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ABSTRACT

Cancer is one of the prominent causes of death worldwide. To identify potent and selective anticancer drugs with
reduced side effects is a serious concern to medicinal chemists. Medicinal chemists are actively engaged in the quest
for such drugs, focusing on specific targets such as anti-mitotic agents (Tubulin inhibitors), Cyclin dependent Kinases,
and FICD inhibitors. Tubulin, a pivotal protein in cellular processes like mitosis and intracellular transport, has
emerged as a key target for anticancer therapy. Additionally, dysregulated kinase activity frequently correlates with
cancer progression, therefore, kinase is another promising target for anticancer therapeutics. The thesis deals with the
design, synthesis and anticancer activity studies of novel indolyl heterocycles. Moreover, in silico binding modes for
synthesiszed compounds have also been investigated using molecular modeling and toxicity predication. The thesis is
divided into seven chapters.

The First Chapter of the thesis provides brief introduction about the physical and chemical properties of indole and
an overview of anticancer research and treatments of various types of cancers with special emphasizes on
chemotherapy and classification of anticancer drugs present in market. Further, the chapter provides information for
the rational design of novel indole containing chemical entities as potent anticancer agents. Also, it describes the
current problems associated with the existing anticancer drugs and the scope for developing novel indole-based
compounds by structural modifications of existing natural and synthetic bioactive indole anticancer agents with
improved anticancer properties. The Second Chapter of the thesis is divided in two parts. Part 2A of this chapter
reports, the copper-mediated cross-coupling reactions of N-Boc-3-indolylsulfoximines with aryl iodides, we produced
a diverse series of N-arylated indolylsulfoximines in excellent yields. From the prepared series of N-arylated
indolylsulfoximines, compound 11K (1.28 uM) was selectively cytotoxic against MCF7 cells and 11j (2.68 uM) was
selectively cytotoxic against 22Rv1 cells. The compound 111 bearing fluorine at the Ces-position of indole, endowed
broad cytotoxicity against C4-2, PC3, 22Rv1 and MCF7 with ICso values of 8.1, 3.51, 1.91, and 1.7 uM, respectively.
HEK293 cells (normal kidney cells) were not affected by these compounds, suggesting their specificity for cancer
cells. In Part 2B, colchicine sulfoximine analogues were synthesized and found to exhibit significant inhibition of
tubulin polymerization.

The third Chapter of the thesis focuses on investigating the potential of N-aryl indolylsulfoximines as anticancer
agents, with a specific emphasis on their activity against Cyclin-Dependent Kinases (CDKSs). Particularly, compound
23g emerged as a potent CDK5/p25 inhibitor with an ICs value of 1.12 uM, showcasing selectivity over CDK2 and
CDKI1. N-aryl indolylsulfoximines exhibited promising selectivity with an ICso value of 2.15 pM for CDK5/p25.
Additionally, the docking results of potent compound (binding affinity= -8.5 Kcal/mol) demonstrated a strong
correlation with the in vitro outcomes. The Fourth Chapter entails indolyl-1,2,4-triazoles prepared from the
cyclization of acylhydrazides and thioimidate in good to excellent yields (95%). The most active compound exhibited
cytotoxicity towards acute HeLa cell line (ICso = 3.5 uM). Preliminary mechanism of action study of the most potent
compound showed inhibition of tubulin polymerization. The Fifth Chapter of the thesis, divided into two parts.
Part S5A describes environmentally friendly synthesis of a-cyano bis(indolyl)chalcones, followed by their in vitro
evaluation against six human cancer cell lines. One of a-cyano bis(indolyl)chalcone emerged as the most potent and
selective against the C4-2 prostate cancer cell line, displaying an ICsy value of 0.98 uM. In Part 5B the synthesized
a-cyano bis(indolyl)chalcones were screened for FICD inhibition activity. In AMPylation assay, o-cyano
bis(indolyl)chalcones demonstrated significant potency, with an ICsy value of 7.9 uM. Interestingly, our findings
revealed certain molecules displaying notable affinity for ATP binding site. The Chapter Six describes two efficient
synthetic methodologies for the preparation of diverse and biologically active B-oxo amides and benzo[a]carbazoles.
The copper-catalyzed strategy enables the synthesis of -oxo amides using iodonium salts under mild reaction
conditions. Additionally, the developed approach offers a convenient route to diversely substituted benzo[a]carbazoles
from 3-substituted acetylindoles and diaryliodonium salts under Pd-catalyzed neutral conditions. Finally, in the
Seventh chapter of the thesis, summary of the thesis is presented along with the future scope of the research work.



TABLE OF CONTENTS

Certificate
Acknowledgments
Abstract

Table of contents
List of tables

List of figures

List of abbreviations

Chapter 1: Introduction

1 Introduction

1.1 Cancer research in drug discovery

1.2 Indole

1.2.1 Chemical reactivity

1.3 Cancer and its treatment

1.3.1 FDA approved anti-cancer drugs

1.3.2 Chemotherapeutic approaches

1.3.3 Types of chemotherapy drug targets

1.3.3.1 Anti-mitotic agents: Tubulin inhibition

1.3.3.1.1 Colchicine binding site inhibitors

1.3.3.1.2 Tubulin role in the cell cycle: Mechanisms of action

1.3.3.1.3 Tubulin inhibitors also act as vascular distrusting agents (VDAS)
1.3.3.2 Inhibition of DNA-topoimerases in anti-cancer drug

1.3.33 Targeting protein kinases in cancer therapy: A crucial approach
1.3.3.3.1 Exploring cyclin-dependent kinase targets

1.3.3.3.1.1 Cyclin-dependent kinases: Key players in cancer progression
1.3.3.3.2 Small-molecules kinase inhibitors

1.3.3.4 Alkylating agents

1.3.3.5 Antimetabolites

1.3.3.6 Other chemotherapeutic agents

Xi

Page
No
II
VI

X1
XIX
XX
XXIV



1.3.4
1.4
1.4.1
1.4.2
1.4.3
1.4.4
1.5
1.5.1
1.5.2
1.6
1.7

Drug resistance in cancer chemotherapy

Indole nucleus in anti-cancer research

Functionalized indoles

Functionalized indoles as combretastatin-4 (CA-4) analogues
Indolylazoles as anti-cancer agents

Bisindoles as anti-cancer agents

Role of computational chemistry in drug discovery
Molecular docking

Toxicity prediction

Conclusions

References

Chapter 2: Sulfoximine Functionalized Anti-cancer Agents

Part 2A: Design and Synthesis of N-aryl Indolylsulfoximines: Identification

2.1.1
2.1.2
2.1.2.1
2.1.2.2
2.1.2.2.1
2.1.2.2.2
2.1.2.23
21224
2.1.2.2.5
2.1.2.2.6
2.1.2.2.7
2.1.2.3
2.1.3
2.1.4
2.1.4.1
2.14.2

of Potent and Selective Anti-cancer Agents

Introduction

Results and discussion

Synthesis and characterization

Biological evaluation

Anti-cancer activity

Acridine orange (AO)/ethidium bromide (EB) staining
Measurement of intracellular reactive oxygen species (ROS) levels
Induces mitochondrial dysfunction in C4-2 cells

Wound healing assay

Rrestricts colony formation

Induce tubulin depolymerization and cytokinesis defects
ADME properties of indolylsulfoximine analogues
Conclusions

