99:1) as yellow oil. (Yield: 98%) *H NMR (600 MHz, CDCl3) § 7.28 — 7.26 (m, 4H),
7.17 (d, J = 6.9 Hz, 6H), 2.64 (t, J = 7.2 Hz, 4H), 1.95 (p, J = 7.7 Hz,
2H). 13C NMR (150 MHz, CDCls) & 142.3, 128.5, 128.3, 125.8, 35.5,
33.0.8

N
7z

1,3-di-p-tolylpropane (2.2.3b): Product was isolated via column chromatography (PE/EA =
99:1) as colourless oil. (Yield: 98%) *H NMR (500 MHz, CDCls) § 7.08 (s, 8H), 2.60 (t, J =
7.7 Hz, 4H), 2.31 (s, 6H), 1.91 (p, J = 7.7 Hz, 2H). *C NMR (100

MHz, CDCl3) § 139.3, 135.1, 128.9, 128.3, 35.0, 33.2,21.0.8

(E)-4,4'-(prop-1-ene-1,3-diyl)bis(methoxybenzene) (2.2.3c): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 98%) *H NMR (500 MHz, CDCls) &
7.09 (d, J = 8.6 Hz, 4H), 6.82 (d, J = 8.6 Hz, 4H), 3.79 (s, 6H), 2.58 (t, J = 7.7 Hz, 4H), 1.89

/@/\/\@\ (p, J = 7.7 Hz, 2H). 3C NMR (125 MHz, CDCl3) & 157.71,
~o o7 | 134.47,129.31, 113.73, 55.27, 34.45, 33.42.8

1,3-bis(4-chlorophenyl)propane (2.2.3d): Product was isolated via column chromatography
(PE/EA = 99:1) as yellow oil. (Yield: 96%) 'H NMR (600 MHz, CDCl3) 6 7.17 (d, J = 8.4 Hz,
4H), 7.02 (d, J = 8.4 Hz, 4H), 2.52 (t, J = 7.7 Hz, 4H), 1.82 (p,
J=7.7 Hz, 2H). BC NMR (150 MHz, CDCls3) § 140.44, 131.52,
129.80, 128.47, 34.60, 32.82.8

|
cl cl

N
~
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(E)-2,2'-(prop-1-ene-1,3-diyl)bis(methylbenzene) (2.2.3e): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 99%) *H NMR (600 MHz, CDClz) &
7.15—7.08 (m, 8H), 2.68 (t, J = 7.7 Hz, 4H), 2.28 (s, 6H), 1.86 (p, J =
7.9 Hz, 2H). $3C NMR (150 MHz, CDCls) 6 140.5, 135.8, 130.2, 128.7,
125.9, 33.2, 30.5, 19.3.%¢

\ /,

1,3-bis(4-fluorophenyl)propane (2.2.3f): Product was isolated via column chromatography

(PE/EA =99:1) as a yellow oil. (Yield: 97%) *H NMR (600 MHz,

S CDCl3) § 7.15 (dd, J = 8.4, 5.5 Hz, 4H), 6.99 (t, J = 8.7 Hz, 4H),

F F | 2.63(t,J=7.7 Hz, 4H), 1.92 (p, J = 7.7 Hz, 2H). 3C NMR (150

MHz, CDCls) & 162.0, 160.4, 137.7 (d, J = 3.3 Hz), 129.7 (d, J = 7.7 Hz), 115.0 (d, J = 21.0
Hz), 34.4,33.3.%°

1,3-di(naphthalen-1-yl)propane (2.2.3g): Product was isolated via column chromatography
(PE/EA = 99:1) as a yellow oil. (Yield: 98%) *H NMR (500 MHz, CDClz) § 7.96 — 7.94 (m,
2H), 7.87 — 7.84 (m, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.47 — 7.43 (m, 4H), 7.43 — 7.35 (m, 4H),
3.23 — 3.20 (m, 4H), 2.28 — 2.21 (m, 2H). **C NMR (100 MHz,

X ‘ CDCls) 6 138.2, 133.9, 131.8, 128.7, 126.6, 125.9, 125.7, 125.5,
& O 125.4,123.7,32.9, 31.5.>¢

1,3-di(naphthalen-2-yl)propane (2.2.3h): Product was isolated via column chromatography
(PE/EA =99:1) as a yellow oil. (Yield: 97%) *H NMR (400 MHz, CDClz) § 7.82 — 7.77 (m,
5H), 7.63 (s, 2H), 7.43 (pd, J = 6.8, 1.4 Hz, 4H), 7.36 (d, J = 1.7 Hz, 1H), 7.26 (s, 2H), 2.85 (t,

J=7.6 Hz, 4H), 2.15 (p, J = 7.7 Hz, 2H). *C NMR (100 MHz,

OO Oe CDClz) & 139.7, 133.6, 132.0, 127.8, 127.6, 127.4, 127.4,

126.5, 125.9, 125.1, 35.5, 32.7.%¢

1,3-di(thiophen-2-yl)propane (2.2.3i): Product was isolated via column chromatography
(PE/EA = 99:1) as a yellow oil. (Yield: 99%) *H NMR (500 MHz, CDCl3) & 7.12 (dd, J = 5.2,
1.2 Hz, 2H), 6.92 (dd, J = 5.1, 3.5 Hz, 2H), 6.80 (d, J = 3.4 Hz, 2H), 2.89 (t, J = 7.5 Hz, 4H),

s 2.06 (p, J = 7.5 Hz, 2H). 3C NMR (100 MHz, CDCls3)  144.7, 126.7,
Y | 1243, 1231, 335,29.1.5
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1-methoxy-4-(3-phenylpropyl)benzene (2.2.6a): Product was isolated via column
chromatography (PE/EA = 98:2) as a yellow oil. (Yield: 88%) *H NMR (400 MHz, CDCl3) &
7.28 —7.23 (m, 2H), 7.17 (d, J = 7.8 Hz, 3H), 7.08 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz,

2H), 3.76 (s, 3H), 2.60 (dt, J = 16.9, 7.7 Hz, 4H), 1.91 (p, J = 7.7

Hz, 2H). 3C NMR (100 MHz, CDCl3) § 157.8, 142.4, 134.4, 129.3,
0/

128.5,128.3, 125.7, 113.8, 55.3, 35.4, 34.5, 33.2. %

1-fluoro-4-(3-phenylpropyl)benzene  (2.2.6b): Product was isolated via column
chromatography (PE/EA = 99:1) as a yellow oil. (Yield: 65%) 'H
¢ | NMR (500 MHz, CDCl3) 6 7.29 — 7.25 (m, 2H), 7.17 (t, J = 7.7 Hz,

3H), 7.15 — 7.11 (m, 2H), 6.96 (t, J = 8.5 Hz, 2H), 2.63 (q, J = 8.5
Hz, 4H), 1.93 (p, J = 7.7 Hz, 2H). 3C NMR (125 MHz, CDCl3) & 162.1, 160.2, 142.1, 137.84
(d, 3 =3.2 Hz), 129.71 (d, J = 7.8 Hz), 128.38 (d, J = 10.6 Hz), 128.3, 125.8, 115.01 (d, J =
21.1 Hz), 114.9, 35.3, 34.5, 33.0.18

I N
~

N,N-dimethyl-4-(3-phenylpropyl)aniline (2.2.6¢c): Product was isolated via column
chromatography (PE/EA = 90:10) as yellow oil. (Yield: 68%) *H NMR (500 MHz, CDCl3) §
7.28 —7.24 (m, 1H), 7.18 (d, J = 7.9 Hz, 2H), 7.06 (d, J = 8.6 Hz, 1H), 6.70 (d, J = 8.6 Hz,
1H), 2.91 (s, 3H), 2.70 — 2.61 (m, 1H), 2.60 — 2.52 (m, 1H), 1.92 (p,

N, J=7.7 Hz, 1H). 3C NMR (125 MHz, CDCls) § 149.0, 142.6, 130.5,

! 129.0, 128.4, 128.2, 125.6, 113.0, 40.9, 35.5, 34.4, 33.2.

1-fluoro-4-(3-(4-methoxyphenyl)propyl)benzene (2.2.6d): Product was isolated via column
chromatography (PE/EA = 98:2) as yellow oil. (Yield: 78%), *H NMR (500 MHz, CDCls) &
7.14 —7.08 (m, 4H), 6.95 (t, J = 8.7 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 3.78 (s, 3H), 2.59 (dt, J
=11.4, 7.7 Hz, 4H), 1.89 (p, J = 7.7 Hz, 2H). *C NMR (100 MHz, CDCl3) § 162.4, 160.0,
157.7, 137.9 (d, J = 3.2 Hz), 134.2, 129.7 (d, J = 7.7 Hz), 129.6,

\OF 129.3, 115.0 (d, J = 21.1 Hz), 114.9, 113.7, 55.3, 34.5, 34.4,

33.3.%

1-chloro-4-(3-(4-methoxyphenyl)propyl)benzene (2.2.6e): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 68%), Rs

= 0.9. 'H NMR (500 MHz, CDCl3) § 7.17 (d, J = 8.3 Hz, 2H),

7.02 (t, J = 7.9 Hz, 4H), 6.76 (d, J = 8.6 Hz, 2H), 3.72 (s, 3H),
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2.52 (dt, J = 10.4, 7.8 Hz, 4H), 1.83 (p, J = 7.7 Hz, 2H). 3C NMR (100 MHz, CDCls) § 157.7,

140.7, 134.1, 131.4, 129.8

,129.3, 128.3, 113.7, 55.2, 34.6, 34.3, 33.0.%°

2-(3-(4-methoxyphenyl)propyl)naphthalene (2.2.6f): Product was isolated via column
chromatography (PE/EA = 99:1) as yellow oil. (Yield: 52%), Rs = 0.9. *H NMR (600 MHz,
CDCl3) 6 7.84 (d, J = 1.4 Hz, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.64 (s, 1H), 7.50 — 7.42 (m, 2H),
7.36 (dd, J = 8.4, 1.7 Hz, 1H), 7.14 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H),

ST

2.83 (t, J = 7.7 Hz, 2H), 2.66 (t, 2H), 2.04 (p, J = 7.7 Hz, 2H).
13C NMR (150 MHz, CDCl3) § 157.6, 139.9, 134.3, 133.6,

55.3, 35.5, 34.5, 33.1.%°

131.9, 129.3, 127.8, 127.6, 127.4, 126.4, 125.9, 125.1, 113.7,

2-(3-(naphthalen-2-yl)propyl)thiophene (2.2.6g): Product was isolated via column
chromatography (PE/EA = 99:1) as a yellow oil. (Yield: 60%), Rt = 0.9. *H NMR (400 MHz,

CDCls) & 7.78 (dd, J = 11.

2, 8.6 Hz, 3H), 7.66 (s, 1H), 7.46-7.41 (m, 2H), 7.34 (d, J = 9.8 Hz,

1H), 7.13 (d, J = 5.8 Hz, 1H), 6.93 (dd, J = 5.2, 3.4 Hz, 1H), 6.81 (s, 1H), 2.90 (t, J = 7.6 Hz,
2H), 2.85 (t, J = 7.6 Hz, 2H), 2.10 (p, J = 7.6 Hz, 2H). 3C NMR (100 MHz, CDCl3) & 145.1,

139.4, 133.6, 132.0, 127.9, 127.6, 127.4, 127.3, 126.7, 126.5,
125.9, 125.2, 124.2, 123.0, 35.3, 33.1, 29.4.%°

2-(3-(4-methoxyphenyl)propyDthiophene (2.2.6h):  Product was isolated via column
chromatography (PE:EA = 99:1) as a yellow oil. (Yield: 72%) *H NMR (400 MHz, CDCls) §

7.11 - 7.09 (m, 3H), 6.91

(dd, J = 5.1, 3.4 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H), 6.80 — 6.78 (m,

1H), 3.78 (s, 3H) 2.84 (t, J = 7.5 Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 1.98 (p, J = 7.6 Hz, 2H).

~

\_s P

13C NMR (100 MHz, CDCl3) § 157.8, 145.2, 134.0, 129.4, 126.7,
124.2,122.9, 113.7, 55.3, 34.2, 33.5, 29.3.5

Heptylbenzene (2.2.6i): Product was isolated via column chromatography (only petroleum
ether) as a yellow oil. (Yield: 32%), R = 0.9, 'H NMR (600 MHz, CDCls3) § 7.20 (t, J = 7.7
Hz, 2H), 7.10 (d, J = 7.7 Hz, 3H), 2.53 (t, J = 7.9 Hz, 2H), 1.54 (t, J = 7.5 Hz, 2H), 1.32 - 1.12

o~

TH-3203_176122045

(m, 8H), 0.81 (t, J = 6.9 Hz, 3H). 3C NMR (150 MHz, CDCls) &
142.9, 128.4,128.2, 125.5, 36.0, 31.8, 31.5, 29.3, 29.2, 22.6, 14.1.5¢
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Nonylbenzene (2.2.6j): Product was isolated via column chromatography (only petroleum
ether) as a yellow oil. (Yield: 35%), Ri = 0.9, *H NMR (500 MHz, CDCl3) § 7.19 — 7.15 (m,
2H), 7.06 (d, J = 7.5 Hz, 3H), 2.49 (t, J = 7.8 Hz, 2H), 1.27 — 1.06 (m, 14H), 0.77 (t, J = 6.7
Hz, 3H). *C NMR (125 MHz, CDCls) § 142.97, 128.39, 128.20,

©/\/\/W 125.53, 35.99, 31.89, 31.50, 29.55, 29.51, 29.34, 29.31, 22.66,

14.08.%¢

Undecylbenzene (2.2.6K): Product was isolated via column chromatography (only petroleum
ether) as a yellow oil. (Yield: 26%), *H NMR (600 MHz, CDCl3) & 7.19 (q, J = 6.6, 5.5 Hz,
2H), 7.10 (d, J = 7.6 Hz, 3H), 2.52 (t, J = 7.8 Hz, 2H),
@NVW\/ 153 (p, J = 7.4 Hz, 2H), 1.33 — 1.07 (m, 16H), 0.81 (t, J
= 6.9 Hz, 3H). 3C NMR (150 MHz, CDCl3) & 143.0,
128.4,128.2, 125.5, 36.0, 31.9, 31.5, 29.7, 29.6, 29.6, 29.5, 29.3, 22.7, 14.1.%°

(E)-1-phenyl-5-styryl-1H-tetrazole (2.7): *H NMR (600 MHz, CDCl3) § 8.00 (d, J = 16.1 Hz,
N=N, 1H), 7.64 (d, J = 6.6 Hz, 3H), 7.52 (dd, J = 15.1, 7.7 Hz, 4H), 7.39 (d,

I °N
@A/LN‘ J=5.3Hz, 3H), 6.82 (d, J = 16.1 Hz, 1H); *C NMR (150 MHz, CDCl5)

0 152.3, 141.3, 134.7, 133.7, 130.5, 130.1, 130.0, 129.0, 127.7, 125.2,
107.4.12

(E)-N-(1,3-diphenylallyl)-4-methylbenzenesulfonamide (2.8): *H NMR (600 MHz, CDCls) &
7.69 (d, J = 8.0 Hz, 2H), 7.33 — 7.06 (m, 12H), 6.38 (d, J = 15.8 Hz, 1H), 6.11 (dd, J = 15.8,
6.8 Hz, 1H), 5.15 (t, J = 6.9 Hz, 1H), 5.00 (s, 1H), 2.36 (s, 3H). 13C
NMR (150 MHz, CDCl3) 6 143.32, 139.66, 137.75, 136.07, 132.20,
129.47, 128.76, 128.49, 128.18, 127.94, 127.92, 127.36, 127.08,
126.55, 59.79, 21.44 12
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2.12. Copies of *H and *3C spectra of newly synthesised compounds:
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Figure 2.9: 'H NMR (600 MHz) spectra of compound 2.1.2a in CDCls
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Figure 2.10. *C{*H} NMR (150 MHz) spectra of compound 2.1.2a in CDCls
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Figure 2.11. *H NMR (500 MHz) spectra of compound 2.2.3i in CDCls
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Figure 2.12. 3C{1H} NMR (100 MHz) spectra of compound 2.2.3i in CDCI
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Figure 2.13. *H NMR (400 MHz) of spectra of compound 2.2.6a in CDCls
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Figure 2.14. *C{*H} NMR (100 MHz) spectra of compound 2.2.6a in CDCl3
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Synthesis of Polysubstituted 4-quinolones under Solvent-Free Conditions

3.1. Introduction:

N-heterocyclic compounds are a ubiquitous structural framework of various
biologically active compounds, natural products, and pharmaceuticals. According to FDA
(Food and Drug Administration) databases, N-containing heterocycles exist in approximately
60% of unique small-molecule drugs.® Specifically, 4-quinolone derivatives have gained
prominence due to their wide range of bioactivities? and prominent applications in medical
science and pharmacology.® Several quinolones such as nalidixic acid,*® ciprofloxacin,*®
norfloxacin® and fleroxacin have emerged as extremely effective antibiotics. These engaging

biological profiles have lured researchers to develop various synthetic methods for this scaffold

(Figure 3.1).
OH
O O O O O O
N OH F N OH N
DI DI JE:
N“N (NN N
H
LW A
Nalidixic acid Ciproflaxcin Ivacaftor
(Antibacterial) (Antibiotic drug) (for Cystic fibrosis)

o o)
. . O
©\):j*(v)’ NTNZANO N
H n=2-11 I g ),
0

Pseudanes IlI-XII - i
(Anti-melagonic, anti-HCV, CNS) oy 16
(trigger Apoptosis

and Autophagy) Antibiotic drug

Antibiotic drug

Figure 3.1. Biologically important molecules

Conventionally, the Conrad—Limpach® and Niementowski reactions® have been
employed to construct various scaffolds related to 4-quionolones. These classical approaches

are based on the idea of a generic condensation reaction between aromatic amine and a carbonyl
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group (like ethyl acetoacetate), followed by cyclization. But these processes suffer from limited

substrate scope and harsh conditions (Scheme 3.1).

(0]
NH, o 2.250 °C N

H

Scheme 3.1. Quinolone synthesis: Conrad-Limpach-Knorr

Later Camps cyclization,”® a base-assisted cyclocondensation reaction of N-(2-
ketoaryl)amides, received considerable attention to construct this heterocycle.”™ Previously,
these Camps precursors were made by condensation of 0-aminoacetophenones and carboxylic
acids or acid chlorides, Friedel-Crafts acylation of anilides (which often result in a complex
mixture of products) or synthesis and subsequent opening of a benzoxazinone with the dianion

of an N-substituted acetamide (Scheme 3.2).

o) o) o) o
Re I:ﬁj\ @)(c, Re J@(ko Re
+ S — ")
R, NH, T R; HM\@ R, N O
R; R,

Rg,R; = -OCH,0-

Scheme 3.2. Conventional synthetic route to N-(2-ketoaryl)amides and quinolones.

Based on this, Buchwald demonstrated a Cul-catalysed amidation of o-halo acetophenones

with amide to deliver 2-aryl-4-quinolnes’® (Scheme 3.3).

R, - Camps Cyclization o
10 mol% Cul (3 - 3.5 equiv) NaOH )
A X 20 mol% L R, 1,4-dioxane R
— —_— I
(X =-Br, -l) K2C03 (2 equiv) NH 110 °C N R3

N toluene R4 a\ R4 H
o molecular sieves 0” "R?
JL 24h, 110 °C
H,N” "R,

Scheme 3.3. Sequential Cu-catalyzed amidation, base mediated Camps cyclization to

synthesise 2-aryl-4-quinolones (Scheme 3.3)
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Recently, transition metal catalyzed tandem reactions of substrates such as o-haloaryl
acetylenic ketones/amines® and 0-amino aryl acetylenic ketones® were developed to afford 2-
aryl-4-quinolones. Synthesis of 2,3-disubstituted quinolones was also demonstrated by Huang
and co-workers.!® However, many of these methods require complex substrate

prefunctionalization (Scheme 3.4).

0 Pd,(dba); (5 mol%) 0
N PPh; (10 mol%)
X 2 K,CO; (2 equiv) N7 R?
L R3
X = Br, CI dioxane, reflux

Scheme 3.4. Pd-catalyzed tandem amination reaction for the synthesis of 4-quinolones.

In 2015, Long reported TEMPO-promoted oxidative annulation of N-benzyl-2'-

aminoacetophenone to afford quinolones (Scheme 3.5).1

R3
R1@l\/ TEMPO (2 equiv), KO'Bu (2 equiv) R!
N
H“@ DMSO (0.05 M), 80 °C
R2

Scheme 3.5. Direct synthesis of 2-Aryl-4-quinolones via transition metal-free

intramolecular oxidative C(sp®)-H/C(sp®)-H coupling.

Most recently, Hong’s group reported a one-step synthesis of 4-quinolones but at the expense
of an excessive amount of strong oxidants and reactants.'? Thus, there is an increasing demand
for atom-economical, environmentally benign, and sustainable routes for synthesizing

quinolones (Scheme 3.6).

o) o)
Ph
N - Fe(OTs)3.6H,0, DTBP (3 equiv) Ph
P . Ph" OH I
NH, DMSO (0.8 mL), 110 °C, 20h, N, N7 Ph

Scheme 3.6. One-pot synthesis of 4-quinolone via Fe-catalyzed oxidative

coupling of alcohol.
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Catalytic de(hydrogenative) reactions have recently sparked interest in green and
sustainable catalysis.*® This approach gives a unique opportunity to construct diverse
heterocyclic scaffolds from the similar/same set of starting materials by switching the catalyst
systems or tuning the reaction parameters.2# So, the synthesis of 2-quinolones/ 2,3-disubstituted
quinolones, directly from 2’-aminoacetophenones and alcohols was planned and tried out. But
there are other possibilities also. Like recently, Ir-catalyzed chemoselective alkylation of 2'-
aminoacetophenone was accomplished to selectively deliver the corresponding C- or N-
alkylated products.’® So, here catalytic dehydrogenative approaches were performed to

construct 4-quinolones directly from 2’-aminoacetophenones and alcohols (Scheme 3.7).

o (o} o

©ﬁj\ [IrCp°Cl,], (2.5 mol%) @61\ HO\I [IrCp°Cl,], (2.5 mol%) Cﬁl\/\R,
aF
n/\R. K,CO; (20 mol%) NH, R' KOH (20 mol%) NH,
140 °C, 60 min MW R'=Aryl 110 °C, 40 min MW

Scheme 3.7. Chemoselective alkylation of 2’-aminoacetophenones.

This work prompted us to investigate two critical issues. First, 2’-aminoacetophenone will
undergo rapid C-C alkylation, followed by a condensation reaction with aldehyde formed in
situ from alcohol. Second, the strategy is to halt the reaction at the alkene stage and whether
an annulation reaction is possible under the reaction conditions. Thus, we envisioned 4-
quinolone derivatives could be synthesized via dehydrogenative annulation of 2'-
aminoacetophenone and primary alcohols using a suitable catalytic system, which can control

this selectivity.

3.2. Our work:

Here in this chapter, the activity of various well-defined Ru-complexes® was explored to
synthesize 2,3-disubtituted-4-quinolones via dehydrogenative annulation of alcohols with 2'-
aminoacetophenones. Here, the developed protocol was utilized for a wide range of alcohols,
including diverse aminoacetophenones. To expand the synthetic utility, 4-quinolones with
antibiotic properties were synthesized and post-synthetic modifications were performed. Apart

from that, various control experiments were done to understand the mechanism of the reaction.

82
TH-3203_176122045



Synthesis of Polysubstituted 4-quinolones under Solvent-Free Conditions

/@ |
Nl S- Ru—SJ

| ci N—Ru—S
s RU= S\’ o PPh rc' "PPhy
KCI PPh,
Cat. 1 Cat. 2 Cat. 3

Figure 3.2. Ruthenium complexes

3.3. Results and discussions:

3.3.1. Optimization for the reaction between 2’-aminoacetophenone (3.1.1a) and benzyl
alcohol (3.1.2a):

To materialize our synthetic hypothesis, the feasibility of our developed air-stable Ru-
complexes!® towards dehydrogenative annulation of 2’-aminoacetophenones and benzyl
alcohol was investigated. The reaction of 2’-aminoacetophenones and alcohols can lead to
various possibilities but it was found that our developed methodology is highly selective
towards 3-benzyl-2-phenylquinolin-4(1H)-ones and C/N-alkylated products were barely
detected (Scheme 3.8).

v,
O
v,
cﬁ

NH, /

\ b
@& CL)

Scheme 3.8. Possible outcomes of the reaction.

Except for KOH, bases like KO'Bu, NaO'Bu, and NaOH lead to the formation of the 3-benzyl-
2-phenylquinolin-4(1H)-one in lower yield. Surprisingly in the presence of KoCO3 3.1.3a was
not formed, instead 2-phenylquinolin-4(1H)-one, 3.1.3a’ was isolated in 55% yield (Table 1,

entry 5). Later, various other screening conditions were performed but failed to increase the
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yield of 2-phenylquinolin-4(1H)-one. In addition, Cat. 2 and Cat. 3 gave a lower yield of 3.1.3a

in

Table 3.1. Screening table:

ot &

3.1.2a

Catalyst, Base,
Solvent

Temperature, Ar
3.1. 1a

0.5 mmol 2 mmol
SI No. Cat. Base Solvent Yield of Yield of
(mol%) (mmol) 3a2(%) 3a'(%)
1 Cat.1,2mol% | KO'Bu (0.5) Neat 52 -
2 Cat. 1, 2 mol% KOH (0.5) Neat 65 -
3 Cat. 1, 2 mol% NaOH (0.5) Neat 25 -
4 Cat. 1,2 mol% | NaO'Bu (0.5) Neat 32 -
5¢ Cat. 1, 2 mol% K2COs3 (0.5) Neat - 55
6 Cat.1,2mol% | Cs2COs (0.5) Neat 41 -
7 Cat. 1, 2 mol% KOH (0.75) Neat 72 -
8 Cat. 1, 2 mol% KOH (1.0) Neat 73 -
9¢ Cat. 1,2mol% | KOH (0.75) Neat 45 -
10 Cat.1,1mol% | KOH (0.75) Neat 45 -
11 Cat. 1, 2 mol% KOH (0.75) Toluene 35 -
12 Cat. 1, 2 mol% KOH (0.75) Dioxane 17 -
13 Cat. 1, 2 mol% KOH (0.75) Xylene 33 -
14 Cat.1,2mol% | KOH (0.75) | 'Amyl alcohol 55 -
15 - KOH (0.75) Neat 15 -
16 Cat.2,2mol% | KOH (0.75) Neat 32 -
17 Cat.3,2mol% | KOH (0.75) Neat 55 -
18° Cat. 1, 2 mol% KOH (0.75) Neat 42 -
4 Reaction conditions: 1la (0.5 mmol), 2a (2.0 mmol), Cat. (1 - 2 mol%), KOH (0.5 - 1.0
mmol), solvent (0 - 2 mL), at 140 °C of a preheated oil bath for 24 h in a 15 mL Schlenk
tube under Ar. ° Isolated yield. ¢1a (0.5 mmol), 2a (1.0 mmol). ¢ Under O.

TH-3203_176122045
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Synthesis of Polysubstituted 4-quinolones under Solvent-Free Conditions

comparison to Cat. 1 (Table 1, entries 16 and 17). In the absence of a catalyst, the conversion

towards 3.1.3a is insignificant (Table 1, entry 15).

3.3.2. Substrate scope of 2, 3-disubstituted 4-quinolones:

After optimization, the developed protocol was applied to various 2'-
aminoacetophenones and primary alcohols to afford a wide range of 2,3 disubstituted 4-
quinolone derivatives. The reactions of 4-substituted and 3-substituted benzyl alcohols with
varying electron donating (-OMe, -Me, -NMe, etc.) and electron-withdrawing (-Cl, -CFz3)
functional groups gave the desired product selectively 3.1.3a-3.1.3i in good to excellent yield
(45 - 85%) (Scheme 3.9). Heterocyclic alcohols like 2-thiophene methanol (3.1.3k, Scheme
3.9) responded well, delivering the final product with a 78% yield. In contrast, furfural alcohol
(3.1.3l, Scheme 3.9) resulted in a moderate yield. Aliphatic alcohols gave only 28% yield of
3.1.3m as this tends to form 3-substituted quinoline.!” Various functionally diverse 2'-

aminoacetophenones also furnish good yields of the desired heterocycle (3.1.3n-3.1.3p).

o o R
HOW Cat. 1 (2 mol%),
X o ¥ R KOH (1.5 equiv.) X )
-
N R' = Aryl, 140 °c, N R
R=H, CH; Heteroaryl, Alkyl Neat condition, 24 h, Ar
3.1.1 3.1.2 3.1.32b

o)
| n=7
H n=6
- o
3.1.3h, R = -30Me, §0% 3.1.3j, 42% 3.1.3k, 78% 3.1.31, 45% 3.1.3m, 28%

3.1.3a,R=-H, 72% 3.1.3i, R = -30Ph, 75%
3.1.3b, R = -40Me, 85%

3.1.3c, R = -4Me, 82%
3.1.3d, R = -4tBu, 71%
3.1.3e,R=-4Cl, 75% :
3.1.3f, R = -4CF;, 45% |
3.1.3g, R = -4NMey, 46% !

3.1.3n, 65% 3.1.30, 70% 3.1.3p, 62%

2Reaction conditions: 2'-Aminoacetophenone, 3.1.1 (0.5 mmol), alcohol, 3.1.2 (2.0 mmol).
Cat. 1 (2 mol%), KOH (1.5 equiv), Neat condition, 140 °C, Ar, 24h. Isolated yield.
Scheme 3.9. Synthesis of 4-quinolones from various alcohols and substituted 2'-

aminoacetophenones.

85
TH-3203_176122045



Chapter 3

3.3.3. Scope of 2'-amino aryl ketones:

To expand the applicability of our reaction, functionally diverse «-alkylated 2'-
aminoacetophenone-based derivatives were employed (Scheme 3.10). Apart from
evaluating the scope of traditional benzylic alcohols with groups like -OMe, -Me, and
halide functionalities (-CFs, -Cl), here we primarily focused on evaluating

thermodynamically more challenging aliphatic alcohols.

o o)
X R
R'“™NOH Cat 1 (1 mol%), I R
- KOH (1.5 equiv.)
N T S N7 R
3.1.4 3.1.2 Neat condition H )
140 °C, 24 h, Ar 3.1.5%
R = Alkyl, -CN, Aryl, R’ = Aryl, Alkyl, Heteroaryl,
X=-H, Cl Aliphatic
o o)

‘%@%@%

(I‘\ 3.1.5e, 83% 3.1.5g, 38% 3.1.5h, 73% 3.1.5i, 53%
3.1.5a, R=-H, 88%
3.1.5b, R = -OMe, 92%

3.1.5¢, R = -CF3, 52%

@% SO »
N
H

3.1.5f, 35%

3.1.5j, n=7, 63%c o o
3.1.5k, n = 9, 65%¢ N 3.1.5m, 78/" 3.1.5n, 42%
Synthetic quinolone Used to treat infections caused by
anitbiotic analogue Helicobacter pylori
N OMe m
) H
3.1.5s, 65% 3.1.5t, 40% 3.1.5u, 87% 3.1.5v, 50%°

Antibiotic quinolone derivatives

3.1.50,R=-H, 81% 3.1.5q, R =-Cl, 86%
3.1.5p, R=-OMe, 75% 3.1.5r, R = -CF;, 55%

@fﬁ%ﬁ:

3.1.5w, 51% 3.1.5x, 40%

2 Reaction conditions: 2'-amino aryl ketone, 3.1.4 (0.5 mmol), alcohol, 3.1.2 (1.0 mmol).
Cat. 1 (1 mol%), KOH (1.5 equiv.), Neat condition, 140 °C, Ar, 24 h. "Isolated yield.
‘Alcohol (2 mmol), Cat. 1 (2 mol%), KOH (2.0 equiv.)

Scheme 3.10. Synthesis of 2,3-disubstituted 4-quinolones from various alcohols and a-

alkylated 2'-aminoacetophenones
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Interestingly, cyclohexyl methanol (3.1.5i), octanol (3.1.5j) and decanol (3.1.5k) went
through smooth dehydrogenative transformations and delivered the expected product in
moderate yield. However, an excess amount of alcohol is required in these cases. A natural
monoterpenoid, citronellol was chemoselectively converted and gave the targeted product
in good vyield (3.1.51). In addition, we synthesized a biologically active compound
(3.1.5m), which is used to treat infections in the stomach caused by the bacteria
Helicobacter pylori.*® Apart from that, functional group like -CN (3.1.5n) is well tolerated
in our reaction system and afforded the expected product in modest yield. Next, we
explored 2'-aminobutyrophenone moiety-based 4-quinolone derivatives, which are potent
antibiotics.? Unfortunately, our methodology failed to utilize thermodynamically more
challenging substrates like MeOH and EtOH. Nevertheless, with 1-(2-aminophenyl)-3-
phenylpropan-1-one (5, R = -CH2CH2Ph), we successfully prepared a differently
substituted quinolone and the yield was excellent (3.1.5y, Scheme 3.10).

3.3.4. Substrate scope of 2, 3-disubstituted 4-quinolones from 2'-amino phenylethan-1-

ols:

Next, we were curious to investigate the applicability of our synthetic methodology
towards the coupling of 2'-amino phenylethan-1-ol, 3.1.6, and various functionally diverse

OH Cat. 1 (2 mol%), o R
HO\I KOH (2.0 equiv.)
.
R' 140 °C |
NHz  R'=Aryl, Heterocyclic  Neat condition, 24 h, Ar K
3.1.6 3.1.2 3.1.33°

(J

3.1.3g, R=-OMe, 77% 3.1.6i,39% 0_/0 3.1.6j, 70% 3.1.6k, 42%
3.1.3a: R=-H, 70% 3.1.3d,R=-Cl,68% 3.1.3h, R = -OPh, 71%

3.1.3b: R =-OMe, 75% 3.1.3e, R = -CF3, 40%

3.1.3c: R=-Me, 80% 3.1.3f, R = -NMe,, 50%

@Reaction conditions: 2'-aminophenylethan-1-ol, 3.1.6 (0.5 mmol), alcohol, 3.1.2 (2.0
mmol). Cat. 1 (2 mol%), KOH (2.0 equiv), Neat condition, 140 °C, Ar, 24h. Plsolated yield.
Scheme 3.11. Synthesis of 4-quinolones from substituted benzyl alcohols and 1-(2-

aminophenyl)ethan-1-ol
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benzyl alcohols, which necessitates dehydrogenation of both substrates and is hence

challenging. A slight increase in base loading is necessary to get the best result (Scheme 3.11).

3.4. Mechanism of the reaction:

For this multistep dehydrogenative synthesis of 2,3-disubstituted 4-quinolones, three possible
mechanistic pathways are proposed, which are depicted in scheme 3.12. At the outset, the
catalyst dehydrogenates benzyl alcohol to benzaldehyde (Scheme 3.12). In pathway I, first
benzaldehyde undergoes condensation with the amine to form imine, which via Mannich-type
cyclization and further condensation with aldehyde lead to the formation of 2,3-disubstituted
4-quinolones. In pathway 11, the formed aldehyde will undergo base catalyzed Claisen-Schmidt
condensation to form the chalcone intermediate 3.1.9, which on further cyclization produces
2- substituted 2,3-dihydro-4-quinolones, 3.1.10. This intermediate 3.1.10 may undergo a
condensation reaction with benzaldehyde to form the target product. Another possibility is the
transformation of chalcone intermediate 3.1.9 to form intermediate 3.1.11, via transfer
hydrogenation, which upon condensation with in situ formed aldehyde and Aza-Michael type

reaction eventually can form product 3.1.3a (Scheme 3.12).

Ph” OH
dehydrogenation l Cat 1
Ph
3.1.11 3112 3113
9
e,)ello
/7
3.1.1a Ph" 0
: NH
Cat1 2
P PN dj\/
Ph” “OH Ph™ S0 Pathway I @65\
3.1.2a -H; 3.1.2a'
3.1.9

(0]
h
dehydrogenation 3.1.10
Pathway |
NH,

1a

3.1.8
Scheme 3.12. Plausible Mechanism
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3.5. Mechanistic investigation:

To prove the mechanism, several control experiments were carried out (Scheme 3.12). Initially,
the selectivity towards borrowing hydrogen-mediated C-N and C-C bond formation was
examined. Thus, when 4-methoxy benzyl alcohol was reacted with the equimolar mixture of
aniline and acetophenone, high selectivity was observed toward C-C bond formation and 3.1.14
was obtained in 77% yield (Scheme 3.12.1). This underpins the pathway | via carbon-nitrogen

bond formation is less favorable under the optimum reaction condition.

Preference of C-C bond formation over C-N bond:
(o]

I ~N
HO | ’| >
i o OMe
NH, Cat. 1 (0.5 mol%) 3.1.14, 77%
+ @ + KOH (0.5 equiv) .

Neat condition,

OMe
H
~ 140 °C, 24h, Ar @,N

0.5 mmol

1.0 mmol 1.0 mmol (0]

3.1.15,10%
Scheme 3.12.1. Control experiment 1.

When 2-substituted dihydro guinolone intermediate 3.1.10 was reacted with benzyl alcohol
3.1.2a, a mixture of 2,3-disubstituted quinolone 3.1.3a (57%) and 2-substituted quinolone
3.1.3a’ (33%) was formed (Scheme 3.12.2). However, under the optimized reaction conditions
formation of 3.1.3a’ was not detected. From this result, we can conclude that intermediate
3.1.10 is not involved in the reaction system.

o] o]

o) Cat. 1 (1 mol%)
OH KOH (1.5 equiv) Ph N
@ﬁ C ok Lo A
H Ph Ph N Ph Ph

Neat condition, H
3.1.10 3.1.2a 140 °C, 24h, Ar
0.5 mmol 1.0 mmol 3.1.33, 57% 3.1.34, 33%

Scheme 3.12.2. Control experiment 2.

When intermediate chalcone 3.1.9 (Scheme 3.12.3) was reacted with primary alcohols 3.1.2a,
the desired 2,3-disubstituted quinolone 3.1.3a was isolated in a 78% yield. Apart from that, a
slight amount of compound 3.1.3a’ was also detected. This underpins that intermediate 3.1.9

could be one of the key intermediates of the reaction. The slight production of compound
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3.1.3a’ i.e., 2-substituted quinolone might be due to the initial high concentration of the
chalcone intermediate, which undergoes annulation to form intermediate 3.1.10 and eventually
converts into 3.1.3a’. So, the rapid conversion of chalcone 3.1.9 to intermediate 3.1.11 i.e.,

rapid C-C alkylation is very much important for the successful production of compound 3.1.3a.

Involvement of intermediate 3.1.9:

o (o) o

Z
@\)j\/\Ph r0H Cat. 1 (1 mol%), KOH (1.5 equiv) @613\/\% m
+ +
NH, Ph N Ph N Ph

Neat condition, 140 °C, 24h, Ar H H

3.1.3a, 78% 3.1.3a', 10%

3.1.9 3.1.2a
0.5 mmol 1.0 mmol

Scheme 3.12.3. Control experiment 3.

Next, when a-alkylated 2'-aminoacetophone was treated with (Scheme 3.13) benzylic alcohol
under our standard reaction condition, it results in the formation of compound 3.1.5y

selectively, which proves that only reaction pathway 111 is feasible.

Involvement of intermediate 3.1.11:

0 oH o)
@61\/\% . Cat. 1 (1 mol%), KOH (1.5 equiv) O ] Ph
NH Neat condition, 140 °C, 24h, Ar N O
3.1.11 0L o~
0.5 mmol 1.0 mmol 3.1.5y, 92%

Scheme 3.12.4. Control experiment 4.