Biology protocols

MTT assay

JC-1 staining

Xl

23
25
25
27
30
32
34
35
36
37
38

49

52
55
55
63
63
64
65
65
66
67
67
69
70
71
71
71



2.14.3 Acridine orange-ethidium bromide staining 72

2.1.4.4 Measurement of intracellular reactive oxygen species (ROS) levels 72
2.1.4.5 Wound healing assay 72
2.1.4.6 Western blot analysis 73
2.1.4.7 Tubulin polymerization assay 73
2.1.4.38 Immunofluorescence 73
2.1.5 Experimental section 74
2.1.5.1 General methods 74
2.1.5.2 General procedure for the synthesis of compounds 6 and 8 74
2.153 General experimental procedure for the synthesis of 75

indolylsulfoximine (9a-e)
2154 General experimental procedure for N-arylindol yl sulfoximines (11a-m) 76

2.1.6 References 79

Part 2B: Design, Synthesis, in-silico Studies and Biological Evaluation of Novel
Sulfoximine Modified Colchicine Derivative as Potent Tubulin-Targeting
Anti-cancer Agents

2.2.1 Introduction 86
2.2.1.1 Rational design of colchicine derivatives 87
222 Results and discussion 90
2221 Synthesis and characterization 90
2222 Biological evaluation 93
22221 Anticancer activity 93
22222 Tubulin polymerization assay 94
223 Computational studies 95
2231 Molecular docking 95
2232 Pharmacokinetic prediction 99

Xl



224 Conclusions 101

2.2.5 Experimental section 102
2.2.5.1 Chemistry 102
22.5.1.1 General methods 102
2.2.5.1.2 Procedure for the synthesis of thiocolchicine (12) 102
2.2.5.13 Procedure for the synthesis of colchicine sulfoximine (13) 102
2.2.6 References 103

Chapter 3: Design and Synthesis of N-aryl indolylsulfoximines as CDKS5/p25

Inhibitors
3.1 Introduction 109
3.1.1 Role of cyclin-dependent kinases (CDKs) in cancer 109
3.1.2 CDK Inhibitors in clinical trial 112
3.2 Structure and biological functions of CDKS5 114
3.2.1 Structure of CDK5 114
322 Biological function of CDKS5 115
3.2.2.1 Role of CDKS5 in prostate cancer 115
3222 Role of CdkS5 in tumor angiogenesis 117
3.23 Rational design 117
3.2.2.1 ATP Competitive or non-competitive inhibitor 118
3.3 Results and discussion 120
3.3.1 Synthesis of N-aryl indolylsulfoximines (23a-k) 120
332 Biological evaluation 121
3.3.2.1 Anticancer activity 121
3322 Cellular kinase activity of N-aryl indolylsulfoximines (22a-k) 121
3.4 Molecular docking studies 122
3.4.1 Docking study of CDKS5/p25 with N-aryl indolylsulfoximines 122
3.4.2 Molecular docking study of CDK2/CCNE with 125

N-aryl indolylsulfoximines (23g)

XV



343 Molecular docking study of CDK1/CCNB with 126
N-aryl indolylsulfoximines (23g)

344 Drug-likeness prediction and ADME (Absorption, distribution, 126
metabolism and excretion) properties
35 Conclusions 128
3.6 Biology protocols 129
3.6.1 Transformation of CDKs DNA 129
3.6.2 Protein purification 129
363 Kinase assay 129
37 References 130

Chapter 4: Design and Facile Synthesis of Indolyl-1,2,4-triazoles as Tubulin
Interacting Anti-cancer Agents

4.1 Introduction 137
4.1.1 Rational design 138
4.2 Results and Discussion 141
4.2.1 Synthesis and characterization 141
422 Biological evaluation 145
4221 Anti-cancer activity 145
423 Docking studies 146
42.3.1 Molecular docking studies of indolyl 1,2,4-triazoles 146
4.2.4 In silico analysis of pharmacokinetic profile of indolyl triazo 151
derivatives
43 Conclusions 153
4.4 Biology protocols 153
44.1 MTT assay 153
4.5 Experimental section 154
4.5.1 General remarks 154
45.1.1 General procedure for the synthesis of indole-3-carboxaldehyde 154
45.1.2 General procedure for the Synthesis of indole-3-carbonitriles 154
45.1.3 General procedure for the synthesis of Indole-3-thiocarboxamides 155

XV



45.1.4 General procedure for the synthesis of Indole-3-thioimidates 155

(18a-e)
4.5.1.5 General procedure for the synthesis of ethyl 2-(1H-indol-3-yl) Acetate 155
4.5.1.6 General procedure for the synthesis of 2-(1H-indol-3-yl) Acetohydrazide 155
4517 General procedure for the synthesis of 3-((5-(1H-indol-3-yl)-4H-1,2,4- {54
triazol-3-yl)methyl)-1H-indole (22a-i)
46 References 159

Chapter 5: Design, Synthesis and Anti-cancer activity of Novel a-cyano
bis(indolyl)chalcones

Part SA: L-Proline catalysed synthesis and in-silico Studies of Novel a-cyano
bis(indolyl)chalcones as Potential Anti-cancer Agents

5.1.1 Introduction 165
5.1.1.2 Rational design 167
5.1.2 Results and discussion 168
5.1.2.1 Synthesis and characterization 168
5.1.2.2 Biological evaluation 171
5.1.2.2.1 Anti-cancer activity 171
5.1.2.2.2  Acridine orange (AO)/ethidium bromide (EB) staining 173
5.1.2.2.3  Induces mitochondrial dysfunction in C4-2 cells 174
5.1.2.2.4  Tubulin depolymerization and cytokinesis defects 175
5.1.2.2.5 Induces reactive oxygen species (ROS) accumulation 176
5.1.2.2.6  Inhibits colony formation 177
5.1.23 Molecular docking studies 177
5.1.23 In silico ADME evaluation of compounds 21a-r 178
5.13 Conclusions 183
514 Biology protocols 183
5.14.1 MTT assay 183
5.1.4.2 JC-1 staining 184
54.13 Acridine orange-ethidium bromide staining 184
5.14.4 Tubulin polymerization assay 184
5.1.4.6 Western blot analysis 185

XVI



5.1.4.6 Immunofluorescence 185

5.1.5 Experimental section 185
5.1.5.1 General remarks 185
5.1.5.2 General procedure for the synthesis of 3-cyanoacetyl indoles 186

5.153 Procedure for the synthesis of 5-ethoxyindole and 5,6-dimethoxyindole 186
5.1.54 General procedure for the synthesis of indole-3-carboxaldehyde (20a-r) 186

5.1.5.5 Procedure for Alkylation of indole-3-carboxaldehydes 187
5.1.5.6 General procedure for the preparation of a-cyano bis(indolyl)chalcones 187
(21a-r)
5.1.6 References 192
Part 5B: Design and Synthesis of FICD Inhibitors
5.2 Introduction 197
521 Rational Design 197
522 Results and Discussion 198
5221 Biological Evaluation 199
5.2.2.1.1 FICD AMPylation inhibition activity (uM) of potent compounds 199
523 Molecular Docking 201
524 Conclusions 204
5.2.5 Biological Protocols 204
5251 Protein Purification 204
5252 AMPylation Assay (Malachite Green Assay) 205
5.2.6 Experimental Section 206
5.2.7 References 206

Chapter 6: Diaryliodonium Salts promoted Versatile Approach to Diverse B-Oxo
Amides and Potent Benzo[a]carbazoles

6.1 Introduction 209
6.2 Results and Discussion 212
6.2.1 Synthesis and Characterization 212
6.3 Applications of Synthesized Derivatives 214
6.3.2 Photophysical Studies 222

XVl



6.3.3
6.4

6.5
6.5.1
6.5.1.1
6.5.1.2
6.5.1.3
6.5.1.4

6.6

7.1

7.2

7.3

Plausible Mechanisms for Pd-catalyzed Reactions

Conclusions

Experimental Section

General Materials and Methods

General Procedure for the Preparation of Diaryliodonium Salts (21a-f)
General Procedure for the Synthesis of 3-cyanoacetyl Indoles (20a-r)
General Experimental Procedure for N-phenyl-p-ketoamides (21a-c)
General Experimental Procedure for the Synthesis of Benzo-fused
Carbazoles (23a-h)

References

Chapter 7: Conclusions and Future Scope
Introduction
Specific Conclusions

Conclusions and Future Scopes

Appendices

List of Publications

List of Paper Presented in Conferences

Brief Biography of the Candidate

Brief Biography of the Supervisor

Brief Biography of the Co-supervisor

XVl

224
225
225
225
226
226
227
227

230

237

237

240



No.
2.1.1
2.1.2
2.13
2.14
2.1.5
2.2.1
222
223
3.1
3.2
3.3
3.4
4.1
4.2
43
4.4

5.1.1
5.12

5.1.3
5.14
5.1.5
5.2.1
6.1
6.2
6.3
6.4
6.5

LIST OF TABLES
Title

Optimization for the preparation of NH sulfoximine 9a
Optimization of the coupling reaction of 9a and 10a
Synthesis of N-arylindolylsulfoximines (11a-m)
Cytotoxicity for indolylsulfoximines 11a-m (ICso, uM)
ADME properties of N-arylated indolylsulfoximine analogues 11a-m
Optimization for the preparation of colchicine sulfoximine 13
Binding location and orientation of colchicine
ADME properties of colchicine analogues 12 and 13
CDKs deregulation associated with diffeent cancers
Potent ATP-competitive Inhibitors
Kinase activity for N-aryl indolylsulfoximines 23a-k (ICso, ptM)
List of pharmacokinetic properties
Optimization for the preparation of 1,2,4-triazole 22a
Synthesis of indolyl-1,2,4-triazoles
ADME properties of N-arylated indolylsulfoximine analogues 22a-i
In silico-predicted LDso, toxicity and carcinogenicity profiles and
comparative probability of the toxicity of the Selected Compounds 22a-d
Optimization of reaction of 21a

ICso (uUM) of a-cyano bis(indolyl)chalcones (21a-r) for growth
inhibition of selected human cancer cell lines
Physicochemical properties of potent 21a-r

Selected pharmacokinetic parameters 21a-r

Physiochemical and ADME parameters with bioactivity scores

Potent a-cyano bis(indolyl)chalcones (21a-r) FICD inhibitors (uM)
Optimization of reaction conditions

Synthesis of various B-oxo amides 21a-d

Optimization of the reaction conditions for the preparation of 23a
Synthesis of 6-hydroxy-11H-benzo[a]carbazole-5-carbonitriles (23a-h)
Photophysical properties of 23a-h in UV-grade acetonitrile (2 x 10°° M)

XIX

Page No.
56
59
60
63
70
91
98
100
111
119
121
127
142
145
151
152

168
172

179
180
182
200
213
214
218
219
223



Figure No.

1.1
1.2
1.3
1.4
1.5

1.6
1.7
1.8

1.9

1.10
1.11
1.12
1.13

1.14
1.15
1.16

1.17
1.18
1.19
1.20
1.21
1.22
1.23
1.24
1.25
1.26

1.27
1.28

1.29
2.1

2.1.1

2.1.2
2.1.3

2.14
2.1.5

LIST OF FIGURES
Caption

Drug discovery cycle

Multidisciplinary fields in drug discovery
Structure of Indole

Anti-cancer FDA-approved drugs

Target based design of anti-cancer agents

Structure and dynamic instability of the microtubule
Binding sites in tubulin
Representative anti-tubulin CBS inhibitors

Role of microtubules in cell cycle

The C-terminal and N-terminal regions of B-tubulin

Tubulin inhibitors also act as Vascular Disrupting Agents (VDAS)
Structures of topoisomerase inhibitors

Functional Diversity of Cyclin-dependent Kinases. Schematic
representation of the functional diversity of Cyclin-dependent
kinases

CDK/Cyclins and Cancer

Roles of CDK4/cyclin D/CDK5/p25 in different types of cancers

CDKS and p35 regulation of androgen receptor (AR) protein

Potent CDK inhibitors

Representative alkylating agents as anticancer drugs

Examples of antimetabolites as anticancer agents

Mechanisms of chemotherapeutic drug resistance in cancer cells
Functionalized indoles as anti-cancer agents

Structures of combretastatin A-4 (CA-4) and CA-4 analogues
Functionalized indoles as combretastatin-4 (CA-4) analogue
Naturally occurring cytotoxic indolylazoles

Representative synthetic indolylazoles as anticancer agents
Bisindoles as anticancer agents

Role of computational chemistry
Molecular docking studies

Anti-cancer agents: Docked structure of potent compounds

An examination of the number of publications per decade containing
the keyword "sulfoximine" (represented by blue bars) and of
reactions per decade featuring a sulfoximine substructure (depicted
by red bars)

Biological active sulfoximines analogues

Rational design: Indole-based anti-cancer agents

Structures of the prepared NH sulfoximines 9a-e

"H NMR spectrum of 9a

13C NMR spectrum of 9a

XX




2.1.6
2.1.7
2.1.8
2.1.9
2.1.10

2.1.11
2.1.12
2.1.13
2.1.14
2.1.15
2.1.16
2.2.1
222
223
22.4
2.2.5
2.2.6
2.2.7
2.2.8
229

2.2.10

2.2.11

2.2.12

2.2.13

3.1
3.2
33
3.4
3.5
3.6

3.7
3.8

3.9

"H NMR spectrum of 11¢

13C NMR spectrum of 11¢

HRMS Spectrum of 11¢

Structure-activity relationship analysis of compounds 11a-m

Fluorescent microscopic images of C4-2 prostate cancer lines
treated with DMSO, 111 and puromycin at 48 h by AO-EB staining
111 increases ROS levels in C4-2 cells

Increases mitochondrial depolarization in C4-2 cells
111 inhibits cell motility in C4-2 cells

111 restricts colony formation in C4-2 cells

111 increases depolymerization of tubulin in C4-2 cells
111 increases depolymerization of tubulin in 22Rv1 cells
Colchicine binding site inhibitors

Possible sites for structural modification of colchicine
Rational design of current work

"H NMR spectrum of 13

13C NMR spectrum of 13

HRMS spectrum of compound 13

HPLC traces of compound 13

Tubulin polymerization inhibition

Crystal structure of af-tubulin heterodimers showing the binding
sites of colchicine

Surface representation of sulfoximine colchicine, binding at
colchicine binding site.