Later, when intermediate 3.1.11 was treated with benzaldehyde 3.1.2a’, in the absence of
catalyst the target product 3.1.5y was obtained in 90% yield. Finally, the evolved H2 was
detected by GC analysis.

Involvement of benzaldehyde formed in situ within the reaction:

o -0 _ o
Ph KOH (1.5 equiv)
NH, + Neat condition O | Ph
3411 140 °C, 24h, Ar H O
A, 0\ o
0.5 mmol 1.0 mmol 3.1.5y, 90%

Scheme 3.12.5. Control experiment 5.
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In control experiment 6, compound 3.1.3a’ was treated with benzyl alcohol in our optimized
reaction condition and the target product was not detected (Control experiment 6).

Eliminating the involvement of intermediate 3.1.3a":

o] o
OH . .
| N | . r Cat. 1 (1 mol%), KOH (1.5 equwl | N ] Ph
Z Ph Z
N" "Ph Neat condition, 140 °C, 24h, Ar N Ph
3.1.3a’ 3.1.2a 3.1.3a
0.5 mmol 1.0 mmol Not detected

Scheme 3.12.6. Control experiment 6.
3.6. Post-synthetic modification:

To demonstrate the synthetic potential of the developed method, we tried to convert 4-
quinolone products 3.1.3a to various quinoline derivatives via functionalization of the ketone
moiety at position 3.1.4 (Scheme 3.14). Halogenation with PBrs and POCIs provided the
corresponding 4-haloquinolones 3.1.14 and 3.1.16, respectively. Suzuki coupling introduced a
phenyl group at position 3.1.4, and 4-phenyl quinoline 3.1.15 was synthesized. In addition, the
position of N - H was substituted directly with iodomethane in the presence of NaH as a base

and resulted in N-Methylated quinolones in high yield 3.1.16.

Phenyl boronic acid Ph  Ph

o Ph Ph Pd(OAc),, PPh,
@\)Y PBr, X KoCOj, EtOH, Toluene, H,0 A\ X
| . i A |
2, 2 7
N7 Ph DMF, rt, 20 h N~ “Ph 100 °C, 24 h N” “Ph

3.1.3a 3.1.14, 85% 3.1.15, 95%
O Ph O Ph Ph
@\)’D\) NaH, Mel, THF (\:(UI(' POCI, I N
’i‘ Ph rt,3h Z H Ph reflux, 3 h 7, N, Bh
3.1.18, 92% 3.1.3a 3.1.16, 90%

Scheme 3.13. Post synthetic modification.
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3.7. Conclusion:

In conclusion, we have demonstrated the first dehydrogenative annulation between alcohol and
2-amino phenyl ketone/alcohol for the synthesis of 4-quinolone. A wide range of substrate
scope and diverse chemical transformation of 3-benzyl-2-phenylquinolin-4(1H)-one and
related analogs were demonstrated to highlight the synthetic potential of the developed method.
A systematic mechanistic investigation revealed that the reaction proceed via a C-alkylation-

Aldol condensation-annulation sequence.

3.8. Experimental sections:

3.8.1. General Information:

Unless otherwise mentioned, all chemicals were purchased from common commercial sources
and used as received. RuCl>(PPhz)s was purchased from Sigma-Aldrich. All solvents were
dried by standard procedure.*® Solvents such as toluene were pre-dried using CaH, over Na
with a benzophenone indicator. The catalyst preparation was carried out under an argon
atmosphere with freshly distilled dry THF or dichloromethane. All catalytic reactions were
carried out under an argon atmosphere using dry glassware and standard syringe/septa
techniques. Bruker Avance |11 600, 500, and 400 spectrometers were used to record H, 3C
NMR, and 3P NMR respectively. Chemical shifts (5) are reported in ppm downfield from
tetramethylsilane; spin-spin coupling constants (J) are expressed in Hz and other data are
reported as follows: s = singlet, d = doublet, t = triplet, m = multiplet, g = quartet, and br s =
broad singlet. Column chromatography was done with SRL silica gel 100-200 mesh. Analytical
thin layer chromatography (TLC) was carried out on silica gel plates (silica gel 60 F254), that
were visualized by exposure to ultraviolet light and an aqueous solution of p-anisaldehyde.

3.8.2. Experimental procedures:

3.8.2.1. General procedure for the synthesis of 4-quinolones from various alcohols and 2’-

aminoacetophenones:
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To a 15 ml schelnk tube, 2"-Aminoacetophenone analogue, 3.1.1 (0.5 mmol, 1 equiv.), alcohol,
3.1.2 (2 mmol, 4 equiv.), acridine-based Ru-SNS? catalyst, Cat. 1 (2 mol%), KOH (42 mg,
0.75 mmol, 1.5 equiv.) were added under argon atmosphere. The reaction mixture was heated
at 140 °C for 24 h. After cooling to room temperature, ethyl acetate (15 mL) was added and
the reaction mixture was passed through a small pad of celite filter and transferred into another
flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically ethyl acetate/petroleum ether as an eluent) using silica to afford a
pure product (Scheme 3.9).

3.8.2.2. General procedure for the synthesis of 4-quinolones from alcohols and

functionally diverse 2’-amino aryl ketones-based derivatives:

To a 15 mL schelnk tube, 2'-amino aryl ketones, 3.1.4 (0.5 mmol, 1 equiv.), aryl alcohols,
3.1.2 (1 mmol, 2 equiv.), acridine-based Ru-SNS? catalyst, Cat. 1 (1 mol%), KOH (42 mg,
0.75 mmol, 1.5 equiv.) were added under argon atmosphere. The reaction mixture was heated
at 140 °C for 24 h. After cooling to room temperature, ethyl acetate (15 mL) was added and
the reaction mixture was passed through a small pad of celite filter and transferred into another
flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically ethyl acetate/petroleum ether as an eluent) using silica to afford a

pure product (Scheme 3.10).

3.8.2.3. General procedure for the synthesis of quinolones from aliphatic alcohols and

functionally diverse a-alkylated 2'-amino acetophenone based derivatives:

To a 15 mL schelnk tube, 2'-amino aryl ketones, 3.1.4 (0.5 mmol, 1 equiv.), aliphatic alcohols,
3.1.2 (2 mmol, 4 equiv.), acridine-based Ru-SNS? catalyst, Cat. 1 (2 mol%), KOH (56 mg, 1
mmol, 2.0 equiv.) were added under argon atmosphere. The reaction mixture was heated at 140
°C for 24 h. After cooling to room temperature, ethyl acetate (15 mL) was added and the
reaction mixture was passed through a small pad of celite filter and transferred into another
flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically ethyl acetate/petroleum ether as an eluent) using silica to afford a
pure product (Scheme 3.10).
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3.8.2.4. General procedure for the synthesis of 4-quinolones from substituted benzyl

alcohols and 1-(2-aminophenyl)ethan-1-ol:

To a 15 mL schelnk tube, 1-(2-aminophenyl)ethan-1-ol, 3.1.6 (0.5 mmol, 1 equiv.), benzyl
alcohol, 3.1.2 (2 mmol, 4 equiv.), acridine-based Ru-SNS*® catalyst, Cat. 1 (2 mol%), KOH
(56 mg, 1 mmol, 2.0 equiv.) were added under argon atmosphere. The reaction mixture was
heated at 140 °C for 24 h. After cooling to room temperature, ethyl acetate (15 mL) was added
and the reaction mixture was passed through a small pad of celite filter and transferred into
another flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically ethyl acetate/petroleum ether as an eluent) using silica to afford a

pure product (Scheme 3.11).

3.8.2.5. Preparation of various starting materials:

3.8.2.5a. Procedure for the synthesis of 1-(2’-(methylamino)phenyl)ethan-1-one (3.1.1n):
In a flame-dried 100 mL round bottom flask, 2’-aminoacetophenone (608 mg, 4.5 mmol, 1.0
equiv.) was dissolved in 10 mL dry DMF and K>COs (622 mg, 4.5 mmol, 1 equiv.) was added
to it, and the mixture was stirred for 15 minutes at room temperature (23 °C). Next, methyl
iodide (0.28 mL, 4.5 mmol, 1 equiv.) was added dropwise via syringe and the reaction mixture
was stirred for 3 days at room temperature (23 °C). After completion of the reaction as
monitored by thin-layer chromatography, water was added (15 mL) and the reaction mixture
was extracted with ethyl acetate. The combined organic layer was washed with brine, dried
over anhydrous Na,SOg, filtered, and concentrated under reduced pressure. The residue was
purified by silica gel flash column chromatography to give the expected product in 60% vyield
(403 mg) using ethyl acetate/petroleum ether as the eluent. The analytical data of the prepared

compound matched with reported literature data.?°

0 (0)
K,CO3 (1 equiv.)
+  Me=I >
NH, DMF, rt, 72 h NHMe
3.1.1a 3.1.1n

3.8.2.5b. Preparation procedure of 1-(4-amino-[1,1'-biphenyl]-3-yl)ethan-1-one (1.1.10):

94
TH-3203_176122045



Synthesis of Polysubstituted 4-quinolones under Solvent-Free Conditions

To a 50 mL round-bottom flask was added 1-(2-aminophenyl)ethanone (1.35 g, 10.0 mmol, 10
equiv.) and 10 mL MeCN. N-bromosuccinimide (1.77 g, 10.0 mmol, 10 equiv.) in 10 mL
MeCN was added to the solution at 0 °C over 3 min under stirring. The mixture was allowed
to warm to room temperature and stirred for 3 h. The solvent was removed in a vacuum and
the crude residue was filtered through a short plug of silica (washed with petroleum ether: ethyl
acetate = 5: 1). The filtrate was concentrated in a vacuum to afford 1-(2-amino-5-
bromophenyl)ethanone as a dark yellow solid (2.08 g, 97 % yield). The product was utilized
for the next step without further purification.

To a 100 mL round-bottom, Schlenk bottle was added 1-(2-amino-5-bromophenyl)ethanone
(1.07 g, 5.0 mmol, 1.0 equiv.), aryl boronic acid (5.5 mmol, 670 mg, 1.1 equiv.), K.COz (2.28
g, 16.5 mmol, 3.3 mmol), Pd(PPhz)4 (58 mg, 0.05 mmol), 14 mL dioxane and 14 mL H2O. The
bottle was evacuated and backfilled with Ar three times. The mixture was stirred at 100 °C for
3 h. Upon the completion of the reaction, the mixture was poured into 50 mL ethyl acetate and
the organic layer was separated. The organics were washed with 1 M HCI and brine dried over
Na>SO4 and concentrated. The residue was purified by flash column chromatography to afford

the coupling product (824 mg, 78 % vyield).?

T i 0 i
Br
5 NBS ; \@61\ Ar-B(OH), O
Z MeCN NH,  Pd(PPhg),, K;CO3 NH,

NH
2 Dioxane, H,0O
3.1.1a 3.1.10

3.8.2.5c. Preparation procedure of 1-(2-Amino-5-(phenylethynyl)phenyl)ethanone (1p):

To a round-bottom flask was added 1-(2-amino-5-bromophenyl)ethanone (2.13 g, 10.0 mmol,
1.0 equiv.), ethynylbenzene (1.12 g, 11.0 mmol, 1.1 equiv.),
bis(triphenylphosphine)palladium(1l) dichloride (281 mg, 0.4 mmol), copper iodide (380 mg,
2.0 mmol), diisopropylamine (5.7 mL, 40 mmol, 4.0 equiv.) and 20 mL THF. The bottle was
evacuated and backfilled with Ar three times. The reaction mixture was stirred at room
temperature overnight and was allowed to pass through a short plug of silica gel (washed with
ethyl acetate/petroleum ether = 1: 1). The filtrate was concentrated in a vacuum and the residue
was further purified by flash column chromatography with ethyl acetate/petroleum ether (1:15)

to yield the target product as a yellow solid (1.79 g, 76 % yield).?*
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: J 0
~ N
RO ORNO = 5
+
NH Cul, Diisopropylamine NH,

z THF, Ar

11.1p

3.8.2.5d. Preparation procedure of 1-(2-(methylamino)phenyl)ethan-1-one (4a-1, 4m):

A solution of substituted 2-amino benzonitrile in THF (0.3 M) was stirred at 0 °C. Next, the
Grignard reagent (3.0 M, 3.0 equiv.) was slowly added to the mixture. After the completion of
the reaction (monitored by TLC), the temperature of the reaction mixture was promoted to
room temperature. Later, the reaction mixture was slowly quenched with 6 M HCI and left for
overnight imine hydrolysis at room temperature. Next, it was treated with excess saturated
aqueous NaHCOs solution to remove the traces of HCI and extracted three times with ethyl
acetate. The combined extracts was washed by brine. The organic layer was dried over
anhydrous Na>,SO4 and concentrated under reduced pressure. Finally, the residue was purified

by silica gel column chromatography in ethyl acetate/petroleum ether (1:9).%

o)
XN 1. Addition at 0 °C, THF, Ar, 1 h 5
| P + EtMgBr e
NH, (3.0 M in THF) 2. Acid hydrolysis followed NH.
X=H, Cl by addition of saturated NaHCO; solution 3.1.4a-1,
3.1.4m (X = CI)

3.8.2.5e. Preparation procedure of 1-(2-aminophenyl)pentan-1-one (40-w):

"BuLi (2.5 M in hexane, 30 mmol, 3.0 equiv.) was added slowly to a solution of 2-amino
benzonitrile (10 mmol, 1.0 equiv.) in THF (50 mL) at O °C under Ar. Afterward, the mixture
was stirred for 1 h at 0 °C. After the reaction completion, the reaction mixture was quenched
with 1M aqueous HCI at 0 °C. The mixture was extracted with ethyl acetate (3x20 mL) and
the combined organic extracts were washed with saturated NaHCOs3 solution and brine. Later,
it was dried over Na>SOg, filtered, and concentrated. It was later purified by flash column

chromatography on silica gel with ethyl acetate/petroleum ether (1:15).2
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(o)
CN . . o
. \/\/LI 1. Addition at 0 °C, THF, Ar, 1 h | N
Z
NH2  (2.5Minhexane) 2. Acid hydrolysis followed NH,
by addition of saturated NaHCO; solution
3.1.40-w

3.8.2.5f. Synthesis of 3-(2-aminophenyl)-3-oxopropanenitrile (4n):

Acetonitrile (0.9 mL, 16.6 mmol, 2.0 equiv.) and dry THF (10.0 mL) were added to an oven-
dried round bottom flask under argon gas. The mixture was cooled to -78 °C and then, 2.0 M
"BuLi in hexane (8.5 mL, 16.6 mmol, 2.0 equiv.) was added to a stirred mixture. After 1 h,
methyl-2-nitrobenzoate (1.2 mL, 8.3 mmol, 1.0 equiv.) in THF (5.0 mL) was added dropwise
for 15 min by a syringe pump. The reaction mixture was stirred for 1 h, and then stirred for a
further 2 h at -45 °C. Upon the completion of the reaction, the mixture was quenched saturated
solution of NH4Cl (25 mL). The mixture was extracted with ethyl acetate (4 x 40 mL). The
organic layer was washed with brine (40 mL), dried over anhydrous Na>SOa, concentrated,
and then, purified by flash column chromatography on silica gel using hexane and ethyl acetate
(5:1 to 3:1). 3-(2-nitrophenyl)-3-oxopropanenitrile was obtained as a red solid (1.1 g, 55%
yield).

3-(2-nitrophenyl)-3-oxopropanenitrile (800 mg, 4.2 mmol, 1.0 equiv.), 10% Pd/C (156 mg, 1.5
mmol, 0.35 equiv.) and ethyl acetate (18.0 mL) were added to an oven-dried round bottom
flask under argon gas. A reaction vessel was charged with H2 balloon and stirred for 3 h at
room temperature. Upon the completion of the reaction, the mixture was filtered on celite using
DCM. A mixture was concentrated and then, purified by flash column chromatography on
silica gel using ethyl acetate/petroleum ether (1:3). The target product was obtained as pale
yellow solid (560 mg, 64% yield).'?

o) o 0
. CN CN
do/ ACN, n-BuLi d‘j\/ H,, Pd/Charcoal dj\/
—_—
NO, THF NO, MeOH NH,
3.1.4n

3.8.2.5¢. Preparation procedure of 2-phenyl-2,3-dihydroquinolin-4(1H)-one (4x):

Magnesium turnings (4.75 equiv.), iodine crystalline (1 piece, catalytic amount), and dry THF
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(1.0 M) were added to an oven-dried 2-necked round bottom flask under argon gas. Benzyl
halide (4.75 equiv.) was added to a stirred mixture and then, the reaction mixture was heated
to 60 °C using an oil bath and stirred for 1.5 h. After the reaction mixture was warmed to room
temperature, a freshly prepared Grignard was directly used in the next reaction.

Next, 1.4 M benzylmagnesium chloride in THF (47.0 mL, 66.5 mmol, 4.75 equiv.) was added
drop wise to a solution of 2-aminobenzonitrile (1.6 g, 14.0 mmol, 1.0 equiv.) in dry THF (0.5
M) for 1 h using syringe pump. The reaction was allowed to stir overnight at room temperature.
Upon the completion of the reaction, the mixture was poured into crushed ice and 1 M HCI
was added (adjusted with pH 1). After neutralization using sat. NaHCOs3, the mixture was
extracted with ethyl acetate (2 x 40 mL). The organic layer was washed with brine (40 mL),
dried over anhydrous Na,SOs, concentrated and then, it was purified by silica gel column
chromatography, obtained as a white solid (1.48 g, 50% yield).?

1. Benzylmagnesiumchloride o O

@ECN (4.75 equiv.), dry THF, 0 °C O
NH,

NH, 2. Work up with crushed ice, 1M
HCI, saturated NaHCO;,

3.1.4x

3.8.2.5h. Preparation procedure of (E)-1-(2-aminophenyl)-3-phenylprop-2-en-1-one 1-(2-
aminophenyl)-3-phenylpropan-1-one (9 and 11): To a 100 mL round-bottom flask were
added 2'-amino acetophenone (1.2 mL, 10 mmol, 1.0 equiv.), benzaldehyde (1.1 mL, 11 mmol,
1.1 equiv.), 10% NaOH aqueous solution (40 mL), and EtOH (10 mL). The reaction mixture
was stirred for another 12—24 h at room temperature. After the reaction was completed, the
mixture was solid recrystallized in EtOH and afforded (E)-1-(2-aminophenyl)-3-phenylprop-
2-en-1-one in good yield. Later, it was reduced by H> (balloon) and Pd/C (Palladium 10% on
activated carbon, 100 mg) in methanol to afford 1-(2-aminophenyl)-3-phenylpropan-1-

0ne.22'23
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o 10% NaOH aqueous solution o
+
CHO EtOH =
+
NH, 12-24 h NH,
3.1.1a 3.1.2a’ 3.1.9

(E)-1-(2-aminophenyl)-3-phenylprop-2-en-1-
one

0 _ PdIC, H, (1 bar) o
O O (Palladium 10% on activated carbon)
NH, MeOH, 24 h NH,
3.1.9 3.1.11

1-(2-aminophenyl)-3-phenylpropan-1-one

3.8.2.5i. Preparation procedure of 2-phenyl-2,3-dihydroquinolin-4(1H)-one (10):
(E)-1-(2-aminophenyl)-3-phenylprop-2-en-1-one 9 (446 mg, 2 mmol, 1.0 equiv.) was taken in
a 15 mL schlenk tube and was refluxed with 2 equiv. of ZnCl; (545 mg, 4 mmol) in ACN
solvent for 24 h. Later, the crude reaction mixture was purified by silica gel column
chromatography using ethyl acetate/petroleum ether (3:7). The target product was obtained as
a yellow solid (312 mg, 70% yield). 24

o o]

@j\?\ph ZnCl, (2 equiv.), ACN @\)5\
NH, 80°C,24 h ] H Ph
3.1.9 3.1.10

3.8.6. Post synthetic modification:

3.8.6a. Preparation procedure of 3-benzyl-4-bromo-2-phenylquinoline: 3.1.3a (311 mg,
1.0 mmol, 1.0 equiv.) and dry DMF (5 mL) was added to an oven-dried round bottom flask
under argon gas. A mixture was cooled to 0 °C and then, PBr3 (0.192 mL, 2.0 mmol, 2.0 equiv.)
was added slowly to a stirred mixture. The reaction mixture was warmed to room temperature
and stirred overnight. The mixture was monitored by TLC and quenched with sat. NaHCOs3 to
make a mixture neutral. The mixture was extracted with DCM (2 x 15 mL). The organic layer
was washed with H20 (2 x 15 mL) and brine (15 mL), dried over anhydrous Na>SOg,
concentrated, and then residues were purified by flash column chromatography on silica gel,
using ethyl acetate/petroleum ether (1:9). 3.1.16 was obtained as a white solid (318 mg, 85%
yield).*
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O ph Ph
PBr; NS
I 7,
N”Ph DMF, rt, 20 h N ph
H
3.1.3a 3.1.16, 85%

3.8.6b. Preparation procedure of 3-benzyl-4-bromo-2-phenylquinoline:

3.1.16 (186 mg, 0.5 mmol, 1.0 equiv.), phenyl boronic acid (92 mg, 8.0 mmol, 8.0 equiv.),
anhydrous K>COs (298 mg, 2.0 mmol, 4.0 equiv.), PPhs (19 mg, 0.075 mmol, 15 mol%),
Pd(OAc)2 (6 mg, 0.025 mmol, 5 mol%), H20 (1.0 mL), EtOH (0.5 mL) and toluene (2.0 mL)
were added to an oven-dried Borosilicate Glass Tube. The reaction vessel was charged with
argon and sealed. The mixture was heated to 100 °C using an oil bath and stirred for 24 h. The
mixture was diluted with DCM (5.0 mL) and H20 (5.0 mL), and extracted with DCM (2 x 15.0
mL). The organic layer was washed with H>2O (10.0 mL) and brine (10.0 mL), dried over
anhydrous Na»SOs, concentrated, and then residues were purified by flash column
chromatography on silica gel using ethyl acetate/petroleum ether (1:9). 3.1.17 was obtained as
a white solid (176 mg, 95% yield).?

Ph Phenyl boronic acid Ph Ph
Pd(OAc),, PPh,
@\/\j\) K,CO;, EtOH, Toluene, H,0 @\)\j\)
2, 2,
N Ph 100 °C, 24 h N Ph
3.1.16 3.1.17, 95%

3.8.6¢. Preparation procedure of 3-benzyl-4-bromo-2-phenyl quinoline:

3.1.3a (311 mg, 1.0 mmol, 1.0 equiv.) and POCls (0.753 mL, 8.0 mmol, 8.0 equiv.) were added
to an oven-dried round bottom flask. The reaction vessel was equipped with a reflux condenser,
charged with argon gas, and stirred for 3 h at 80 °C using an oil bath. The mixture was
monitored by TLC and quenched with sat. NaHCOs3 to make a mixture neutral. The mixture
was extracted with DCM (2 x 15 mL). The organic layer was washed with H,O (2 x 15 mL)
and brine (15 mL), dried over anhydrous Mg.SOas, concentrated, and then residues were
purified by flash column chromatography on silica gel, using ethyl acetate/petroleum ether
(1:9). 3.1.18 was obtained as a yellow solid (296 mg, 90% yield).*?
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(0] Ph Ph
| NS | POCI, NS
Z, reflux, 3 h ”,
N Ph N Ph
H
3.1.3a 3.1.18, 90%

3.8.6d. Preparation procedure of 3-benzyl-4-bromo-2-phenyl quinoline:

3.1.3a (155 mg, 0.5 mmol, 1.0 equiv.) and dry THF (10.0 mL) were added to an oven-dried
round bottom flask. The mixture was cooled to 0 °C and stirred for 10 min, and then NaH (40
mg, 1.0 mmol, 2.0 equiv.) was added portion-wise for 15 min. Iodomethane (94.0 uL, 1.5
mmol, 3.0 equiv.) was added to the mixture and the mixture was stirred for 3 h at room
temperature. The mixture was quenched with H,O (10 mL) and extracted with ethyl acetate (2
x 20 mL). The organic layer was washed with brine (10 mL), dried over anhydrous Na>SOs,
concentrated, and then residues were purified by flash column chromatography on silica gel

using ethyl acetate/petroleum ether (1:1). 3.1.3n was obtained as a yellow solid (149 mg, 92%

yield).!2
O Ph O Ph
N Ph rt,3h N” > Ph
H |
3.1.3a 3.1.3n, 92%

3.8.3. Mechanistic investigation:

Control experiment 1:

To a 15 mL schlenk tube, acetophenone (120 mg, 1.0 mmol, 2.0 equiv.), aniline (93 mg, 1.0
mmol, 2.0 equiv.), 4-methoxybenzyl alcohol (69 mg, 0.5 mmol, 1.0 equiv.), acridine based
Ru-SNS catalyst (0.5 mol%) and KOH (28 mg, 0.5 mmol, 1.0 equiv.) was added under an
atmosphere of Ar. The reaction mixture was then heated at 140 °C with stirring for 24 h. After
cooling, ethyl acetate (5 mL) was added and the crude mixture was passed through a short plug
of celite filter. The filtrate was then evaporated and the crude product was purified by column
chromatography using ethyl acetate/petroleum ether. 3.1.14 was obtained as a colourless liquid
(185 mg, 77%) and 3.1.15 was obtained as a yellow solid (21 mg, 10% yield). (Scheme 3.12.1)

Control experiment 2:
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To a 15 mL schlenk tube, 2-phenyl-2,3-dihydroquinolin-4(1H)-one, 3.1.10 (111 mg, 0.5 mmol,
1.0 equiv.), benzyl alcohol (108 mg, 1 mmol, 2.0 equiv.), acridine based Ru-SNS catalyst (1
mol%) and KOH (42 mg, 0.75 mmol, 1.5 equiv.) were added under an atmosphere of Ar. The
reaction mixture was then heated at 140 °C with stirring for 24 h. After cooling, ethyl acetate
(5 mL) was added and the crude mixture was passed through a short plug of celite filter. The
filtrate was then evaporated and the crude product was purified by column chromatography
using ethyl acetate/petroleum ether (ranging from 2:3 to 9:1). 3.1.3a was obtained as a white
solid (88 mg, 57% vyield) and 3.1.3a’ was obtained as a grey solid (36 mg, 33% yield). (Scheme
3.12.2)

Control experiment 3:

To a 15 mL schlenk tube, (E)-1-(2-aminophenyl)-3-phenylprop-2-en-1-one, 3.1.9 (111 mg, 0.5
mmol, 1.0 equiv.), benzyl alcohol (108 mg, 1 mmol, 2.0 equiv.), acridine based Ru-SNS
catalyst (1 mol%) and KOH (42 mg, 0.75 mmol, 1.5 equiv.) were added under an atmosphere
of Ar. The reaction mixture was then heated at 140 °C with stirring for 24 h. After cooling,
ethyl acetate (5 mL) was added and the crude mixture was passed through a short plug of celite
filter. The filtrate was then evaporated and the crude product was purified by column
chromatography using ethyl acetate/petroleum ether (ranging from 2:3 to 9:1). 3.1.3a was
obtained as a white solid (121 mg, 78% yield) and 3.1.3a’ was obtained as a grey solid (11 mg,
10% vyield). (Scheme 3.12.3)

Control experiment 4:

To a 15 mL schlenk tube, 1-(2-aminophenyl)-3-phenylpropan-1-one, 3.1.11 (112 mg, 0.5
mmol, 1.0 equiv.), 4-methoxybenzyl alcohol (138 mg, 1 mmol, 2.0 equiv.), acridine based Ru-
SNS catalyst (1 mol%) and KOH (42 mg, 0.75 mmol, 1.5 equiv.) were added under an
atmosphere of Ar. The reaction mixture was then heated at 140 °C with stirring for 24 h. After
cooling, ethyl acetate (5 mL) was added and the crude mixture was passed through a short plug
of celite filter. The filtrate was then evaporated and the crude product was purified by column
chromatography using ethyl acetate/petroleum ether (4:1). 3.1.5y was obtained as a white solid
(157 mg, 92% yield). (Scheme 3.12.4)

Control experiment 5:
To a 15 mL schlenk tube, 1-(2-aminophenyl)-3-phenylpropan-1-one, 3.1.11 (112 mg, 0.5
mmol, 1.0 equiv.), 4-methoxy benzaldehyde (136 mg, 1 mmol, 2.0 equiv.) and KOH (42 mg,
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0.75 mmol, 1.5 equiv.) were added under an atmosphere of Ar. The reaction mixture was then
heated at 140 °C with stirring for 24 h. After cooling, ethyl acetate (5 mL) was added and the
crude mixture was passed through a short plug of celite filter. The filtrate was then evaporated
and the crude product was purified by column chromatography using ethyl acetate/petroleum
ether (4:1). 3.1.5y was obtained as a white solid (153 mg, 90% yield). (Scheme 3.12.5)

Control experiment 6:

To a 15 mL schlenk tube, 2-phenyl quinolin-4(1H)-one (110 mg, 0.5 mmol, 1.0 equiv.), benzyl
alcohol (108 mg, 1 mmol, 2.0 equiv.), Cat. 1 (1 mol%) and KOH (42 mg, 0.75 mmol, 1.5
equiv.) were added under an atmosphere of Ar. The reaction mixture was then heated at 140
°C with stirring for 24 h. After cooling, ethyl acetate (5 mL) was added and the crude mixture
was passed through a short plug of celite filter and analyzed with TLC. The target product was
not detected (Scheme 3.12.6).

Control experiment 7:

Ruthenium catalyzed dehydrogenation of alcohol and detection of evolved hydrogen gas:

To an oven-dried 100 mL seal tube, benzyl alcohol (2.0 mmol), 2'-amino acetophenone (0.5
mmol), Cat 1 (2 mol%), and KOH (0.75 mmol) were added under argon. Then the reaction
mixture was kept for stirring in a preheated oil bath at 140 °C for the next 24 h. After
completion of the reaction, the sealed tube was cooled at 0 °C. Then the evolved gas was
syringed out and detected from PerkinElmer Clarus-590 GC instrument using Elite Plot-Q
column (30 m length x 530 pm x 20 um ID) employing the following method:

TCD starting temperature: 40 °C

Oven temperature: 60 °C

Time at starting temperature: 0 min

Hold time: 5 min

Ramp: 28 °C/ min up to 200 °C

Flow rate: 5 mL / min (N>)

Split ration: 20

Inlet temperature: 40 °C
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Detector temperature TCD: 200 °C

The detected gas chromatogram was shown in figure S2 (right).
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Figure S2. Chromatogram of standard hydrogen gas (left) and evolved hydrogen gas during

catalysis (right).

3.9. Characterization data and reports:

3-benzyl-2-phenylquinolin-4(1H)-one (3.1.3a): The title compound was isolated as a white

solid using silica-gel column chromatography eluting with ethyl acetate/
petroleum ether (2:3), (Yield: 72%), *H NMR (500 MHz, DMSO-ds) & 11.72
(s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.66 — 7.62 (m, 2H), 7.54 — 7.50 (m, 3H),
7.44 (d,J = 7.4 Hz, 2H), 7.34 — 7.31 (m, 1H), 7.13 (t, J = 7.4 Hz, 2H), 7.06

(t, J=7.2 Hz, 1H), 6.95 (d, J = 7.4 Hz, 2H), 3.74 (s, 2H). 3C NMR (100 MHz, DMSO-ds) &
181.5,154.3,146.7, 144.7, 140.0, 136.7, 134.7, 133.9, 133.7, 133.1, 133.0, 130.5, 130.3, 128.9,
128.1, 123.5, 122.8, 36.3.%°

2-phenylquinolin-4(1H)-one (3.1.3a’): The title compound was isolated as a grey solid using

]

silica-gel column chromatography eluting with ethyl acetate/petroleum ether
(4:1), (Yield: 55%), *H NMR (400 MHz, DMSO-ds) 8 11.79 (s, 1H), 8.15 (d,
J=7.6Hz, 1H), 7.88 — 7.85 (m, 2H), 7.81 (d, J = 8.3 Hz, 1H), 7.70 (t, J =

8.2 Hz, 1H), 7.62 — 7.60 (m, 3H), 7.37 (t, J = 7.5 Hz, 1H), 6.38 (s, 1H). 3C NMR (100 MHz,
DMSO-dg) & 177.5, 150.5, 141.0, 134.7, 132.3, 130.9, 129.5, 127.9, 125.4, 125.2, 123.7, 119.2,

107.8.1
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3-(4-methoxybenzyl)-2-(4-methoxyphenyl)quinolin-4(1H)-one (3.1.3b): The title compound

was isolated as a white solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (2:3), (Yield: 85%), *H NMR
(500 MHz, DMSO-dg) 5 11.55 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.58 — 7.53
(m, 2H), 7.31 (d, J = 8.6 Hz, 2H), 7.23 (t, J = 7.9 Hz, 1H), 7.00 (d, J = 8.6
Hz, 2H), 6.82 (d, J = 8.5 Hz, 2H), 6.64 (d, J = 8.6 Hz, 2H), 3.75 (s, 3H),
3.62 (s, 2H), 3.59 (s, 3H). 13C NMR (100 MHz, DMSO-ds) § 176.8, 160.5, 157.5, 149.3, 140.0,
134.0, 131.8, 130.6, 129.2, 127.6, 125.5, 124.2, 123.2, 118.7, 118.5, 114.3, 113.8, 55.8, 55.3,
30.7.%°

3-(4-methylbenzyl)-2-(p-tolyl)quinolin-4(1H)-one (3.1.3c): The title compound was isolated

as a white solid using silica-gel column chromatography eluting with ethyl
acetate/ petroleum ether (2:3), (Yield: 82%), *H NMR (500 MHz, DMSO-
ds) 6 11.68 (s, 1H), 8.16 (d, J = 8.1 Hz, 1H), 7.67 (d, J = 3.8 Hz, 2H), 7.37
(s, 5H), 6.99 (d, J = 7.7 Hz, 2H), 6.91 (d, J = 7.7 Hz, 2H), 3.73 (s, 2H), 2.43
(s, 3H), 2.24 (s, 3H). 3C NMR (125 MHz, DMSO-ds) & 176.7, 149.5, 140.0, 139.5, 138.9,
134.5, 132.5, 131.8, 129.4, 129.0, 128.9, 128.2, 125.5, 124.2, 123.3, 118.7, 118.2, 31.2, 21.4,
21.0.%

3-(4-(tert-butyl)benzyl)-2-(4-(tert-butyl)phenyl)quinolin-4(1H)-one  (3.1.3d): The title

compound was isolated as a white solid using silica-gel column

chromatography eluting with ethyl acetate/ petroleum ether (2:3), (Yield:
71%), 'H NMR (600 MHz, DMSO-ds) § 11.68 (s, 1H), 8.10 (d, J = 8.0 Hz,
1H), 7.63 (s, 2H), 7.56 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.32
(dd, J=9.3, 6.5 Hz, 1H), 7.16 (d, J = 8.2 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H),
3.71 (s, 2H), 1.34 (s, 9H), 1.22 (s, 9H). 13C NMR (150 MHz, DMSO-ds) & 181.5, 157.4, 154.3,
152.7,144.8, 143.5, 137.3, 136.7, 133.6, 132.7, 130.6, 130.2, 129.8, 128.9, 128.1, 123.5, 122.8,
39.7, 39.1, 36.4, 36.2. HRMS (ESI-TOF) m/z [M+H]" calculated for C3oHs3NO is 425.2674.
Found 425.2674.
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3-(4-chlorobenzyl)-2-(4-chlorophenyl)quinolin-4(1H)-one (3.1.3e): The title compound was

isolated as a white solid using silica-gel column chromatography eluting
with ethyl acetate/ petroleum ether (2:3), (Yield: 75%), *H NMR (600
MHz, DMSO-ds) 6 11.82 (s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 7.68 — 7.63 (m,
2H), 7.59 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 7.34 (t, J = 7.3 Hz,
1H), 7.19 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 8.3 Hz, 2H), 3.71 (s, 2H). 3C
NMR (150 MHz, DMSO-ds) 6 176.7, 148.7, 140.8, 140.0, 134.9, 133.8, 132.2, 131.0, 130.0,
129.1, 128.3, 125.6, 124.2, 123.6, 118.8, 117.9, 30.9. ®

3-(4-(trifluoromethyl)benzyl)-2-(4-(trifluoromethyl)phenyl)quinolin-4(1H)-one (3.1.3f):
The title compound was isolated as a white solid using silica-gel column

chromatography eluting with ethyl acetate/ petroleum ether (2:3), (Yield:
45%), *H NMR (600 MHz, DMSO-ds) 5 11.92 (s, 1H), 8.16 (d, J = 8.1
Hz, 1H), 7.90 (d, J = 7.9 Hz, 2H), 7.72 — 7.68 (m, 3H), 7.64 (d, J = 8.6
Hz, 1H), 7.50 (d, J = 8.1 Hz, 2H), 7.38 — 7.35 (m, 1H), 7.20 (d, J = 8.0
Hz, 2H), 3.82 (s, 2H). *C NMR (150 MHz, DMSO-ds) & 176.6, 148.5, 146.6, 140.0, 138.9,
132.4,130.4 (g, J = 31.9 Hz), 130.2, 128.9, 126.7 (q, J = 31.3 Hz), 126.0 (g, J = 3.9 Hz), 125.5,
125.4,125.2 (q, J = 3.9 Hz), 124.4 (q, J = 270 Hz), 118.8, 117.4, 31.4.%5

CF;

3-(4-(dimethylamino)benzyl)-2-(4-(dimethylamino)phenyl)quinolin-4(1H)-one (3.1.3g): The

N7 title compound was isolated as a white solid using silica-gel column
chromatography eluting with ethyl acetate/ petroleum ether (2:3), (Yield:
45%), *H NMR (500 MHz, DMSO-ds) & 11.44 (s, 1H), 8.09 (d, J = 8.1
Hz, 1H), 7.65 — 7.58 (m, 2H), 7.31 — 7.26 (m, 3H), 6.83 (dd, J =17.7, 8.3
Hz, 4H), 6.56 (d, J = 8.2 Hz, 2H), 3.69 (s, 2H), 2.97 (s, 6H), 2.79 (s, 6H).
13C NMR (125 MHz, DMSO-ds) & 176.8, 151.4, 149.7, 148.9, 140.1, 131.6, 130.2, 130.0,
128.8, 125.5, 124.1, 122.9, 122.6, 118.6, 118.4, 112.9, 111.9, 40.9, 40.4, 30.8. HRMS (ESI-
TOF) m/z [M+H]* calculated for C2sH27N3s0 398.2232. Found 398.2291.

3-(3-methoxybenzyl)-2-(3-methoxyphenyl)quinolin-4(1H)-one (3.1.3h): The title compound

was isolated as a white solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (2:3), (Yield: 80%), *H NMR
(400 MHz, DMSO-ds) 6 11.76 (s, 1H), 8.16 (d, J = 8.1 Hz, 1H), 7.65 —
7.64 (m, 2H), 7.44 (t, J = 7.9 Hz, 1H), 7.35 - 7.31 (m, 1H), 7.12 — 7.05 (m,
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3H), 6.97 (s, 1H), 6.66 (dd, J = 8.1, 2.2 Hz, 1H), 6.60 (d, J = 7.6 Hz, 1H), 6.53 (s, 1H), 3.74 (s,
2H), 3.69 (s, 3H), 3.63 (s, 3H). *C NMR (150 MHz, DMSO-ds) & 176.8, 159.5, 159.4, 149.4,
143.7,140.0, 136.4, 131.9, 130.2, 129.3, 125.5, 124.2, 123.4, 121.2, 120.6, 118.7, 117.9, 115.7,
114.5,114.1, 111.1, 55.5, 55.2, 31.6. %

3-(3-phenoxybenzyl)-2-(3-phenoxyphenyl)quinolin-4(1H)-one (3.1.3i): The title compound

was isolated as a white solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (2:3), (Yield: 75%), *H NMR
(600 MHz, DMSO-ds) 6 11.77 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.65 —
7.60 (m, 2H), 7.51 (t, J = 7.9 Hz, 1H), 7.36 (t, J = 7.9 Hz, 2H), 7.34 —
7.31 (m, 3H), 7.19 (d, J = 7.6 Hz, 1H), 7.16 — 7.13 (m, 3H), 7.07 (t, J = 7.3 Hz, 1H), 6.98 (d, J
= 7.8 Hz, 3H), 6.88 (d, J = 7.9 Hz, 2H), 6.74 — 6.70 (m, 2H), 6.58 (s, 1H), 3.76 (s, 2H). °C
NMR (150 MHz, DMSO-ds) 6 176.7, 157.2, 157.1, 156.7, 156.5, 148.9, 144.2, 139.9, 136.8,
132.1,130.9,130.6,130.3,129.9, 125.5,124.3,124.2, 124.1, 123.6, 123.5, 119.9, 119.3, 118.9,
118.7, 118.6, 117.8, 116.1, 31.2. HRMS (ESI-TOF) m/z [M+H]" calculated for C3sH2sNQO3 is
496.1913. Found 496.1914.

2-(benzo[d][1,3]dioxol-5-yl)-3-(benzo[d][1,3]dioxol-5-yImethyl)quinolin-4(1H)-one (3.1.3)):
The title compound was isolated as a white solid using silica-gel column

chromatography eluting with ethyl acetate/ petroleum ether (1:1), (Yield:
42%), *H NMR (600 MHz, DMSO-dg) § 11.66 (s, 1H), 8.13 (d, J = 8.1
Hz, 1H), 7.64 (s, 2H), 7.32 (dt, J = 8.1, 3.7 Hz, 1H), 7.08 — 7.05 (m, 2H),
6.94 (dd, J=7.9, 1.9 Hz, 1H), 6.69 (d, J = 7.9 Hz, 1H), 6.59 (s, 1H), 6.42
(dd, J=8.0, 1.9 Hz, 1H), 6.13 (s, 2H), 5.91 (s, 2H), 3.70 (s, 2H). **C NMR (150 MHz, DMSO-
de) 6 176.7, 149.2, 148.6, 147.7, 147.4, 145.3, 139.9, 135.9, 131.9, 128.8, 125.5, 124.2, 123.3,
123.3,120.9, 118.7, 118.3, 109.7, 108.9, 108.8, 108.2, 102.0, 100.9, 31.3.2°

2-(thiophen-2-yl)-3-(thiophen-2-ylmethyl)quinolin-4(1H)-one (3.1.3k): The title compound

= was isolated as a white solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (1:1), (Yield: 78%), *H NMR
s (600 MHz, DMSO-ds) 6 11.80 (s, 1H), 8.15 (d, J = 8.0 Hz, 1H), 7.89 (d, J
= 5.0 Hz, 1H), 7.68 (d, J = 3.4 Hz, 2H), 7.45 (d, J = 2.7 Hz, 1H), 7.36 (dt, J
=8.0,4.2 Hz, 1H), 7.29 (dd, J = 5.1, 3.5 Hz, 1H), 7.20 (d, J = 4.3 Hz, 1H), 6.86 (dd, J = 5.1,
3.4 Hz, 1H), 6.65 (d, J = 4.3 Hz, 1H), 4.05 (s, 2H). **C NMR (150 MHz, DMSO-dg) & 176.3,
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144.6, 142.5, 140.0, 134.5, 132.3, 130.3, 129.5, 128.0, 126.9, 125.5, 124.7, 124.1, 123.9, 123.7,
119.3, 118.8, 26.7.%°

2-(furan-2-yl)-3-(furan-2-ylmethyl)quinolin-4(1H)-one (3.1.31): The title compound was

isolated as a white solid using silica-gel column chromatography eluting with
ethyl acetate/ petroleum ether (1:1), (Yield: 45%), 'H NMR (600 MHz,
DMSO-de) 6 11.63 (s, 1H), 8.12 (d, J = 8.0 Hz, 1H), 8.05 (s, 1H), 7.80 (d, J
=8.3 Hz, 1H), 7.67 (t, J = 7.6 Hz, 1H), 7.47 (s, 1H), 7.33 (t, J = 7.5 Hz, 1H),
7.01 (d, J = 3.1 Hz, 1H), 6.78 (s, 1H), 6.28 (s, 1H), 5.87 (s, 1H), 4.08 (s, 2H). 3C NMR (150
MHz, DMSO-ds) 6 176.5, 154.6, 146.6, 145.6, 141.5, 140.1, 138.2, 125.5, 123.8, 123.6, 118.9,
114.6, 114.3, 112.8, 110.9, 105.6, 24.8. HRMS (ESI-TOF) m/z [M+H]" calculated for
C18H13NO3292.0974. Found 292.0975.

2-heptyl-3-octylquinolin-4(1H)-one (3.1.3m): The title compound was isolated as a brown

0 solid using silica-gel column chromatography eluting with ethyl
Cﬁm\ acetate/ petroleum ether (2:3), (Yield: 28%), 'H NMR (400 MHz,
H

CDCls) & 11.54 (s, 1H), 8.27 (d, J = 8.1 Hz, 1H), 7.64 (d, J = 8.3
Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 7.16 (t, J = 7.3 Hz, 1H), 2.65 (t, J = 8.1 Hz, 2H), 2.57 (t, J =
7.9 Hz, 2H), 1.59 — 1.54 (m, 2H), 1.47 — 1.43 (m, 2H), 1.22 — 1.10 (m, 16H), 0.85 — 0.66 (m,
8H). 13C NMR (150 MHz, CDCls) § 172.9, 146.6, 134.9, 126.2, 120.7, 119.2, 118.1, 115.4,
113.4, 27.6, 27.2, 26.9, 25.4, 25.1, 25.1, 24.9, 24.9, 24.6, 24.4, 24.3, 24.2, 20.9, 17.9, 17.8,
9.34, 9.29. HRMS (ESI-TOF) m/z [M+H]* calculated for CsH19NO is 356.2953. Found
356.2926.

3-benzyl-1-methyl-2-phenylquinolin-4(1H)-one (3.1.3n): The title compound was isolated as

a brown solid using silica-gel column chromatography eluting with ethyl
acetate/ petroleum ether (1:1), (Yield: 65%), *H NMR (600 MHz, DMSO-
de) 8 8.30 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 4.2 Hz, 2H), 7.53 — 7.49 (m, 3H),
7.46 —7.43 (m, 1H), 7.27 (dd, J = 7.6, 1.7 Hz, 2H), 7.09 (t, J = 7.3 Hz, 2H),
7.04 (t, J = 7.2 Hz, 1H), 6.86 (d, J = 7.1 Hz, 2H), 3.57 (s, 2H), 3.42 (s, 3H). C NMR (150
MHz, DMSO-ds) 6 175.9, 153.0, 141.6, 141.3, 134.9, 132.6, 129.6, 129.3, 128.9, 128.3, 128.2,
126.2,125.7,125.5, 123.7, 120.1, 117.5, 37.7, 32.7. HRMS (ESI-TOF) m/z [M+H]* calculated
for C23H19NO is 326.1545. Found 326.1524.
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3-benzyl-2,6-diphenylquinolin-4(1H)-one (3.1.30): The title compound was isolated as a

brown solid using silica-gel column chromatography eluting with ethyl
acetate/ petroleum ether (1:1), (Yield: 70%), 'H NMR (600 MHz,
DMSO-ds) 5 11.84 (s, 1H), 8.38 (d, J = 2.0 Hz, 1H), 8.01 (dd, J = 8.7,
2.2 Hz, 1H), 7.75 (t, J = 8.0 Hz, 3H), 7.56 — 7.47 (m, 7H), 7.39 (t, J =
7.8 Hz, 1H), 7.15 (t, J = 7.5 Hz, 2H), 7.08 (t, J = 7.3 Hz, 1H), 6.98 (d, J = 7.4 Hz, 2H), 3.77 (s,
2H). 13C NMR (150 MHz, DMSO-ds) & 176.8, 149.5, 141.9, 140.0, 139.4, 135.3, 135.2, 130.7,
130.0, 129.6, 129.2, 129.0, 128.4, 128.3, 127.9, 127.0, 125.8, 124.4, 122.9, 119.6, 118.3, 31.6.
HRMS (ESI-TOF) m/z [M+H]" calculated for C2sH2:NO is 388.1701. Found 388.1699.

3-benzyl-2-phenyl-6-(phenylethynyl)quinolin-4(1H)-one (3.1.3p): The title compound was

isolated as a brown solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (1:1), (Yield: 62%), ‘H
NMR (600 MHz, DMSO-de) 6 11.81 (s, 1H), 8.28 (d, J = 1.6 Hz,
1H), 7.99 (dd, J = 8.7, 1.9 Hz, 1H), 7.65 (dd, J = 8.1, 3.3 Hz, 2H),
7.55 - 7.51 (m, 3H), 7.46 — 7.43 (m, 2H), 7.41 — 7.38 (m, 2H), 7.32 (s, 1H), 7.28 (d, J = 7.1
Hz, 1H), 7.14 (t, J = 7.5 Hz, 2H), 7.08 (t, J = 7.2 Hz, 1H), 6.98 (d, J = 7.4 Hz, 2H), 3.77 (s,
2H). C NMR (150 MHz, DMSO- ds) 5 176.7, 149.3, 141.9, 139.6, 137.6, 135.2, 132.4, 129.9,
129.7,129.2,129.1, 129.0, 128.9, 128.7, 128.6, 128.5, 128.4, 128.3, 128.1, 126.9, 125.8, 124.4,
123.9, 119.3, 118.4, 31.5. HRMS (ESI-TOF) m/z [M+H]* calculated for CzH21NO is
412.1701. Found 412.1702.

3-methyl-2-phenylquinolin-4(1H)-one (3.1.5a): The title compound was isolated as a white

o solid using silica-gel column chromatography eluting with ethyl acetate/
O | petroleum ether (3:2), (Yield: 88%), *H NMR (600 MHz, DMSO-ds) &
E O 11.65 (s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 7.63 (d, J = 5.52 Hz, 2H), 7.57 (d,

J=5.2 Hz, 5H), 7.31(t, J = 7.8 Hz, 1H), 1.90 (s, 3H). *C NMR (150 MHz,
DMSO-ds) 6 178.3, 149.3, 140.9, 136.5, 132.8, 130.9, 130.4, 130.1, 126.4, 124.5, 124.2, 119.6,
115.9, 13.6.1
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2-(4-methoxyphenyl)-3-methylquinolin-4(1H)-one (3.1.5b): The title compound was isolated

as a white solid using silica-gel column chromatography eluting with
ethyl acetate/ petroleum ether (3:2), (Yield: 92%), 'H NMR (600
MHz, DMSO-ds) 6 11.53 (s, 1H), 8.13 (d, J = 8.0 Hz, 1H), 7.63 (t, J
=7.9Hz, 2H), 751 (d, J=8.5Hz, 2H), 7.30 (t, J = 7.2 Hz, 1H), 7.13
(d, J=8.5Hz, 2H), 3.86 (s, 3H), 1.92 (s, 3H). *C NMR (150 MHz, DMSO-ds) § 177.2, 160.4,
148.0, 139.9, 131.6, 130.9, 127.7, 125.4, 123.4, 123.0, 118.5, 114.7, 114.3, 55.8, 12.7.2

3-methyl-2-(4-(trifluoromethyl)phenyl)quinolin-4(1H)-one (3.1.5c): The title compound was

o isolated as a white solid using silica-gel column chromatography eluting

O N| with ethyl acetate/ petroleum ether (3:2), (Yield: 52%), 'H NMR (600

. O MHz, DMSO-ds) 6 11.74 (s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 7.96 (d, J =

8.0 Hz, 2H), 7.82 (d, J = 7.9 Hz, 2H), 7.65 (t, J = 7.6 Hz, 1H), 7.60 (d,

J=8.3Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 1.89 (s, 3H). **C NMR (150 MHz, DMSO-ds) & 177.2,

146.8, 139.9, 139.4, 132.0, 130.5, 130.2 (q, J = 32.1 Hz) , 125.9 (g, J = 3.9 Hz), 125.5, 124.5
(9, J = 271 Hz), 123.5, 123.4, 118.6, 115.1, 12.4.%

CF;

2-(4-chlorophenyl)-3-methylquinolin-4(1H)-one (3.1.5d): The title compound was isolated as

a white solid using silica-gel column chromatography eluting with ethyl
O | acetate/ petroleum ether (3:2), (Yield: 68%), 'H NMR (600 MHz,

N O . | DMSO-ds)511.74 (s, 1H), 8.14 (d, J= 8.1 Hz, 1H), 7.63 (d, ] = 8.8 Hz,
4H), 7.58 (d, J = 8.2 Hz, 2H), 7.33 (t, J = 7.3 Hz, 1H), 1.88 (s, 3H). 13C
NMR (150 MHz, DMSO-dg) 6 177.4, 147.2, 139.8, 134.7, 134.0, 132.0, 131.3, 129.1, 1254,
1235, 123.4,118.6,115.1, 12.5.%

2-(3-methoxyphenyl)-3-methylquinolin-4(1H)-one (3.1.5€e): The title compound was isolated

0 as a white solid using silica-gel column chromatography eluting with
O I o ethyl acetate/ petroleum ether (3:2), (Yield: 83%), *H NMR (600 MHz,

N ~

: O DMSO-ds) 6 11.62 (s, 1H), 8.15 (d, J = 7.7 Hz, 1H), 7.63 (s, 2H), 7.50

(t, J = 6.2 Hz, 1H), 7.30 (t, J = 7.9 Hz, 1H), 7.13 (s, 3H), 3.84 (s, 3H),
1.92 (s, 3H). 2*C NMR (150 MHz, DMSO-de) & 177.2, 159.6, 147.9, 139.9, 136.8, 131.7, 130.2,
125.4, 123.5, 123.1, 121.6, 118.6, 115.4, 114.9, 114.8, 55.8, 12.6.27
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2-(2-methoxyphenyl)-3-methylquinolin-4(1H)-one (3.1.5f): The title compound was isolated

0 as a white solid using silica-gel column chromatography eluting with ethyl

O N' i acetate/ petroleum ether (4:1), (Yield: 35%), *H NMR (600 MHz, DMSO-

) O de) & 11.60 (s, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.62 (q, J = 7.9 Hz, 2H), 7.49

(d, J=8.6 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H), 7.11 (d, J = 8.6 Hz, 2H), 3.84 (s, 3H), 1.92 (s, 3H).

13C NMR (150 MHz, DMSO-ds) & 177.3, 160.4, 148.2, 139.8, 131.7, 130.8, 127.6, 125.3,

123.4, 123.1, 1185, 114.8, 114.3, 55.8, 12.7. HRMS (ESI-TOF) m/z [M+H]" calculated for
C17H15sNO> is 266.1181. Found 266.1178.

2-(benzo[d][1,3]dioxol-5-yl)-3-methylquinolin-4(1H)-one (3.1.59): The title compound was

®

o isolated as a white solid using silica-gel column chromatography eluting

I with ethyl acetate/ petroleum ether (4:1), (Yield: 38%), ‘H NMR (600
8 O Z) MHz, DMSO-ds) 6 11.56 (s, 1H), 8.12 (d, J = 8.1 Hz, 1H), 7.62 (s, 2H),
7.30 (t, J = 6.8 Hz, 1H), 7.16 (s, 1H), 7.11 (d, J = 7.9 Hz, 1H), 7.05 (d,
J=7.9 Hz, 1H), 6.14 (s, 2H), 1.93 (s, 3H). *C NMR (150 MHz, DMSO-ds) & 177.2, 148.4,
147.8,147.7,139.8, 131.7,129.1, 125.3, 123.5, 123.4, 123.1, 118.5, 114.8, 109.9, 108.8, 102.0,
12.7. HRMS (ESI-TOF) m/z [M+H]" calculated for C17H13NO3 is 280.0974. Found 280.0974.

3-methyl-2-(thiophen-2-yl)quinolin-4(1H)-one (3.1.5h): The title compound was isolated as

o a white solid using silica-gel column chromatography eluting with ethyl

| acetate/ petroleum ether (4:1), (Yield: 73%), *H NMR (600 MHz, DMSO-

NN de) 8 11.61 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 5.1 Hz, 1H), 7.67

—7.62 (m, 2H), 7.52 (d, J = 3.6 Hz, 1H), 7.31 (d, J = 5.4 Hz, 2H), 2.06 (s,

3H). 13C NMR (150 MHz, DMSO-ds) & 177.0, 141.3, 139.9, 135.4, 131.9, 130.3, 129.3, 128.0,

125.4,123.4,123.3, 118.6, 116.0, 12.8.%8

2-cyclohexyl-3-methylquinolin-4(1H)-one (3.1.5i): The title compound was isolated as a

0 white solid using silica-gel column chromatography eluting with ethyl

I acetate/ petroleum ether (4:1), (Yield: 53%), *H NMR (600 MHz, DMSO-
ds) 8 10.73 (s, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.58
(t, J = 7.6 Hz, 1H), 7.25 (t, J = 7.5 Hz, 1H), 2.97 (t, J = 11.7 Hz, 1H), 2.06
(s, 3H), 1.86 (d, J = 12.8 Hz, 2H), 1.80 — 1.75 (m, 5H), 1.43 (g, J = 13.6, 12.1 Hz, 2H), 1.33 (t,
J=10.3 Hz, 1H). 3C NMR (150 MHz, DMSO-ds) § 176.9, 153.5, 139.8, 131.3, 125.3, 123.2,
122.8,118.4,113.4, 30.2, 26.4, 25.8, 10.5.%

N
H
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2-heptyl-3-methylquinolin-4(1H)-one (3.1.5j): The title compound was isolated as a white

0 solid using silica-gel column chromatography eluting with ethyl
@\)ID:/\/\/\ acetate/ petroleum ether (1:1), (Yield: 63%), *H NMR (600 MHz,
N DMSO-de) 6 11.35 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.58 (t, J =

7.4 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.24 (t, J = 7.2 Hz, 1H),
2.68 (t, J = 7.8 Hz, 2H), 2.00 (s, 3H), 1.63 (t, J = 7.1 Hz, 2H), 1.37 — 1.27 (m, 8H), 0.86 (t, J
= 6.3 Hz, 3H). 3C NMR (150 MHz, DMSO-dg) & 176.7, 150.2, 139.6, 131.4, 125.5, 123.3,
122.7,118.0, 114.2, 32.1, 31.7, 29.3, 28.9, 28.8, 22.5, 14.4, 10.8.%8

3-methyl-2-nonylquinolin-4(1H)-one (3.1.5k): The title compound was isolated as a white
solid using silica-gel column chromatography eluting with ethyl acetate/ petroleum ether (1:1),
o (Yield: 65%), , 'H NMR (400 MHz, DMSO-ds) & 11.39 (s,
@6’1(/\/\/\/\ 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.57 (t, J = 8.2 Hz, 1H), 7.50
N (d, J = 8.1 Hz, 1H), 7.24 (t, J = 7.5 Hz, 1H), 2.67(t, J = 7.9

Hz, 2H), 1.98 (s, 3H), 1.61 (p, J = 7.6 Hz, 2H), 1.35 — 1.23

(m, 12H), 0.83 (t, J = 6.7 Hz, 3H). 3C NMR (100 MHz, DMSO-ds) & 176.8, 150.3, 139.6,

131.4, 125.4, 123.3, 122.8, 118.0, 114.2, 32.1, 31.7, 29.4, 29.3, 29.2, 29.1, 28.7, 22.5, 14.4,
10.7.%

2-(2,6-dimethylhept-5-en-1-yl)-3-methylquinolin-4(1H)-one (3.1.51): The title compound was

0 isolated as a white solid using silica-gel column chromatography
@\)m eluting with ethyl acetate/ petroleum ether (1:1), (Yield: 52%),

N 'H NMR (600 MHz, CDCls3) § 9.96 (s, 1H), 8.39 (d, J = 8.2 Hz,
1H), 7.54 (q, J = 8.6 Hz, 2H), 7.29 (t, J = 7.8 Hz, 1H), 5.02 (t, J
=7.0 Hz, 1H), 2.81 (dd, J = 13.8, 6.4 Hz, 1H), 2.56 (dd, J = 13.8, 8.7 Hz, 1H), 2.20 (s, 3H),
2.05 (dg, J = 14.8, 6.9, 6.4 Hz, 1H), 1.96 (dq, J = 16.4, 7.1 Hz, 2H), 1.68 (s, 3H), 1.58 (s, 3H),
1.42 —1.37 (m, 1H), 1.28 (ddd, J = 22.6, 13.9, 8.3 Hz, 1H), 0.94 (d, J = 6.6 Hz, 3H). *C NMR
(150 MHz, CDCl3) & 178.1, 148.8, 139.1, 131.7, 131.2, 126.0, 124.1, 123.6, 122.9, 117.3,
116.3,40.2, 36.9, 32.8, 25.7, 25.5, 19.3, 17.7, 11.2. HRMS (ESI-TOF) m/z [M+Na]* calculated
for C10H2sNO 284.2014. Found 284.2027.
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6-chloro-3-methyl-2-phenylquinolin-4(1H)-one (3.1.5m): The title compound was isolated as

a white solid using silica-gel column chromatography eluting with
“l O | ethyl acetate/ petroleum ether (1:1), (Yield: 78%), *H NMR (600
N O MHz, DMSO-ds) & 11.79 (s, 1H), 8.06 (s, 1H), 7.65 (s, 2H), 7.59 —
7.56 (m, 5H), 1.89 (s, 3H). 3C NMR (150 MHz, DMSO-ds) & 176.0,

148.5, 138.5, 135.2, 131.8, 130.0, 129.3, 129.0, 127.7, 124.4, 124.2, 121.1, 115.3, 12.6.18

o

4-o0x0-2-phenyl-1,4-dihydroquinoline-3-carbonitrile (3.1.5n): The title compound was

o) isolated as a white solid using silica-gel column chromatography eluting
O I with ethyl acetate/ petroleum ether (9:1), (Yield: 42%), *H NMR (600
N 0 MHz, DMSO-dg) & 12.79 (brs, 1H), 8.16 (d, J = 7.7 Hz, 1H), 7.82 — 7.79

(m, 3H), 7.76 (d, J = 8.1 Hz, 1H), 7.70 — 7.65 (m, 3H), 7.51 (t, J=7.9

Hz, 1H). *C NMR (150 MHz, DMSO-ds) & 175.6, 157.7, 139.8, 133.9, 132.8, 131.9, 129.3,

129.2, 126.0, 125.3, 124.4, 120.0, 117.4, 93.9. 2

CN

2-phenyl-3-propylquinolin-4(1H)-one (3.1.50): The title compound was isolated as a white

o

L,

solid using silica-gel column chromatography eluting with ethyl acetate/
petroleum ether (4:1), (Yield: 81%), H NMR (600 MHz, DMSO-ds) &
11.58 (s, 1H), 8.14 (d, J = 7.4 Hz, 1H), 7.61-7.53 (m, 7H), 7.31 (t, J= 7.0

s

Hz, 1H), 2.31 (t, J=7.4 Hz, 2H), 1.41 - 1.37 (m, 2H), 0.73 (t, J = 7.4 Hz,
3H). *C NMR (150 MHz, DMSO-ds) § 176.8, 148.6, 139.8, 135.7, 131.7, 129.7, 129.2, 129.0,
125.5,124.1,123.1, 119.6, 118.6, 28.4, 22.5, 14.7. HRMS (ESI-TOF) m/z [M+Na]" calculated
for C1gH17NO 286.1208. Found 286.1219.

2-(4-methoxyphenyl)-3-propylquinolin-4(1H)-one (3.1.5p): The title compound was isolated

as a white solid using silica-gel column chromatography eluting with

h ethyl acetate/ petroleum ether (4:1), (Yield: 75%), *H NMR (600
N O > MHz, DMSO-ds) 5 11.49 (s, 1H), 8.12 (d, J = 8.1 Hz, 1H), 7.62 -7.59
(m, 2H), 7.46 (d, J = 8.3 Hz, 2H), 7.29 (t, J = 6.9 Hz, 1H), 7.13 (d, J =
8.4 Hz, 2H), 3.86 (s, 3H), 2.34 (t, J = 7.8 Hz, 2H), 1.42 - 1.38 (m, 2H), 0.75 (t, J = 7.3 Hz, 3H).
13C NMR (150 MHz, DMSO-ds) & 176.9, 160.3, 148.5, 139.9, 131.7, 130.6, 127.9, 125.4,
123.9, 123.0, 119.7, 118.5, 114.3, 55.8, 28.5, 22.5, 14.6. HRMS (ESI-TOF) m/z [M+Na]*
calculated for C19H10NO> 316.1313. Found 316.1322.

[0}
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2-(4-chlorophenyl)-3-propylquinolin-4(1H)-one (3.1.59): The title compound was isolated as

(0]

|
N
H

e

N
o’

Cl

a white solid using silica-gel column chromatography eluting with ethyl
acetate/ petroleum ether (4:1), (Yield: 86%), 'H NMR (600 MHz,
DMSO-de) & 11.60 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.65 — 7.62 (m,

1H), 7.57 (d, J = 8.3 Hz, 3H), 7.32 (t, J = 7.5 Hz, 1H), 2.30 (t, J = 7.7

Hz, 2H), 1.38 (g, J = 7.5 Hz, 2H), 0.74 (t, J = 7.3 Hz, 3H). 3C NMR (150 MHz, DMSO-d) &
176.8, 147.4, 139.8, 134.6, 134.4, 131.9, 131.2, 129.1, 125.5, 124.0, 123.2, 119.7, 118.6, 28.3,
22.4, 14.6. HRMS (ESI-TOF) m/z [M+Na]" calculated for C1gH1sCINO 320.0818. Found

320.0824.

3-propyl-2-(4-(trifluoromethyl)phenyl)quinolin-4(1H)-one (3.1.5r): The title compound was

(o}

L]

N
H

()

CF;

isolated as a white solid using silica-gel column chromatography
eluting with ethyl acetate/ petroleum ether (4:1), (Yield: 55%), H
NMR (600 MHz, DMSO-ds) 6 11.65 (s, 1H), 8.15 (d, J = 8.0 Hz, 1H),

7.96 (d, J = 8.0 Hz, 3H), 7.79 (d, J = 7.9 Hz, 3H), 7.64 (t, J = 7.1 Hz,

1H), 7.57 (d, J = 8.3 Hz, 1H), 7.33 (t, J = 7.4 Hz, 1H), 2.30 (t, J = 7.7 Hz, 2H), 1.40 (4, J = 7.5
Hz, 2H), 0.73 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, DMSO-de) 5 176.8, 147.1, 139.9, 139.6,
131.9, 130.4, 130.1 (q, J = 32.0 Hz), 125.9 (q, J = 3.8 Hz), 125.5, 124.5 (q, J= 271.5 Hz), 124.1,
123.3, 119.7, 118.6, 28.3, 22.4, 145. HRMS (ESI-TOF) m/z [M+H]* calculated for
C19H16F3NO is 332.1262. Found 332.1209.

3-propyl-2-(thiophen-2-yl)quinolin-4(1H)-one (3.1.5s): The title compound was isolated as a

o

N
H

s
N/

white solid using silica-gel column chromatography eluting with ethyl
acetate/ petroleum ether (4:1), (Yield: 65%), *H NMR (600 MHz, DMSO-
de) 5 11.61 (s, 1H), 8.12 (d, J = 8.0 Hz, 1H), 7.87 (d, = 5.0 Hz, 1H), 7.63
(s, 2H), 7.46 (d, J = 3.3 Hz, 1H), 7.32 — 7.28 (m, 2H), 2.47 (t, J = 7.8 Hz,

2H), 1.40 (q, J = 7.5 Hz, 2H), 0.83 (t, J = 7.3 Hz, 3H). 3C NMR (150 MHz, DMSO-ds) &
176.7, 141.4, 139.9, 135.3, 132.0, 129.9, 129.1, 127.9, 125.5, 123.9, 123.3, 121.2, 118.6, 28.7,
22.9, 14.6. HRMS (ESI-TOF) m/z [M+H]" calculated for C16H1sNOS is 270.0953. Found

270.0976.
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2-(benzo[d][1,3]dioxol-5-yl)-3-methylquinolin-4(1H)-one (3.1.5t): The title compound was
o) isolated as a white solid using silica-gel column chromatography
O NI o eluting with ethyl acetate/ petroleum ether (9:1), (Yield: 40%), H
H O o> NMR (600 MHz, DMSO-ds) 6 11.50 (s, 1H), 8.12 (d, J = 8.0 Hz, 1H),
7.60 (q, J =8.0 Hz, 2H), 7.29 (t, J = 7.2 Hz, 1H), 7.11 (d, J = 9.2 Hz,
2H), 7.01 (d, J = 7.8 Hz, 1H), 6.15 (s, 2H), 2.47 (t, J = 7.8 Hz, 2H), 1.40 (q, J = 7.5 Hz, 2H),
0.76 (t, J = 7.3 Hz, 3H). 13C NMR (150 MHz, DMSO-ds) 5 176.9, 148.4, 148.2, 147.7, 139.8,
131.7, 129.3, 125.5, 123.9, 123.2, 123.0, 119.7, 118.5, 109.7, 108.8, 101.9, 28.4, 22.4, 14.7.
HRMS (ESI-TOF) m/z calculated for C19H17NO3 is 330.1106. Found 330.1108.

2-(3-methoxyphenyl)-3-propylquinolin-4(1H)-one (3.1.5u): The title compound was isolated

o as a white solid using silica-gel column chromatography eluting with

O | . ethyl acetate/ petroleum ether (9:1), (Yield: 87%), *H NMR (600 MHz,

N O ~ | DMSO-ds) & 8.08 (d, J = 8.0 Hz, 1H), 7.57 — 7.54 (m, 2H), 7.44 (t, J =
8.1 Hz, 1H), 7.24 (ddd, J = 8.0, 5.8, 2.1 Hz, 1H), 7.08 (dd, J = 9.1, 1.8
Hz, 1H), 7.04 — 7.03 (m, 2H), 3.78 (s, 3H), 2.30 (t, J = 7.8 Hz, 2H), 1.36 (q, J = 7.9 Hz, 2H),
0.70 (t, J = 7.4 Hz, 3H). *C NMR (150 MHz, DMSO-ds) & 181.6, 164.3, 153.1, 144.6, 141.7,
136.4, 134.9, 130.2, 128.7, 127.8, 126.1, 124.2, 123.3, 120.0, 119.4, 60.5, 33.2, 27.2, 19.4.

HRMS (ESI-TOF) m/z calculated for C19H19NO> is 294.1494. Found 294.1492.

2-heptyl-3-propylquinolin-4(1H)-one (3.1.5v): The title compound was isolated as a white

solid using silica-gel column chromatography eluting with ethyl

@\)ID&//\/\ acetate/ petroleum ether (1:1), (Yield: 50%), *H NMR (500 MHz,

N CDCls) & 11.35 (s, 1H), 8.25 (d, J = 8.1 Hz, 1H), 7.59 — 7.57 (m,

1H), 7.40 (t, J = 7.6 Hz, 1H), 7.15 (t, J = 7.6 Hz, 1H), 2.62 (t, J =

7.6 Hz, 2H), 2.53 (t, J = 7.6 Hz, 2H), 2.30 (t, = 7.5 Hz, 1H), 1.57 (q, J = 7.2 Hz, 2H), 1.48 (q,

J=7.2 Hz, 2H), 1.27 — 1.07 (m, 6H), 0.85 (t, J = 7.3 Hz, 2H), 0.80 (t, J = 6.9 Hz, 2H), 0.75 (t,

J=7.0Hz, 3H). 3C NMR (125 MHz, CDCl3) § 177.6, 139.5, 131.0, 125.5, 123.8, 123.0, 120.0,

118.0, 34.4, 34.3, 32.3, 31.7, 29.8, 29.7, 29.6, 29.1, 28.9, 28.9, 27.7, 24.9, 22.9, 22.6, 22.6,

14.4,14.1, 14.0. HRMS (ESI-TOF) m/z [M+H]" calculated for C19H27NO is 286.2171. Found
286.2133.
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2-cyclohexyl-3-propylquinolin-4(1H)-one (3.1.5w): The title compound was isolated as a

o white solid using silica-gel column chromatography eluting with ethyl

I acetate/ petroleum ether (1:1), (Yield: 51%), *H NMR (600 MHz, DMSO-
ds) § 10.70 (s, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.57
(t, J=7.6 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H), 2.93 (t, J = 12.1 Hz, 1H), 2.55
(t, J=7.6 Hz, 2H), 1.86 — 1.80 (m, 4H), 1.76 — 1.68 (m, 3H), 1.45 — 1.33 (m, 5H), 0.91 (t, J =
7.3 Hz, 3H). 3C NMR (150 MHz, DMSO-ds) 5 176.7, 153.6, 139.9, 131.4, 125.4, 123.5, 122.7,
118.2, 118.2, 30.8, 26.8, 26.4, 25.7, 23.4, 14.5. HRMS (ESI-TOF) m/z [M+H]" calculated for
C18H23NO is 270.1858. Found 270.1565.

N
H

2-(4-methoxyphenyl)-3-phenylquinolin-4(1H)-one (3.1.5x): The title compound was isolated

o as a white solid using silica-gel column chromatography eluting with
O | O ethyl acetate/ petroleum ether (4:1), (Yield: 40%), *H NMR (600 MHz,
N O DMSO-ds) & 11.64 (s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 7.71 — 7.65 (m,

o 2H), 7.34 (t, J = 6.9 Hz, 1H), 7.24 (d, J = 8.7 Hz, 2H), 7.19 (t, J = 7.4

Hz, 2H), 7.13 (d, J = 7.2 Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 3.75 (s,
3H).1*C NMR (150 MHz, DMSO-dg) & 175.8, 160.0, 148.7, 140.1, 136.4, 132.2, 132.1, 131.4,

127.8,127.7, 126.3, 125.7, 125.0, 123.5, 120.7, 118.8, 113.9, 55.7.12

3-benzyl-2-(4-methoxyphenyl)quinolin-4(1H)-one (3.1.5y): The title compound was isolated

as a white solid using silica-gel column chromatography eluting with
ethyl acetate/ petroleum ether (4:1), (Yield: 92%), *H NMR (600 MHz,
DMSO-ds) 6 11.64 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 3.6 Hz,
2H), 7.40 (d, J = 8.3 Hz, 2H), 7.33 (dt, J = 7.9, 3.9 Hz, 1H), 7.16 (t, J =
7.4 Hz, 2H), 7.09 (t, J = 7.0 Hz, 3H), 7.0 (d, J = 7.5 Hz, 2H), 3.83 (s,
3H), 3.78 (s, 2H). *C NMR (125 MHz, DMSO-dg) § 176.7, 160.5, 149.4, 142.1, 140.1, 131.9,
130.6, 128.4, 128.3, 127.5, 125.7, 125.5, 124.2, 123.3, 118.7, 118.1, 114.4, 55.8, 31.6. HRMS
(ESI-TOF) m/z [M+Na]* calculated for C23H19NO2 364.1313. Found 364.1316.
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3-benzyl-4-bromo-2-phenylquinoline (3.1.16): *H NMR (600 MHz, CDCls3) § 8.32 (d, J=8.4

Hz, 1H), 8.19 (d, J = 8.4 Hz, 1H), 7.79 (t, J = 7.6 Hz, 1H), 7.69 (t, J = 7.6
Hz, 1H), 7.42 — 7.38 (m, 5H), 7.21 (dt, J = 13.6, 6.9 Hz, 3H), 6.95 (d, J =
7.3 Hz, 2H), 4.45 (s, 2H). *C NMR (150 MHz, CDCls) & 161.4, 147.1,
140.6, 138.8, 137.9, 132.3, 130.0, 129.8, 128.6, 128.5, 128.4, 128.2, 128.1,
127.9,127.6, 127.2, 126.1, 39.6. HRMS (ESI-TOF) m/z [M+H]" calculated

for CooH16BrN 374.0544. Found 374.0528.

3-benzyl-2,4-diphenylquinoline (3.1.17): *H NMR (600 MHz, CDCls) § 8.23 (d, J = 8.4 Hz,

SI®
L o

1H), 7.72 (t, J = 7.4 Hz, 1H), 7.46 — 7.41 (m, 7H), 7.36 (s, 3H), 7.24 (d, J
= 3.9 Hz, 2H), 7.03 (d, J = 5.5 Hz, 3H), 6.60 (d, J = 5.9 Hz, 2H), 4.05 (s,
2H). 3C NMR (150 MHz, CDCls) & 161.6, 148.8, 146.6, 141.3, 140.7,
137.0,129.6,129.5, 129.4, 129.0, 128.7, 128.3, 128.2, 128.1, 127.9, 127.8,
127.4, 126.4, 126.3, 1255, 36.1. HRMS (ESI-TOF) m/z [M+H]*

calculated for CogH21NO 372.1752. Found 372.1764.