Molecular modeling study of colchicine sulfoximine (13) with
tubulin (PDB code: 1SAO0)

Overlapping shows the binding mode of compound 13 with
colchicine, at the active site of colchicine in tubulin.

Oral bioavailability radar charts for the studied compounds. 13
have good bioavailability score and more hydrophilic in nature
Role of CDKs in cancer

CDKSs inhibitors in clinical trials

Structure of CDK5/p25 complex its binding site and interaction
Activation of CDKS5 by p35

CDKS5 in tumor angiogenesis

Rational design for the synthesis of Indolylsulfoximines as
selective CDKS inhibitors

ATP-competitive inhibition of cyclin-dependent Kinases

CDKS5 binding modes by its inhibitor: Key interactions made by
potent 23g with CDKS5/p25

2D interactions between: (A) roscovitine and CDK5/p25 (B) 23¢
and CDK5/p25

XXI

61
62
62
64
64

65
66
66
67
68
69
87
87
89
92
92
93
93
94
96

96

97

97

101

110
113
115
116
117
118

119
123

124



3.10

3.11

3.12
4.1

4.2
4.3
4.4
4.5
4.6
4.7
4.8

4.9

4.10

4.11

4.12
4.13
4.14
5.1.1
5.12
5.1.3
5.14
5.1.5
5.1.6

5.1.9
5.1.10
5.1.12

Roscovitine binding affinity in CDK2 -7.0 Kcal/mol and 23g
binding affinity -6.5 Kcal/mol

(A) 3D interaction between the protein—ligand complex
CDK1/CCNB and 23g after molecular docking. (B) 2D interaction
between the protein—ligand complex

BOILED-Egg graph of roscovitine and indolylsulfoximine 23¢
Representative available drugs containing indole-1,2,4-triazole
moieties

Design strategy of indolyl-1,2,4-triazoles as anti-cancer agents
"H NMR spectrum of 18a

"H NMR spectrum of 22a

13C NMR spectrum of 22a

'"HRMS spectrum of 22a

Structure-activity relationship analysis of compounds 22a-i
Binding Affinity = -8.8 Kcal/mol. Docking pose of compound 22a
in the active site of tubulin

Docking pose of DAMA colchicine (Binding Affinity =-6.8
Kcal/mol) in the active site of tubulin. Green dashed lines indicate
hydrogen bonds with CYS241

Binding Affinity of 22b is -8.2 Kcal/mol (22b). Docking pose of
compound 22b in the active site of tubulin

Docking pose of compound 22c¢ in the active site of tubulin. Green
dashed lines indicate hydrogen bonds. Binding Affinity =-9.0
Kcal/mol

Binding Affinity = -7.7 Kcal/mol (22d)

Binding Affinity = -7.3 Kcal/mol (22g)

Binding Affinity = -8.7 Kcal/mol (22h)

Indole analogues as anticancer agents

Rational design of 21

"H NMR spectrum of 21a

13C NMR spectrum of 21a

SAR for a-cyano bis(indolyl)chalcones (21a-r)

Fluorescent microscopic images of C4-2 prostate cancer lines
treated with DMSO, 21j and puromycin at 48 h by AO-EB staining
21j increases mitochondrial depolarization in C4-2 cells. Cells
were treated with DMSO, 21j (10 uM and 20 uM) and Puromycin
for 48 h and stained with JC-1

21j Increases depolymerization of tubulin in C4-2 cells. C4-2 cells
were treated with DMSO or compound 21j (10 pM and 20 pM)
for 48 h

21j Increases depolymerization of tubulin in C4-2 cells.

21j Increases ROS level in C4-2 cells.
Molecular interactions of 21j in colchicine binding site

XXII

125

126

128
138

140
144
144
145
145
146
148

148

149

149

150
150
150
165
167
170
171
173
174

174

175

176
176
178



5.1.13

5.1.14
5.2.1
522
523
524
525

5.2.6
5.2.7

528

529
6.1
6.2

6.3
6.4
6.5
6.6
6.7
6.8
6.9

6.10

6.11

Oral bioavailability radar charts for the studied potent compounds
21a-r

BOILED-Egg plot for the studied compounds 21a-r

Chemical structures of selected E234G HYPE inhibitors

FICD inhibitor, MM-2 (ICso = 10 uM)

SAR of a-cyano bis(indolyl)chalcones

Potent (21a-r) FICD AMPylation inhibitors

Crystal structure of FICD protein. (a) 3D Representation of FICD

(b) domain of FICD protein
3D representation of FICD Dimer

(a) ATP binding active site in FICD (b) 2D interaction of ATP
with different Amino Acid.

Binding affinity of potent compound 21c¢ = -9.3 Kcal/mol. 21¢
bind at ATP binding site and exactly overlay on ATP. (b) 2D
interactions with H-bonding (green dotted line)

Identification of potent hit compounds

Biological active B-oxo amides

(A) Selective aryl transfer from symmetrical and unsymmetrical
iodonium salts (B) Advantageous features of iodonium salts

"H NMR spectrum of compound 21b

13C NMR spectrum of compound 21b

'H NMR spectrum of compound 22b

3C NMR spectrum of compound 22

"H NMR spectrum of compound 23a

13C NMR spectrum of compound 23a

UV-Visible (a) Normalized absorption spectra (b) Normalized
emission spectra of 23a-h (2 uM) in UV grade acetonitrile (Aex:
300 nm; slit width: 4 nm)

UV-Visible (a) Normalized absorption spectra (b) Normalized
emission spectra of 23f (10 pM) in different solvents (Aex: 300 nm;
slit width: 4 nm)

DFT calculated frontier molecular orbitals

XXIII

181

182
198
198
199
200
201

202
203

203

204
209
211

215
215
220
221
221
222
223

224

224



Abbreviation
AcOH
PSs

acac
ACN

Ar

Aq.

atm
-BuOK
HPLC

13c

19
CDCl3
p-Cymene
Cu(OAc)
Calc.
Aabs
MTT

ICso

nM

uM

nm

dd

LIST OF ABBREVATIONS

Description

Acetic Acid

Photosensitizers

Acetylacetonate

Acetonitrile

Aryl

Aqueous

Atmosphere

Potassium fert-butoxide

High Performance Liquid Chromatography
Carbon-13

Fluorine-19

Deuterated Chloroform
1-Methyl-4-(propan-2-yl)benzene
Cupric Acetate

Calculated

Absorption Wavelengths
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Half Maximal Inhibitory Concentration
Nanomolar

Micromolar

Nanometer

Doublet

Doublet of Doublet

XXIV



DCB 1,4-Dichlorobenzene

DCE 1,2-Dichloroethane

DCM Dichloromethane

DMA Dimethylacetamide

DME Dimethoxyethane

DMF N,N-Dimethylformamide
DMSO-ds Deuterated Dimethylsulfoxide
DMSO Dimethylsulfoxide

ESI-MS Electron Spray lonization-Mass Spectrometry
Et,O Diethyl Ether

EtOAc Ethyl Acetate

EtOH Ethanol

EWG Electron Withdrawing Group
EDG Electron Donating Group

equiv. Equivalent

FT-IR Fourier Transform Infrared

g Gram

h Hours

HRMS High Resolution Mass Spectrometry
Hz Hertz

Pr Isopropyl

IBD Iodobenzene Diacetate

PIFA Phenyliodine Bis(trifluoroacetate)
HTIB [Hydroxy(tosyloxy)iodo]benzene
J Coupling Constant

XXV



K>COs

mp

mL

mg
MHz
min
mmol
mol %
MeOH
NaOAc
NMR

Nu

Phen
PIDA
ppm
Q-TOF

r.t.

td

TFA

Potassium Carbonate
Melting point

Multiplet

Millilitre

Milligram

Megahertz

Minutes

Millimole

Mole Percent

Methanol

Sodium Acetate

Nuclear Magnetic Resonance
Nucleophile

Ortho

Para

Meta

1,10-Phenanthroline
Phenyl Iodonium Diacetate
Parts Per Million
Quadrupole Time of Flight
Room Temperature
Singlet

Triplet

Triplet of Doublets

Trifluoroacetic Acid

XXVI



THF Tetrahydrofuran

TLC Thin Layer Chromatography
p-TSA or p-TsOH p-Toluenesulfonic Acid

uv Ultraviolet

Zn(OAc) Zinc Acetate

ROS Reactive Oxygen Species
A549 Lung Cancer Cell Line

GPCR G-protein Coupled Receptors
DABCO 1,4-Diazabicyclo[2.2.2]octane
PET Positron Emission Tomography
EDso Effective dose 50%

SAR Structure-Activity Relationship
TMSCI Trimethylsilyl Chloride
ADME Absorption, Distribution, Metabolism, Excretion
CDKs Cyclin Dependent Kinases

AR Androgen Receptors

ATP Adenosine Triphosphate
PAINS Pan Assay Interference

GI Gastro-intestine

MTs Microtubules

MW Microwave

MTAs Microtubule Targetting Agents
CBS Colchicine Binding site

CA-4 Combretastatin A-4

XXVII



B

°C

FICD

MW (g/mol)
Log Posw
Log S

BBB

PGP
BOILED-Egg
yolk

CP

PDB

PC3

MCF7

Alpha

Beta

Degree Centigrade

Filamentation Induced by cAMP Domain
Molecular Weight

Lipophilicity

Water Solubility

Blood Brain Barrier

P-glycoprotein

Brain Or IntestinalL EstimateD permeation
Yellow Area

Conventional Procedure

Protein Data Bank

Prostate Cancer Cell Line

Breast Cancer Cell Line

XXVIII



Chapter 1

Introduction







Chapter 1

1. Introduction

1.1 Cancer Research in Drug Discovery

Drug discovery is a multifaceted process aimed at identifying potential therapeutic agents,
employing a combination of computational, experimental, translational, and clinical models.!
Despite significant advancements in biotechnology and our understanding of biological
systems, drug discovery remains a challenging, time-consuming, and costly endeavor, often
plagued by a high attrition rate of new therapeutic candidates. At its core, drug design involves
the innovative creation of new medications based on the understanding of a biological target.
Essentially, it entails designing molecules that complement the shape and charge of the
molecular target they interact with and bind it at perticular target. While drug design frequently
utilizes computer modeling techniques and bioinformatics approaches, it may also rely on other
methods in the era of big data.’

Modern drug design is an integrated and long-term process that entails significant financial
investment, costing tens to hundreds of millions of dollars from candidate compound trials to
FDA approval.® Preclinical drug design trials involve a combination of in silico, in vitro, and
in vivo experiments, with advancements in information technology and big data accelerating
the pace of drug discovery by facilitating the construction of highly effective and targeted
databases. There are several stages in the drug discovery process that require numerous skills
and the use of various advanced technological platforms (often a combination of computational
and experimental approaches) to validate targets and search for therapeutic agents.* When
initial experimental compounds have been sufficiently optimized to be selective, potent and
safe in preliminary in vitro experiments and animal models, they can be nominated as drug
candidates.

Cancer poses a major health challenge and remains a leading cause of death worldwide.
According to the World Health Organization the number of cancer cases in the world will
increase to 22 million by 2030.7 Liver, breast and prostate are among the most common types
of cancer diseases. Several ways have been discovered and reported for inhibiting cancer
diseases, such as surgery, chemotherapy, radiation therapy, targeted therapy, immunotherapy,
hormonal therapy, bio-logical therapy, and photodynamic therapy.’ More recently, targeted
therapy has shown great potential in addressing drugs toward cancer cells of specific genes and

proteins without attacking the healthy cells.
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Figure 1.1 Drug Discovery Cycle

The high mortality rate associated with HCC can be largely attributed to its widespread
prevalence and the inadequacy of conventional chemotherapy as an effective treatment.® FDA-
approved drugs such as Sorafenib and Regorafenib were used as multi-kinase inhibitors for the
treatment of HCC; however, this treatment can only improve patient’s median survival for
about 3 to 10 months.” Addressing these challenges necessitates the development of novel and
effective chemotherapeutics in medicinal chemistry, despite the existence of several drugs for
various cancers.'”

Efforts to reduce the cancer-related death rate have garnered considerable attention from
governments, societies, the pharma industry, and scientific communities, with hopes for the
rapid development of effective and safe drugs for cancer treatment. Despite remarkable
advancements in biological sciences and our understanding of disease biology, the creation of
new, practical, and innovative small molecule drugs remains a challenging, time-consuming,
and costly endeavor.!! This undertaking necessitates collaboration across multidisciplinary

fields, including medicinal chemistry, computational chemistry and biology (Figure 1.2).
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Computational methods have become crucial tools in drug discovery projects and are now
essential to new drug development approaches. These methods expedite and streamline the

drug development process, making it more efficient and cost-effective.

Synthetic Organic
Chemistry

Computational
Chemistry

Figure 1.2 Multidisciplinary fields in drug discovery

Cancer remains one of the most challenging health issues globally, with its complex and
heterogeneous nature posing significant hurdles in effective treatment strategies. Despite
advancements in medical science, the quest for novel and potent anticancer agents continues.
The development of such agents requires a multifaceted approach, integrating diverse
disciplines including medicinal chemistry, molecular biology, computational modeling and
pharmacology. Our efforts towards the design, synthesis, in silico analysis, and biological
evaluation of indolyl heterocycles as promising anti-cancer agents targets tubulin, Cyclin
Dependent Kinases and FICD.

Tubulin, a crucial protein involved in cellular processes such as mitosis and intracellular
transport, has emerged as a prime target for anticancer therapy. Disruption of tubulin dynamics
can lead to cell cycle arrest and apoptosis, making it an attractive target for drug
development.'!> '? Kinases, on the other hand are enzymes that regulate various signaling

pathways involved in cell proliferation, differentiation, and survival.'?