3-benzyl-4-chloro-2-phenylquinoline (3.1.18): *H NMR (600 MHz, CDCl3) § 8.33 (d, J=8.4

L
e

Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 7.80 (t, J = 7.6 Hz, 1H), 7.69 (t, J = 7.6
Hz, 1H), 7.43 — 7.41 (m 5H), 7.24 — 7.19 (m, 3H), 6.95 (d, J = 7.4 Hz, 2H),
4.40 (s, 2H). 13C NMR (150 MHz, CDCls) & 161.5, 147.1, 143.4, 140.4,
138.9, 130.0, 129.9, 129.8, 128.6, 128.5, 128.3, 128.2, 128.1, 127.5, 126.1,
125.8, 124.3, 36.6. HRMS (ESI-TOF) m/z [M+H]" calculated for

C22H16CIN 330.1050. Found 330.1025.
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3.11. Coples of H and 13C spectra of newly synthesised compounds
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Synthesis of Acridine-1,8-diones Catalyzed by Ru-doped Hydrotalcite

4.1. Introduction:

Nitrogen-containing heterocycles have found profound applications as drugs,'® flavors,*
vitamins,’¢ agrochemicals'® and dyes.'® Thus, the development of new atom-economical and
environmentally benign synthetic routes for the heterocycles is always demanding. The past
decade witnessed explosive growth in catalytic (de)hydrogenative utilization of renewable
alcohols by homogeneous transition metal complexes.>® These de(hydrogenative)
transformations have proven to be extremely useful for the synthesis of a wide range of
heterocycles in a sustainable manner. Multicomponent reactions have several advantages, as
these types of reactions are considered to be green in terms of productivity, energy saving, and
step-economy. Thus, the one-pot multicomponent dehydrogenative synthesis of N-heterocycle
is considered highly sustainable and economically viable.*®

In this regard, a few examples are noteworthy to mention, as Beller and co-workers reported a
unique ADMCR strategy to prepare pyrroles via one-pot three-component (ketones, amines,
and 1,2-diols) coupling. In 2019, Rueping and co-workers also published the same reaction

with manganese catalyst (Scheme 4.1).

o OH R2 RS
2 3, R®
R1u\/R T RUNH + R“J\r R1—Z':\S~R4
OH + 3

")

Ph,P—Mi—PPh, | Br

[RuCl,(p-cymene)], (1mol%) OC/
Xantphos (2 mol%) co
Beller 2017 El-Sepelgy and Rueping 2019

Scheme 4.1. Synthesis of pyrroles via one-pot three-component

Later, in 2015, Kempe reported Ir-complex catalyzed multicomponent pyrimidine synthesis
from a combination of amidine, primary alcohol, and secondary alcohol. Two equivalents of
hydrogen and water were released during this sustainable three-component coupling process.
Later, they extended their methodology and reported consecutive four-component reactions for
pyrimidine synthesis. The reaction involves a series of dehydrogenation, borrowing hydrogen,
and condensation reaction, which leads to the formation of selective C-C and C-N bonds.
Condensation step results in deoxygenation of alcohols and dehydrogenation gives rise to
aromatization. Later in 2017, Kempe introduced a manganese catalyst to illustrate three and
four-component pyrimidine synthesis (Scheme 4.2). Later, other reports were also published
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with various transition metal-based complexes that were also found suitable for this

transformation.*®

4
+3H,0

OH " R4 N)tN HO OH
J\ 9 + »& 1% 3 *2H0 J\ + '\ 1 \ 1
R! ] + '\Rﬁ H,N"SNH R f R® 42 H, R J\(L +2H,
R R (
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1.3i and1.3e
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© oc’ ¢o Br oc (l:o H cr Ycl @ .....................
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Scheme 4.2. Synthesis of pyrimidines via ADMCR strategy using Ir, Mn, Fe and Ni

complex

Milstein and co-workers reported the synthesis of N-substituted pyrroles via one-pot synthesis
of NH-pyrroles followed by N-alkylation with acridine-derived Ru complex (Scheme 4.3).
First, a reaction between alcohol and ammonia creates a benzyl amine derivative. After that,
benzyl amine reacted with in situ formed 1,4-diketone via dehydrogenation of 1,4-diol to afford
the N-alkylated pyrrole product. If the ammonia directly reacts with the in situ formed 1,4-
diketone, then it will give NH-pyrrole derivative which is the small side product of this
reaction. Therefore, two competitive reactions can take place in this approach and it was
observed that the primary alcohols are more reactive towards ammonia than secondary ones
and quickly affords the N-substituted pyrroles. Increasing the amount of primary alcohol to
1,4-diol derivative increases the concentration of the primary amine and favors its attack to

form the desired N-substituted pyrrole product (Scheme 4.3).*

4 R ’(I__‘)\
u
R)\/\rR + R1’\0H + NH3 #, R N R

O - 2H,, -3H,0 C,

[Ru]

RI™NOH ——=  R'NH, OH
HO R I\
NH; SN —— g H~r
-H,0 \—R! -2H,0 k
Fast R’
)\/Y - . R)\/\fr [R”] R R’
-] R HN l
NH, NH; 4,0 RZN R
-H,0, +H, side product
Slow

Scheme 4.3. Synthesis of N-alkylated pyrrole via ADMCR

128

TH-3203_176122045



Synthesis of Acridine-1,8-diones Catalyzed by Ru-doped Hydrotalcite

In the above section, important examples related to multicomponent reactions by homogeneous
complexes were discussed. Although homogeneous catalysts are well known for their
remarkable reactivity, they have significant drawbacks, including high cost, low recovery,
complicated synthetic procedures for ligand preparation, and average scalability. In
comparison, heterogeneous catalysts have distinct advantages in terms of operational
simplicity, cost-effectiveness, catalyst recycling, and reusability.®"#

So, keeping in mind the convenience of multicomponent reactions and heterogeneous catalysts,
it was therefore envisioned that a heterogeneous catalyst could be utilized for ADMCR reaction
to create biologically important N-heterocycles like acridine-1,8-dione, as they are known for
their wide range of pharmacological properties like antitumor,® cytotoxic,* anticancer,* anti-
fungal,®® antimicrobial,® antimalarial,*" and GCN5 inhibiton® (Figure 4.1).

CN =
OPh — 9
> S o [o]
o o o [o] (o] (] O O

I 1 11 L N

11 N

N N N \N/\)

H H H H

Virus Thymidine Kinase Electrographic

Inhibitor toners and developers Antitumor agents Antimicrobial Agent Monometacrine

[¢]
N0 J

oy "o T
:

Botiacrine Clomacran Acridinecarboxamide

Amsacrine

Figure 4.1. Biologically active 1,8-dioxodecahydroacridines derivatives
4.2 Our work:

In this chapter, Ru-fabricated hydrotalcite has been synthesized and well-characterized with
FETEM, XPS, PXRD, TGA, ICP-AES, etc. In addition, the scope and limitations of the
developed catalysts were explored in the ADMCR reaction. In chapter 1, we have thoroughly
discussed the catalytic applicability of Ru-fabricated hydrotalcite in acceptorless
dehydrogenation and borrowing the hydrogen approach. The catalyst is quite versatile, tunable,
and easy to synthesize. In addition, the present protocol offers three-fold advantages: the use
of renewable starting materials, the formation of environmentally benign by-products (Hz and
H20), and the recyclability of the catalyst. To highlight the practical utility, the gram-scale
synthesis of acridine-1,8-dione was also performed. In addition, detailed mechanistic

investigations and kinetic studies were also carried out.
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4.3. Results and discussions:
4.3.1. Material characterization:

Ru-grafted hydrotalcite was prepared by the literature procedure!® 3 with slight variation. In
previous studies, HT, MgsAl2(OH)16CO3 was generally treated with an aqueous solution of
RuCls.nH20 at room temperature, which later afforded the Ru/HT as a gray powder. Here, the

modification is the use of 1M NaOH solution.
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Figure 4.2 (a) Figure 4.2 (b)

Figure 4.2. (a) PXRD and (b) FTIR pattern of HT and Ru-HT.

Inductively coupled atomic emission spectroscopy (ICP-AES) analysis indicated that the Ru
content is 0.918%. Analysis of PXRD patterns and FT-IR of both Ru-HT and hydrotalcite
underpins that the original hydrotalcite structure is retained in the prepared Ru-HT (Figure 4.2).
TEM images of the prepared Ru-HT was also taken, which showed uniform distribution of Ru

metal particles over the support (Figure 4.3 and 4.4).
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Project 1

300nm

300nm

m

Figure 4.3 Figure a4

Figure 4.3. TEM images of Ru-HT and Figure 4.4. TEM-EDS mapping images: (a) FETEM
image of Ru-HT, (b) overlap, (c) Al, (d) Mg, (e) O, (f) Ru.

TGA profile reflects that the pattern of weight loss for both Ru-HT and the hydrotalcite support
is similar. The steady loss of mass below 100 °C is due to physisorbed water. The next rapid
depletion of mass (9.25%) within the region (~180 °C to 240 °C) is associated with the loss of
interlayer water; and the weight loss between ~300 °C to 580 °C, reflects dehydroxylation and
decarbonation (Figure 4.5). In the XPS study, a high magnification Ru 3p scan of Ru-HT
shows the binding energy of Ru 3psz and 3p12 at 462.8 and 485.2 eV respectively, 1910 which
indicate that the Ru existing in +4 oxidation state. The deconvoluted Ru 3d spectrum shows
two closely separated peaks corresponding to Ru 3ds2 and Ru 3ds, located at 281.3 and 285.8
eV respectively. The 287.7 eV curve belongs to sp? C 1s (CO3?) of HT (Figure 4.6). Moreover,
the absence of Cl in elemental mapping as well as in XPS analysis also validates the successful
anchoring of Ru into the support. XPS analysis indicates that the Ru exists in +4 oxidation

state. This is further supported by a silent EPR spectrum.!!
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Figure 4.5. TGA curves of Ru-HT and HT, Figure 4.6. (a) XPS pattern of Ru 3p at Ru-H, (b)
XPS pattern of Ru 3d at Ru-HT and (c) XPS survey spectrum of Ru-HT.

4.3.2. Optimization of the reaction condition for the synthesis of acridine-1,8-diones:

Next, the scope and limitation of the prepared catalyst were investigated in the dehydrogenative
multicomponent synthesis of acridine-1,8-dione derivatives. Here urea has been used as a
nitrogen source!? to synthesize acridine-1,8-diones. To find out the optimum reaction
conditions, various reaction parameters were screened employing benzyl alcohol 4.1.1a,
dimedone 4.1.2, and urea 4.1.3, as our model substrates (Table 4.1). When a mixture of benzyl
alcohol (1 mmol), dimedone (0.5 mmol), and urea (1 mmol) was heated at 110 °C under the
neat condition for 36 h in the presence of 50 mg Ru-HT catalyst under argon (Table 4.1, Entry
1), 54% of 3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
4.1.4a was obtained. For further improvement of the yield of the desired product, ratios of the
reactants were varied. Interestingly, it was observed that on increasing the amount of benzyl
alcohol to 2 mmol, an enhancement in the yield (64%) of the product was attained (Table 4.1,
Entry 2). Varying the concentration of urea (2 mmol) along with the alcohol did not improve
the yield (Table 4.1, Entries 3-5). The yield of the desired product was further improved by
the addition of 20 mol% KO'Bu. Bases like KOH and K2CO3 were found inferior compared to
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KO'Bu (Table 4.1, Entries 8-11). Under the identical condition, solvents like tamyl alcohol,
toluene, and dioxane afforded lower yield (Table 4.1, Entries 12 to 14), and the applicability
of ammonium acetate, ammonium formate, and thiourea was found inferior compared to urea
(Entries 15,16 and 17). Notably, support HT without any Ru-doping failed to activate alcohol.
Similarly, only KO'Bu resulted in a trace amount of the product (Table 4.1, Entries 18 & 20).
Interestingly, when the reaction was performed under identical conditions in a 30 mL Ace
pressure tube under argon, the yield of 4.1.4a was further improved to 85% (Table 4.1, Entry
23).

Table 4.1. Screening table:

©/\ Catalyst Base o o]
H, 110 °C

414a 413 N
4.1.42°
Entry Catalyst Stoichiometric Base Solvent | Yield (%0)°
ratio (1a:2:3) (20 mol%o)
1 Ru-HT 1:0.5:1 = - 54
2 Ru-HT 2:0.5:1 - - 64
3 Ru-HT 2:0.5:2 - - 62
4 Ru-HT 3:0.5:1 - - 68
5 Ru-HT 3:0.5:2 - - 67
6° Ru-HT 2:0.5:1 - - 68
7 Ru-HT 2:0.5:1 - - 58
8 Ru-HT 2:0.5:1 KO'Bu - 78
9 Ru-HT 2:0.5:1 KO'Bu (1 equiv) - 75
10 Ru-HT 2:0.5:1 KOH - 72
11 Ru-HT 2:0.5:1 K2COs3 - 62
12 Ru-HT 2:0.5:1 KO'Bu tAmyl alc. 46
13 Ru-HT 2:0.5:1 KO'Bu Toluene 32
14 Ru-HT 2:0.5:1 KO'Bu Dioxane 25
15 Ru-HT 2:0.5:1 KO'Bu - 32
16 Ru-HT 2:0.5:1 KO'Bu - 28
17 Ru-HT 2:0.5:1 KO'Bu - 35
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18 - 2:0.5:1 KO'Bu - Trace

19 RuClz.nH0 2:0.5:1 KO'Bu - Trace

20 HT 2:0.5:1 KO'Bu - Trace

21° Ru-HT 2:0.5:1 KO'Bu - 44

22 Ru-HT 2:0.5:1 KO'Bu - 35

239 Ru-HT 2:0.5:1 KO'Bu - 85

24" Ru-HT 2:0.5:1 KO'Bu - 80

25 Ru-HT 2:0.5:1 - - 65
3Reaction conditions: 110 °C (Oil bath temperature), 36 h, under Ar. Plsolated yield. 80 mg
Ru-HT. 940 mg Ru-HT. ¢Oil bath temperature 140 °C. ‘Oil bath temperature, 80 °C. 930 mL
Ace pressure tube packed with Ar. "30 mL Ace pressure tube in air.

4.3.3. Substrate scope acridine-1,8-dione derivatives:

After optimizing the reaction conditions, it was sought to explore the versatility and limitations
of our developed protocol. Under the optimized conditions, various alcohols have been
employed to synthesize a diverse range of hexahydroacridine-1,8-diones. Aromatic ring
containing electron-donating or electron-withdrawing functional groups at various positions of
the aryl rings efficiently produced the corresponding acridine-1,8-diones. The halogen group
was well survived under the reaction condition and no dehalogenated product was observed.
(Scheme 4.4, entries 4.1.4e and 4.1.4f). Unfortunately, 4-nitrobenzyl alcohol unable to afford
any desired product. Our protocol provides a route to synthesize compound 4.1.4h, which is
used to treat infections caused by herpes simplex virus.'** Compound 4.1.4k is used in
electrophotographic toners and developers.*3 To our delight, 4.1.4k was isolated in 68% yield
using heteroaromatic alcohol such as 2-thiophene methanol as substrate. Encouraged by this,
our attention was turned toward aliphatic alcohols as these are considered challenging
substrates for dehydrogenation reactions. However, it was observed that under the optimum
condition, the yield was poor. Increasing the temperature to 140 °C also did not furnish the
desired acridine-1,8-dione in good yield. Therefore, the reaction was carried out consecutively
via dehydrogenation of alcohol at 140 °C followed by the addition of dimedone and urea.
Delightfully, the sequential addition resulted in excellent yield for aliphatic alcohols (Scheme
4.4, entries 4.1.41 and 4.1.4m).
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o o R1

0

fL Ru-HT, 20 mol% KO'Bu H

~ + + 2
R “OH +o H,N” “NH, INI

110 °C, Argon, 30 ml
411 41.2 4.1.3  Ace pressure tube, 36 h 4.1.4a-mlalb]

R1= Alkyl, Aryl, Heteroaryl

o cl
(o] o o (o] o) (o] o (o]
11 11 11 11
N N N N
H H H H
4.1.4a, 84% 4.1.4b, 84% 4.1.4¢c, 75% 4.1.4e, 65%
Br NO, o\
o (o}
Ph”
o (o) (o) [o] o (o] (o) [o]
11 11 [ 11
N N N N
H H H H
4.1.4f, 78% 4.1.4g, 0% 4.1.4h, 77% 4.1.4i, 78% 4.1.4j, 72%

Virus Thymidine Kinase

Inhibitor
SR/
o (o] (o) (o} o (o]
11 [ I 1
N N N
H H H

4.1.4k, 68% 4.1.41, 75%!°] 4.1.4m, 72%!°]
Electrostatographic
toners and developers

8Reaction conditions: 4.1.1 (2 mmol), dimedone (0.5 mmol), urea (1 mmol) heated at 110 °C

(oil bath temperature) for 36 h in 30 mL Ace pressure tube in Ar, Plsolated yield, ‘Primary
alcohol (2 mmol), 50 mg Ru- HT (Ru content ~ 0.5 mg) was treated at 140 °C (oil bath
temperature) for 18 h, followed by addition of 20 mol% KO'Bu, dimedone (0.5 mmol) and urea
(2.0 mmol) heated at 110 °C for 12 h.

Scheme 4.4. Synthesis of hexahydroacridine-1,8-dione derivatives

4.3.4. Optimization of the reaction condition for the synthesis of N-substituted acridine-

1,8-diones:

Next, the scope of various amines to synthesize N-substituted acridine-1,8-dione was
investigated. The screening for the optimum condition of the reaction was discussed in Table
4.2.
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Table 4.2. Optimization of the reaction conditions.

Cat., (50 mg), Base

o b e
4114 Neat condition : I
4.2.5a°
Entry Cat. Stoichiometric Base Solvent | YieldP! (%)
Ratio (mmol) (20 mol%o)
la:2:3
1 Ru-HT 0.5:1:0.5 - - 30
2 Ru-HT 1:1:0.5 - - 42
3 Ru-HT 2:1:0.5 - - 50
4 Ru-HT 3:1:0.5 - - 95
5 Ru-HT 4:1:0.5 - - 58
6 Ru-HT 3:1:0.5 - - 56
7 Ru-HT 3:1:0.5 - - 48
8 Ru-HT 3:1:0.5 KO'Bu - 71
9 Ru-HT 3:1:.05 KO'Bu - 70
(1equiv)
10 Ru-HT 3:1:0.5 KOH - 68
11 Ru-HT 3:1.0.5 K2CO3 - 54
12 Ru-HT 3:1:.0.5 KO'Bu ‘Amyl 40
alcohol
13 Ru-HT 3:1:0.5 KO'Bu Toluene 35
14 Ru-HT 3:1:0.5 KO'Bu Dioxane 25
15 - 3:1:.05 KO'Bu - Trace
16 RuClz.nH20 3:1:.05 KO'Bu - Trace
17 HT 3:1:.0.5 KO'Bu - Trace
18 Ru-HT 3:1:0.5 KO'Bu - 55
19 Ru-HT 3:1:0.5 KO'Bu - 78
20 Ru-HT 1.5:1:0.5 KO'Bu - 54

tube.

3Reaction conditions: 50 mg Cat 0.918% Ru-HT, 140 °C, Ar for 36 hour, Plsolated yield.
°Catalyst loading (80 mg). “Catalyst loading (40 mg). eTemperature 110 °C. f30 mL Pressure

TH-3203_176122045
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4.3.5. Substrate scope N-substituted acridine-1,8-dione derivatives:

o R'" 0O
Ru-HT, 20 mol% KO'Bu
R"™SOH + b{—‘ + R2-NH, —_— 11 . + H
411 o S 413 140 °C, Argon, 30 ml  ** N i
R'= Alkyl, Aryl, 41.2 R?= Aryl, Alkyl, ACe pressure tube, 36 h R?
Heteroaryl Benzyl 4.2.5a-y»P

R1
4.2.5a, R'=-H, 71%, R! 4.2.5h, R'= -OMe, 81% 0
4.2.5b, R' = -OMe, 80%, 4.2.5i, R' = -OPh, 85%
o o 4.2.5¢, R = -Me, 86% o o
4.2.5d, R' = -'Bu, 90%
1 1 4.2.5¢, R' = -Cl, 81%
é 4.2.5f, R' =-F, 81% N

4.2.5g, R = -NO2, 0% yield f f

4.2.5a-g 4.2.5h-i 4.2.5), 72% 4.2.5k, 75%

Antimicrobial agent
:; : ;OMe

o
|
N N N
Y,
R:1 5q, 90%
4.2. 5| 72% 4.2.5m, 68% NS
4.2.50, R'= -CH;, 70%

4.2.5p, R'=-Br, 81%

58%, 4.2.5n:5n" 4:1

o R' O
R1
[
fN)

o) o)
o] o]
11 R
N 4.2.5y, 0% yield
N 4.2.5u, R" = -CH,CH,CHy, 45% §oeye
Z N R? 4.2.5v, R" = -CH,(CH,)sCH3, 35%, (72%)I°]
N3 4.2.5s, R'= -H, -CH,(CH,),CH3, 70% 4.2.5w, R = -CH,(CH,),CH3, 25%, (68%)L°!

4.2.5r,55%  4.2.5t, R'= -4-OMe, R?= -CH,(CH,),CH3, 75% 4.2.5x, R' = -CH,CHj, 42%]

#Reaction conditions: 4.1.1 (3 mmol), dimedone (1.0 mmol), 4.1.3" (0.5 mmol), 50 mg Ru-HT
(Ru content ~ 0.5 mg), 20 mol% KO'Bu, 140 °C, Ar, 30 mL Ace pressure tube for 36 h.
blsolated yield. ¢Yield in parenthesis is for consecutive addition. “Ethanol (0.5 mL), 160 °C.

Scheme 4.5. Synthesis of N-substituted acridine-1,8-dione derivatives.

Upon heating various aromatic alcohols (3.0 mmol), dimedone (1.0 mmol), aniline (0.5 mmol)
at 140 °C in the presence of 50 mg Cat and 20 mol% KO'Bu under argon atmosphere led to the
formation of the corresponding products in good isolated yields after 36 h (Scheme 4.5, 4.2.5a-
5g, 5h-i, 5m). Anilines containing electron-withdrawing and electron-donating substituents at
the para position were compatible with different alcohols and dimedone to form corresponding
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hexahydroacridine-1,8-diones. Our methodology offers a route to synthesize antimicrobial
agent 4.2.5k** in 75% yield. When (E)-4-styrylaniline was used, desired 5n was formed in
moderate yield together with small amount of C=C reduction product 4.2.5n"(5n:5n"
4:1).(Scheme 4.5, Entry 4.2.5n and 4.2.5n"). Benzyl amine, heterocyclic amine or aliphatic
amines such as butyl amine, 2-aminopyridine, and hexylamine responded well to give the
desired product (4.2.59-5t) in good yield.

Anilines reacting with different aliphatic alcohols and dimedone afforded the desired
heterocycles in moderate yields whereas ethanol failed to give any product. However, 4.2.5x
was isolated in 42% yield just by increasing the temperature to 160 °C. Unfortunately, in the
case of cyclohexanol, no product formation was observed even at 160 °C. A gram-scale
synthesis was also performed to check the scalability of our developed catalytic protocol. Of
note, an excellent yield of 4.2.5a (70%, 1.190 gm) was obtained even with a lower amount of

alcohol.

4.4. Reaction mechanism:

Two possible mechanistic pathways are proposed for this dehydrogenative multicomponent
reaction, which is depicted in Scheme 4.6. An equimolar amount of dimedone and aniline can
react to form S-enaminone 4.1.A, which upon condensation with another molecule of dimedone
(pathway 1a) would generate intermediate 4.1.B. Intermediate 4.1.B can react further with the
aldehyde formed by the dehydrogenation of alcohol to furnish the final product, 4.2.5b.
Another possibility is the condensation of dimedone with the in situ formed aldehyde to furnish
Knoevenagel adduct 4.1.C. This Knoevenagel adduct can eventually react with intermediate
4.1.A (p-enaminone) and may generate the target product 4.2.5b (pathway 1b). Another
proposed pathway is pathway 1c.
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pathway1. e N
OH o Dehydrogenation | R' O o OH R' O !
R~/ and S
411 ¢ Condensation
0 -H, H,0 o 0 -
4.1.2 ’ (0] OH
Knoevenegal Adduct 4.1.D
41.C :' o R' O |
L XX |
. N p2 . !
NRo ;
o H :
o o R O o !
NH Pathway NH 1. Pathway 1c NH !
-H,0 ) +. 0
41.A R? 1b R2 A1A R2?
4.1.E e
Pathway1a|--- -~~~ -~
(0] H -

Pathway 2:
N
R1~0H 1 R1 OH Hz o R1 O,H RZNHZ o R1
4.1.1 k/‘ &
L I [N R S ) —_——
o ob< OR'" 0 0 m m
4.1.2 4.1.2 : OH ol t2
NH, o O 1
R2 T, AR - 4.1.D 4.2.5b
413

Scheme 4.6. Plausible Mechanism

The intermediate 4.1.C also can react with dimedone to furnish 4.1.D, which eventually reacts
with g-enaminone 4.1.A to give the final product 4.2.5b (pathway 1c). Furthermore, in
pathway 2, the formed aldehyde would first undergo condensation with 2 equivalents of
dimedone to form intermediate 4.1.D which can lead to the formation of acridine 1,8 dione,
4.2.5b via condensation with the aniline.
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4.5. Mechanistic investigation:

To shed light on the preferred pathway, some control experiments have been performed. At
first, the dehydrogenative property of our catalyst was examined. Delightfully, the 4-methoxy
benzaldehyde was formed in 65% yield even in the absence of a traditional inorganic base
(Scheme 4.6.1).

—_—
MeO MeO

o
4.1.1b 140 ;’;ﬁrgm 65%
1 mmol NMR yield

Scheme 4.6.1. Control experiment 1

When, the reaction of aniline, dimedone, and 4-methoxybenzyl alcohol was stopped after 1 h,
S-enaminone 4.1.A was isolated in 82% yield (experiment 2). After 1 h the conversion of
alcohol to aldehyde was not observed which was also confirmed as 4.1.B, 4.1.C, or 4.1.D was
not detected. This result suggests that the rate of formation of 4.1.A is much faster than the
conversion of alcohol to aldehyde. This confirms that pathway 2 is not possible, as it does not

involve S-enaminone intermediate (Scheme 4.6.2).

Standard reaction

(0]

H;
/@A condltlon
~
+ - .
NH 82%, isolated yield

41.1b 41.2 41.3'

3 mmol 1 mmol 0.5 mmol 41.A

Scheme 4.6.2. Control experiment 2

Furthermore, when performed 4.1.A was treated with 1,3- cyclohexanedione and alcohol, and
the product, 4.2.5b" was formed exclusively which indicates that the f-enaminone formation is
not reversible (experiment 3).

OMe : OMe OMe
o) o) ) o) 0 o !
Standard reaction : :
__condition 11 +! 11 + I 1 :
T N : N N :
4.1.A 411b 442 4.2.5p' : 4.2.5b 4.2.50" i
0.5mmol 3mmol 0.5 mmol 85%, isolated yield 0% 0%

Scheme 4.6.3. Control experiment 3

140
TH-3203_176122045



Synthesis of Acridine-1,8-diones Catalyzed by Ru-doped Hydrotalcite

Interestingly, reacting aniline with 2 equivalent of dimedone for a prolonged time (24 h) does
not lead to the formation of 4.1.B (experiment 4), which underpins that pathway 1a is not
possible (Scheme 4.6.4).

o} o : o o :

o] NH, H H
Ru-HT, 20 mol% KO'Bu H '

E ] Eb + : N :
+ NH (o} H '

o 140 °C, Argon, 30 ml H
Unreacted H
4.1.2 4.1.3" Ace pressure tube, 24 h dimedone :

1 mmol 0.5 mmol H 0%
4.1.A H

95%, isolated yield

Scheme 4.6.4. Control experiment 4

Moreover, it was also observed that the Knoevenegal adduct 4.1.C is highly reactive to form
4.1.D, even in the presence of f-enaminone (experiment 5) which reflects that the formation
of 4.1.D more viable than the formation of 4.1.E (Scheme 4.6.5).

b\ >ii 20 mol% base
room
@ temperature

4.1.A 41.2
0.5mmol 0.5 mmol 0.5 mmol

Scheme 4.6.5. Control experiment 5

Furthermore, the reaction of 4.1.D" with the S-enaminone gave 4.2.5b" within 2 h (experiment

6) which reveals that pathway 1c is more feasible (Scheme 4.6.6).

o OMe OMe : OMe OMe
>@NH OH o . o) o ! o o o o
. Ru-HT, 20 mol% KO'Bu :
‘ ‘ 11 + 11 + 11
0, .
@ [e] On 140 °C, Argon, 30 ml N ' N

Ace pressure tube, 2 h H
4.1.A 4.1.D' H
0.5 mmol 0.5 mmol :

4.2,5b' : 4.2.5b 4.2.5b"
95%, isolated yield : 0% 0%

Scheme 4.6.6. Control experiment 6
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Next, the Kinetic isotope effect (KIE) was investigated. First, a competition reaction (Scheme
4.6.7, experiment 7) was performed using both 4.1.1b and 4.1.1b-D3 under the standard
reaction condition. The observed product ratio of the deuterated and non-deuterated products
was determined by *H NMR which indicates the KIE value ~2.22. Further, the parallel reaction
with 4.1.1b and 4.1.1b-D3 afforded nondeuterated and deuterated products in 80% and 38%
yield respectively. The calculated kn/kp value (~2.10) from the parallel reaction is in close
agreement with that of the competitive reaction. This strongly underpins that the C-H bond

cleavage occurs in the rate-determining step (RDS) (Scheme 4.6.7).

OMe

Control experiment 7: Kinetic isotope effect

HH D_,D o) NH,
OH oD Standard reaction
©)< +/©)< I+ * l N condition
MeO MeO o Z

4.1.1b 4.1.1b - D3 4.1.2 4.1.3'
1.5 mmol 1.5 mmol 1 mmol 0.5 mmol

4.2.5b/5b-D
50%, isolated yield
ky /kp = 69/31 = 2.22

Scheme 4.6.7. Control experiment 7

To confirm the H. evolution in this multicomponent reaction, hydrogenation of 4-methyl
styrene was executed with the evolved Hz employing Wilkinson’s catalyst, which resulted in

the formation of 4-ethyltoluene (Scheme 4.6.8)

H, detection experiment:

H H o N, Argon
/©)<OH . © Ru-HT, 50mg
ekl B _
0,
o . ° 140 °C

H,

Wilkinson's Cat.

Benzene-Dg, 50 °C

I 41.1b 41.2 413 20 mol% base
Argon, Sealed Tube 0.5 mmol
3.0 mmol 1 mmol 0.5 mmol 36 hour

4.2.5b

Scheme 4.6.8. H» detection experiment

Next, the role of Ru-doped hydrotalcite in these reactions has also been investigated; whether
it only promotes alcohol dehydrogenation (Scheme 4.6.9) or hydrotalcite also catalyzes the
condensation steps. A comparative study was carried out by conducting three successive

experiments among aldehyde, dimedone, and aniline: i) in the absence of any catalyst, ii) with
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HT, and ii) in the presence of Ru-HT. The results strongly support that hydrotalcite has a clear
role to catalyze the reaction. The Lewis acidic** site of hydrotalcite helps to activate the

carbonyl compound whereas Brgnsted basic sites* assists condensation steps.

without catalyst
5a, 48%

H; 140 °c 18 h
W|th HT
1a0°c,18h 58 72%
1 mmol 2 mmol 1 mmol with Ru-HT

140 °C 18 h

Scheme 4.6.9. Role of HT and Ru-HT.

5a, 75%

4.6. Kinetic study:

The study of the time course of the reaction (Figure 4.7) confirmed that the reaction between
dimedone and aniline is much faster compared to the dehydrogenative conversion of alcohol
to aldehyde. Within 3 h quantitative conversion of aniline to intermediate 4.1.A was observed.
The formation of the 4.2.5b was started at 6 h and gradually increased with simultaneous
consumption of intermediate 4.1.A. At any given time concentration of the formed aldehyde
was very less indicating the rapid consumption of formed aldehyde by dimedone to form 4.1.D

under the reaction condition which ultimately leads to the formation of acridinel,8-dione by
reacting with 4.1.A.

Interm ediate (A)|

EFmdud 5b

Ly Aniline (3)
Dimedone (2)
80

Conversion (%)

20 -

T T T T T 5
0 6 12 18 24 30 36
Time (hour)

Figure 4.7. Time course of the reaction during the formation of 4.2.5b from 4-

methoxybenzyl alcohol, dimedone and aniline compared to the reaction

The reaction also proceeds smoothly in the presence of one equivalent radical scavenger, 2,6-
di-tert-butyl-4-methylphenol (BHT). This ruled out the involvement of any radical species in

the reaction. Next, the reaction was performed in the presence of an equimolar amount of
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TEMPO. In the presence of TEMPO, the rate of the reaction was increased compared to the
reaction without any TEMPO. This suggests that the abstraction of hydrogen atoms from the
ruthenium hydride species®® by the TEMPO is much easier than the formation of molecular H;
(Figure 4.8).

—s—Without TEMPO
—o—with TEMPO

r- [=7] w
(=] (=] (=]
'l 'l ']

Percentage of 5b (%)

]
(=]
']

0 ) 5 ) 1'0 ) 1'5 ) 2'0
Time (hour)

Figure 4.8. The effect of radical scavengers (TEMPO, 1 equivalent to 3) on the Ru-HT
catalyzed one-pot multicomponent reaction.

After the reaction negligible leaching (< 10 ppb) of Ru was confirmed by ICP-AES. The
developed Ru-HT was reused at least five cycles without considerable loss in the yield. In
addition, both the FT- IR and PXRD data of the reused catalyst were analyzed and compared
with the fresh Ru-HT. A slight decrease in average crystallite size after the fifth consecutive
run was observed. However, the decrease is not significant enough to ascertain any structural
changes within the catalyst (Figure 4.9).

1 2 3 4 5
No of cycles

Figure 4.9. Recovery and reuse of the Ru-HT catalyst.
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4.7. Conclusion:

In conclusion, the first dehydrogenative synthesis of functionalized hexahydroacridine-1,8-
diones has been demonstrated. In this Ru-doped hydrotalcite-catalyzed multicomponent
reaction, the selective formation of the C-C and C-N bonds is achieved via dehydrogenation
and selective condensation. Mechanistic investigation and kinetic studies help to understand
the reactivity and selectivity pattern of the substrates and reveal the suitable reaction sequences
to furnish the desired product. The kinetic isotope effect is indicative of the involvement of C-
H bond cleavage in the rate-determining step. The synthesis of structurally important medicinal
compounds was also demonstrated. Easy scalability and successful recyclability of the
developed catalyst make this protocol attractive and practical.

4.8. Experimental Section:

4.8.1. General Information: All catalytic experiments were carried out using standard
Schlenk techniques and pressure tubes according to their respective condition. All solvents
were dried using standard procedure.'® Deuterated solvents were used as received without any
additional purification. Most of the chemicals used in catalysis reactions were purified
according to standard procedure (or by vacuum distillation/sublimation). Thin layer
chromatography (TLC) on silica-gel 60 F254 plates (from Merck Company) and SRL silica
gel (100-200 mesh) for column chromatography was used. NMR (400 and 600 MHz) spectra
were recorded on the BRUKER NMR spectrometer. Deuterated chloroform was used as the
solvent, and chemical shift values (8) are reported in parts per million relatives to the residual
signals of this solvent [ 7.27 for 1 H (chloroform-d), § 77.16 for *C {*H} (chloroform-d).
Abbreviations used in the NMR follow-up experiments: br, broad; s, singlet; d, doublet; t,
triplet; g, quartet; m, multiplet. Q-Tof ESIMS instrument (model HAB 273) was used for
recording mass spectra. Powder X-ray diffraction analysis was carried out on Rigaku using a
Cu source with Ka =1.5406 A with a 9 kW power. The samples were scanned in a 20 range
from 10° to 90° with a scan rate of 20° per minute. The morphology of the material and energy-
dispersive X-ray elemental mapping were analyzed with field emission transmission electron
microscopy using a JEOL (JEM 2100F) instrument with an operating voltage of 200 kV.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was acquired for the
elemental analysis of Ru content within the sample by SPECTRO analytical instruments

GmbH, model ARCOS simultaneous ICP spectrometer. Thermogravimetric analysis (TGA)
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was carried out on an SDT Q600 thermogravimetric analyzer in the temperature range of 25-
900 °C under argon at a heating rate of 10 °C min. Fourier transform infrared spectroscopy
was performed on a KBr pellet in the spectral range of 400-4000 cm™ using a Perkin Elmer
Spectrum Two FT-IR spectrometer. X-ray Photoelectron spectroscopy analysis was done on
an X-ray photoelectron spectrometer, Thermo Fisher Scientific, UK (ESCALAB Xi™) using
Audf as a reference. A JES-FA200 electron paramagnetic resonance spectrometer was used to
record the EPR spectra at liquid nitrogen temperature with microwave power, 0.998 mW,
microwave frequency, 9.14 GHz; and modulation amplitude, 2.

4.8.2. Experimental procedures and characterization data:

4.8.2a. Synthesis of Ru-doped hydrotalcite (Ru-HT): Commercially available hydrotalcite
(HT) was used for the preparation of Ru-doped hydrotalcite. First, 475 mg hydrotalcite was
slowly added to 100 mL of aqueous RuCls.nH20 (52 mg) solution with stirring. The resulting
suspension was then tailored to pH~13 by dropwise addition of NaOH (1 M), which was then
vigorously stirred, at room temperature for 24 h. The suspension was then centrifuged and
washed three times with deionized water and three times with ethanol consecutively. The solid
sample obtained was dried at 60 °C overnight. Then, it was ground to a fine powder to perform

a catalytic reaction.

4.8.2b. General procedure for the preparation of 9, 10 -diaryl/ alkyl hexahydroacridine-
1,8- dione using urea: To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu
(0.1 mmol), alcohol (2 mmol), dimedone (0.5 mmol) and urea (1 mmol) were added under
argon. The reaction mixture was then heated at 110 °C with stirring for 36 h. After cooling,
CHCI3 (5 mL) was added and the catalyst was separated by filtration whereas the filtrate was
transferred into another flask. The filtrate was then evaporated and the crude product was
purified by column chromatography (typically using EtOAc/Hexane = 50/50 containing 1%
triethyl amine as eluent) using silica to afford a pure product (Scheme 4.5).

4.8.2c. Synthesis of compound 4.1.4l and 4.1.4m via sequential addition: To an oven-dried
Ace pressure tube (30 mL), Ru-HT (50 mg) and aliphatic alcohol (2 mmol) were added under
argon. Then, the reaction mixture was heated at 140 °C with stirring for 18 h. After 18 h, the
reaction mixture was cooled to room temperature, and KO'Bu (0.1 mmol), dimedone (0.5

mmol), and urea (1 mmol) were added to it under argon. Then it was heated at 110 °C, for
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another 12 h. After that, CHCI3 (5 mL) was added and the catalyst was separated by filtration
whereas the filtrate was transferred into another flask. The filtrate was then evaporated and the
crude product was purified by column chromatography (typically using EtOAc/Hexane = 50/50

containing 1% triethyl amine as eluent) using silica to afford a pure product (Scheme 4.5).

4.8.2d. General procedure for the preparation of 9, 10 -diaryl/ alkyl hexahydroacridine-
1,8- dione: To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (0.1 mmol),
alcohol (3 mmol), dimedone (1.0 mmol) and aniline (0.5 mmol) were added under argon. The
reaction mixture was stirred at 140 °C, for 36 h. After cooling, CHCIs (5 mL) was added and
the catalyst was separated by filtration whereas the filtrate was transferred into another flask.
The filtrate was then evaporated and the crude product was purified by column chromatography

(typically using EtOAc/Hexane = 50/50) using silica to afford a pure product (Scheme 4.6).

4.8.2e. Synthesis of compound 4.2.5u and 4.2.5v via sequential addition: To an oven-dried
Ace pressure tube (30 mL), Ru-HT (50 mg), and aliphatic alcohol (3 mmol) were added under
argon. The reaction mixture was stirred at 140 °C for 24 h. After cooling, KO'Bu (0.1 mmol),
dimedone (1 mmol), and aniline (0.5 mmol) were added under argon and stirred at 140 °C for
another 12 h. Next, CHCIs (5 mL) was added after cooling the reaction mixture, and the catalyst
was separated by filtration whereas the filtrate was transferred into another flask. The filtrate
was then evaporated and the crude product was purified by column chromatography (typically

using EtOAc/Hexane = 50/50) using silica to afford a pure product (Scheme 4.6).

4.8.3 Mechanistic studies:

Control Experiment 1:

To an oven-dried two-neck round bottom flask (10 mL) attached to Schlenk line, Ru-HT (50
mg) and 4-methoxybenzyl alcohol (1 mmol) were added under argon flow. The mixture was
heated at 140 °C for 36 h. After completion of the reaction, the reaction mixture was cooled
down to room temperature, and CHCIs (5 mL) was added. Next, the catalyst was separated by
filtration whereas the filtrate was transferred into another flask. The filtrate was then
evaporated and the NMR of the crude mixture was recorded using CH3CN as an internal
standard (Scheme 4.6.1).