Dysregulation of kinase
activity is often associated with cancer progression, making them another promising target for
anticancer drug development. Additionally, FICD (Filamentation induced by cAMP domain)
a protein involved in cellular stress response and post-translational modification, is emerging
as a promising target for cancer therapy. Its role in essential cellular processes, including
adaptation to adverse conditions, makes it an attractive target for disrupting cancer cell growth
and survival. By targeting FICD, it may be possible to hinder dysregulated cellular processes

implicated in tumor development and progression. This highlights FICD as a potential avenue
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for the development of novel cancer therapies. Heterocyclic compounds are of immense
chemical and biological significance. In particular, azaheterocycles (nitrogen containing
heterocycles) such as pyrrole, oxazoles, imidazoles, thiazoles, oxadiazoles, quinolines,
pyrimidines and indoles are structural constituents of many natural as well as synthetic
bioactive drug-like molecules.'*

Nitrogen-containing heterocyclic compounds have gained prominence in the synthetic and
pharmaceutical industries because of their diverse biological actions.'> For example, these

18,19 anti-malarial,?® anti-HIV,?' and anti-

actions include anti-microbial,'® '7 anticancer,
tubercular activities.”> Among the nitrogen-containing heterocycles, indole and derived
compounds possess remarkable anti-tuberculosis,”® anti-inflammatory,?* and anti-cancer
activities.?® The intriguing indole moiety is well-known for its anticancer activities and occurs
widely in numerous natural products such as vinblastine and vincristine, which can be used to
treat breast cancer, testicular cancer, ovarian cancer, and neck and prostate cancer.?® There is
significant evidence that indole can be linked to a variety of other anticancer compounds.
Indole-based heterocycles offer a versatile scaffold for the design of anti-cancer agents due to
their diverse biological activities and structural flexibility. The planar structure of indole allows
for facile modifications to tailor pharmacological properties and enhance target specificity.
Moreover, indole derivatives have demonstrated promising anticancer activity through various
mechanisms, including inhibition of tubulin polymerization, interference with kinase signaling
pathways and modulation of cellular stress response mechanisms. While working towards the
identification of anti-cancer agents, the thesis research work aims to achieve the following
objectives

1. Design, synthesis and characterization of novel indole derived compounds.

2. Biological evaluation of synthesized compounds using different human cancerous cell
lines. And utilization of computational methods for in silico screening and molecular
modeling to predict the binding interactions of synthesized compounds with their

respective targets (Tubulin, Kinases and FICD).

Through a multidisciplinary approach encompassing organic synthesis, computational
modeling and biological assays, thesis aims to contribute to the discovery of novel anticancer
agents with improved efficacy and reduced off-target effects. The findings from this research
hold potential for the development of innovative therapies for combating cancer and improving

patient outcomes.
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1.2 Indole

Indole is a pervasive and naturally occurring heterocyclic compound, featuring a six-membered
benzene ring fused to a five-membered pyrrole ring (Figure 1.3)?”. Following Huckel’s rule of
aromaticity, indole, with its 10 electrons, exhibits aromatic properties. Similar to benzene, it is
prone to electrophilic substitution reactions. Molecular orbital studies have revealed that the 3-
position of indole is particularly reactive towards electrophilic substitution reactions. Under
basic conditions, indoles can undergo N-substitution reactions due to the slightly acidic nature
of the -NH bond in indole.?® The first synthesis of indole was achieved in 1866 by Adolf von
Baeyer.” Owing to the diverse applications of the indole scaffold in both biological and
pharmacological fields, numerous synthetic schemes have been published. Among the most
prominent and widely used methods are reported by Fisher,*® Bischler,®! Hemetsberger,

Nenitzescu, Bartoli,*> and others.*> Owing to its bioavailability and pharmacological

applications, indole is considered as the most privileged scaffold in heterocyclic chemistry.

4
5 3a 3
|: :| Y
6
N
7 7a H1

Figure 1.3 Structure of Indole

1.2.1 Chemical Reactivity

Indole and simple alkyl indoles are colorless crystalline solids found to be stable in air and
soluble in most organic solvents. Indole presents a planar conjugated system with 10 =-
electrons, and its [IUPAC name is 1H-benzo[b]pyrrole. In terms of chemical behavior, indole
shares similarities with pyrrole, particularly in its weak basicity. Its pKa value, a measure of
acid strength, is recorded at -3.63, indicating that it is a very weak base. Despite its weak basic
nature, indole and its derivatives exhibit a diverse range of physical and chemical properties,
making them versatile compounds for various applications in both biological and synthetic
chemistry. Although indole is a weak base, it and its derivatives display a wide array of physical
and chemical properties, contributing to their versatility in various applications within
biological and synthetic chemistry. The electron-rich pyrrole ring within indole renders it
particularly prone to electrophilic substitution reactions, distinguishing it from its benzene
counterpart.>* This unique combination of aromaticity and reactivity makes indole a highly

valued heterocyclic nucleus in medicinal chemistry.
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1.3 Cancer and its Treatment

1.3.1 FDA-Approved Anti-cancer Drugs

Indole is considered as one of the most important nitrogen heterocycles that have gained
considerable interest in last decade due to its multiple bioactivities (Figure 1.4). It is evidenced

by the fact that recently, U.S. Food and Drug Administration (FDA) databases have disclosed

the importance of nitrogen-containing heterocycles in drug discovery.!% 3% 36
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Figure 1.4 FDA-approved anti-cancer drugs
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1.3.2 Chemotherapeutic Approaches

Chemotherapy is the use of drugs or chemical entities to kill cancer cells. These drugs
specifically target fast-dividing cancer cells, which are more susceptible to their effects
compared to normal, healthy cells. However, chemotherapy is not always able to distinguish
between cancerous and healthy cells, it can also affect normal cells that undergo rapid division,

leading to the side effects commonly associated with this treatment.*’

1.3.3 Types of Chemotherapy Drugs Targets

Chemotherapy drugs can be divided into several groups based on various factors such as how
they affect chemical substances within the cancer cell, what part of the cell cycle the drug
affects, chemical structure and their relationship to another drug. Depending on the mechanism
of action, chemotherapy can be divided into alkylating agents, antimetabolites, topoisomerase
inhibitors, mitotic spindle inhibitors, and others.?* ¥

Each new year, FDA approves the use of new drugs for cancer treatments, but due to multiple
drug resistance and serious side effects, current treatments become non-ideal therapy; because
of that, great efforts to discover a new agent with fewer toxic effects are necessary.*>*! Many
new chemical structures were designed and synthesized regarding cancer’s biological targets,
such as cyclin-dependent kinase (CDK), epidermal growth factor (EGF), DNA topoisomerase
and tubulin proteins.*> These targets were classified as the main targets of new anticancer

candidates and with regards to this, tubulin and CDKs are considered as the most useful and

strategic molecular targets for antitumor drugs (Figure 1.5).

Tubulin
opoisomeras Binding
inhibition
R Target-based Design
R of Anticancer Agents
Y = >
H ) 4
Protein
FICD Kinase
Inhibition Inhibition

Figure 1.5 Target based design of indole-derived anti-cancer agents
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1.3.3.1 Anti-mitotic Agents: Tubulin Inhibition

Antimitotic agents have been the most successful pharmacological agents for the treatment of
cancer. The term “antimitotic agent” has traditionally been synonymous with tubulin targeting
compounds. The vast majority of these molecules act by binding to the protein tubulin, an a,
B-heterodimer that forms the core of the microtubule. Microtubules (MTs) are tubular polymers
and are major cytoskeletal components in eukaryotic cells.

Tubulin is a globular protein comprising a,B-heterodimers, which polymerize to form the
biopolymers of microtubules. Being the third major component of the cytoskeleton,
microtubules play a critical role in cell division, in addition to aiding in both inter and intra-

43 Microtubules are vital components of cell

cellular movement and maintaining cell shape.
division and have become attractive targets for anti-cancer agents. In cancer treatment, both
polymerizing and depolymerizing agents are utilized to disrupt the dynamic assembly and
disassembly of microtubules, critical processes for cell division. Polymerizing agents like
taxanes and epothilones stabilize microtubules by promoting their assembly, leading to the
formation of stable structures that disrupt mitosis and induce apoptosis in rapidly dividing
cancer cells. Conversely, depolymerizing agents such as vinca alkaloids, colchicine, and
nocodazole inhibit microtubule polymerization, causing disassembly and cell cycle arrest.