Control Experiment 2:
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To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (0.1 mmol), 4-
methoxybenzyl alcohol (3 mmol), dimedone (1.0 mmol), and aniline (0.5 mmol) were added
argon. The reaction mixture was stirred at 140 °C for 1 h. Then, the reaction mixture was
allowed to cool to room temperature and CHCI3z (5 mL) was added. Next, the catalyst was
separated by filtration whereas the filtrate was transferred into another flask. The filtrate was
then evaporated and a NMR of the crude mixture was recorded using CH3CN as an internal
standard. Alcohol-to-aldehyde conversion was not observed. Formation of intermediate A was
observed. Next, the crude mixture was subjected to silica gel column chromatography (using
EtOAc/Hexane = 50/50) to afford pure f-enaminone, 4.1.A in 82% vyield (Scheme 4.6.2).

Control Experiment 3:

To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (0.1 mmol), dimedone
(2.0 mmol) and aniline (0.5 mmol) were added under argon. The reaction mixture was stirred
at 140 °C for 24 h. Then the reaction mixture was allowed to cool to room temperature and
CHCIs (5 mL) was added. Then, the catalyst was separated by filtration whereas the filtrate
was transferred into another flask. The filtrate was then evaporated and a NMR of the crude
mixture was taken. Formation of intermediate 4.1.A was observed. Later, the crude mixture
was purified by column chromatography (typically using EtOAc/Hexane = 50/50) using silica
to afford pure intermediate 4.1.A in 95% yield (Scheme 4.6.3).

Control Experiment 4:

To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (0.1 mmol), 4-
methoxybenzyl alcohol (3 mmol), s-enaminone, 4.1.A (0.5 mmol), cyclohexane -1,3- dione
(0.5 mmol) were added under Ar. The reaction mixture was heated at 140 °C for 36 h. After
cooling, CHCI3 (5 mL) was added and the catalyst was separated by filtration whereas the
filtrate was transferred into another flask. The filtrate was then evaporated and the crude
product was purified by column chromatography (typically using EtOAc/Hexane = 40/60 as
eluent) using silica to afford a pure product, 4.2.5b" in 85% yield (Scheme 4.6.4).
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9-(4-methoxyphenyl)-3,3-dimethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine -
1,8(2H,5H)-dione (4.2.5b"): *H NMR (600 MHz, CDCI3)B! § 7.57-7.53 (m, 3H), 7.36 (d, J =
8.6 Hz, 2H), 7.27 (d, J = 6.8 Hz, 2H) ,6.82 (d, J = 8.6 Hz, 2H), 5.29 (s, 1H),

I 3.77 (s, 3H), 2.39-2.35 (m, 1H), 2.30-2.15 (m, 4H), 2.10-2.07 (m, 1H), 2.05-

0 VW o 2.01 (m, 1H), 1.91- 1.86 (m, 1H), 1.83 (s, 1H), 1.81-1.75 (m, 1H), 0.96 (s,

B 3H), 0.84 (s, 3H).13C NMR (150 MHz, CDCls) § 196.3, 196.2, 157.8, 151.5,

é 149.6, 139.2, 139, 130.1,129.5, 128.9, 115.9, 115, 113.6, 55.3, 50.4, 41.9,
36.9, 32.5, 31.7, 29.8, 28.5, 27, 21.3.
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Figure 4.10. *H NMR (600 MHz, CDCls) of compound 4.2.5b’
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Figure 4.11. 3C {*H} NMR (150 MHz, CDCls) of compound 4.2.5b’

Control Experiment 5:

In an oven-dried 10 mL round bottom flask, KO'Bu (0.1 mmol), - enaminone, 4.1.A (0.5
mmol), 4- methoxy benzaldehyde (0.5 mmol), dimedone (0.5 mmol), and 1 mL ethanol were
added. The reaction mixture was stirred at room temperature for 0.5 h. Next, ethanol was
evaporated from the reaction mixture and a NMR of the crude was recorded using CH3CN as
an internal standard. 4.1.D was formed 90% yield whereas the formation of 4.1.C, 4.2.5b, and
4.1.E were not detected (Scheme 4.6.5).

Control Experiment 6:

To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (0.1 mmol), 4-
methoxybenzyl alcohol (3 mmol), p-enaminone 4.1.A (0.5 mmol), intermediate 4.1.D" (0.5
mmol), KO'Bu (0.1 mmol) were added under argon. The reaction mixture was heated at 140 °C
for 2 h. Then, after cooling the reaction mixture, CHClI3 (5 mL) was added and the catalyst was
separated by filtration whereas the filtrate was transferred into another flask. The filtrate was
then evaporated and the crude product was purified by column chromatography (typically using
EtOAc/Hexane = 50/50) using silica to afford a pure product, 4.2.5b" in 95% yield (Scheme
4.6.6).
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Control Experiment 7: Kinetic isotope study:

Competition reaction: To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu
(20 mol%), 4-methoxybenzyl alcohol, (1.5 mmol, 4.1.1b), deuterated 4-methoxybenzyl
alcohol, (1.5 mmol, 4.1.1b-D3), dimedone (1.0 mmol) and aniline (0.5 mmol) were added
under argon. The reaction mixture was heated at 140 °C for 36 h. Then, cooling the reaction
mixture, CHCI3z (5 mL) was added and the catalyst was separated by filtration whereas the
filtrate was transferred into another flask. The filtrate was then evaporated and the crude
product was purified by column chromatography (typically using EtOAc/Hexane = 50/50)
using silica to afford a mixture of 4.2.5b and 4.2.5b-D in 50% yield (Scheme 4.6.7).
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Figure 4.12. Competition reaction

Parallel reaction: To an oven-dried Ace pressure tube (30 mL), Ru-HT (50 mg), KO'Bu (20
mol%), 4-methoxybenzyl alcohol, (3.0 mmol, 4.1.1b) or deuterated 4-methoxybenzyl alcohol,
(3.0 mmol, 4.1.1b-D3), dimedone (1.0 mmol) and aniline (0.5 mmol) were added under argon.
The reaction mixture was heated at 140 °C for 36 h. After 36 h, the reaction mixture was cooled,
CHCIs (5 mL) was added and the catalyst was separated by filtration whereas the filtrate was
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transferred into another flask. The filtrate was then evaporated and the crude product was
purified by column chromatography (typically using EtOAc/Hexane = 40/60) using silica to
afford pure product 4.2.5b and 4.2.5b-D in 80% and 38% vyield respectively (Scheme 4.6.7).
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Figure Figure 4.13. *H NMR (600 MHz, CDCls) of compound 4.2.5b’
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Figure 4.14. ?H (600 MHz, CDCIs) spectra of compund of 4.2.5b-D
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Figure 4.15. 3C{*H} NMR spectra of compund of 4.2.5b-D

9-(4-methoxyphenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-
1,8(2H,5H)-dione-9-d (4.2.5b-D): White solid, 'H NMR (600
MHz, CDCls) 7.57 (t,J =8.4 Hz, 3H), 7.37 (d, J = 8.6 Hz, 2H), 7.26
(d, J=7.3 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 3.77 (s, 3H), 2.23-2.07
(m, 6H), 1.82 (d, J =17.3 Hz, 2H), 0.95 (s, 6H), 0.82 (s, 6H). 2H
NMR 5.24 (s, 1D), 3C NMR (150 MHz, CDCl3) & 196.2, 157.8,
@ 149.6, 139.2, 138.8, 129.5, 128.9, 114.6, 113.6, 55.2, 50.3, 41.9,

325, 316 (t, J = 22 Hz), 29.8, 26.9. HRMS calculated for
CaoH32DNO3: 457.2601. Found: 457.2622

4.8.4. H2 detection experiment (Scheme 4.6.8):

[RhCI(PPhs)s] Catalysed hydrogenation of 4-methyl styrene involving hydrogen formed
through the dehydrogenation process: To an oven-dried round bottom flask (5 mL), Ru-HT
catalyst (50 mg), KO'Bu (0.1 mmol), 4-methoxybenzyl alcohol (3 mmol), dimedone (1 mmol)
and aniline (0.5 mmol) were added under argon. Then the entire system was degassed and
flushed with argon for 5 minutes (three times) and packed 14 joints with rubber septum. In
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another 5 mL round bottom flask, RhCI(PPh3)3 (10 mol%) catalyst, and 4-methyl styrene (0.5
mmol) were dissolved in benzene-ds (2 mL). Both the flasks were connected through a double-
headed syringe and allowed to equilibrate for 5 minutes. The mixture in the former flask was
heated at 140 °C while the mixture in the latter flask was stirred at 50 °C. After 24 hours, the

organic entities present in the latter flask were analyzed by analytical HPLC and NMR.
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Figure 4.17. *H NMR of compound ethyl benzene
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4.8.5. Kinetic studies: Eight different reactions were set up under the standard reaction
condition and the reaction mixture were analyzed by *H NMR after 1 h, 3h, 6 h, 12 h, 18 h, 24
h, 30 h, and 36 h respectively using CH3CN as internal standard (Figure 4.1).

4.8.6. Radical scavenger experiment: To a 30 mL oven-dried Ace Pressure Tube (30 mL),
Ru-HT catalyst (50 mg), KO'Bu (0.1 mmol), 4-methoxybenzyl alcohol (3 mmol), dimedone (1
mmol), aniline (0.5 mmol), and 2,6-di-tert-butyl-4-methylphenol (BHT) (0.5 mmol) was added
under argon. The reaction mixture was heated at 140 °C. After 36 h, CHCIs (5 mL) was added
and the catalyst was separated by filtration whereas the filtrate was transferred into another
flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically using EtOAc/Hexane = 40/60) using silica to afford a pure product,
4.2.5b in 85% yield.

4.8.7. TEMPO study: Seven different reactions were set up under the standard reaction
condition with 1 equivalent of TEMPO and the reaction mixture was analyzed by 1H NMR
after 1 h, 2h, 3 h, 6 h, 12 h, 18 h, and 24 h respectively using CH3CN as internal standard. The
rate of the reaction increases compared to the reaction without any TEMPO. Mass spectral
analysis confirms the formation of 2, 2, 6, 6-tetramethylpipiridine (TEMPH) and TEMPOH.
TEMPOH is known to form TEMPH under inert conditions (Figure 4.2).%

4.8.8. Reusability of the catalyst: To an oven-dried Ace pressure tube (30 mL) Ru-HT catalyst
(50 mg, 0.918%), KO'Bu (0.1 mmol), 4-methoxybenzyl alcohol (3 mmol), dimedone (1.0
mmol), aniline (0.5 mmol) were added under argon. The reaction mixture was heated at 140 °C
with stirring under argon for 36 h. After cooling, CHCIs (5 mL) was added and the catalyst was
separated by centrifugation whereas the filtrate was transferred into another flask. While the
separated catalyst was then washed with deionized water (2 x 5 mL) and ethanol (2 x 5 mL),
dried, and used again for consecutive runs. The transferred solvent was evaporated from the
reaction mixture and the crude mixture was subjected to silica gel column chromatography. It
was established that no deactivation of the material was observed up to three cycles (Figure
4.9) and a slight decrease in yield was observed in 4" and 5" cycle. All of the yields are isolated
yields. The catalyst was characterized with FT-IR and PXRD after 5" recycle.
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Figure 4.18. FT-IR spectrum of HT, Ru-HT and Ru-HT after 57 recycle.

Catalyst Crystallographic Parameters
doos) | dooy | dooyy | dargy | day | a(A) | c (D) L
(nm)
Commercially 7.62 3.81 2.57 1.52 1.49 3.04 | 22.86 | 22.25
available
hydrotalcite(HT)

Ru-HT 7.65 3.82 2.58 1.52 1.49 3.04 | 2294 | 23.32
Ru-HT 7.67 3.82 2.58 1.52 1.49 3.04 | 22.96 | 21.89
recovered

after 5% cycle
“a, the average cation-cation distance; *c, three times the distance from the center of
one brucite like layer to the next layer; L, the average crystalline size (using the
Scherrer’s formula)

Table 4.3. Characterization data of commercially available HT, Ru-HT, reused Ru-HT: PXRD
crystallographic parameters (a, ¢ and L).
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Figure 4.19. PXRD pattern of HT, Ru-HT and Ru-HT after 5" recycle.

4.8.9. Gram Scale synthesis: To an oven-dried Ace pressure tube (30 mL), Ru-HT (400 mg),
20 mol % KO'Bu, benzyl alcohol (12 mmol), dimedone (8 mmol), aniline (4 mmol) was added
under argon atmosphere. The reaction mixture was heated at 140 °C with stirring for 36 hours.
The reaction mixture was allowed to cool to room temperature. After cooling, CHCI3z (50 mL)
was added and the catalyst was separated by filtration whereas the filtrate was transferred into
another flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically using EtOAc/Hexane = 50/50) using silica to afford the 70%
isolated yield (1.190 gm) of the desired product. While the separated catalyst was then washed
with ethanol (2 x 20 mL) and stored.

4.9. Spectroscopic data of the newly synthesized compounds in the present study:

3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine -1,8(2H,5H)-dione (4.1.4a).%°
The compound 4a was synthesized by the procedure as described above and obtained as white
solid: 84% yield (74 mg); Rs = 0.3 (40% EtOAc + pet ether); *H NMR (600 MHz, CDCl3) §
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7.35 (d, J = 7.3 Hz, 2H), 7.21 (t, J = 7.6 Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 6.42 (5, 1H), 5.09 (s,

1H), 2.37 (d, J = 16.4 Hz, 2H), 2.27-2.24 (m, 4H), 2.18 (d, J = 16.4 Hz,
2H), 1.10 (s, 6H), 0.98 (s, 6H). 13C NMR (150 MHz, CDCls) § 195.8,
148.7, 146.7, 128.2, 128.1, 126.1, 113.6, 51.0, 41.0, 33.8, 32.8, 29.7,
27.3.

9-(4-methoxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(4.1.4b).8°> The compound 4b was synthesized by the procedure as described above and
obtained as a white solid: 84% yield (80 mg), Rs = 0.2 (40% EtOAc + pet ether); *H NMR (600

OMe

MHz, CDCls) 5 7.26 (d, J = 8.3 Hz, 2H), 6.74 (d, J = 8.3 Hz, 2H), 6.37 (s,
1H), 5.04 (s, 1H), 3.73 (s, 3H), 2.36 (d, J = 16.6 Hz, 2H), 2.25-2.16 (m,
6H), 1.10 (s, 6H), 0.99 (s, 6H). *C NMR (150 MHz, CDCls) § 195.6,
157.8, 147.7, 139.1, 129.1, 114, 113.5, 55.2, 50.9, 41.3, 32.9, 32.8, 29.6,
27.3.

9-(4-(tert-butyl)phenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (4.1.4c).t” The compound 4c was synthesized by the procedure as described above and
obtained as a yellow solid: 75% yield (76 mg), Rt = 0.3 (40% EtOAc + pet ether); *H NMR

(400 MHz, CDCls) 7.22 (d, J = 8.5 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 6.40
(s, 1H), 5.07 (s, 1H), 2.36 (d, J = 16.6 Hz, 2H), 2.30-2.16 (m, 6H), 1.23 (s,
9H), 1.08 (s, 6H), 0.99 (s, 6H). *C NMR (100 MHz, CDCls) & 196.0,
148.6, 148.4, 143.4, 127.5, 125.0, 113.7, 51.0, 41.1, 34.4, 32.9, 32.8, 31.5,
29.5, 27.5.

3,3,6,6-tetramethyl-9-(3,4,5-trimethoxyphenyl)-3,4,6,7,9,10-hexa hydroacridine-
1,8(2H,5H)-dione (4.1.4d).2° The compound 4d was synthesized by the procedure as described

OMe

above and obtained as a white solid: 84% vyield (74 mg); Rt = 0.3 (40%
EtOAC + pet ether) White solid, Yield: 65%, *H NMR (600 MHz, CDCls)
8 6.59 (s, 2H), 6.00 (s, 1H), 5.06 (s, 1H), 3.81 (s, 6H), 3.78 (s, 3H), 2.43
(d, J = 16.5 Hz, 2H), 2.28-2.24 (m, 6H), 1.12 (s, 6H), 1.04 (s, 6H). *C

NMR (150 MHz, CDClz) 6 195.5, 152.8, 147.4, 142.2, 136.3, 113.8, 105.5, 60.8, 56.2, 50.8,
41.5, 33.7, 32.8, 29.7, 27.2

TH-3203_176122045
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9-(4-chlorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1, 8(2H,5H)- dione
(4.1.4e).8° The compound 4e was synthesized by the procedure as described and obtained as
a yellow crystal: 65% yield (62 mg); R = 0.2 (40% EtOAc + pet ether), 1H
NMR (400 MHz, CDCls) 6 7.28 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz,
2H), 5.05 (s, 1H), 2.33-2.13 (m, 8H), 1.07 (s, 6H), 0.95 (s, 6H). 3C NMR
(100 MHz, CDCls) & 196, 149, 145.2, 131.7, 129.6, 128.2, 113.1, 50.9,
40.9, 33.5, 32.8, 29.7, 27.2.

9-(4-bromophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H, 5H)-dione
(4.1.4f).8° The compound 4f was synthesized by the procedure as described above and obtained
as a white crystal: 78% yield (84 mg), Rt = 0.2 (40% EtOAc + pet ether),
'H NMR (400 MHz, CDCl3) § 7.31 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.4
Hz, 2H), 6.34 (s, 1H), 5.03 (s, 1H), 2.36 (d, J = 16.6 Hz, 2H), 2.26-2.14
(m, 6H), 1.08 (s, 6H), 0.97 (s, 6H). 3C NMR (100 MHz, CDCl3) § 195.5,
147.9, 145.6, 131.1, 130, 119.9, 113.5, 50.8, 41.3, 33.6, 32.8, 29.6, 27.3.

3,3,6,6-tetramethyl-9-(3-phenoxyphenyl)-3,4,6,7,9,10 -hexahydroacridine -1,8(2H,5H)-
dione (4.1.4h).1% The compound 4h was synthesized by the procedure as described above and
obtained as yellow solid: 77% yield (84 mg), Rr = 0.3 (40% EtOAc + pet ether), 'H NMR (600
MHz, CDCls) 6 7.25-7.23 (m, 1H), 7.20 (s, 1H), 7.14 (t, J = 7.7 Hz, 1H), 7.01 (t, J = 7.2 Hz,
1H), 6.93 (s, 1H), 6.89 (d, J = 7.8 Hz, 2H), 6.81 (brs, 1H), 6.70 (d, J = 7.7
Hz, 1H), 5.08 (s, 1H), 2.33 (d, J = 16.8 Hz, 2H), 2.24-2.14 (m, 6H), 1.06
(s, 6H), 0.94 (s, 6H). 3C NMR (150 MHz, CDCl3) § 195.9, 157.7, 156.8,
N 148.7,129.7,129.2, 124, 122.8, 118.8, 118.4, 116.9, 113.3, 50.9, 41, 33.7,
32.7,29.7, 27.2. (Eclipsed)
9-(3-methoxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10 -hexahydroacridine -1,8 (2H,5H)-
dione (4.1.4i).8 The compound 4i was synthesized by the procedure as described above and
obtained as white solid: 78% yield (74 mg), Rr = 0.3 (40% EtOAc + pet
ether); *H NMR (600 MHz, CDCl3) § 7.09 (t, J= 6.54 Hz, 1H), 6.93-6.90
(m, 2H), 6.63- 6.61 (m, 1H), 5.07 (s, 1H), 3.73 (s, 3H), 2.32 (d, J = 16.8
Hz, 2H), 2.25-2.15 (m, 6H), 1.07 (s, 6H), 0.97 (s, 6H). *C NMR (150
MHz, CDCl3) 6 195.6, 159.5, 148.2, 128.9, 120.8, 114.3, 113.6, 111.4, 55.2, 50.9, 41.2, 33.7,
32.8, 29.6, 27.4.

OPh
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9-(benzo[d][1,3]dioxol-5-yI)-3,3,6,6-tetramethyl-3,4, 6,7,9,10-hexahydroacridine -
1,8(2H,5H)-dione (4.1.4)).8° The compound 4j was synthesized by the procedure as described
above and obtained as a white solid, 72% yield (66 mg), Rr = 0.3 (40% EtOAc + pet ether); H
NMR (600 MHz, CDCls) 6 6.87 (s, 1H), 6.81 (d, J = 7.9 Hz, 1H), 6.66-
6.64 (m, 2H), 5.86 (s, 2H), 5.01 (s, 1H), 2.36 (d, J = 16.7 Hz, 2H), 2.27-
2.18 (m, 6H), 1.10 (s, 6H), 1.00 (s, 6H). *3C NMR (150 MHz, CDCl3) §
195.7, 147.9, 147.3, 145.7, 140.9, 121.2, 113.9, 109, 107.9, 100.8, 50.9,
41.2, 33.5, 32.8, 29.6, 27.4.

3,3,6,6-tetramethyl-9-(thiophen-2-yl)-3,4,6,7,9,10-hexahydroacridine-1,8 ~ (2H,5H)-dione
(4.1.4k). ® The compound 4k was synthesized by the procedure as described above and
obtained as white crystal, 68% yield (60 mg), Ri = 0.1 (40% EtOAc + pet ether); *H NMR (600
MHz, CDCl3) 8 7.01-7.00 (m, 1H), 6.95 (d, J = 3.4 Hz, 1H), 6.85-6.83 (m,
1H), 6.05 (s, 1H), 5.50 (s, 1H), 2.41 (d, J = 16.6 Hz, 1H), 2.31-2.26 (m,
6H), 1.12 (s, 6H), 1.07 (s, 6H). *C NMR (150 MHz, DMSO-ds) & 194.5,
151, 149.8, 126.3, 123.1, 122.9, 110.9, 50.2, 32.1, 29.2, 27.3, 26.5.

3,3,6,6-tetramethyl-9-pentyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H, 5H)-dione (4.1.41). The
compound 41 was synthesized by the procedure as described above and obtained as white solid,
65% vyield, (55 mg), Rr = 0.3 (40% EtOAc + pet ether); *H NMR (400 MHz, CDCls) § 7.18 (s,
1H), 4.01 (t, J = 4.9 Hz, 1H), 2.31 (d, J = 17.0 Hz, 2H), 2.26-2.15 (m, 6H), 1.38-1.33 (m, 2H),
1.22-1.17 (m, 1H), 1.13-1.08 (m, 5H), 1.04 (s, 6H), 1.03 (m, 6H), 0.74 (t,
0 0 J =6.9 Hz, 3H). 13C NMR (150 MHz, CDCI3) § 196.4, 150, 112.8, 51.1,

11 41.1, 35.2,32.6, 32.3, 29.9, 27.3, 27.2, 25.1, 22.8, 14.2. HRMS calculated
for C22H3sNO; [M+H]*:: 345.2623. Found: 345.2605

9-heptyl-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione  (4.1.4m).1?
The compound 4m was synthesized by the procedure as described above
o o and obtained as white solid: 72% yield (67 mg), Rt = 0.3 (40% EtOAc +

1 pet ether); *H NMR (600 MHz, CDCls) & 7.44 (s, 1H), 4.08 (t, J = 5.0
Hz, 1H), 2.50-2.45 (m, 1H), 2.41-2.37 (m, 2H), 2.31-2.30 (m, 1H), 2.28-
2.24 (m, 4H), 1.45-1.41 (m, 2H), 1.30-1.22 (m, 3H), 1.21-1.15 (m, 7H), 1.12 (s, 6H), 1.11 (s,
6H), 0.84 (t, J = 7.1 Hz, 3H). 3C NMR (150 MHz, CDCls) § 196.5, 150.3, 112.7, 51.1, 41.1,
35.3, 32.6, 32.0, 30.1, 29.9, 29.5, 28.3, 27.2, 25.5, 22.7, 14.2.
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3,3,6,6-tetramethyl-9,10-diphenyl-3,4,6,7,9,10-hexahydroacridine-1,8  (2H, 5H)-dione

(4.2.5a).%% The compound 5a was synthesized by the procedure as described above and

obtained as white solid: 71% yield (150 mg), *H NMR (600 MHz, CDCls) § 7.59-7.55 (m, 3H),

7.46 (d, J =7.2 Hz, 2H), 7.28-7.25 (m, 4H), 7.12 (t, J = 7.3 Hz, 1H), 5.30

o o (s, 1H), 2.18 (ABq, J = 20.6 Hz, 4H), 2.09 (d, J = 17.5 Hz, 2H), 1.83 (d, J
* =17.5 Hz, 2H), 0.96 (s, 6H), 0.81 (s, 6H). 3C NMR (150 MHz, CDCl3) &
N

@ 196, 149.8, 146.3, 139.2, 129.5, 128.2, 128, 126.1, 114.8, 50.3, 41.9, 32.8,
32.5,29.9, 26.9.

9-(4-methoxyphenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroanthracene-
1,8(2H,5H)-dione (4.2.5b).?° The compound 5b was synthesized by the procedure as described
above and obtained as yellow solid: 80% yield (182 mg), *H NMR (600 MHz, CDCls3) & 7.58-
ome 7.54 (m, 3H), 7.35 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 7.2 Hz, 2H), 6.79 (d, J =
8.6 Hz, 2H), 5.22 (s, 1H), 3.75 (s, 3H), 2.16 (ABq, J = 19.5 Hz, 4H), 2.06
I (d, J=17.4 Hz, 2H), 1.81 (d, J = 17.4 Hz, 2H), 0.94 (s, 6H), 0.81 (s, 6H).

@ 13C NMR (150 MHz, CDCls) & 196.1, 157.8, 149.6, 139.3, 138.9, 130.5,
1295, 128.9, 115, 113.6, 55.3, 50.3, 41.9, 32.5, 32, 29.9, 26.9.

3,3,6,6-tetramethyl-10-phenyl-9-(p-tolyl)-3,4,6,7,9, 10-hexahydroacridine-1,8(2H,5H)-
dione (4.2.5¢).?! The compound 5¢ was synthesized by the procedure as described above and
obtained as white solid: 86% yield (190 mg), *H NMR (600 MHz, CDCls) § 7.59-7.55 (m, 3H),
7.34 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 7.2 Hz, 2H), 7.07 (d, J = 7.7 Hz, 2H),

5.26 (s, 1H), 2.28 (s, 3H), 2.21 (ABq, J = 21.8 Hz, 4H), 2.08 (d, J = 17.4

P Hz, 2H), 1.82 (d, J = 17.4 Hz, 2H), 0.96 (s, 6H), 0.82 (s, 6H). 13C NMR

e (150 MHz, CDCl3) 5 196, 149.7, 143.4, 139.3, 135.4, 130.2, 129.5, 128.9,
@ 127.9, 114.9, 50.3, 41.9, 32.5, 32.4, 29.8, 27, 21.2.
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9-(4-(tert-butyl)phenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexah ydroacridine-
1,8(2H,5H)-dione (4.2.5d). The compound 5d was synthesized by the procedure as described
above and obtained as white solid: 90% yield (216 mg), *H NMR (600 MHz, CDCls) § 7.60-
7.56 (m, 3H), 7.35 (d, J = 8.3 Hz, 2H), 7.26-7.25 (m, 4H), 5.27 (s, 1H), 2.19 (ABq, J = 17.5
Hz, 4H), 2.08 (d, J = 17.4 Hz, 2H), 1.84 (d, J = 17.4 Hz, 2H), 1.27 (s, 9H),
0.96 (s, 6H), 0.83 (s, 6H). 3C NMR (150 MHz, CDCI3) § 196, 149.6, 148.3,
® 143,139.2,129.4,127.4, 125, 114.8,50.2,41.8, 34.3,32.4,32.1, 31.4, 29.7,
\ 27. (Eclipsed) HRMS calculated for CasHaoNO, [M+H]*:: 482.3059 Found:
@ 482.3029

9-(4-chlorophenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahy ~ droacridine 1,8
(2H,5H)-dione (4.2.5e).2° The compound 5e was synthesized by the procedure as described
above and obtained as yellow solid: 81% yield (186 mg), *H NMR (600 MHz, CDCls3) & 7.59-

cl 7.57 (m, 3H), 7.39 (d, J = 6.3 Hz, 2H), 7.25-7.23 (m, 4H), 5.26 (s, 1H), 2.19
(ABq, J = 16.8 Hz, 4H), 2.09 (d, J = 17.6 Hz, 2H), 1.83 (d, J = 17.6 Hz,
® 2H), 0.96 (s, 6H), 0.82 (s, 6H). 3C NMR (150 MHz, CDCls) § 195.9, 150,

@ 1449, 139.1, 131.7, 129.6, 129.4, 128.3, 114.4, 50.3, 42, 32.6, 32.5, 29.9,
26.9. (Eclipsed)

9-(4-fluorophenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydro acridine-
1,8(2H,5H)-dione (4.2.5f).?? The compound 5f was synthesized by the procedure as described
above and obtained as white solid: 81% yield (180 mg), *H NMR (600 MHz, CDCls) § 7.59-
7.57 (m, 3H), 7.43-7.40 (m, 2H), 7.25 (d, J = 6.9 Hz, 2H), 6.95 (t, J = 8.7 Hz, 2H), 5.27 (s, 1H),

F 2.18 (ABq, J = 20.9 Hz, 4H), 2.09 (d, J = 17.5 Hz, 2H), 1.83 (d,J =175
Hz, 2H), 0.96 (s, 6H), 0.82 (s, 6H). 13C NMR (150 MHz, CDCI3) & 196,
] 161.3 (d, J = 243.2 Hz), 149.9, 142.2 (d, J = 3.2 Hz), 139.1, 130.2, 129.6,

@ 129.4 (d, J = 7.9 Hz), 114.9 (d, J =21.2 Hz), 114.6, 50.3, 41.9, 32.5, 32.3,
29.8, 26.8. (Eclipsed)

9-(3-methoxyphenyl)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-

1,8(2H,5H)-dione (4.2.5n).% The compound 5h was synthesized by the procedure as described
above and obtained as white solid: 81% yield (184 mg), *H NMR (600 MHz, CDCls) § 7.59-
7.54 (m, 3H), 7.25 (d, J = 6.7 Hz, 2H), 7.18 (t, J = 7.8 Hz, 1H), 7.05-7.03 (m, 2H), 6.69-6.68
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o1 (m, 1H), 5.30 (s, 1H), 3.82 (s, 3H), 2.20 (ABg, J = 16.3 Hz, 4H), 2.09 (d, J

o VW o = 17.5 Hz, 2H), 1.83 (d, J = 17.5 Hz, 2H), 0.96 (s, 6H), 0.84 (s, 6H). 13C
8 NMR (150 MHz, CDCls) § 196, 159.5, 149.8, 147.8, 139.2, 129.5, 129,
@ 120.3, 114.7, 113.7, 111.9, 55.3, 50.3, 42, 32.8, 32.5, 29.8, 27.

3,3,6,6-tetramethyl-9-(3-phenoxyphenyl)-10-phenyl-3,4,6,7,9,10-hexahydroacridine-
1,8(2H,5H)-dione (4.2.5i). The compound 5i was synthesized by the procedure as described
above and obtained as white solid: 85% yield (220 mg), *H NMR (400 MHz, CDCls) § 7.52-
7.43 (m, 3H), 7.34-7.29 (m, 3H), 7.25-7.21 (m, 1H), 7.13-7.10 (m, 2H), 6.99-6.97 (m, 2H),
6.91-6.90 (m, 1H), 6.84-6.82 (m, 1H), 6.72-6.60 (m, 1H), 5.26 (s, 1H), 2.16 (ABg, J =13.9
Hz, 4H), 2.01 (d, J = 17.5 Hz, 2H), 1.68 (d, J = 17.5 Hz, 2H), 0.92 (s, 6H),

0.77 (s, 6H). 3C NMR (100 MHz, CDCls) & 195.9, 157.7, 157.6, 149.9,
® 148.2,138.9, 129.8, 129.4, 124, 123.1, 119.4, 117, 116.9, 114.4,50.3, 41.8,
L 32.7,32.4,29.9, 26.7. HRMS calculated for C3sHzsNO3[M+H]":: 518.2695.
@ Found: 518.2713

OPh

9-(benzo[d][1,3]dioxol-5-yI)-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-
1,8(2H,5H)-dione (4.2.5]).?2 The compound 5j was synthesized by the procedure as described
above and obtained as black solid: 72% yield (168 mg), *H NMR (600 MHz, CDCls) 7.57-7.54
(m, 3H), 7.23 (d, J = 6.8 Hz, 2H), 6.96 (d, J = 1.7 Hz, 1H), 6.92-6.89 (m, 1H), 6.70 (d, J=7.9
Hz, 1H), 5.88 (s, 2H), 5.19 (s, 1H), 2.17 (ABq, J = 18.6 Hz, 4H), 2.06 (d, J
=17.4 Hz, 2H), 1.81 (d, J = 17.4 Hz, 2H), 0.94 (s, 6H), 0.83 (s, 6H). *C
NMR (150 MHz, CDCI3) 6 196.1, 149.7, 147.4, 145.7, 140.7, 139.2, 130.2
129.5, 121, 114.8, 108.9, 108, 100.7, 66, 50.3, 41.9, 32.5, 29.8, 27, 15.4.
HRMS calculated for C22H31NO4 [M+H]*:: 470.2331. Found: 470.2334

3,3,6,6-tetramethyl-10-phenyl-9-(thiophen-2-yl)-3,4,6,7,9,10-hexahydro acridine-
1,8(2H,5H)-dione (4.2.5k).13*¢ The compound 5k was synthesized by the procedure as

= described above and obtained as yellow solid: 75% yield (162 mg), Rf =

2 Y 5 0.3 (30% EtOAcC + pet ether); *H NMR (600 MHz, CDCl3) & 7.55-7.54 (m,
. 3H), 7.32-7.23 (m, 2H), 7.03-7.01 (m, 2H), 6.87-6.86 (M, 1H), 5.67 (s, 1H),
@ 2.22 (ABq, J = 11.6 Hz, 4H), 2.10 (d, J = 17.5 Hz, 2H), 1.80 (d, J = 17.5

Hz, 2H), 0.96 (s, 6H), 0.86 (s, 6H). 13C NMR (150 MHz, CDCls) & 195.8,
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150.5, 150.2, 130.6, 130.2 139.1, 129.7, 129.5, 127.1, 124.3, 122.5, 114.3, 50.3, 41.8, 32.5, 30,
27.4,26.9.

10-(4-fluorophenyl)-9-(2-methoxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-
hexahydroacridine-1,8(2H,5H)-dione (4.2.51). The compound 5| was synthesized by the
procedure as described above and obtained as yellow solid: 72% yield (170 mg), *H NMR (400
MHz, CDCls) & 7.53-7.50 (m, 1H), 7.34-7.23 (m, 4H), 7.12-7.07 (m, 1H), 6.91-6.87 (m, 1H),
6.83-6.81 (m, 1H), 5.39 (s, 1H), 3.89 (s, 3H), 2.11 (ABq, J = 14.8 Hz, 4H), 1.97 (d, J = 17.2
I Hz, 2H), 1.78 (d, J = 17.2 Hz, 2H), 0.92 (s, 6H), 0.80 (s, 6H). 3C NMR
i T (100 MHz, CDCl3) 6 195.9, 162.5 (d, J = 250.8 Hz), 157.8, 149.8, 135.7 (d,
N J=3.5Hz),133.1,132.2,127.4,120.4,117.2 (d,J = 22.8 Hz), 113.8, 111.3,
@ 55.9, 50.3, 42.4, 32.5, 31.3, 29.9, 26.6. HRMS calculated for C3H32FNO3
[M+H]":: 474.2400. Found: 474.2451

10-phenyl-9-(thiophen-2-yl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione  (4.2.5m).%
The compound 5m was synthesized by the procedure as described above and obtained as
yellow solid: 68% yield (188 mg), *H NMR (600 MHz, CDCI3)8 7.53-7.50 (m, 3H), 7.29-7.27
(m, 2H), 7.05-7.04 (m, 1H), 6.99 (d, J = 3.3 Hz, 1H), 6.89-6.88 (m, 1H), 5.72
(s, 1H), 2.44 (dt, J = 16.5, 4.5 Hz, 2H), 2.32-2.26 (m, 2H), 2.23-2.17 (m, 2H),
2.03 (dt, J = 17.3, 4.7 Hz, 2H), 1.93-1.89 (m, 2H), 1.85-1.81 (m, 2H). 13C
NMR (150 MHz, CDCl3) 6 196.1, 151.8, 151.2, 139.1, 130.5, 129.9, 129.7,
129.5,127.3, 123.9, 122.8, 115.3, 36.9, 28.3, 27.2, 21.3.

(E)-3,3,6,6-tetramethyl-9-phenyl-10-(4-styrylphenyl)  -3,4,6,7,9,10-hexahydro  acridine-
1,8(2H,5H)-dione (4.2.5n). The compound 5n was synthesized by the procedure as described

above and obtained as white solid: 58% yield (153 mg), H
& QP NMR (600 MHz, CDCl3) § 7.71 (d, J = 8.0 Hz, 2H), 7.59 (d, J
11 11

; = 7.6 Hz, 2H), 7.48-7.42 (m, 4H), 7.35 (t, J = 7.3 Hz, 1H), 7.29-

) ) 7.20 (m, 6H), 7.13 (t, J = 7.3 Hz, 1H), 5.31 (s, 1H), 2.24-2.12
) (m, 6H), 1.91 (d, J = 17.5 Hz, 2H), 0.98 (s, 6H), 0.84 (s, 6H).
S S 13C NMR (150 MHz, CDCls) § 195.9, 149.8, 146.2, 138.5, 138,

136.6, 131.1, 128.9, 128.4, 128.1, 127.9, 126.9, 126.8, 126, 114.7, 50.2, 41.8, 32.7, 32.5, 29.8,
26.8. HRMS calculated for Ca7H37NO2 [M+H]" :: 528.2903 Found: 528.2943
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3,3,6,6-tetramethyl-9-phenyl-10-(p-tolyl)-3,4,6,7, 9, 10-hexahydroacridine-1,8(2H,5H)-
dione (4.2.50).2° The compound 50 was synthesized by the procedure as described above and
obtained as white solid: 70% yield (154 mg), *H NMR (600 MHz, CDCl3) § 7.45 (d, J = 7.2
Hz, 2H), 7.36 (d, J = 7.2 Hz, 2H), 7.26 (t, J = 7.6 Hz, 2H), 7.12 (t, J= 7.1
o Y o Hz, 3H), 5.29 (s, 1H), 2.50 (s, 3H), 2.18 (ABq, J = 20.4 Hz, 4H), 2.09 (d, J
L = 17.5 Hz, 2H), 1.86 (d, J = 17.5 Hz, 2H), 0.96 (s, 6H), 0.82 (s, 6H). 1*C
@ NMR (150 MHz, CDCls) ¢ 196, 150.1, 146.3, 139.6, 136.5, 128.2, 128,
126.1, 114.7, 50.3, 41.9, 32.8, 32.5, 29.9, 26.9, 21.4.

10-(4-bromophenyl)-3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydro acridine-
1,8(2H,5H)-dione (4.2.5p).2° The compound 5p was synthesized by the procedure as described
above and obtained as yellow solid: 81% yield (204 mg), *H NMR (600 MHz, CDCI3) § 7.70
(d, J=8.0 Hz, 2H), 7.40 (d, J = 7.2 Hz, 2H), 7.26 (t, J = 7.7 Hz, 2H), 7.16-
@ 7.13 (m, 3H), 5.27 (s, 1H), 2.19 (ABq, J = 18.4 Hz, 4H), 2.06 (d, J = 17.5

N Hz, 2H), 1.82 (d, J = 17.5 Hz, 2H), 0.96 (s, 6H), 0.81 (s, 6H). *C NMR
@ (150 MHz, CDCI3) & 195.9, 149.3, 146, 138.3,133.6 128.3, 128, 126.2,
e 123.6, 115.1, 50.3, 42, 32.8, 32.6, 29.9, 27.