These agents effectively disrupt cancer cell proliferation and survival by altering the delicate

balance of microtubule dynamics. (Figure 1.6)

e
Q
Polymerization - m 8 8é

GTP tubulin dimers 8

+) eng§ Cp% > Depolymerization
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() B-tubulin

Growing microtubules Shrinking microtubules

Figure 1.6 Structure and dynamic instability of microtubules
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By specifically targeting microtubule depolymerization, these agents effectively hinder cancer
cell proliferation and survival, offering promising avenues for cancer therapy. The vinca
alkaloids (vincristine, vinblastine, and vinorelbine)** and colchicine destabilize tubulin by
inhibiting the polymerization of tubulin (Figure 1.7). Molecular docking explorations have
revealed specific interactions of these inhibitors in the active sites of tubulin protein.*
Colchicine binding is considered to be a universal property of higher eukaryotic tubulin.
Therefore, many researchers are focusing their efforts on developing compounds that bind to
the colchicine site to find new drugs that can address the limitations of existing tubulin targeting
drugs.*> %7 The colchicine binding site contains three hydrophobic pockets that serve as the
main locations for ligand interactions, as well as two hydrophilic sites that are prone to forming
additional hydrogen bonds with ligands that add stability to the interactions. Hydrophobic
pocket I is the main target for compounds in the ‘deep binding mode’ category, whereas
hydrophobic pocket II is the major CBSI binding pocket. Hydrophobic pocket II is occupied
by the TMP moiety of numerous CBSIs (such as combretastatin A analogues and ABI
analogues). Hydrophobic pocket III is located at the interface of the a, B-subunit.*® Due to the
small volume of the colchicine site cavity and the relatively simple structure of the

corresponding inhibitors, the research on colchicine inhibitors has attracted much attention in

recent years.

Chain A Chain B Chain C Chain
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Figure 1.7 Binding sites of tubulin protein
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1.3.3.1.1 Colchicine Binding Site Inhibitors

Colchicine binding site inhibitors are a class of compounds that target the colchicine-binding
site on tubulin, a key protein involved in the formation of microtubules. By binding to this site,
these inhibitors disrupt the polymerization of tubulin into microtubules, thereby interfering
with crucial cellular processes such as cell division and intracellular transport.

In 2024, Zhu et al. demonstrated the potent inhibitory activity of compound 14 against tubulin
assembly, with an ICso value of 1.68 puM. Furthermore, 14 exhibited significant growth
inhibitory effects on three human cancer cell lines, including MCF-7, A549, and Hela, with
ICso values ranging from 0.21 to 0.46 uM. Additionally, 14 induced apoptosis, arrested the cell
cycle in the G2/M phase, and disrupted the cellular microtubule network, highlighting its
promising anti-cancer properties.*> Similarly, in 2024, Wang et al. reported the remarkable
inhibitory activities of compound 15 against MCF-7, A549, and HepG2 cancer cells, with ICso
values ranging from 1.79-40.55 nM in Figure 1.8. These inhibitory effects were superior to
those of the standard drugs cisplatin and colchicine. Additionally, compound 15 was found to

inhibit tubulin polymerization, further demonstrating its potential as a tubulin inhibitor.'?

S
HN/<\ \ Br
/r\i N
N

H
14
thiazole hydrazone
IC5p=1.68 uM

18 19 20

KGP591 FC11619 4-indolylfuranones BNC-105p

HTC116 IC5,=3.2 1M

Figure 1.8 Representative anti-tubulin CBS inhibitors

Furthermore, Kevin et al. in 2024 reported promising analogues, including KGP591 (17),
which induced significant G2/M arrest, disrupted microtubule structure and cell morphology,
and inhibited cell migration in MDAMB-231 breast cancer cells. Molecular docking studies
provided insights into the key interactions of KGP591 (17) at the colchicine site. Additionally,
the phosphate prodrug salt KGP618 (16), derived from KGP591 (17), demonstrated significant
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efficacy in reducing bioluminescence signal in an orthotopic model of kidney cancer (RENCA-
luc) in BALB/c mice, indicating its potential as a vascular disrupting agent (VDA).*
Moreover, in 2023, Zhuang et al. developed Fluoro-substituted indole-chalcone FC116
derivatives, among which FC11619 (18) exhibited potent cytotoxicity against HCT-116 CRC
cells in low nanomolar range. 18 induced G2/M phase arrest, increased reactive oxygen species
(ROS) production, and targeted tubulin in CRC cells. In vivo studies demonstrated that 18
significantly suppressed tumor growth, outperforming Taxol in terms of efficacy (Figure 1.8).%°
Several other potent tubulin inhibitors have been identified, such as BPROLO075,
4-indolylfuranones (19), and BNC-105p (20) which exert their activity through colchicine
binding site. Notably, indole structures have been identified as key components in these

inhibitors, suggesting the significance of the indole nucleus in tubulin inhibition.>

1.3.3.1.2 Tubulin Role in the Cell Cycle: Mechanism of Action

Tubulin plays a critical role in multiple phases of the cell cycle, particularly in the processes of
cell division and chromosome segregation. An overview about the involvement of tubulin in
the cell cycle is provided below.

During interphase, the non-dividing phase of the cell cycle, tubulin is essential for maintaining
the cytoskeleton and providing structural support to the cell. It forms microtubule networks
that help in intracellular transport, cell shape maintenance, and organelle positioning. In
prophase, tubulin plays a key role in the assembly of the mitotic spindle, a microtubule-based
structure responsible for the proper segregation of chromosomes during cell division. Tubulin
molecules polymerize to form spindle microtubules, which capture and organize the
chromosomes. During metaphase, the chromosomes align at the center of the cell, forming the
metaphase plate. The mitotic spindle, composed of microtubules, helps to position and align
the chromosomes accurately. Tubulin provides the structural framework for spindle formation
and ensures proper chromosome attachment. In anaphase, tubulin enables the separation of
sister chromatids by mediating the poleward movement of chromosomes. Tubulin subunits
depolymerize from the kinetochore microtubules attached to the centromeres, resulting in
chromosome segregation towards opposite poles of the cell. Tubulin also plays a role in the
final stages of cell division. During telophase, tubulin helps in the reformation of the nuclear
envelope around the segregated chromosomes. In cytokinesis, tubulin is involved in the
formation of the contractile ring, which constricts the cell at the equator and leads to the

physical separation of the two daughter cells. (Figure 1.9)
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Figure 1.9 Role of microtubules in cell cycle
Disruption of tubulin dynamics leads to cell cycle arrest in the G2/M phase and induction of
apoptosis.’! The crystal structure of B-tubulin reveals important structural information about
the C-terminal and N-terminal regions of this protein. These regions play essential roles in
tubulin assembly, interactions with other proteins, and binding of small molecule ligands or

drugs.