10-benzyl-3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (4.2.50).%° The compound 5q was synthesized by the procedure as described above and
obtained as white solid: 90% yield (198 mg), *H NMR (400 MHz, CDCl3) § 7.42-7.34 (m, 3H),
7.30-7.28 (m, 2H), 7.21-7.15 (m, 4H), 7.11-7.06 (m, 1H), 5.33 (s, 1H), 4.90
(s, 2H), 2.49 (d, J = 16.6 Hz, 2H), 2.30 (J = 16.6 Hz, 2H), 2.20 (ABq, J =
® 9.5 Hz, 4H), 0.99 (s, 6H), 0.89 (s, 6H). **C NMR (100 MHz, CDCl3) &
N

k© 195.9, 150.7, 146, 137.2, 129.4, 128.1, 128.1, 126.1, 125.5, 115.5, 50.2,
48.9,40.4, 32.9, 32.3, 28.6, 28.4.

3,3,6,6-tetramethyl-9-phenyl-10-(pyridin-2-yl)-3,4,6,7,9,10-hexa hydro acridine-
1,8(2H,5H)-dione (4.2.5r).%6 The compound 5r was synthesized by the procedure as described
above and obtained as white solid: 55% yield (117 mg), *H NMR (500 MHz,
0 Y o CDCl3) § 8.72 (s, 1H), 7.95 (t, J = 7.6 Hz, 1H), 7.50-7.45 (m, 3H), 7.32 (d,
] J = 7.8 Hz, 1H), 7.26-7.22 (m, 2H), 7.10 (t, J = 7.3 Hz, 1H), 5.27 (s, 1H),
@ 2.23-2.11 (m, 6H), 2.21 (d, J = 16.2 Hz, 2H), 0.95 (s, 6H), 0.81 (s, 6H). *C
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NMR (125 MHz, CDCl3) 6 195.8, 152.7,150.5, 149.0, 146.1, 139.2, 128.2, 128.1, 126.1, 124.8,
124.5, 115.1, 50.4, 41.4, 33.1, 32.6, 29.7, 27.1.

10-butyl-3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(4.2.5s). The compound 5s was synthesized by the procedure as described above and obtained
as white solid: 70% yield (198 mg), *H NMR (600 MHz, CDClz) § 7.25-7.23 (m, 2H), 7.16 (t,
J=7.7 Hz, 2H), 7.05 (t, J= 7.3 Hz, 1H), 5.26 (s, 1H), 3.64 (t, J= 7.6 Hz, 2H), 2.53 (d, J = 16.6
Hz, 2H), 2.39 (d, J = 16.6 Hz, 2H), 2.22 (s, 4H), 1.61-1.59 (m, 2H), 1.40-

1.36 (m, 2H), 1.09 (s, 6H), 1.00 (s, 6H), 0.98 (t, J = 7.4 Hz, 3H). 2*C NMR

i i (150 MHz, CDCl3) 6 195.6, 150.2, 145.7, 127.9, 127.6, 125.8, 115.4, 49.9,

INI 44.6, 40.4, 33.5, 32.5, 31.8, 29.3, 27.9, 19.9, 13.8. HRMS calculated for
\ Cao7H3sNO2 [M+H] :: 406.2746. Found: 406.2760

10-hexyl-9-(4-methoxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-
1,8(2H,5H)-dione (4.2.5t). The compound 5t was synthesized by the procedure as described
above and obtained as white solid: 75% vyield (173 mg), *H NMR (600 MHz, CDCls) § 7.17
(d, J=8.7Hz, 2H), 6.72 (d, J = 8.7 Hz, 2H), 5.21 (s, 1H), 3.73 (s, 3H), 3.65 (t, J = 7.6 Hz, 2H),
. . 2.53(d, J = 16.6 Hz, 2H), 2.40 (d, J = 16.6 Hz, 2H), 2.23 (s, 4H), 1.62 (t, J
M = 7.3 Hz, 2H), 1.35-1.33 (m, 6H), 1.10 (s, 6H), 1.01 (s, 6H), 0.93 (t, J = 6.7
é Hz, 3H). 13C NMR (150 MHz, CDCls3) 8 195.8, 157.7, 150.1, 138.4, 128.6,
115.7,113.4,55.2, 50, 44.9, 40.5, 32.6, 31.6, 31.5, 31.1, 29.5, 28, 26.5, 22.7,
14.1. HRMS calculated for C3oH41NO3 [M+H]":: 464.3165. Found: 464.3145

3,3,6,6-tetramethyl-10-phenyl-9-propyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione

(3.1.5u). The compound 5u was synthesized by the procedure as described above and obtained
as white solid: 45% yield (88 mg), *H NMR (600 MHz, CDCls) § 7.54-7.53 (m, 3H), 7.17-7.15
(m, 2H), 4.25 (t, J = 5.1 Hz, 1H), 2.22 (ABq, J = 10.4, 4H), 2.03 (d, J = 17.5 Hz, 2H), 1.73 (d,
J = 17.5 Hz, 2H), 1.47-1.44 (m, 2H), 1.35-1.28 (m, 2H), 0.96 (s, 6H), 0.95
0 0 (s, 6H), 0.89 (t, J = 7.3 Hz, 3H). *C NMR (150 MHz, CDCl3) § 196.5, 151.0,

L 139.3,130.0, 129.3, 114.1,50.5, 41.9, 38.2, 32.3, 30.2, 26.7, 26.1, 18.9, 14.6.
@ HRMS calculated for C26H33sNO2 [M+H]":: 392.2590. Found: 392.2596.
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3,3,6,6-tetramethyl-9-pentyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine- 1,8(2H,5H)-dione
(4.2.5v). The compound 5v was synthesized by the procedure as described above and obtained
as white solid: 72% yield (151 mg), *H NMR (600 MHz, CDCls3) § 7.54-7.52 (m, 3H), 7.16 (d,
J=7.0 Hz, 2H), 4.26 (t, J = 5.0 Hz, 1H), 2.24 (ABq, J = 10.6 Hz, 4H), 2.05 (d, J = 17.4 Hz,
2H), 1.75 (d, J = 17.4 Hz, 2H), 1.50-1.46 (m, 2H), 1.33-1.26 (m, 6H), 0.97
(s, 6H), 0.96 (s, 6H), 0.88 (t, J = 7.0 Hz, 3H). *°C NMR (150 MHz, CDCls)
& 8 196.5,151.0, 139.4,130.2, 129.3, 114.1, 50.6, 41.9, 35.6, 32.4, 32.3, 30.2,
N

@ 26.7, 26.2, 25.3, 22.9, 14.2. HRMS calculated for CzsHz7NO2 [M+H]*::
420.2903. Found: 420.2947

9-heptyl-3,3,6,6-tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione

(4.2.5w).2” The compound 5w was synthesized by the procedure as described above and
obtained as white solid: 68% yield (152 mg), *H NMR (400 MHz, CDCls)
87.56-7.51 (m, 3H), 7.16 (d, J = 6.9 Hz, 2H), 4.26 (t, J = 4.9 Hz, 1H), 2.24
(ABq, J = 10.6 Hz, 4H), 2.05 (d, J = 17.5 Hz, 2H), 1.75 (d, J = 17.5 Hz,

P @i 2H), 1.50-1.47 (m, 2H), 1.32-1.26 (m, 10H), 0.97 (s, 6H), 0.96 (s, 6H), 0.88
1 1

N (t, J = 7.0 Hz, 3H). 3C NMR (150 MHz, CDCls) 5 196.6, 151.1, 139.4,

@ 130.1, 129.3, 114.1, 50.6, 41.9, 35.6, 32.3, 32, 30.2, 30, 29.5, 26.7, 26.2,

25.6,22.8, 14.3.

3,3,6,6,9-pentamethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(4.2.5x).26 The compound 5x was synthesized by the procedure as described above and
obtained as white solid: 42% yield (76 mg), *H NMR (600 MHz, CDCls) § 7.54-7.52 (m, 3H),
o o 7.19-7.17 (m, 2H), 4.16 (q, J = 6.2 Hz, 1H), 2.23 (s, 4H), 2.02 (d, J=17.4
ﬁﬁ Hz, 2H), 1.74 (d, J = 17.4 Hz, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.96 (s, 6H),

1 0.95 (s, 6H). 3C NMR (150 MHz, CDCls) § 196.3, 150.2, 139.2, 129.9,
@ 129.2,115.8,50.4,41.7, 32.4, 29.8, 26.5, 22, 21.7.
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4.11. Figures reproducing 'H and *C NMR spectra:

5.09

—1.10
~0.98

1.02x ——
0.84= ——m
Por ]

1.854
1.78<
0.93=

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 59 4.5 4.0 3.5 3.0 253 2.0 1.5 0.5 0.0

5.0
f1 (ppm)

Figure 4.19. 'H NMR (600 MHz) spectra of compound 4.1.4a in CDCls
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Figure 4.20. *C{*H} NMR (150 MHz) spectra of compound 4.1.4a in CDCl3
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Figure 4.22. ¥C{*H} NMR (150 MHz) spectra of compound 4.2.5a in CDCls
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Figure 4.25. *H NMR (600 MHz) spectra of compound 4.2.5x in CDCls
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Figure 4.26. *C{*H} NMR (150 MHz) spectra of compound 4.2.5x in CDCl3
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Chapter 5

Ru doped Hydrotalcite Catalyzed Borrowing
Hydrogen Mediated N-Alkylation of
Benzamides, Sulfonamides and

Dehydrogenative Synthesis of Quinazolines
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Chapter 5

5.1. Introduction:

Construction of C-N bond is a fundamental reaction in chemistry and C-N bond acts as a major
building block for various biological systems.! From a synthetic and pharmacological
standpoint, the derivatization of amide motifs is highly important as amide analog represents
various synthetically and biologically useful compounds and drugs.>*. N-alkylation of amides
is one of the most widely used strategies for the diversification of amide motifs.
Conventionally, aryl and alkyl halides were employed for the N-alkylation of amides.®
However, the stoichiometric equivalent of waste generation and involvement of multistep
synthetic procedures lowers its practicable applicability.® Therefore, the derivatization of
amides in a sustainable and eco-friendly manner is highly demanding.? In this regard, the use
of biomass-derived alcohols for the N-alkylation of amides is notable as alcohols are less toxic,
highly stable, and readily available. The borrowing hydrogen (BH)’ approach for the N
alkylation of amides has attracted significant focus as it uses renewable alcohols and generates
water as a sole by-product which makes this process highly atom economical, sustainable, and
economically viable. The BH N alkylation of amides is less explored compared to amines. This
might be due to the less nucleophilic nature of amides compared to amine, which imposes
harsher reaction conditions and/or high catalyst loading to achieve N-alkylation of amides with
alcohols® via BH. Watanabe et al. first illustrated RuCl.(PPhs)s catalyzed borrowing hydrogen
approach for the N-alkylation of carboxamides at 180 °C (Scheme 5.1).82

o o

RJLNHz . R”NOH RuCIy(PPh;)3, 20 mol% N“R
H
R = -CH,;, Vinyl, Aryl R = -H, Alkyl, Aryl 180 °C, 4h

Scheme 5.1. N-alkylation of amides catalyzed by RuCl>(PPhs)s

Afterward, Jenner and co-workers demonstrated the applicability of RuCl>(PBus)s to enhance
the yields and versatility of the reaction by activating various alcohols at very high reaction
temperatures.® Subsequently several efforts have been attributed to achieve the N alkylation
of carboxamide under milder reaction conditions using various homogenous catalysts.® In this
context, the group of Andersson illustrated the efficacy of N-heterocyclic carbene-phosphine-
derived iridium complexes to catalyze the N-alkylation of carboxamide with alcohols at 120 °C
(Scheme 5.2).8°
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N
R! . RZI\OH 0.5 mol% of NHC,P-Ir catalyst R11LNAR Nw{
R = Alkyl, Aryl R =Alkyl, Aryl 0.2 equiv Cs,CO3, 120 °C H -'Irsp
Toluene, 12h @ 1 Ph

Ph
Scheme 5.2. N-alkylation of amides catalyzed by NHC,P-Ir catalyst

The use of earth-abundant and nontoxic/less toxic first-row transition metals replacing costly
noble metals has attracted significant attention in recent years. In this perspective, Banerjee
and his group applied a combination of NiBr2 (10 mol%) and 1,10-phenanthroline (20 mol%)
to catalyze N-alkylation of amide in the presence of an excess amount of alcohols (4 eg. to

carboxamide) and 2 equivalent KsPO4 (Scheme 5.3).%

o 0
NiBr; (10 mol%
R1u“NH2 + R2NOH 2 ( 0) R11LNAR2
R = Alkyl, Aryl, R =Alkyl, Aryl, Phen (20 mol%) H
Heteroaryl Heteroaryl K3PO, (2.0 equiv)
130 °C, 48h

Scheme 5.3. N-alkylation of amides catalyzed by NiBr»

The major disadvantage of homogeneous catalysis lies in the difficulties of separating metal
impurities from the desired product and reusing the catalyst. Heterogeneous catalysts® are well
known to solve these problems, however, the major disadvantages are the lower reactivity and
selectivity compared to the homogeneous catalyst. Thus, the development of a heterogeneous
catalyst to afford selectively mono N-alkylated amide from alcohol and carboxamide under
relatively milder conditions would be cost-effective and highly sustainable. In this context, Shi
and co-workers described the efficacy of Ag/Mo oxide (AgsMo010O33) for such a process.®
However, their protocol relies only on the use of excess alcohols (5eq) and failed to activate

aliphatic alcohols (Scheme 5.4).

o 0
Ag-Mo-22 (40 mg)
R‘lLNH2 N R20OH N R‘lLNARZ
R = Aryl, R =Aryl, K,CO; (20 mol%) H
Heteroaryl 160 °C, 12h

Scheme 5.4. N-alkylation of amides catalyzed by Ag/Mo oxide (AgsM010033)
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The group of Kobyashi developed polymer-encapsulated Au/Pd nanoparticles with carbon
black as a secondary support to catalyze such reactions. 8 They also successfully demonstrated
the recyclability of the catalyst. However, the use of excess alcohols (3-5eq) and Ba(OTf)2 as
an additive is essential to afford the good vyield of desired N-alkylated amide. Thus, the
development of reactive heterogeneous catalysts to perform various de(hydrogenative)

transformations, using less/stoichiometric amounts of alcohols is advantageous.

0 0
Pl/CB-Au/Pd (1 mol% Au
R11LNH2 + RZ‘\OH ( b Au) R1l‘L /\Rz
R = Aryl, R =Aryl, Ba(OTf), (5 mol%) H
Heteroaryl Toluene (C = 0.5M)

reflux, Ar, 18h

Scheme 5.5. N-alkylation of amides catalyzed by PI/CB-Au/Pd catalyst

Apart from benzamide, various reports related to sulfonamide alkylation were also published
recently. Here some selected examples were presented in (Scheme 5.6). Sulfonamide

alkylation is also important.°

°¢S',° 0..9
*NH,*  RZMoH SN R?
R 1
> R H
.
i
LN PPr PHIPr, CO
Mn
[ 7\ ©° NH—Re—CO| g
P co
ip . %
Ru(OH);-Fe30, (1.3 mol%) Ru/Fe30, (0.4 mol% Ru) 2 5mol% PHPr, CO
) K,CO; (10 mol%
I;(If)l\:l-I (1130 T:I ﬁ) g 1% e A e 1502°C 3)(( lenes Zlh Cs2C05 (2 mol%)
e, 130 °C, 2d » YO tAmyl alcohol, 150 °C
Yus, 2011 Beller, 2009 Morril, 2019 Beller, 2017

Scheme 5.6. N -alkylation of sulphonamides

Synthesis of heterocycle quinazolinones can be possible by dehydrogenative reaction between
2-amino benzamide and benzyl alcohols via C-N bond formation. However, the use of
heterogeneous catalysts in this process is less explored.’® In 2014, Shimizu and co-workers

described the applicability of heterogeneous Pt catalysts for this reaction.*®
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(o) (o)
.
NH, R? Mesitylene (1.59) N~ TR?
Reflux, 24h

Scheme 5.6. N-alkylation of amides catalyzed by PI/CB-Au/Pd catalyst

The B-H alkylation of amide/ sulfonamide and the synthesis of quinazolinones are less
explored with heterogeneous catalysts. The preceding discussion also revealed that the
heterogeneous catalysts used for these transformations frequently necessitate harsh conditions
and an excess of alcohol. In addition, the developed catalysts are particularly effective in the
N-alkylation of either benzamide or sulphonamide. Therefore the development of a new
versatile heterogeneous catalyst capable of N-alkylation of both carboxamides and

sulfonamides as well as quinazoline synthesis via de(hydrogenative) pathway is captivating.
5.2. Our work:

Here, we have utilized Ru-fabricated hydrotalcite®®®® °" which was previously (in
Chapter 4) explored and characterized. Here, the N-alkylation of benzamides and
sulphonamides via borrowing hydrogen catalysis is illustrated. Various primary alcohols,
including benzyl, heteroaryl, and aliphatic alcohols, were alkylated and the yield is promising.
To shed light on the mechanistic details, several control studies and deuterium labeling
experiments were performed. Mechanistic studies underpin that the reaction is going via a
borrowing hydrogen pathway rather than an Sx1-type mechanism. The reaction can be easily
scaled up without any detrimental effect on the yield. The catalyst is also capable of
synthesizing quinazolinone directly from 2-aminobenzamide and alcohols. Successful

recyclability and high reactivity highlight the practical applicability of the catalyst.
5.3. Results and discussions:

5.3.1. Optimization of the reactions conditions:

First, commercially available hydrotalcite, MgeAl2CO3(OH)16.4H20 was added to the
aqueous RuClz-nH.0 solution. The resulting suspension was then treated with 1M NaOH until
it reaches ~ pH 13 and vigorously stirred for 24 h to afford Ru-HT as grey powder.
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Table 5.1. Screening table:

o Ru-HT (Ru content o
0.918 Wt%, less than 0.5
@JLNH; @/\m g, 50 mo), Base (:))LH/\©
Toluene, 140 °C, 48h, Ar
51.1a 5.1.2a 5.1.3a%
Entry Catalyst Base (equiv.) Solvent Yield (%)°
1 Ru-HT - Neat n.d.
2 Ru-HT - Toluene n.d.
3 Ru-HT K2COz (0.5) Toluene 38
4 Ru-HT K3POg4 (0.5) Toluene 55
5 Ru-HT NaO'Bu (0.5) Toluene 74
6 Ru-HT KO'Bu (0.5) Toluene 64
7 Ru-HT Cs2C03(0.5) Toluene 87
8 Ru-HT Cs2C03(0.25) Toluene 68
g° Ru-HT Cs2C03(0.5) Toluene 60
10¢ Ru-HT Cs2C03(0.5) Toluene 62
11 Ru-HT Cs2C03(0.5) Xylene 37
12 Ru-HT Cs2C03(0.5) Dioxane 24
13° Ru-HT Cs2C0s (0.5) Toluene 70
14 Ru-HT Cs2C03(0.5) Toluene 51
159 Ru-HT Cs2C03(0.5) Toluene 82
16" Ru-HT Cs2C0s3 (0.5) Toluene 74
17 - Cs2CO0s3 (0.5) Toluene n.d
18 HT Cs2C03 (0.5) Toluene 12
& Standard reaction conditions: 5.1.1a (0.5 mmol), 5.1.2a (0.75 mmol), Ru-HT (50 mg, Ru
content 0.918 wt%, less than 0.5 mg) and Cs>COsz (0.25 mmol) in toluene (2 mL), at 140 °C of a
preheated oil bath for 48 h in a 60 mL pressure tube under Ar. °Isolated yield. ‘Low catalyst
loading (30 mg). %5.1.1a (0.5 mmol) and 5.1.2a (0.5 mmol), ®36 h, 160 °C, 930 mL pressure tube.
1100 mL pressure tube. n.d = Not detected.

Initially, the scope of Ru-HT was explored for direct N-alkylation of amides by taking
benzamide (5.1.1a, 0.5 mmol) and benzyl alcohol (5.1.2a, 0.75 mmol) as a model system. At

first, benzamide (5.1.1a, 0.5 mmol) and benzyl alcohol (5.1.2a, 0.75 mmol) were heated at
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140 °C in a 60 mL pressure tube in the presence of Ru-HT (50 mg, Ru content 0.5 mg, 0.918
wt%) in neat condition (Table 5.1, entry 1). Unfortunately, the formation of benzaldehyde was
observed, but no N-alkylated amide was formed. The reaction in toluene solvent also did not
proceed (Table 5.1, entry 2). Next, the reaction was executed in the presence of various bases
like KO'Bu, K2COs3, K3PO4, NaO'Bu, and Cs,COs. To our delight, in the presence of Cs,COs,
the desired N-alkylated amide 5.1.3a was isolated in excellent yield (87%) (Table 1, entry 7).
The solvents like xylene or dioxane gave inferior results compared to toluene (Table 5.1,
entries 11 and 12). Further, the effect of temperature and the volume of the pressure tube was
also inspected (Table 5.1, entries 13-16). From these studies, it was established that 140 °C
and 60 mL pressure furnished the best result. In the absence of a catalyst, the reaction did not
proceed (Table 5.1, entry 17).

5.3.2. N-Alkylation of diverse benzamides with various alcohols:

Next, the full scope of the Ru-HT-catalyzed N-alkylation of carboxamide with various
alcohols was examined (Scheme 5.6). At the outset, alcohols having various functional groups
have been employed as alkylating agents. Delightfully, the aryl unit containing both electron-
donating substituents and electron-withdrawing substituents afforded good to excellent yield
of the corresponding mono-alkylated product (Scheme 5.6, entries 5.1.3a-3e). However, 4-CN,
4-NO; benzyl alcohols remain unreactive. Heterocyclic alcohols like piperonyl alcohol
(Scheme 5.6, entry 5.1.3l), and 2-thiophene methanol (Scheme 5.6, entry 5.1.3m) gave
moderate yields. It is important to note that even primary aliphatic alcohols gave moderate to
good vyield at higher temperatures 160 °C (Scheme 5.6, entries 5.1.3p-3r). This is quite a
significant improvement over the earlier reports.®8" However, the catalytic system failed to
dehydrogenate thermodynamically more challenging substrates like MeOH, EtOH, or
cyclohexanol. Next, the focus was changed to various functionally diverse benzamides. When
the optimized reaction conditions were employed, various benzamides were smoothly N-
alkylated with benzyl alcohols. 4-fluoro benzamide, 3-methoxy benzamide, and thio
carboxamide gave excellent yields in our standard reaction condition (Scheme 5.6, entries
5.1.3s-3u). The developed methodology successfully synthesized the drug molecule Tigan
5.1.3w, which is used to treat nausea and vomiting. Aliphatic amides and nicotinamide gave

moderate yields under more stringent conditions (5.1.3x-3z).]
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0]

Ru-HT, 50mg o
R1©)LNH2 + R2™NOH (Ru content 0.918 wt%, N R2
less than 0.5 mg) R H
5.1.1 51.2 Cs,C03 (0.25 mmol)
0.5 mmol 0.75mmol  Toluene, 140 °C, 48 h 5.1.3%p

Alcohol scope

ore, oy oYy oes

51.3a:R2=H(88%) 5.1.3e:RZ=Br(77%) > o R; OPh (87%) . 5.1.3k (64%)
5.1.3b: R = OMe (87%) 5.1.3: R2= CN (Trace) -~ - OMe (76%) 5.1.3) (54%) °
5.1.3c:R2=Me (81%) 5.1.3g: R? = NO, (Trace)

5.1.3d: R2 Cl (85%)

0
5.1.3p: R2 = CgH47 (80%)°
oo @Yo O ere e R
5.1.3r: R2 = C4gHyy (33%)°
N

5.1.31 (68%) 5.1.3m (53%) 5.1.3n (76%) OMe 5.1.30 (38%)

R2
N°
H

Amide scope

grarero, ey Mmﬁmw/

5.1.3s (58%) 5.1.3t (87%) 513 (82%) Me 5.1.3v (40%)
u o

0 o o
Meo ; | U )L
H L H
MeO oS d d
OMe 5-1:3W (45%) 5.1.3x (28%)%,  5.1.3y (32%)°, 5.1.3z (20%)¢
¢ Tigan 41%° 45¢

“Standard reaction conditions: 5.1.1 (0.5 mmol), 5.1.2 (0.75 mmol), Ru-HT (50 mg, Ru content
0.918 wt%, Ru is less than 0.5mg) and Cs2COs3 (0.25 mmol) in toluene (2 mL), at 140 °C of a
preheated oil bath for 48 h in a 60 mL pressure tube under Ar. *Isolated yield. “High temperature
(160 °c). “‘NaO'Bu (0.5 mmol). *Alcohol (2.5 mmol).

Scheme 5.6. Scope of Ru-HT catalyzed BH mediated N-alkylation of benzamide

5.3.3. Optimization of the reaction condition for N-alkylation of sulfonamide:

5.2. Screening table:

"y (Ru content 0.918 wt%) QP

/@, *NH, + @/\OH (less than 0.5 mg) /@l ~” | D

Base - 1 equiv. =

5.2.4a 51.2a  Toluene, 140 °C, 48h, Ar 5.2.5a
Entry Catalyst (mg) Base (equiv) Yield (%)®
1 Ru-HT Cs2C03 (0.5) 85
2 - Cs2C03 (0.5) n.d
3 Ru-HT - n.d
4 Ru-HT Cs2C03 (0.5) 12
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5 Ru-HT Cs2CO03 (0.5) 73

6 Ru-HT Cs2CO03 (0.5) 63

7 Ru-HT Cs2CO; (0.5) 65

8 Ru-HT Cs2C03 (0.5) 55

9 Ru-HT Cs2CO3 (0.5) 78

10 Ru-HT Cs2CO; (0.5) 73

11 Ru-HT Cs2CO03 (0.5) 63

12 Ru-HT Cs2CO03 (0.5) 58

13 Ru-HT Cs2CO; (0.5) 45

14 RU-HT Cs2CO; (0.5) 59

15 Ru-HT K2COs (0.5) 38

16 Ru-HT K3POs (0.5) 45

17 Ru-HT NaO'Bu (0.5) 55

18 Ru-HT KO'Bu (0.5) 80

19 RU-HT Cs2CO; (0.25) 68

20 RU-HT Cs2CO; (1.0) 91
Standard reaction conditions: 5.2.4a (0.5 mmol), 5.1.2a (0.75 mmol), Ru-HT (50 mg) and
Cs2CO0s3 (0.25 mmol) in toluene (2 mL) of a preheated oil bath at 140 °C for 48 h in a 60 mL
pressure tube under Ar, Plsolated yield, Low catalyst loading (30 mg), 5.2.4a (0.5 mmol)
and 5.1.2a (0.5 mmol), €36h, 7120 °C, 930 mL pressure tube. "100 mL pressure tube. '25 mL
rb. XXylene. ¥Dioxane. 'tertAmyl alcohol. n.d. stands for not detected.

5.3.4. N-Alkylation of diverse sulfonamides with various alcohols:

Both electron-donating substituents (4-OMe, 3-OMe, 2-OMe) and electron-withdrawing (4-Cl,
4-Br, 4-F) substituents (Scheme 5.9, entries 5.2.5a-5f) gave excellent yields of the respective
N-alkylated sulfonamides. Heterocyclic alcohols can be employed in the reaction to afford
the desired product in good to excellent yield (Scheme 5.9, entries 5.2.5] and 5.2.5k).
Unfortunately, the N-alkylation of sulfonamides with aliphatic alcohols was not achieved under
optimized conditions. Even, a rise in temperature up to 160 °C, leads to the decomposition of

the sulfonamide and hence alkylation remains unresponsive.
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0. .0 Ru-HT, 50 mg
~‘s': . ~ (Ru content 0.918 wt%, o¢s',0
R1©/ NH, R® "OH  |ess than 0.5 mg, 50 mg)R1©/ ~u/\R2
Cs,C0;3 (0.25 mmol)
524 5.1.2 Toluene, 140 °C, 48 h 5.2.53b
0.5mmol  0.75 mmol '

2
5.2.5g: R“ = OPh (73%) 5.2.5j (85%)

5.2.5a: R'=H, RZ—H(ss% 5.2.5h: R2 = OMe (75%) 525.(72%

5.2.5b: R' = Me, R2 = H (91%)

5.2.5c: R' = Me, R? = OMe (91%) Oss,O 0‘“3'

5.2.5d: R' = Me, R2 = F (70%) /@’ 1 N > /@’ /\(l
5.2.5¢: R = Me, R? = CI (68%) -z a

5.2.5f: R = Me, R? = Br (72%) 5.2.5k (67%) 5.2.51 ( 64%)

aStandard reaction conditions: 5.2.4 (0.5 mmol), 5.1.2 (0.75 mmol), Ru-HT (50 mg, Ru content
0.918 wt%, Ru is less than 0.5 mg) and Cs2CO3 (0.25 mmol) in toluene (2 mL), at 140 °C of a
preheated oil bath for 48 h in a 60 mL pressure tube under Ar. PIsolated yield.

Scheme 5.9. Scope of Ru-HT Catalysed BH N-Alkylation of Sulfonamides

5.3.5. Optimization of the reaction condition for the synthesis of quinazolin-4(3H)-ones:

Encouraged by the catalytic activity of the Ru-doped hydrotalcite, the scope to synthesize
quinazolinones from 2- amino benzamides and alcohols (Scheme 5.10) was examined as this
heterocyclic motif is known for their remarkable importance in pharmaceutical chemistry.14 1
Initially different reaction parameters were screened to accomplish the optimized reaction
conditions for the synthesis of quinazolinone (Table 5.3). It is worth mentioning that only a
catalytic amount (5 mol%) of KO'Bu is sufficient to afford the desired quinazolin-4(3H)-ones
in high yield. Next, the scope of different alcohols and differently substituted 2-amino
benzamide was tested. Benzyl alcohols having various electron donating or withdrawing
groups (Scheme 5.10, entries 5.3.7a-7f) in the aromatic ring afforded excellent yield of the
corresponding products. Halogen groups are well-survived which creates further scope for
functionalization of these scaffolds (Scheme 5.10, entries 5.3.7k-7n). Of note, challenging
aliphatic alcohols also furnished a good yield (70-75%) of the corresponding quinazolinone
derivatives (Scheme 5.10, entries 5.3.7h-7j).
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Table 5.3. Optimization of the reaction condition:

0 0
G (7 semniime (L oh + oms
NH, N
5.3.6a 5.1.2a 5.3.7:\©
Entry Catalyst Solvent Base Yield® (%)
(50 mg) (2mL) (mmol)
1 Ru-HT - - 78
2 Ru-HT Toluene - 42
3° Ru-HT Toluene - 60
49 Ru-HT Toluene - 58
5 Ru-HT - KO'Bu (0.5) 88
6 Ru-HT Toluene KO'Bu (0.5) 64
7 Ru-HT - KO'Bu (0.05) 85
8° Ru-HT - KO'Bu (0.05) 70
9 Ru-HT Dioxane KO'Bu (0.5) 24
10 Ru-HT Xylene KO'Bu (0.5) 32
11 RuCls - - 38
12 - - - n.d
13 HT - - 8
Standard reaction conditions: 5.1.2a (1 mmol), 5.3.6a (0.5 mmol), Ru-HT (50 mg, Ru
content 0.918 wt%, less than 0.5 mg) and KO'Bu (0.025 mmol) in neat condition, at 140 °C
of a preheated oil bath 24 h in a 10 mL round bottom flusk under Ar. Plsolated yield. ‘Low
catalyst loading (30 mg). 95.3.6a (0.5 mmol) and 5.1.2a (0.5 mmol), ¢Low temperature (120
°C). n.d stands for not detected.
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5.3.6. Substrate scope of Quinazolin-4(3H)-ones:

0 o}
Ru-HT, 50 mg
; NH, "'°\| (Ru content 0.918 wt%, NH
R + R2 less than 0.5 mg) /)\ 2
NH, 5 mol% KO'Bu N" 'R
5.3.6 5.1.2 “Neat condition 5.3.7
0.5 mmol 1 mmol yield®®

Alcohol scope

5 3.7a (85%) 5 3.7b (83%) 5.3.7¢ (80%) OMe 5.3.7d (72%) oph 5.3.7e (80%)
5.3.7f (74%) Fsa. 79 (68%) 5.3.7h (72%)° 5.3.7i (70%)° 5.3.7j (75%)°

o e by, @%

5.3.7k (78%) 5.3.71 (80%) 5.3.7m (70%) 5.3.7n (82%)

aStandard reaction conditions: 5.3.6 (0.5 mmol), 5.1.2 (1.00 mmol), Ru-HT (50 mg, Ru content
0.918 wt%, Ru is less than 0.5 mg) and KO'Bu (5 mol%) in neat condition at 140 °C of a
preheated oil bath for 24 h in a schlenk tube under Ar, ° Isolated yield, €36 h.

Scheme 5.10. Scope of Ru-HT Catalysed Quinazolin-4(3H)-ones

5.4. Mechanistic investigation:

In order to explore mechanistic details several control experiments were performed (Scheme
5.7). At first, tertiary alcohol was used in the reaction conditions to furnish the N-alkylated
product. This confirms that the reaction does not proceed via carbocation formation (Scheme
5.7.1).

Carbocation involvement:
o Ru-HT (50 mg)
C55C05 (0.25 mmol) J<
NH, +
OH 140 °C Ar, 48 h, Toluene
60 mL Ace pressure tube

5.1.1a No product formation
0.5 mmol

Scheme 5.7.1: Control experiment 1
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To study whether the reaction is going via borrowing hydrogen pathway, N-acyl imine
intermediate 5.1.3b’ was reacted with the benzyl alcohol 5.1.2b (Scheme 5.7.2), which led to
the formation of desired N-alkylated product 5.1.3b (Scheme 5.7.2).

Proof for Borrowing Hydrogenation:

(o) o
Z Ru-HT (50 mg)
N’\(:L + /©/\0H Cs,C0; (0.25 mmol) u’\©\
o Yo 140 °C, Ar, 48 h, Toluene o”

5.1.3b' | 51.2b 60 mL Ace pressure tube

5.1.3b, 35%
0.5 mmol 0.75 mmol

Scheme 5.7.2: Control experiment 2

Furthermore, when 5.1.3b" was treated with deuterated benzyl alcohol (5.1.2b-d2)
incorporation of deuterium to the desired product validates the involvement of borrowing
hydrogen method (Scheme 5.7.3).

Transfer hydrogenation with Deuterated alcohol:

o H D, D Oy p

- Ru-HT (50 mg)
©)LN)\© . ©)<on Cs,C0; (0.25 mmol) @JL”>§©\
o o 140 °C, Ar, 48 h, Toluene o~
5.1.3b" I 5.1.2b-d2 60 mL Ace pressure tube 27%
0.5 mmol 0.75 mmol

100 percent Deuterium incorporation occurs

Scheme 5.7.3. Control experiment 3

The reaction of 4-methoxy benzaldehyde (5.1.1b") with benzamide (5.1.1a) in the presence of
1-phenyl ethanol as a reductant under the reaction condition afforded the desired product
(5.1.3b) in 55% vyield in 36 h and which was further increased to 85% just by increasing
reaction time to 60 h (Scheme 5.7.4). This further confirms the BH pathway. This study also
reflects that the dehydrogenation of secondary alcohol is relatively slower than the primary

alcohol and coupling amide with aldehyde is much easier than ketone (Scheme 5.7.4).

Amide alkylation using secondary alcohol through transfer hydrogenation:

OH [0}

Ru-HT (50 mg) o
CHO
@)\ . @/ . ©)LNH2 Cs,CO0;3 (0.25 mmol) @)L”/\Q
o 140 °C, Ar, 36 h, Toluene 0
| |

60 mL Ace pressure tube

5.1.1b’ 5.1.1a

5.1.3b, 55%
0.75 mmol 0.75 mmol 0.5 mmol

Scheme 5.7.4. Control experiment 4
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Later, the dehydrogenative property of the catalyst was examined. Delightfully, the 4-methoxy
benzaldehyde was formed in 65% yield even in the absence of a traditional inorganic base

(Scheme 5.7.5).

Aldehyde formation:

©/\OH Ru-HT /@CHO
—_—
\o \0

[+
1b 140 °C, Argon 65%
1 mmol 36h NMR yield

Scheme 5.7.5. Control experiment 5

It is worth mentioning that the hydrogenation of the N-acyl intermediate proceeds without
Cs2C03 (Scheme 5.7.6). However, the BH N-alkylation of amide failed to proceed without
Cs2CO3 (Table 5.1, entry 2). This indicates that Cs,COs might help the aldehyde-amide

coupling step.

Role of base:

o (o)
-~
©)LN/\©\ . ©/\OH Ru-HT (50 mg) ©)LH/\©\
0,
O/ (i) 140 °C, Ar, 48 h, Toluene O/
5.1.3b' 5.1.2b 60 mL Ace pressure tube 5.1.3b, 42%

0.5 mmol 0.75 mmol

Scheme 5.7.6. Control experiment 6

Surprisingly, the reaction of 4-methoxy benzaldehyde and benzamide failed to furnish either

N-acyl intermediate 5.1.3b’ or intermediate 5.1.3b’’ (Scheme 5.7.7).

o ; o
Intermediate hunt: N N
o H H
NH CHO Intermediate, 5.1.3b"
2
+ \0 Standard reaction Not found

— +
conditions o
5.1.1a 5.1.2b' >
0.5 mmol 0.75 mmol /@AN
o
Interrmediate, 5.1.3b’
Trace

Scheme 5.7.7. Control experiment 7
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However, intermediate 5.1.3b’’ under the standard condition in presence of benzyl alcohol gave
N-alkylated product (5.1.3a) and (5.1.3b) (Scheme 5.7.8).

h) Reacting N, N’ -diamide with alcohol under hydrogen autotransfer conditions:

- @f*@

0.42 mmoI 5.1.3a

Standard reaction

condltlons
5.1.2a ©/\
0.75 mmol

5.1.3b"
0.55 mmol, 5.1.3b
0.5 mmol, Intermediate

Mixture of prodcuts

Scheme 5.7.8. Control experiment 8

This underpins that intermediate 5.1.3b” and 5.1.3b’’ are in equilibrium under the reaction
conditions and the failure to isolate the intermediates is probably related to their lower stability
under the reaction conditions (Scheme 5.7.8). (Scheme 5.8) Thus, the slow generation of
intermediate 5.1.3b’ and its quick hydrogenation to the corresponding stable N-alkylated
product 5.1.3b is the key factor in achieving the high yield. At first the basic site of the catalyst
promotes the formation of metal alkoxide species. Later, -hydride elimination leads to the
formation of metal hydride species which promotes borrowing hydrogen mediated

functionalization of amide.

io
: Ph)LNHZ c|>
HH 5.1.1a
OH CHO PhWN ~
— ,©/ 0 51.3b
{ \0 5.1.2b"
I 5126 OH o -
Ru, H)_
Metal alkoxide formation 0/(]) "":c') R
\.n.b.a.abm.bc/—\ H PhCONH,, 5.1.1a
HO\ / o

ZI
o
=

\ o o"‘H

\©\r ~n/
Ph)L )\© oi:NH ]

5.1.3b 5.1.3b"

Scheme 5.8. Reaction mechanism for the synthesis of 5.1.3a

A competition experiment between 4-chlorobenzyl alcohol (5.1.3d) and 4-methoxybenzyl
alcohol (5.1.3b) was also performed and it was observed for an electron-rich substituent,

amidation occurred at faster rates (Scheme 5.7.9).
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Competition reaction between electron donating and electron withdrawing substrates:

N
fo) H

OH Ru-HT (50 mg) . (o)
(I) cl 0+

140 °C, Ar, 48 h, Toluene

N
5.1.1a 51.2b 5124 60 mL Ace pressure tube H
ol
0.5 mmol 0.75 mmol 0.75 mmol 5.1.3d, 20%

Overall yield 88%

Scheme 5.7.9. Control experiment 9

The reversibility of the dehydrogenation of alcohol was also confirmed cross
de(hydrogenative) reaction of 4-methoxybenzyl alcohol (5.1.2b) and benzaldehyde (5.1.1b")
(Scheme 5.7.10)

Evidence supporting reversible alcohol dehydrogenation:

OH CHO
+
cHO Ru-HT (50 mg) fl’
©/\OH @’ 140 °C, 48 h, Toluene 0.1mmol 0.3 mmol
? + 60 mL Ace pressure tube CHO R
5.1.2b 5.1.1b’ /@ ©/\
0.5 mmol 0.5 mmol [o) N
|

0.4 mmol 0.2 mmol

Scheme 5.7.10. Control experiment 10

In addition, an intermolecular competition reaction was performed, which showed the kinetic
isotope effect (Scheme 5.7.11 and 5.7.12).

Competition reactions between 5.1.2b and 5.1.2b-d2:
o
D_ D

D_ D
o
OH 5.1.3b-d2,19% |
0 +
| 5.1.2b-d2 O H HID
[o] 0.75 mmol Ru-HT (50 mg)
Cs,C0; (0.25 mmol) N
NH, H_H H
* 140 °C, Ar, 48 h, Toluene - (o}
OH 60 mL Ace pressure tube 5.1.3b-d1, 25% I
5.1.1a
(o} [0}
0.5 mmol | HH
5.1.2b N
0.75 mmol H
(o]
|
5.1.3b, 54%

Overall yield 75%

Scheme 5.7.11. Control experiment 11
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Parallel reactions between 5.1.2b and 5.1.2b-d2:

o
o b D Ru-HT (50 mg) P
NH, + oH C€s2C0;(0.25 mmol) N
H
o 140 °C, Ar, 48 h, Toluene 0/
] 60 mL Ace pressure tube ~ o
5.1.1a 5.1.2b-d2 5.1.3b-d2, 32%
0.5 mmol 0.75 mmol kulkp = 88/32 = 2.75

Scheme 5.7.12. Control experiment 12

A gram scale synthesis was performed taking benzamide and benzyl alcohol as model
substrates. The desired product was isolated in 88% vyield which highlights the practical
usefulness of our catalytic protocol. The green chemistry matrix has also been calculated.
(Scheme 5.7.13)

Gram scale synthesis:
o

o
Ru-HT (Ru content 0.918 wt%) P
NH OH N
2, @/\ (600 mg) M + H,0
Cs,CO;3 (3 mmol)

Toluene (24 mL)

5.1.1a, 5.1.2a, o 5.1.3a,
6 mmol 9 mmol 140°C, 48 h 88%
1114 g
Green Chemistry Metrics: Carbon efficiency = 100%
E-factor = 1.34 Excess reactant factor = 1.27
Atom economy = 92% Reaction mass eficiency = 63.7%

Scheme 5.7.13. Green chemistry matrix calculation

The catalyst has been recycled after five times. But a gradual loss in yield has been observed
after 3™ cycle. (Figure 5.1) ICP MS experiment has been carried out after the third cycle and
leaching of Ru metal was observed. PXRD of the recovered catalyst was also performed. The

support is almost intact. So, the Ru leaching could be the possible reason for the yield loss.

Recyclability Chart
100

80
60
40

20

Figure 5.1 Recyclability test

191
TH-3203_176122045



Chapter 5

To check the versatility of our protocol, next it was decided to investigate the possibility
of BH N-alkylation of sulfonamides with alcohols,'® 1! 12 as N-alkylated sulfonamide are

highly important for their medicinal application.*®
5.5. Kinetic profile:

Next, the kinetic profile of the reaction between 2-aminobenzamide (5.3.6a) and benzyl
alcohol (5.1.2a) (Figure 5.2) was explored. The dehydrogenative oxidation of benzyl alcohol
(5.1.2a) to benzaldehyde (5.1.2b) was found to be steady. A small uniform concentration of
benzaldehyde and the intermediate, (5.3.7a’) was observed throughout the reaction. This
indicates that the condensation of 2-aminobenzamide with the formed aldehyde and the
conversion of intermediate (5.3.7a’) to quinazolinone (5.3.7a) is relatively faster compared to
dehydrogenation of alcohols. This was further confirmed by studying the kinetic profile of the
reaction of the aldehyde and 2-aminobenzamide. Within 6 h 84% of product, formation was
observed. (Figure 5.2 and 5.3)

[0}

eo
NH,

5.3.6a,
CHO 0.5 mmol

5 mol% K 1% KO'Bu Condensatlon )\© )\@
5.3.7

5123 140 °C
1 mmol 5.1.2a’

Intermediate,
5.3.7a'

1.0+

=== Alcoh ol
|=—#—Aldehyde

=
@
[

(=== Aminobenzamide
[=—%¥=—Product
~——¢—Intermediate

o
o
[

Concentration (mmol)
=
L

o
]
L

0.0

1'2 ) 18 ) 24
Time (hour)

Figure 5.2. Time course of the reaction during the formation of 2-phenylquinazolin-4(3H)-
one from 4-methoxybenzyl alcohol and 2-aminobenzamide.
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0 CHO
dLNHZ . @ _ Ru-HT d Ru-HT
ZSNH, 5 mol% KO'Bu )\© )\©
5.3.7a, 84%

140 °C
5.3.6a 5.1.2a'
0.5 mmol 0.5 mmol Intermediate, 5.3.7a’

0.4
E —a— 2-Aminobenzamide
£ —e— Product
= —i— |ntermediate
2
o
=
202+
(8]
c
o
o

0.0 T T T T T T v T L]

0 1 2 3 4 ) 6

Time (hour)

Figure 5.3. Time course of the reaction during the formation of 2-phenylquinazolin-4(3H)-

one from benzaldehyde and 2-aminobenzamide.

5.6. Conclusion:

In conclusion, an efficient Ru-HT-catalyzed BH N-alkylation of various carboxamide with a
diverse range of alcohols has been developed. Mechanistic studies were performed to
understand the reaction pathway. This indicates the reaction proceeds via the BH pathway
rather than the involvement of the carbocation intermediate. Of note, for the dehydrogenation
of alcohol and hydrogenation of N-acyl intermediate, Cs.COs is not required, which underpins
the assistance of Cs,CQOz in the condensation step of amide and aldehyde. The protocol was
further extended to alkylate sulfonamides. Moreover, dehydrogenative condensation 2-amino
benzamides with various primary alcohols to achieve quinazolinone was demonstrated.
Successful recyclability, easy scalability, and calculated green chemistry metrics highlight the

practical applicability of the current protocol.

5.7. Experimental Section:

5.7.1. General Information: All catalytic experiments were carried out using standard
Schlenk techniques and pressure tubes according to their respective condition. All solvents

were dried using standard procedure. Deuterated solvents were used as received without any
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additional purification. Most of the chemicals used in catalysis reactions were purified
according to standard procedure (or by vacuum distillation/sublimation). Thin layer
chromatography (TLC) on silica-gel 60 F254 plates (from Merck Company) and SRL silica
gel (100-200 mesh) for column chromatography was used. NMR (400 and 600 MHz) spectra
were recorded on the BRUKER NMR spectrometer. Deuterated chloroform was used as the
solvent, and chemical shift values (8) are reported in parts per million relatives to the residual
signals of this solvent [§ 7.26 for 1 H (CDCls), § 77.16 for 3C {*H} (CDClIs). Abbreviations
used in the NMR follow-up experiments: br, broad; s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet. Q-Tof ESIMS instrument (model HAB 273) was used for recording mass spectra.
Powder X-ray diffraction analysis was carried out on Rigaku using a Cu source with Ko
=1.5406 A with a 9 kW power. The samples were scanned in a 20 range from 10° to 90° with
a scan rate of 20° per minute. The morphology of the material and energy-dispersive X-ray
elemental mapping were analyzed with field emission transmission electron microscopy using
a JEOL (JEM 2100F) instrument with an operating voltage of 200 kV. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was acquired for the elemental analysis of
Ru content within the sample by SPECTRO analytical instruments GmbH, model ARCOS
simultaneous ICP spectrometer. X-ray Photoelectron spectroscopy analysis was done on an X-
ray photoelectron spectrometer, Thermo Fisher Scientific, UK (ESCALAB Xi*) using Au4f as

a reference.

5.7.2. Experimental procedures:

5.7.2a. Synthesis of Ru-doped hydrotalcite (Ru-HT): Commercially available hydrotalcite
(HT) was used for the preparation of Ru-doped hydrotalcite. First, 475 mg hydrotalcite was
slowly added to 100 mL of aqueous RuCls.nH20 (52 mg) solution with stirring. The resulting
suspension was then tailored to pH~13 by dropwise addition of NaOH (1 M), which was then
vigorously stirred, at room temperature for 24 h. The suspension was then centrifuged and
washed three times with deionized water and three times with ethanol consecutively. The solid
sample obtained was dried at 60 °C overnight. Then, it was ground to a fine powder to perform

a catalytic reaction.

5.7.2b. General procedure for Ru-HT catalysed amidation of alcohols: To an oven-dried
Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2COz (0.25 mmol, 1.0 equiv, 81 mg), alcohol
(0.75 mmol, 3.0 equiv, 81 mg) ) and benzamide (0.5 mmol, 2.0 equiv, 61 mg) were added,

194
TH-3203_176122045



N-Alkylation of Benzamides, Sulfonamides and Synthesis of Quinazoline

followed by toluene (2 mL, 18.82 mmol, 75 equiv) under an atmosphere of Ar. The reaction
mixture was then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5 mL) was
added and the catalyst was separated by filtration whereas the filtrate was transferred into
another flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically using EtOAc/Hexane = 20/80) using silica to afford a pure product
(Scheme 5.6).

5.7.2c General procedure for Ru-HT catalysed amidation of alcohols: To an oven-dried
Ace schlenk tube (60 mL), Ru-HT (50 mg), Cs2COs3 (0.25 mmol, 1.0 equiv, 81 mg), alcohol
(0.75 mmol, 3.0 equiv, 81 mg) and sulfonamide (0.5 mmol, 2.0 equiv, 85.5 mg) were added,
followed by toluene (2 mL, 18.82 mmol, 75 equiv) under an atmosphere of Ar. The reaction
mixture was then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5 mL) was
added and the catalyst was separated by filtration whereas the filtrate was transferred into
another flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically using EtOAc/Hexane = 25/75) using silica to afford a pure product
(Scheme 5.9)

5.7.2d. General procedure for Ru-HT catalysed quinazolin -3(3H)-one preparation: To an
oven-dried Schlenk tube (60 mL), Ru-HT (50 mg), KO'Bu (0.025 mmol, 3 mg), alcohol (1
mmol, 40 equiv, 54 mg) and 2-amino benzamide (0.5 mmol, 20 equiv, 68 mg) were added
under an atmosphere of Ar. The reaction mixture was then heated at 140 °C with stirring for
24 h. After cooling, EtOAc (5 mL) was added and the catalyst was separated by filtration
whereas the filtrate was transferred into another flask. The filtrate was then evaporated and the
crude product was purified by column chromatography (typically using EtOAc/Hexane =

25/75) using silica to afford a pure product (Scheme 5.10).

5.7.3. Mechanistic Studies:

Control Experiment 1:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs.COs (0.25 mmol), alcohol
(0.75 mmol), and benzamide (0.5 mmol) were added, followed by toluene (2 mL) under an
atmosphere of Ar (Scheme 5.7.1). The reaction mixture was then heated at 140 °C with stirring

for 48 h. After cooling, EtOAc (5 mL) was added and the catalyst was separated by filtration
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whereas the filtrate was transferred into another flask. The filtrate was then analyzed through

TLC, which confirmed that no product formation had taken place.

Control Experiment 2 & 3:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2CO3 (0.25 mmol), 4-
methoxybenzyl alcohol, 5.1.2b (0.75 mmol) or, deuterated 4-methoxybenzyl alcohol, 5.1.2b-
d2 and acylimine, 5.1.3b" (0.5 mmol) were added, followed by toluene (2 mL) under an
atmosphere of Ar.

L]

T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 79 7.0 6.5 6.0 55

L“ L o

Ls

|tz =
3.00—

T T T T T T T T T
5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 5.4: *H spectra of 5.1.3b and 5.1.3b-D in CDCls in 600 MHz

The reaction mixture was then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5
mL) was added and the catalyst was separated by filtration whereas the filtrate was transferred
into another flask. The filtrate was then evaporated and the crude product was purified by
column chromatography (typically using EtOAc/Hexane = 20/80) using silica to afford pure
product 3b and 3b-d in 35% and 27% yield respectively (Scheme 5.7.2 and 5.7.3).

Control Experiment 4:
To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2CO3 (0.25 mmol), 4-methoxy
benzaldehyde, 5.1.1b" (0.75 mmol), 1-phenyl ethanol and benzamide, 5.1.1a (0.5 mmol) were
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added, followed by toluene under an atmosphere under Ar (Scheme 5.7.4). The reaction
mixture was then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5 mL) was
added and the catalyst was separated by filtration whereas the filtrate was transferred into
another flask. The filtrate was then evaporated and the crude product was purified by column
chromatography (typically using EtOAc/Hexane = 20/80) using silica to afford the pure
product, 5.1.3b in 55% vyield.

Control Experiment 5: Reference Alcohol to aldehyde (Scheme 5.7.6)°

Control Experiment 6:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), 4-methoxybenzyl alcohol, 5.1.2b
(0.75 mmol), and acylimine, 5.1.3b" (0.5 mmol) were added, followed by toluene (2 mL) under
an atmosphere of Ar (Scheme 5.7.5). The reaction mixture was then heated at 140 °C with
stirring for 48 h. After cooling, EtOAc (5 mL) was added and the catalyst was separated by
filtration whereas the filtrate was transferred into another flask. The filtrate was then
evaporated and the crude product was purified by column chromatography (typically using

EtOAc/Hexane = 20/80) using silica to afford pure product 5.1.3b in 42% yield exclusively.

Control Experiment 7:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), 4-methoxybenzaldehyde, 5.1.2b’
(0.75 mmol), and benzamide, 5.1.1a (0.5 mmol) were added, followed by toluene (2 mL) under
an atmosphere of Ar (Scheme 5.7.7). The reaction mixture was then heated at 140 °C with
stirring for 48 h. After cooling, EtOAc (5 mL) was added and the catalyst was separated by
filtration whereas the filtrate was transferred into another flask. The filtrate was then

evaporated and a NMR of the crude mixture was recorded.

Control Experiment 8:

Intermediate 3b"* was separately synthesised according to the literature procedure. To an oven-
dried Ace pressure tube (60 mL), Ru-HT (50 mg), 4-methoxybenzyl alcohol, 2b (0.75 mmol)
and intermediate, 3b™ (0.5 mmol) were added, followed by toluene (2 mL) under an atmosphere
of Ar (Scheme 5.7.8). The reaction mixture was then heated at 140 °C with stirring for 48 h.
After cooling, EtOAc (5 mL) was added and the catalyst was separated by filtration whereas

the filtrate was transferred into another flask. The filtrate was then evaporated and the crude
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product was purified by column chromatography (typically using EtOAc/Hexane = 20/80)
using silica to afford pure product 3a and 3b in 45% and 55% yield respectively.

Control Experiment 9:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2CO3 (0.25 mmol), 4-
methoxybenzyl alcohol, 2b (0.75 mmol), and 4-chlorobenzyl alcohol, 2d (0.75 mmol),
benzamide, 1a (0.5 mmol) were added, followed by toluene (2 mL) under an atmosphere of
Ar. The reaction mixture was then heated at 140 °C with stirring for 48 h (Scheme 5.7.9). After
cooling, EtOAc (5 mL) was added and the catalyst was separated by filtration whereas the
filtrate was transferred into another flask. The filtrate was then evaporated and the crude
product was purified by column chromatography (typically using EtOAc/Hexane = 20/80)
using silica to afford pure product 3b and 3d in 80% and 20% yield respectively.

Control Experiment 10:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2CO3 (0.25 mmol), 4-
methoxybenzyl alcohol, 5.1.2b (0.5 mmol), benzaldehyde, 1b* (0.5 mmol) were added,
followed by toluene under an atmosphere of Ar (Scheme 5.7.10). The reaction mixture was
then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5 mL) was added and the
catalyst was separated by filtration whereas the filtrate was transferred into another flask. The

filtrate was then evaporated and a NMR of the crude mixture was recorded.
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Figure 5.5. *H spectra of crossover experiment with respect CHsCN as an internal standard

Control Experiment 11 & 12:

To an oven-dried Ace pressure tube (60 mL), Ru-HT (50 mg), Cs2COz (0.25 mmol), 4-
methoxybenzyl alcohol, 5.1.2b (0.75 mmol) or, deuterated 4-methoxybenzyl alcohol, 5.1.2b-
d2 and benzamide, 5.1.1a (0.5 mmol) were added, followed by toluene (2 mL) under an
atmosphere of Ar (Scheme 5.7.11). The reaction mixture was then heated at 140 °C with
stirring for 48 h. After cooling, EtOAc (5 mL) was added and the catalyst was separated by
filtration whereas the filtrate was transferred into another flask. The filtrate was then
evaporated and a NMR of the crude mixture was recorded, which yields 5.1.3b-d2, 5.1.3b-d1
and 5.1.3b in 19%, 25% and 54% yield respectively.
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Figure 5.6. *H spectra of competition reaction between 2b and 2b-d2

Parallel reaction: *H NMR (400 MHz, CDCls) & 7.70 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.3 Hz,
1H), 7.32 (t, J = 7.5 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 6.79 (d, J = 8.6 Hz, 1H), 6.37 (s, 1H),
3.71 (s, 2H). BC{*H} NMR (100 MHz, CDCl3) & 167.30, 159.17, 134.52, 131.47, 130.24,
129.30, 128.56, 126.96, 114.19, 55.32, 43.64-43.04 (m, deuterum splitting)
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Figure 5.7. 'H (400 MHz) NMR spectra of 5.1.3b-d2 in CDCl; (400 MHz)
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Figure 5.8. 3C{*H}(100 MHz) NMR spectra of 5.1.3b-d2 in CDCls (400 MHz)
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5.7.4. Green chemistry matrix calculation:

(o) (0]
Ru-HT (600 mg)
©)LNH2 + ©/\OH Cs,CO0; (3 mmol) @JLH/\©
Toluene, 140 °C, 48 h
Chemical formula: C;H;NO  Chemical formula: C;HgO Chemical formula: C44H,3NO
Exact mass: 121.0528 Exact mass: 108.0575 Exact mass: 211.0997
5.1.1a 5.1.2a 5_1_33, 88%
6 mmol 9 mmol
1a726.3168 mg 2a972.5175 mg Recycle Toluene 3a1.114 g

082CO3 977.46 mg

Total weight: 2,676.2943 mg

1. E factor =(2.6 g-1.11 g)/ 1.11 g = 1.34 kg waste per 1 kg of product
2. Atom economy = [211.0997 / (121.0528 + 108.0575)] = 92%

3. Atom efficiency = 88 x (92 / 100) = 80.96%

4. Carbon efficiency = (14 / 14) x 100 = 100%

5. Reaction mass efficiency = [1.114 / (.726 + .972)] x 100 = 65.6%

5.7.5. Gram Scale synthesis: To an oven-dried Ace pressure tube (60 mL), Ru-HT (600 mg),
benzyl alcohol (9 mmol), benzamide (6 mmol), and Cs2COs (3 mmol) were added followed by
10 mL of toluene under an atmosphere of Ar. The reaction mixture was heated at 140 °C with
stirring for 36 hours. The reaction mixture was allowed to cool to room temperature. After
cooling, EtOAc (50 mL) was added and the catalyst was separated by filtration whereas the
filtrate was transferred into another flask. The filtrate was then evaporated and the crude
product was purified by column chromatography (typically using EtOAc/Hexane = 50/50)
using silica to afford the 70% isolated yield (1.190 gm) of the desired product. While the
separated catalyst was then washed with ethanol (2 x 20 mL) and stored.

5.7.6. Reusability of the catalyst: To an oven-dried Ace pressure tube (60 mL), Ru-HT (50
mg, Ru content 0.918 wt%), Cs2CO3z (0.25 mmol), alcohol (0.75 mmol) and benzamide (0.5
mmol) were added, followed by toluene (2 mL) under an atmosphere of Ar. The reaction
mixture was then heated at 140 °C with stirring for 48 h. After cooling, EtOAc (5 mL) was
added and the catalyst was separated by centrifugation whereas the filtrate was transferred into
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another flask. While the separated catalyst was then washed with deionized water (2 x 5 mL)
and ethanol (2 x 5 mL), dried, and used again for consecutive runs. The transferred solvent was
evaporated from the reaction mixture and the crude mixture was subjected to silica gel column
chromatography. It was established that no deactivation of the material was observed up to
three cycles (Figure 5.1) and a slight decrease in yield was observed in 4" and 5" cycle. All of

the yields are isolated yields.
5.8. Spectroscopic data of the newly synthesized compounds in the present study:

N-Benzylbenzamide (5.1.3a). The title compound was isolated as a white solid using silica-gel
column chromatography eluting with ethyl acetate/hexane (1:4), (93 mg, Yield: 88%); R¢=
0.35, *H NMR (600 MHz, CDCls) 6 7.79 (d, J = 7.1 Hz, 2H), 7.51 (t, J = 6.9 Hz, 1H), 7.43 (¢,
J = 7.7 Hz, 2H), 7.33-7.27 (m, 5H), 6.49 (brs, 1H), 4.61 (d, J = 5.8 Hz,

(o]
©)LN/\© 2H). BC{*H} NMR (100 MHz, CDCls) & 168.3, 137.6, 135.0, 134.3,
H
132.5, 130.0, 129.7, 129.5, 127.7, 44.2 8¢

N-(4-Methoxybenzyl)benzamide (5.1.3b). The title compound was isolated as a white solid

using silica-gel column chromatography eluting with ethyl acetate/hexane (1:3), (105 mg,
Yield: 87%); R¢= 0.30, H NMR (600 MHz, CDCl3) & 7.80 (d, J = 7.0 Hz, 2H), 7.50 (t, J = 7.4
Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.67 (brs,

5 1H), 4.56 (d, J = 5.6 Hz, 2H), 3.81 (s, 3H). BC{'H} NMR (150

©)Lu/\©\ MHz, CDCl3) & 168.1, 159.8, 135.2, 132.3, 131.1, 130.1, 129.3,
0/

127.8, 114.9, 56.1, 44.3.8d

N-(4-methylbenzyl)benzamide (5.1.3c). The title compound was isolated as a white solid using
silica-gel column chromatography eluting with ethyl acetate/hexane (1:3), (91 mg, Yield:
81%); R¢= 0.35, *H NMR (400 MHz, CDCls), 7.77 (d, J = 7.1 Hz, 2H), 7.48 (t, J = 7.4 Hz,
1H), 7.40 (t, J = 7.4 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 6.52 (brs, 1H),

o 4.58 (d, J = 5.6 Hz, 2H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCls).

@JLN/\@ BC{'H} NMR (150 MHz, CDCl3) § 168.1, 138.2,135.9, 135.2, 132.3,
H
130.2, 129.4, 128.7, 127.7, 44.7, 21.9.8¢

N-(4-Chlorobenzyl)benzamide (5.1.3d). The title compound was isolated as a white solid using

silica-gel column chromatography eluting with ethyl acetate/hexane (1:4), (104 mg, Yield:
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85%); Rr= 0.30, 'H NMR (400 MHz, CDCl3), 7.79 (d, J = 7.0 Hz, 2H), 7.49 (d, J = 7.4 Hz,
1H), 7.43 (t, = 7.4 Hz, 2H), 7.36 (d, J = 4.4 Hz, 3H), 7.33-7.29 (m,

o 1H), 6.44 (brs, 1H), 4.65 (d, J = 5.6 Hz, 2H). **C{*H} NMR (100 MHz,
@A H/\©\CI CDCl3) 8 168.2, 139.0, 135.2, 132.4, 129.6, 129.5, 128.7, 128.5, 127.7,
44.9 8

N-(4-Bromobenzyl)benzamide (5.1.3e). The title compound was isolated as a white solid using
silica-gel column chromatography eluting with ethyl acetate/hexane (1:4), (111 mg, Yield:
77%); Ri= 0.35, *H NMR (600 MHz, CDCls) & 7.80 (d, J = 7.7 Hz, 2H), 7.53 (t, J = 7.4 Hz,
o 1H), 7.48-7.44 (m, 4H), 7.23 (d, J = 8.0 Hz, 2H), 6.66 (brs, 1H), 4.60

©)Lu’\©\ (d, J = 5.9 Hz, 2H). ®C{*H} NMR (150 MHz, CDCls) & 167.5,
Br

137.3,134.1, 131.8, 131.7, 129.5, 128.6, 127.0, 121.5, 43.4.%°

N-(3-Phenoxybenzyl)benzamide (5.1.3h). The title compound was isolated as a white solid
using silica-gel column chromatography eluting with ethyl acetate/hexane (1:4), (131 mg,
Yield: 87%); *H NMR (400 MHz, CDCl3) & 7.78 (d, J = 7.0 Hz, 2H), 7.53-7.49 (m, 1H), 7.45-
7.41 (m, 2H), 7.36-7.28 (m, 3H), 7.13-7.08 (m, 2H), 7.02-7.00 (m, 3H), 6.91 (dd, J = 8.2, 1.8

0 Hz, 1H), 6.48 (brs, 1H), 4.63 (d, J = 5.8 Hz, 2H). *C{*H} NMR

OPh
©)LE.’\©’ (100 MHz, CDCls) & 168.2, 158.6, 157.7, 141.1, 135.1, 132.5,

130.9, 130.6, 129.5, 127.8, 124.3, 123.3, 119.9, 118.8, 1185,

44,616

N-(3-Methoxybenzyl)benzamide (5.1.3i). The title compound was isolated as a white crystal
using silica-gel column chromatography eluting with ethyl acetate/hexane (1:3), (92 mg, Yield:
76%); R¢= 0.35, 'H NMR (600 MHz, CDCl3) & 7.81 (d, J = 7.3 Hz, 2H), 7.51 (t, J = 7.3 Hz,
1H), 7.43 (t, J = 7.6 Hz, 2H), 7.28 (t, J = 7.9 Hz, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.90 (s, 1H),

6.85 (d, J = 8.2 Hz, 1H), 6.66 (brs, 1H), 4.62 (d, J = 5.6 Hz, 2H),

o ome | 380 (s, 3H). BC{™H} NMR (150 MHz, CDCls) & 168.2, 160.6,
N
@JLH/\[D' 140.6, 135.1, 132.30, 130.6, 129.3, 127.8, 120.9, 114.2, 113.7,
56.0, 44.8.5¢
204

TH-3203_176122045



N-Alkylation of Benzamides, Sulfonamides and Synthesis of Quinazoline

N-(3,5-Difluorobenzyl)benzamide(5.1.3j). The title compound was isolated as a white solid
using silica-gel column chromatography eluting with ethyl acetate/hexane (1:3), (66 mg, Yield:
54%); Rt= 0.30, 'H NMR (600 MHz, CDCl3) § 7.82 (d, J = 8.4 Hz, 2H), 7.54 (t, J = 7.4 Hz,
1H), 7.45 (t, J= 7.7 Hz, 2H), 6.86 (d, J = 6.2 Hz, 2H), 6.72 (t, J = 8.9 Hz, 1H), 4.61 (d, J = 6.0
o Hz, 2H). ¥C{*H} NMR (150 MHz, CDCls3) § 167.6, 164.1 (dcr, J =
@AH’\@F 12.7 Hz), 162.4 (dc-r, J = 12.7 Hz), 142.41 (tc.r, J = 8.8 Hz), 133.8,
! 131.8,128.7,127.0, 110.31 (ddc-r, J = 20.1, 5.2 Hz), 103.0, 102.89 (tc-
r, J = 25.2 Hz), 43.1. HRMS (ESI-TOF) m/z: [M + H]* Calcd for

C14H11F2NO 248.0887; Found 248.0886.

N-(Naphthalen-2-ylmethyl)benzamide (5.1.3k). The title compound was isolated as a white
solid using silica-gel column chromatography eluting with ethyl acetate/hexane (1:4), (83.62
mg, Yield: 64%); R¢= 0.40, *H NMR (600 MHz, CDCl3) & 7.87 — 7.81 (m, 5H), 7.79 (s, 1H),
7.54 —7.47 (m, 4H), 7.45 (t, J = 7.7 Hz, 2H), 6.66 (brs, 1H), 4.81 (d,
J = 5.7 Hz, 2H). ®C{*H} NMR (150 MHz, CDCls) 5 167.5, 135.7,

0
N
©)L"' 134.3, 133.4, 132.8, 131.6, 128.6, 127.7, 127.7, 127.0, 126.5, 126.3,

126.0, 126.0, 44.2.F

N-(Benzo[d][1,3]dioxol-5-yImethyl)benzamide (5.1.31). The title compound was isolated as a
white solid using silica-gel column chromatography eluting with ethyl acetate/hexane (1:4),
(87 mg, Yield: 68%); R¢= 0.35, *H NMR (600 MHz, CDCl3) & 7.80 (d, J = 7.0 Hz, 2H), 7.52
(t, J= 7.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 6.86 (s, 1H), 6.83 — 6.78 (m, 2H), 6.51 (brs, 1H),

5 5.97 (s, 2H), 4.55 (d, J = 5.6 Hz, 2H). 3C{*H} NMR (100 MHz,

N ° CDCl3) 6 168.1, 148.8, 147.9, 135.2, 132.8, 132.4, 129.4, 127.8
©)LH/\@0> 3) s s 2 H ] ] s s

122.1,109.3, 109.2, 101.9, 44.8.162

N-(Thiophen-2-ylmethyl)benzamide (5.1.3m). The title compound was isolated as a white

crystal using silica-gel column chromatography eluting with ethyl acetate/hexane (1:4), (58

5 mg, Yield: 53%); Rr= 0.25. *H NMR (500 MHz, CDCl3) § 7.81 (d, J =

@JLH/\ES? 7.4 Hz, 2H), 7.57 — 7.49 (m, 1H), 7.45 (dd, J = 8.4, 6.9 Hz, 2H), 7.30 —

7.20 (m, 1H), 7.07 (d, J = 3.4 Hz, 1H), 7.00 (dd, J = 5.2, 3.4 Hz, 1H), 6.50

(s, 1H), 4.84 (d, J = 5.5 Hz, 2H). BC{*H} NMR (125 MHz, CDCls) § 167.1, 140.7, 134.1,
131.6, 128.6, 127.0, 126.2, 125.4, 38.8.%
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N-(3,4,5-Trimethoxybenzyl)benzamide (5.1.3n): The title compound was isolated as a
colorless liquid using silica-gel column chromatography eluting with ethyl acetate/hexane
(1:5), (114 mg, Yield: 76%); R¢= 0.35, 'H NMR (500 MHz, CDCls) § 7.74 (d, J = 7.5 Hz, 2H),
7.39 (d, J = 6.9 Hz, 1H), 7.31 (t, J = 6.8 Hz, 2H), 6.87 (s, 1H), 6.44
1 (s, 2H), 4.44 (d, J = 4.3 Hz, 2H), 3.70 (s, 9H). *C{*H} NMR (150

OMe
N
©)LH/\@OMe MHz, CDCl3) 6 167.5, 153.3, 137.1, 134.3, 134.1, 131.5, 128.5,

OMe 127.0, 104.8, 60.8, 56.0, 44.3 8

N-(4-(Phenylethynyl)benzyl)benzamide (5.1.30): The title compound was isolated as a white
crystal using silica-gel column chromatography eluting with ethyl acetate/hexane (1:5), (60
mg, Yield: 38%); R¢= 0.35, *H NMR (500 MHz, CDCl3) § 7.80 (d, J = 7.3 Hz, 2H), 7.52 (9, J
=5.6,4.2 Hz, 5H), 7.44 (t, J = 7.5 Hz, 2H), 7.34 (d, J = 7.1 Hz, 5H), 6.42 (s, 1H), 4.67 (d, J =
5.8 Hz, 2H), *C{*H} NMR (125 MHz, CDCl3) 5 167.4, 138.4, 134.3,
132.0, 131.6, 131.6, 128.6, 128.3, 128.3, 127.8, 126.9, 123.2, 122.6,

©)L" 89.6, 89.0, 43.8. HRMS (ESI-TOF) m/z: [M + H]* Calcd for

C22H17NO 312.1388; Found 312.1383.

N-Octylbenzamide (5.1.3p). The title compound was isolated as a colourless liquid using silica-

gel column chromatography eluting with ethyl acetate/hexane (1:5), (87 mg, Yield: 80%); R¢=

0.40 'H NMR (600 MHz, CDCls) & 7.78 (d, J = 8.5 Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.44 (t,

J =7.3 Hz, 2H), 6.24 (brs, 1H), 3.46 (g, J = 6.5 Hz, 2H), 1.63 (p, J = 7.1 Hz, 2H), 1.39 - 1.29

(m, 10H), 0.90 (t, J = 6.9 Hz, 3H). BC{*H} NMR (150 MHz,

@)LN/\/\/\/\ CDCl3) 6 168.4, 135.6, 132.1, 129.3, 127.6, 40.9, 32.6, 30.5, 30.1,
i 30.0, 27.8, 23.5, 14.9.1

N-Hexylbenzamide (5.1.3g). The title compound was isolated as a yellow solid using silica-
gel column chromatography eluting with ethyl acetate/hexane (1:5), (45.16 mg, Yield: 44%);
Rr=0.40, 'H NMR (400 MHz,CDCls) § 7.69 (d, J = 7.3 Hz, 2H), 7.41
©)LH’\/\/\ (t, J=7.2Hz, 1H), 7.34 (t, J = 7.4 Hz, 2H), 6.19 (brs, 1H), 3.37 (q, J
=7.0 Hz, 2H), 1.52 (p, J = 7.2 Hz, 2H), 1.32 — 1.18 (m, 6H), 0.82 (t, J
= 6.8 Hz, 3H). *C{*H} NMR (100 MHz, CDCls) § 168.4, 135.7, 132.1, 129.3, 127.7, 41.0,
32.3,30.5, 27.5, 23.4, 14.8.1%¢

206
TH-3203_176122045



N-Alkylation of Benzamides, Sulfonamides and Synthesis of Quinazoline

N-Decylbenzamide (5.1.3r): The title compound was isolated as a white crystal using silica-
gel column chromatography eluting with ethyl acetate/hexane (1:5), (43 mg, Yield: 33%); R¢=
0.40, 'H NMR (400 MHz, CDCl3) § 7.76 (d, J = 7.2 Hz, 2H), 7.48 (t, J = 7.3 Hz, 1H), 7.42 (t,
J=7.4 Hz, 2H), 6.19 (brs, 1H), 3.44 (g, J = 7.0 Hz, 2H), 1.61 (p, J = 7.2 Hz, 2H), 1.39 - 1.25
0 (m, 14H), 0.88 (t, J = 6.8 Hz, 3H). 3C{*H} NMR (100 MHz,
@A NS | eDCls) §168.3, 135.7, 13201, 129.3, 127.6, 40.9, 32.7, 30.5,
30.3,30.2, 30.1, 27.8, 23.5, 14.9.%

4-Fluoro-N-(4-methoxybenzyl)benzamide (5.1.3s): The title compound was isolated as a
white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane (1:3),
(75 mg, Yield: 58%); R¢=0.30, *H NMR (500 MHz, CDCl3) & 7.78 (dd, J = 8.7, 5.3 Hz, 2H),
7.27 (d, J=8.9 Hz, 2H), 7.08 (t, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.33 (brs, 1H), 4.55
(d, J = 5.5 Hz, 2H), 3.80 (s, 3H). *C{*H} NMR (150 MHz,
0 CDCls) 6 167.0, 166.4, 164.7, 160.0, 131.4, (d, J = 3.3 Hz),
F/©)LH/\©\OM9 130.9, 130.2, 130.1 (dc-r, J = 8.9 Hz), 116.5 (dc-r, J = 21.7 Hz).
115.0, 56.2, 44.5.18

3-Methoxy-N-(4-methoxybenzyl)benzamide (5.1.3t): The title compound was isolated as a
white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane (1:3),
(118 mg, Yield: 87%); R¢= 0.35, 'H NMR (600 MHz, CDCls) & 7.40 (s, 1H), 7.35 — 7.29 (m,
4H), 7.05 (dt, J = 8.1, 1.7 Hz, 1H), 6.91 (d, J = 8.5 Hz, 2H), 6.38 (brs, 1H), 4.59 (d, J = 5.5 Hz,

o 2H), 3.86 (s, 3H), 3.83 (s, 3H). BC{'H} NMR (150 MHz,

MeO
N CDClz) 6 167.1, 160.6, 159.9, 136.7, 130.1, 130.4, 130.2, 119.4,
T, | oo

118.5, 115.0, 113.1, 56.3, 56.2, 44.5.16d

N-Benzylthiophene-2-carboxamide (5.1.3u): The title compound was isolated as a white

crystal using silica-gel column chromatography eluting with ethyl
(ﬂ)\“j\/@ acetate/nexane (1:4), (89 mg, Yield: 82%); R¢= 0.35, H NMR (400

=B MHz, CDCls) 6 7.51 (d, J = 3.5 Hz, 1H), 7.47 (d, J = 4.9 Hz, 1H), 7.35
(d, J = 4.1 Hz, 4H), 7.33 — 7.28 (m, 1H), 7.06 (t, J = 4.2 Hz, 1H), 6.37
(brs, 1H), 4.61 (d, J = 5.7 Hz, 2H). *C{"H} NMR (100 MHz, CDCl3)  162.6, 139.6, 138.9,
130.8, 129.6, 129.0, 128.7, 128.5, 128.3, 44.9.8°
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3,4,5-Trimethoxy-N-(4-(vinyloxy)benzyl)benzamide (5.1.3v): The title compound was
isolated as a white crystal using silica-gel column chromatography eluting with ethyl
acetate/hexane (1:2), (68 mg, Yield: 40%); R¢= 0.15, *H NMR (500 MHz, CDCls3) § 7.27 (d, J
=7.6 Hz, 2H), 7.01 (s, 2H), 6.90 (d, J = 7.7 Hz, 2H), 6.36 (brs, 1H), 6.05 — 6.04 (dt, m, 1H),

o 5.41 (d, J =17.2 Hz, 1H), 5.28 (d, J = 10.5 Hz, 1H), 4.57 —
Meo H“@\ p 4.53 (m, 4H), 3.88 (s, 9H). & BC{*H} NMR (125 MHz,
MeO o™ | CDCly) 5 167.0, 158.2, 153.2, 141.1, 133.2, 130.5, 129.3,
117.7, 115.0, 107.5, 104.6, 68.9, 60.8, 56.4, 43.8.%¢

OMe 3v (40%)

N-(4-(2-(Dimethylamino)ethoxy)benzyl)-3,4,5-trimethoxybenzamide (5.1.3w): The title
compound was isolated as a white solid using silica-gel column chromatography eluting with
ethyl acetate/methanol (99:1), (87 mg, Yield: 45%); R¢= 0.20, *H NMR (600 MHz, CDCls3) &
7.29 (d, J = 8.3 Hz, 2H), 7.03 (s, 2H), 6.92 (d, J = 8.5 Hz, 2H), 6.41 (s, 1H), 4.57 (d, J=5.5
Hz, 2H), 4.08 (t, J = 5.6 Hz, 2H), 3.90 (s, 6H), 3.88 (s, 3H), 2.76 (t, J = 5.6 Hz, 2H), 2.36 (s,
eo 2 6H). 3C{*H} NMR (150 MHz, CDCls) § 166.9, 158.3, 153.2,
MeO ”/\@y\»ﬁ\ 140.9, 130.3, 129.8, 129.3, 114.8, 104.4, 65.9, 60.9, 58.2, 56.3,
= 45.8, 43,75

N-Benzylacetamide (5.1.3x): The title compound was isolated as a white crystal using silica-
gel column chromatography eluting with ethyl acetate/hexane (1:3), (20 mg, Yield: 28%); R¢=
0.35, 'H NMR (600 MHz, CDCl3) & 7.33 (t, J = 7.3 Hz, 2H), 7.28 (t, J = 7.4 Hz, 3H), 6.22 (brs,
o 1H), 4.40 (d, J = 5.7 Hz, 2H), 2.00 (s, 3H). *C{*H} NMR (150 MHz, CDCl5)
)Lu 5170.2,138.2, 128.7, 127.8, 127.5, 43.7,23.2.8

N-(4-Methoxybenzyl)acetamide (5.1.3y): The title compound was isolated as a white crystal

using silica-gel column chromatography eluting with ethyl acetate/hexane

)Lu’\@ . (1:3), (28 mg, Yield: 32%) R¢= 0.35, *H NMR (500 MHz, CDCl3) § 7.19
(o)

(d, J=8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.02 (s, 1H), 4.32 (d, J=5.6

Hz, 2H), 3.78 (s, 3H), 1.97 (s, 3H). *C{*H} NMR (150 MHz, CDCls) § 170.0, 159.0, 130.4,

129.2, 114.05, 55.3, 43.1, 23.2.8¢
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N-Benzylnicotinamide (5.1.3z): The title compound was isolated as a white solid using silica-
gel column chromatography eluting with ethyl acetate/hexane (6:4), (21 mg, Yield: 20%), R¢=
0.25, 'H NMR (600 MHz, CDCls3) § 8.93 (s, 1H), 8.61 (d, J = 4.6 Hz, 1H), 8.12 (d, J = 7.9 Hz,
1H), 7.32 (t, J = 6.0 Hz, 4H), 7.27 (d, J = 4.8 Hz, 2H), 4.61 (d, J = 5.7
S I ”/\© Hz, 2H). BC{*H} NMR (150 MHz, CDCls) § 165.6, 152.0, 147.9, 137.9,

- 135.3, 130.1, 128.7, 127.9, 127.6, 123.5, 44.1.8¢

|
N

N-Benzylbenzenesulfonamide (5.2.5a): The title compound was isolated as a white crystal

using silica-gel column chromatography eluting with ethyl acetate/hexane (3:7), (105 mg,

Yield: 85%); R¢= 0.35, 'H NMR (400 MHz, CDCl3) & 7.85 (d, J = 7.6 Hz, 2H), 7.55 (d, J = 7.3

Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H), 7.25-7.23 (m, 3H), 7.18 — 7.16 (m, 2H),

[ﬁ’ﬁ“@ 5.06 (s, 1H), 4.13 (d, J = 6.2 Hz, 2H). *C{*H} NMR (100 MHz, CDCls)
5139.9, 136.2, 132.6, 129.1, 128.6, 127.9, 127.8, 127.1, 47.2.2°f

N-Benzyl-4-methylbenzenesulfonamide (5.2.5b): The title compound was isolated as a white

Osg% crystal using silica-gel column chromatography eluting with ethyl
/© /\© acetate/hexane (3:7), (118 mg, Yield: 91%); Rs= 0.35 *H NMR (500
MHz, CDCl3) § 7.75 (d, J = 8.3 Hz, 2H), 7.30 — 7.24 (m, 5H), 7.20 —
7.18 (m, 2H), 4.78 (t, J = 5.7 Hz, 1H), 4.11 (d, J = 6.2 Hz, 2H), 2.43 (s, 3H). *C{*H} NMR
(125 MHz, CDClg) & 143.6, 137.1, 136.4, 129.8, 128.8, 128.0, 128.0, 127.3, 47.4, 21.6.1%f

Iz O

N-(4-Methoxybenzyl)-4-methylbenzenesulfonamide (5.2.5c): The title compound was
isolated as a white crystal using silica-gel column chromatography eluting with ethyl
acetate/hexane (3:7), Ri= 0.35, (132 mg, Yield: 91%); *H NMR (500 MHz, CDCls) § 7.75 (d,
J =8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H),

- 4.66 (t, J = 5.7 Hz, 1H), 4.05 (d, J = 6.1 Hz, 2H), 3.77 (s, 3H), 2.43

/@,S: /\@\ (s, 3H). ¥C{*H} NMR (125 MHz, CDCls) & 159.5, 143.5, 137.2,
o” | 129.8,129.4, 128.5, 127.3, 114.2, 55.4, 46.9, 21.6.2f

= O

N-(4-Fluorobenzyl)-4-methylbenzenesulfonamide (5.2.5d): The title compound was isolated
as a white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane
(4:6), (98 mg, Yield: 70%); R¢= 0.35, *H NMR (600 MHz, CDCl3) &

/@,szu/\©\ 7.76 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.19 (dd, J = 8.4, 5.4
F | Hz, 2H), 6.97 (t, J = 8.6 Hz, 2H), 4.94 (t, J = 5.6 Hz, 1H), 4.10 (d, J =
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6.3 Hz, 2H), 2.46 (s, 3H). *C{*H} NMR (150 MHz, CDCls) § 163.2, 161.5, 143.6, 136.8,
132.1 (d, Jc-r = 3.2 Hz), 129.8, 129.6 (d, J = 8.2 Hz), 129.6, 127.2, 115.6, 115.5 (d, Jc.r = 21.6
Hz), 46.5, 21.5. 17

N-(4-Chlorobenzyl)-4-methylbenzenesulfonamide (5.2.5e): The title compound was isolated

as a white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane

(4:6), (101 mg, Yield: 68%); Rr= 0.35, *H NMR (500 MHz, CDCl3) § 7.72 (d, J = 8.2 Hz, 2H),

7.29 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.3 Hz, 2H), 4.89 (t, J = 6.0 Hz,

1H), 4.08 (d, J = 6.3 Hz, 2H), 2.43 (s, 3H). 3C{*H} NMR (125 MHz,

Ot CDCl3) 6 143.6, 136.8, 134.9, 133.7, 129.7, 129.2, 128.8, 127.1, 46.5,
/\©\CI 21.5.17

I=Z O

N-(4-Bromobenzyl)-4-methylbenzenesulfonamide (5.2.5f): The title compound was isolated
as a white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane
(4:6), (122 mg, Yield: 72%); R¢= 0.35, *H NMR (400 MHz,CDCls) § 7.74 (d, J = 8.3 Hz, 2H),
7.40 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 4.67 (t, J = 5.8 Hz,
1H), 4.08 (d, J = 6.3 Hz, 2H), 2.45 (s, 3H). BC{*H} NMR (100 MHz,
st ’\©\ CDCl3) 6 143.7,136.7, 135.3,131.8, 129.8, 129.5, 127.1, 121.9, 46.6,

Br | 21517

= O

4-Methyl-N-(3-phenoxybenzyl)benzenesulfonamide (5.2.5g): The title compound was
isolated as a white crystal using silica-gel column chromatography eluting with ethyl
acetate/hexane (3:7), (129 mg, Yield: 73%); R¢= 0.35, *H NMR (600 MHz, CDCls) & 7.76 (d,
J=8.3Hz, 2H), 7.36 (t, = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.26 (t, J = 7.9 Hz, 1H), 7.14
(t, J=7.4Hz, 1H), 6.97 (d, J = 7.9 Hz, 3H), 6.91 (dd, J = 8.3, 2.4 Hz, 1H), 6.83 (s, 1H), 4.75
(t, J = 6.3 Hz, 1H), 4.12 (d, J = 6.2 Hz, 2H), 2.45 (s, 3H). *C{*H}
/©/S<H/\©/°Ph NMR (150 MHz, CDCl3) 6 157.5, 156.8, 143.6, 138.3, 136.8, 130.0,
129.8, 129.7, 127.1, 123.5, 122.5, 118.9, 118.1, 118.0, 46.9, 21.5.
HRMS (ESI-TOF) m/z: [M + H]" Calcd for 354.1164; Found 354.1160.

N-(3-Methoxybenzyl)-4-methylbenzenesulfonamide (5.2.5h): The title compound was
isolated as a white crystal using silica-gel column chromatography

Os_-
<

: -Ye

TH-3203_176122045

Iz O

/\@,owue eluting with ethyl acetate/hexane (3:7), (109 mg, Yield: 75%); R¢=
0.35, 'H NMR (600 MHz, CDCl3) & 7.78 (d, J = 8.0 Hz, 2H), 7.33
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(d, J=7.9 Hz, 2H), 7.21 (t, J = 7.9 Hz, 1H), 6.85 — 6.77 (m, 2H), 6.75 (d, J = 2.1 Hz, 1H), 4.69
(t, J = 6.3 Hz, 1H), 4.12 (d, J = 5.6 Hz, 2H), 3.77 (s, 3H), 2.46 (s, 3H). *C{*H} NMR (150
MHz, CDCl3) § 159.8, 143.5, 137.9, 136.8, 129.7, 127.1, 120.0, 113.6, 113.1, 55.2, 47.2,
21.5.17%

N-(2-Methoxybenzyl)-4-methylbenzenesulfonamide (5.2.51): The title compound was isolated
as a white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane
(3:7), (104 mg, Yield: 72%): R¢= 0.35, 'H NMR (600 MHz, CDCl3) & 7.68 (d, J = 8.3 Hz, 2H),
7.21(d, J = 7.9 Hz, 3H), 7.08 (dd, J = 7.4, 1.7 Hz, 1H), 6.81 (t, J = 7.4 Hz, 1H), 6.74 (d, J =
8.2 Hz, 1H), 5.27 (s, 1H), 4.15 (d, J = 6.3 Hz, 2H), 3.74 (s, 3H), 2.40 (s,

O~ -

OMe
/©;s: /\© 3H). BC{*H} NMR (150 MHz, CDClg) & 157.2, 143.0, 137.2, 129.7,
129.4,129.2, 127.0, 124.3, 120.5, 55.1, 43.9, 21.5.17

IZ O

4-Methyl-N-(thiophen-2-ylmethyl)benzenesulfonamide (5.2.5j): The title compound was
isolated as a white crystal using silica-gel column chromatography eluting with ethyl
acetate/hexane (3:7), (113 mg, Yield: 85%); 'H NMR (600 MHz,

58 /\Ls7 CDCl3) 6 7.78 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 7.22 (dd,
@ ~ J=5.0,1.3 Hz, 1H), 6.90 (t, J = 6.5 Hz, 1H), 6.87 (d, J = 2.5 Hz, 1H),
484 (t,J = 6.1 Hz, 1H), 4.35 (d, J = 6.1 Hz, 2H), 2.46 (s, 3H). *°C{'*H} NMR (150 MHz,
CDCls) 6 143.7, 138.9, 136.7, 129.8, 127.2, 126.9, 126.5, 125.8, 42.1, 21.6.*™

N-(Benzo[d][1,3]dioxol-5-yImethyl)-4-methylbenzenesulfonamide  (5.2.5k):  The title
compound was isolated as a white crystal using silica-gel column chromatography eluting with
ethyl acetate/hexane (3:7), (102 mg, Yield: 67%); Rs= 0.35, *H NMR (400 MHz, CDCls) &
7.74 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 6.69 — 6.62 (m, 3H), 5.91 (s, 2H), 4.80 (t, J
= 5.9 Hz, 1H), 4.01 (d, J = 6.2 Hz, 2H), 2.43 (s, 3H). *C{*H} NMR (100 MHz, CDCl3) &

O.. 147.9, 147.3,143.5, 136.9, 130.1, 129.7, 127.2, 121.4, 108.5, 108.2,

>s? o
A@:J 101.1, 47.1, 21.5.17

4-Chloro-N-(4-methoxybenzyl)benzenesulfonamide (5.2.51): The title compound was isolated

=z O

as a white crystal using silica-gel column chromatography eluting with ethyl acetate/hexane
(3:7), (99 mg, Yield: 64%); R¢=0.35, 'H NMR (400 MHz, CDCls)
OQI

©}Sf /\@ 57.75 (d, J = 8.6 Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 7.07 (d, J =
c oMe | 8.6 Hz, 2H), 6.77 (d, J = 8.6 Hz, 2H), 4.98 (s, 1H), 4.06 (d, J = 6.0

=z ©O
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Hz, 2H), 3.76 (s, 3H). *C{*H} NMR (100 MHz, CDCls) § 159.4, 139.0, 138.6, 129.3, 129.3,
128.5,127.9, 114.1, 55.3, 46.8.17¢

2-Phenylquinazolin-4(3H)-one (5.3.7a): The title compound was isolated as a white powder

using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (94 mg, Yield:
85%); Rr = 0.40, *H NMR (500 MHz, CDCls3) § 10.94 (s, 1H), 8.33 (d, J = 7.9 Hz, 1H), 8.20

(o}

(dd, J = 6.7, 2.9 Hz, 2H), 7.85 — 7.79 (m, 2H), 7.60 — 7.58 (m, 3H), 7.51(t,
J=7.32 Hz, 1H). BC{*H} NMR (125 MHz, CDCls) & 163.6, 151.6, 149.5,
134.8, 132.8, 131.6, 129.1, 128.0, 127.3, 126.8, 126.4, 120.9.15f

2-(4-Methoxyphenyl)quinazolin-4(3H)-one(5.3.7b): The title compound was isolated as a

white powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8),

(104 mg, Yield: 83%); R = 0.35, H NMR (500 MHz, DMSO-ds) &

0]

NH

&g

12.38 (s, 1H), 8.20 (d, J = 8.8 Hz, 2H), 8.14 (d, J = 7.9 Hz, 1H), 7.82 (t,
J=7.6Hz, 1H), 7.71 (d, J = 8.1 Hz, 1H), 7.49 (t, J = 7.5 Hz, 1H), 7.10
(d, J = 8.2 Hz, 2H), 3.86 (s, 3H). 3C{*H} NMR (150 MHz, DMSO-ds)

§ 162.7,162.3, 152.3, 149.39, 135.0, 129.9, 127.7, 126.6, 126.3, 125.2, 121.1, 114.4, 55.9.15

2-(3-Methoxyphenyl)quinazolin-4(3H)-one (5.3.7c): The title compound was isolated as a

white powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8),
(100 mg, Yield: 80%); Rs = 0.35, *H NMR (500 MHz, DMSO-ds) § 12.45 (s, 1H), 8.16 (d, J

=7.5Hz, 1H), 7.84 (t, J = 7.6 Hz, 1H), 7.80 (d, J = 7.8 Hz, 1H), 7.76 — 7.74
(m, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 8.0 Hz, 1H), 7.15 (dd, J = 8.2,
2.2 Hz, 1H), 3.87 (s, 3H). 3C{*H} NMR (100 MHz, DMSO) § 162.8, 159.8,
152.6, 149.1, 135.0, 134.6, 130.2, 127.9, 127.0, 126.3, 121.4, 120.6, 118.0,

2-(3-Phenoxyphenyl)quinazolin-4(3H)-one (5.3.7d): The title compound
was isolated as a white powder using silica-gel column chromatography
eluting with ethyl acetate/hexane (2:8), (113 mg, Yield: 72%); R¢= 0.35, H
NMR (500 MHz, DMSO-ds) § 12.59 (s, 1H), 8.20 (d, J = 7.9 Hz, 1H), 8.02

(d, J = 7.8 Hz, 1H), 7.91 — 7.86 (m, 2H), 7.77 (d, J = 8.1 Hz, 1H), 7.60 (dt, J = 21.2, 8.0 Hz,
2H), 7.49 (t, J = 8.0 Hz, 2H), 7.29 — 7.27 (m, 1H), 7.24 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 8.5 Hz,

TH-3203 1761
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2H). BC{*H} NMR (150 MHz, DMSO) & 162.6, 157.3, 156.8, 152.0, 149.0, 135.1, 130.8,
130.6, 128.0, 127.2, 126.3, 124.2, 123.3, 122.1, 121.5, 119.3, 118.3.1%

2-(2-Methoxyphenyl)quinazolin-4(3H)-one (5.3.7e): The title compound was isolated as a

0 white powder using silica-gel column chromatography eluting with ethyl
@\)ENH oMe | acetate/hexane (2:8), (100 mg, Yield: 80%); Ry = 0.40, *H NMR (600 MHz,
" DMSO-ds) 6 12.10 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 7.83 (t, J = 7.6 Hz,
1H), 7.72 (t, J=7.2 Hz, 2H), 7.54 (9, J = 7.7, 7.1 Hz, 2H), 7.20 (d, J = 8.4
Hz, 1H), 7.11 (d, J = 7.5 Hz, 1H), 3.87 (s, 3H). *C{*H} NMR (150 MHz, DMSO) & 161.6,
157.6, 152.7, 1495, 134.8, 132.7, 130.9, 127.8, 127.0 126.2, 123.1, 121.5, 120.9, 112.4,
56.3.180

2-(4-Fluorophenyl)quinazolin-4(3H)-one (5.3.7f): The title compound was isolated as a white
powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (88
mg, Yield: 74%); R¢= 0.35, 'H NMR (400 MHz, DMSO-ds) & 12.57 (s, 1H), 8.26 (dd, J = 8.9,
5.5 Hz, 2H), 8.16 (d, J = 8.5 Hz, 1H), 7.86 — 7.82 (m, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.53 (t, J
0 =7.4 Hz, 1H), 7.39 (t, J = 8.9 Hz, 2H). *C{*H} NMR (100 MHz, DMSO-
@dﬁi@ de) 6 165.7, 163.3,162.6, 151.8, 149.1, 135.1, 130.8 (d, Jc-Fr =8.9 Hz), 129.7

F | (d,J=3.0Hz),127.9,127.0, 126.3, 121.3, 116.1 (d, Jc-r = 21.9 Hz).*

2-(Thiophen-2-yl)quinazolin-4(3H)-one (5.3.7g9): The title compound was isolated as a white

powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (77

mg, Yield: 68%); Rr= 0.30, *H NMR (500 MHz, DMSO-dg) & 12.63 (s, 1H), 8.23 (d, J = 2.9

Hz, 1H), 8.13 (d, J =7.7 Hz, 1H), 7.86 (d, J =4.6 Hz, 1H), 7.81 (t, J= 7.4

d”” Hz, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.49 (t, J = 7.3 Hz, 1H), 7.24 (s, 1H).
N’ S

BC{'H} NMR (150 MHz, DMSO) § 162.3, 149.1, 148.3, 137.8, 135.2,

|/
132.6, 129.8, 128.9, 127.4, 126.8, 126.4, 121.3.1%f

2-Cyclohexylquinazolin-4(3H)-one (5.3.7h): The title compound was isolated as a white
powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (82
mg, Yield: 72%); Rf = 0.40, 'H NMR (600 MHz, DMSO-dg) & 12.08 (s,
1H), 8.08 (d, J = 8.8 Hz, 1H), 7.77 (t, J = 8.3 Hz, 1H), 7.60 (d, J = 8.1 Hz,

ijio 1H), 7.45 (t, J = 7.9 Hz, 1H), 2.58 (tt, J = 11.7, 3.2 Hz, 1H), 1.91 (d, J =
12.0 Hz, 2H), 1.80 (d, J = 12.9 Hz, 2H), 1.69 (d, J = 12.2 Hz, 1H), 1.59 (qd,
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J =125, 2.8 Hz, 2H), 1.34 — 1.20 (m, 4H). *C{*H} NMR (150 MHz, DMSO-d¢) & 162.3,
161.2, 149.4, 134.7, 127.4, 126.4, 126.1, 121.4, 43.3, 30.6, 25.9, 25.8.15>

2-Heptylquinazolin-4(3H)-one (5.3.7i): The title compound was isolated as a white powder
using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (85 mg, Yield:
70%); Ri = 0.40, *H NMR (500 MHz, CDCls) & 11.97 (s, 1H), 8.22 (d, J = 7.4 Hz, 1H), 7.77
—7.58 (m, 2H), 7.40 (t, J = 7.8 Hz, 1H), 2.74 (t, J = 7.8 Hz, 2H), 1.82 (p, J = 7.6 Hz, 2H) 1.45
—1.35 (m, 2H), 1.31 (dt, J = 14.8, 6.8 Hz, 2H), 1.25 — 1.17 (m, 4H), 0.87 (t, J = 6.6 Hz, 3H).

) 13C{*H} NMR (150 MHz, CDCl3) § 164.4, 157.7, 149.3, 134.8,
dNH 127.2, 126.3, 125.2, 120.5, 35.9, 31.6, 29.2, 28.9, 27.6, 22.6,
NW 140 18¢

2-Nonylquinazolin-4(3H)-one (5.3.7j): The title compound was isolated as a white powder
using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (102 mg,
Yield: 75%); Rr = 0.40, *H NMR (500 MHz, CDCl3) § 12.27 (s, 1H), 8.19 (d, J = 7.9 Hz, 1H),
7.68 —7.61 (m, 2H), 7.36 (t, J = 7.2 Hz, 1H), 2.71 (t, 2H), 1.80 (p, J = 7.8 Hz, 2H), 1.37 (p, J
o = 7.7 Hz, 2H), 1.28 — 1.17 (m, 10H), 0.77 (t, J = 6.8 Hz, 3H).
dw 13C{*H} NMR (150 MHz, CDCls) 5 164.2, 156.9, 149.5, 134.7,
NASAAA 127.2,126.2, 1205, 36.0, 31.8, 29.4, 29.2, 27.5, 22.6, 14.1. 18

6-Fluoro-2-phenylquinazolin-4(3H)-one (5.3.7k): The title compound was isolated as a white

] o powder using silica-gel column chromatography eluting with ethyl
7@6)\© acetate/hexane (2:8), (93 mg, Yield: 78%); R= 0.30, *H NMR (500 MHz,

DMSO-ds) & 12.69 (s, 1H), 8.22 (d, J = 7.2 Hz, 2H), 7.88 (d, J = 7.9 Hz,
2H), 7.77 (t, J = 8.4 Hz, 1H), 7.65 — 7.59 (m, 3H). *C{*H} NMR (125 MHz, DMSO-ds) &
162.2, 161.4, 159.5, 152.4, 146.1, 133.1, 131.8, 130.7 (d, Jcr = 7.1 Hz), 129.1, 128.2, 123.5
(d, Jcr = 24.0 Hz), 122.6 (d, Jc-r = 8.2 Hz), 110.9 (d, Jc.r = 23.4 Hz).»®

6-Chloro-2-phenylquinazolin-4(3H)-one (5.3.71): The title compound was isolated as a white
powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (108
mg, Yield: 80%); Rs = 0.35, *H NMR (500 MHz, DMSO-ds) & 12.62 (s,
CI\©\)LNH 1H), 8.11 (d, J = 7.3 Hz, 2H), 8.03 (d, J = 2.4 Hz, 1H), 7.80 (dd, J = 8.7,

J\@ 2.5 Hz, 1H), 7.71 (d, J = 8.7 Hz, 1H), 7.56 — 7.53 (m, 1H), 7.51 — 7.48
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(m, 2H). *C{*H} NMR (125 MHz, DMSO-ds) § 161.7, 153.3, 147.9, 135.2, 132.9, 132.1,
131.2,130.2, 129.1, 128.3, 125.3, 122.7.1%

6-Bromo-2-phenylquinazolin-4(3H)-one (5.3.7m): The title compound was isolated as a white
powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (105
mg, Yield: 70%); Ri = 0.35, *H NMR (500 MHz, DMSO-ds) § 12.69 (s, 1H), 8.23 (s, 2H), 8.18
- (d, J = 7.3 Hz, 2H), 7.97 (d, J = 6.8 Hz, 1H), 7.69 (d, J = 8.6 Hz, 1H),
B\@\)LNH 7.62 — 7.54 (m, 2H). *C{*H} NMR (125 MHz, DMSO) § 161.6, 153 .4,

2,

NJ\@ 148.2,137.8, 132.9, 132.1, 130.3, 129.1, 128.5, 128.3, 123.1, 119.3.1

6-1odo-2-phenylquinazolin-4(3H)-one (5.3.7n): The title compound was isolated as a white
powder using silica-gel column chromatography eluting with ethyl acetate/hexane (2:8), (142
mg, Yield: 82%); Ri= 0.35, *H NMR (500 MHz, DMSO-ds) & 12.52 (s, 1H), 8.17 (t, J = 8.4

o Hz, 3H), 7.84 (t, J = 7.2 Hz, 1H), 7.75 (d, J = 7.9 Hz, 1H), 7.55 (it, J =

|
\Q&",” 14.1, 7.0 Hz, 3H). *C{*H} NMR (150 MHz, DMSO-ds) & 162.7, 152.7,
N

149.2,135.1, 133.2, 131.8, 129.1, 128.2, 127.9, 127.1, 126.3, 121.4.18¢

5.9. References:

1. (a) Brown, D. G.; Bostrom, J.; J. Med. Chem. 2016, 59, 4443. (b) Humphrey, J. M;
Chamberlin, A. R.; Chem. Rev. 1997, 97, 2243. (c) Pattabiraman, V. R.; Bode, J. W.; Nature.
2011, 480, 471.

2. Constable, D. J. C.; Dunn, P. J.; Hayler, J. D.; Humphrey, G. R.; Leazer, J. L., Jr.; Linderman,
R. J.; Lorenz, K.; Manley, J.; Pearlman, B. A.; Wells, A.; Zaks, A.; Zhang, T. Y. Green Chem.
2007, 9, 411.

3. Babu, N. J.; Reddy, S.; Nangia, A. Mol. Pharmaceutics. 2007, 4 (3), 417-434.

4. Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M. T. Org. Biomol. Chem. 2006, 4, 2337.

5. (a) Montalbetti, C.; Falque, V.; Tetrahedron., 2005, 61, 10827; (b) Willis, M. C.; Brace, G.
N.; Holmes, I. P.; Angew. Chem., Int. Ed., 2005, 44, 403; (c) Correa, A.; Elmore, S.; Bolm, C.;

215
TH-3203_176122045



Chapter 5

Chem. Eur. J., 2008, 14, 3527; (d) Hicks, J. D.; Hyde, A. M.; Cuezva, A. M.; Buchwald, S. L.
J. Am. Chem. Soc., 2009, 131, 16720.

6. (a) Trost, B. M., Science., 1991, 254, 1471; (b) Anastas, P. T.; Warner, J. C.; Oxford
University Press: Oxford, U.K., 1998; (c) Beller, M.; Centi, G.; Chem Sus Chem., 2009, 2, 459;
(d) Barta, K.; Ford, P. C.; Acc. Chem. Res., 2014, 47, 1503.

7. (@) Yang, Q.; Wang, Q.; Yu, Z.; Chem. Soc. Rev., 2015, 44, 2305; (b) Dobereiner, G. E.;
Crabtree, R. H.; Chem. Rev., 2010, 110, 681; (c) Guillena, G.; Ramon, D. J.; Yus, M.; Chem.
Rev., 2010, 110, 1611; (d) Gunanathan, C.; Milstein, D.; Science., 2013, 341, 249-260. (e)
Watson, A. J. A.; Williams, J. M. J.; Science., 2010, 329, 635—636; (f) Bahn, S.; Imm, S.;
Neubert, L.; Zhang, M.; Neumann, H.; Beller, M.; ChemCatChem., 2011, 3, 1853.

8. (a) Dai, X.; Shi. F.; Org. Biomol. Chem., 2019, 17, 2044-2054; (b) Kerdphon, S.; Quan, X.;
Parihar, V. S.; Andersson, P. G.; J. Org. Chem., 2015, 80, 11529-11537; (¢) Yao, W.; Zhang,
Y.; Zhu, H.; Ge, C.; Wang, D.; Chin. Chem. Lett., 2020, 31, 701-705; (d) Das, J.; Banerjee,
D.; J. Org. Chem., 2018, 83, 3378-3384; (e) Cui, X.; Zhang, Y.; Shi, F.; Deng, Y.; Chem. Eur.
J., 2011, 17, 1021-1028; (f) Choo, G. C.; Miyamura, Y. H.; Kobayashi, S.; Chem. Sci., 2015,
6, 1719-1727; (g) Charvieux, A.; Duguet, N.; Métay, E.; Eur. J. Org. Chem., 2019, 3694—
3698.

9. a) Motokura, K.; Nishimura, D.; Mizugaki, K. T.; Ebitani, K.; Kaneda, K.; J. Am. Chem.
Soc. 2004, 126, 5662-5663; b) Xu, Z.; Yu, X.; Sang, X.; Wang, D.; Green Chem. 2018, 20,
2571-2577; c) Mitsudome, T.; Mikami, Y.; Ebata, K.; Mizugaki, T.; Jitsukawaa, K.; Kaneda,
K.; Chem. Commun. 2008, 39, 4804-4806; d) Ainembabazi, D.; An, N.; Manayil, J. C.; Wilson,
K.; Lee, K. A. F.; Voutchkova-Kostal, A. M.; ACS Catal. 2019, 9, 1055-1065; €) Deng, L.;
Liu, X.; Xu, J.; Zhou, Z.; Feng, S.; Wang, Z.; Xu, M.; Chem. Commun. 2021, 57, 5167-5170;
f) Jaiswal, G.; Landge, V. G.; Jagadeesan, D.; Balaraman, E.; Nat. Commun. 2017, 8, 2147-
2160; g) Bain, J. Cho, P.; Kostal, A. V.; Green Chem. 2015, 17, 2271-2280; h) Cui, X.; Lui,
W.; Junge, K.; Fei, Z.; Beller, M.; Dyson, P. J.; Angew. Chem. Int. Ed. 2020, 59,7501-7507; i)
Sardar, B.; Jamatia, R.; Pal, D.; Srimani, D.; Asian J. Org. Chem. 2021, 10, 2195-2204.

10. For selected examples, see: (a) Hamid, M. H. S. A.; Liana Allen, C.; Lamb, G. W,;
Maxwell, A. C.; Maytum, H. C.; Watson, A. J. A.; Williams, J. M. J.; J. Am. Chem. Soc., 2009,

216
TH-3203_176122045



N-Alkylation of Benzamides, Sulfonamides and Synthesis of Quinazoline

131, 1766—1774; (b) Zhu, M.; Fujita, K.; Yamaguchi, R.; Org. Lett., 2010, 12, 1336— 1339; (c)
Liu, C.; Liao, S.; Li, Q.; Feng, S.; Sun, Q.; Yu, X.; Xu, Q.; J. Org. Chem., 2011, 76, 5759—5773;
(d) Martinez-Asencio, A.; Yus, M.; Ramon, D. J.; Synthesis., 2011, 3730-3740; (e) Piehl, P.;
Peﬁa-Lopez,' M.; Frey, A.; Neumann, H.; Beller, M. Chem. Commun., 2017, 53, 3265—3268;
(F) B. G. Reed- Berendt, L. C. Morrill, J. Org. Chem. 2019, 84, 3715-3724.

11. For selected examples employing heterogeneous catalysts, see: (a) Shi, F.; Tse, M. K.;
Zhou, S.; Pohl, M.-M.; Radnik, J.; Hiibner, S.; Jahnisch, K.; Bru“ckner, A.; Beller, M. J. Am.
Chem. Soc. 2009, 131, 1775-1779; (b) Cano, R.; Ramon, D. J.; Yus, M. J. Org. Chem. 2011,
76, 5547-5557; (c) Yu, X.; Liu, C.; Jiang, L.; Xu, Q. Org. Lett. 2011, 13, 6184—6187.

12. For selected alternative metal-free catalytic approaches, see: (a) Xu, Q.; Li, Q.; Zhu, X;
Chen, J. Adv. Synth. Catal. 2013, 355, 73—80; (b) Pan, J.; Li, J.-Q.; Huang, R.-F.; Zhang, X.-
H.; Shen, H.; Xiong, Y.; Zhu, X.-M. Synthesis, 2015, 47, 1101-1108; (¢) Li, Q.-Q.; Xiao, Z.-
F.; Yao, C.-Z.; Zheng, H.-X,; Kang, Y. B. Org. Lett. 2015, 17, 5328—5331; (d) Verdelet, T.;
Ward, R. M.; Hall, D. G. Eur. J. Org. Chem. 2017, 5729-5738.

13. (a) Kalgutkar, A. S.; Jones, R.; Sawant, A.; Smith, D. A., Ed.; Royal Society of Chemistry:
Cambridge, 2010; pp 210—274; (b) Scott, K. A.; Njardarson, J. T. Top. Curr. Chem. 2018, 376,
5; (c) Ballatore, C.; Soper, J. H.; Piscitelli, F.; James, M.; Huang, L.; Atasoylu, O.; Huryn, D.
M.; Trojanowski, J. Q.; Lee, V. M.-Y.; Brunden, K. R.; Smith, A. B., J. Med. Chem. 2011, 54,
6969—6983; (d) Papadopoulou, M. V.; Bloomer, W. D.; Rosenzweig, H. S.; Chatelain, E.;
Kaiser, M.; Wilkinson, S. R.; McKenzie, C.; loset, J. R. J. Med. Chem. 2012, 55, 5554—5565;
(e) Gopalsamy, A.; Shi, M.; Stauffer, B.; Bahat, R.; Billiard, J.; Ponce-de-Leon, H.;
SeestallerWehr, L.; Fukayama, S.; Mangine, A.; Moran, R.; Krishanmurthy, G.; Bodine, P. J.
Med. Chem. 2008, 51, 7670-7672.

14. (a) Khan, I.; Ibrar, A.; Abbas, N.; Saeed, A.; Eur. J. Med. Chem. 2014, 76, 193-244; (b)
Michael, J. P.; Nat. Prod. Rep. 2007, 24, 223-246; (c) Kung, P. P.; Casper, M. D.; Cook, K. L.;
Wilson-Lingardo, L.; Risen, L. M.; Vickers, T. A.; Ranken, R.; Blyn, L. B.; Wyatt, R.; Cook,
P. D.; Ecker, D.; J. Med. Chem. 1999, 42, 4705-4713; (d) Zappala, M.; Grasso, S.; Micale, N.;
Zuccala, G.; Menniti, F. S.; Ferreri, G.; De Sarro, G.; De Micheli, C.; Bioorg. Med. Chem. Lett.
2003, 13, 4427-4430; (e) Kunes, J.; Bazant, J.; Pour, M.; Waisser, K.; S'losarek, M.; Janota,

217
TH-3203_176122045



Chapter 5

J.; Farmaco 2000, 55, 725-729; (f) Chen, M. P.; Hu, Li, D.; Zeng, S.; Li, T.; Jin, L.; Xue, W.;
Song, B.; Bioorg. Med. Chem. Lett. 2016, 26, 168-173.

15. (a) Zhou, J.; Fang, J.; J. Org. Chem. 2011, 76, 7730-7736; (b) Li, F.; Lu, L.; Ma, J.; Org.
Chem. Front. 2015, 2, 1589-1597; (c) Li, F.; Lu, L; Liu, P.; Org. Lett. 2016, 18, 2580-2583;
(d) Siddiki, S. M. A. H.; Kon, K.; Touchy, A. S.; Shimizu, K. 1., Catal. Sci. Technol. 2014, 4,
1716-1719; (e) Balaji, S.; Balamurugan, G.; Ramesh, R.; Semeril, D.; Organometallics 2021,
40, 725-734; (f) Parua, S.; Das, S.; Sikari, R.; Sinha, S.; Paul, N. D.; J. Org. Chem. 2017, 82,
7165—7175; (g) Sinha, S.; Das, S.; Mondal, R.; Mondal, S.; Paul, N. D.; Dalton Trans., 2020,
49, 8448-8459; (h) Samim, A.; Sk Roy, B. C.; Nayak, S.; Kundu, S.; J. Org. Chem. 2020, 85,
17, 11359-11367.

16. (a) Pandey, G.; Koley, S.; Talukdar, R.; Sahani, P. K.; Org. Lett. 2018, 20, 18, 5861-5865;
(b) Adebomi, V.; Sriram, M.; Streety, X.; Raj, M.; Org. Lett. 2021, 23, 16, 6189-6193; (c)
Ramachandran, P. V.; Hamann, H. J.; Org. Lett. 2021, 23, 8, 2938-2942; (d) G. A. Molander,
M. A. Hiebel, Org. Lett. 2010, 12, 21, 4876-4879; (e) Salehi, P.; Khodaei, M. M.; Zolfigol, M.
A.; Keyvan, A.; Synthetic Communications. 2001, 31, 13, 1947-1951.

17. (a) Zhou, S.; Lv, K.; Fu, R.; Zhu, C.; Bao, X.; ACS Catal. 2021, 11, 5026—5034; (b) Guru,
M. M.; Thorve, P. R.; Maji, B.; J. Org. Chem. 2020, 85, 2, 806-819; (c) Dali, Y.; Zheng, J.;
Zhang, Q.; Org. Lett, 2018, 13, 3923-3927; (d) Wen, H.; Luo, N.; Zhu, Q.; Luo, R.; J. Org.
Chem. 2021, 86, 3850—3859.

18. (a) Sun, J.; Tao, T.; Xu, D.; Cao, H.; Kong, Q.; Wang, X.; Liu, Y.; Zhao, J.; Wang, Y.; Pan,
Y.; Tetrahedron Letters, 2018, 59, 2099-2102; (b) Balaji, S.; Balamurugan, G.; Ramesh, R.;
Semeril, D.; Organometallics, 2021, 40, 6, 725-734; (c) Upadhyaya, K.; Thakur, R. K.; Shukla,
S. K.; Tripathi, R. P.; J. Org. Chem. 2016, 81, 12, 5046-5055; (d) Siddiki, S. M. A.; Kon, K.;
Touchy, A. S.; Shimizu, K.; Catal. Sci. Technol., 2014, 4, 1716; (e) Thorve, R. P.; Maji, B.;
Catal. Sci. Technol., 2021,11, 1116-1124.

218
TH-3203_176122045



N-Alkylation of Benzamides, Sulfonamides and Synthesis of Quinazoline
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Figure 5.9: *H (600 MHz) spectra of compound 5.1.3a in CDCl3
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Figure 5.10: *C{*H} NMR (100 MHz) spectra of compound 5.1.3a in CDCls
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Figure 5.12. 3C{*H} NMR (125 MHz) spectra of compound 5.2.5c in CDCl3
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Figure 5.13. *H NMR (500 MHz) spectra of compound 5.3.7a in CDCls

et ™ — © “THEEEE

wwwwwww

[y
NH
@

o
163.6
A

5

" A A A A

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure 5.14. 3C{*H} NMR (125 MHz) spectra of compound 5.3.7a in CDCls

T T
10 0

221
TH-3203_176122045



Chapter 5

3 arornoanny
o IS SQORNRNENnY YT
B PR NG

NH

ooooo

7 6
f1 (ppm)

Figure 5.15. *H NMR (600 MHz) spectra of compound 5.3.7h in DMSO-ds
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Figure 5.16. *C{*H} NMR (150 MHz) spectra of compound 5.3.7h in DMSO-ds
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Figure 5.17. *H NMR (500 MHz) spectra of compound 5.3.71 in DMSO-ds
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Figure 5.20. *C{*H} NMR (150 MHz) spectra of compound 5.3.7n in DMSO-ds
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