C-terminal of B-Tubulin

The C-terminal region of beta tubulin is located at the end of the protein chain. It contains a
conserved sequence that is crucial for tubulin polymerization and microtubule formation. The
C-terminal residues of B-tubulin interact with the N-terminal region of another B-tubulin
subunit, promoting the head-to-tail assembly of tubulin dimers into protofilaments, which
subsequently form the microtubule structure. These interactions involve both hydrophobic and
electrostatic interactions, contributing to the stability and integrity of the microtubule lattice.
Furthermore, the C-terminal tail of B-tubulin extends outward from the microtubule surface
and serves as a binding site for microtubule-associated proteins (MAPs) and motor proteins.
MAPs play a role in regulating microtubule dynamics, cross-linking microtubules, and
determining their spatial organization within the cell. Motor proteins, such as kinesins and
dyneins, bind to the C-terminal tails of B-tubulin and utilize the microtubule tracks for

intracellular transport and cell motility. (Figure 1.10)
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N-terminal of p-Tubulin

The N-terminal region of beta tubulin is located at the opposite end of the protein chain. It
participates in the assembly of tubulin subunits into protofilaments and also plays a role in
protein-protein interactions. The N-terminal segment of B-tubulin interacts with the C-terminal

region of alpha tubulin within the tubulin dimer, stabilizing the overall structure.

C-terminal N-terminal

a-~tubulin B-tubulin
Colchicine binding site

Figure 1.10 C-terminal and N-terminal regions of f-tubulin

The N-terminal domain of B-tubulin also contains the colchicine binding site, which is a
pharmacologically important region targeted by tubulin inhibitors such as colchicine itself and
its derivatives. (Figure 1.10) The binding of colchicine disrupts microtubule assembly by
preventing tubulin polymerization and interfering with the normal functioning of microtubules.
Understanding the interactions between colchicine or other tubulin inhibitors and the N-
terminal region of beta tubulin is crucial for the development of new therapeutic agents

targeting microtubules in cancer treatment.

1.3.3.1.3 Tubulin Inhibitors: Dual Role as Vascular Disrupting Agents (VDAs)

Several tubulin inhibitors have demonstrated VDA activity through their ability to disrupt
microtubule dynamics not only in cancer cells but also in endothelial cells lining tumor blood
vessels. By binding to tubulin and interfering with microtubule assembly, these agents
destabilize the cytoskeleton of endothelial cells, leading to vascular collapse and cessation of
blood flow within the tumor. Additionally, tubulin inhibitors can induce endothelial cell
apoptosis, further contributing to vascular disruption. (Figure 1.11)

One of the well-known tubulin inhibitors with VDA activity is combretastatin A-4 phosphate
(CAA4P), a derivative of combretastatin A-4.> CA4P has been shown to selectively target tumor

vasculature and induce extensive vascular shutdown in preclinical models of cancer.
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Figure 1.11 Tubulin inhibitors as Vascular Disrupting Agents (VDASs)

Clinical studies have demonstrated its efficacy as a VDA in combination with chemotherapy
or radiation therapy for the treatment of various solid tumors, including non-small cell lung
cancer and colorectal cancer. Other tubulin inhibitors, such as vinblastine and colchicine have
also exhibited VDA activity in preclinical studies. These agents disrupt microtubule dynamics
in both cancer cells and endothelial cells, leading to vascular collapse and tumor necrosis.
While their clinical utility as VDAs may be limited due to systemic toxicity, efforts are
underway to develop novel tubulin inhibitors with improved tumor-selective VDA activity and
reduced off-target effects.>

Colchicine presents significant challenges in cancer therapy due to its non-selectivity, poor
water solubility, narrow therapeutic window and potential for inducing drug resistance. Firstly,
its indiscriminate binding to tubulin affects both cancerous and normal cells, leading to adverse
effects and limiting its therapeutic potential. Additionally, its low water solubility impedes
optimal drug delivery and may require special formulations for effective administration.
Several colchicine-site agents have been investigated as vascular disrupting agents (VDAs) in
clinical trials for cancer therapy. Unlike other inhibitors, colchicine-site inhibitors are not
substrates of P-glycoprotein (P-gp) or affected by the overexpression of BIII-tubulin.

Moreover, they have the ability to target tumor vasculatures and disrupt existing blood vessels.
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Despite their promising clinical successes, the efficacy of microtubule-targeting agents
(MTAs) is hindered by the development of drug resistance, dose-limiting toxicity, and poor
water solubility.>* Hence, there is a critical need to develop novel therapeutic strategies capable

of overcoming these limitations.

1.3.3.2 Inhibition of DNA-Topoisomerases in Anti-cancer Drug

Topoisomerases represent crucial targets in the realm of anticancer drug development, as they
play pivotal roles in regulating changes in DNA structure during the cell cycle. Topoisomerase
inhibitors are designed to impede the action of these enzymes, thereby disrupting DNA
replication and leading to cell death. The typical way that both topoisomerase I and II inhibitors
work is that the inhibitor binds to the topoisomerase molecule and it makes the enzyme
nonfunctional by blocking the ability of the topoisomerase to bind the DNA back together after
it has been cut. Therefore, cuts are made to either one or both strands of the DNA molecule
which are never repaired, ultimately leading to death of the cell.*

Chen et al. devised a strategy to enhance drug efficacy by developing hybrid molecules. They
synthesized a series of indolizino[6,7-b]indoles, incorporating two pharmacophores: a, B-
carboline group and a bis(hydroxymethyl)pyrrole group. These hybrids exhibited inhibitory
effects on both topoisomerase I/Il and DNA cross-linking abilities.>® Notably, the hybrid
derivative BO-1978 (21) demonstrated effectiveness in suppressing lung adenocarcinoma
A549 cells by inhibiting Topo I/II and inducing DNA cross-links, resulting in DNA damage
and subsequent cell cycle arrest. Topoisomerase II inhibitors encompass well-known drugs
such as doxorubicin, etoposides, and mitoxantrone. Camptothecin (CPT) (22) was originally
discovered in 1966 by M. E. Wall and M. C. Wani during systematic screenings of natural
products for anticancer properties from the bark and stem of Camptotheca acuminata.
Demonstrated to be effective against a wide range of tumors, its molecular target has been
firmly established as human DNA topoisomerase 1.°" Cryptolepine hydrochloride (23), an
indoloquinoline alkaloid isolated from the roots of Cryptolepis sanguinolenta, operates by
intercalating into DNA and inhibiting topoisomerase II, as well as DNA synthesis. Synthetic
analogues of Cryptolepine, such as IQDMA (24) and compound (25), (Figure 1.12) have shown
significant anticancer activity through their interaction with DNA.

Podophyllotoxin (PPT) (26), also known as podofilox, is a non-alkaloid toxin lignan extracted
from the roots and rhizomes of Podophyllum species, possessing potent anticancer activity.

Modified analogues of Podophyllotoxin, such as Etoposide have demonstrated improved
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efficacy against various cancers including lung, testicular, lymphoma non-lymphocytic

leukemia, and glioblastoma.>®
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Figure 1.12 Structures of topoisomerase inhibitors 21-26

1.3.3.3 Targeting Protein Kinases in Cancer Therapy: A Crucial Approach

Protein kinases play a pivotal role in cell signaling pathways, making them a prime focus in
contemporary cancer treatment strategies. This enzyme family, comprising over 500 members
encoded by approximately 2% of eukaryotic genes, regulates fundamental cellular processes
through phosphorylation of proteins. Dysregulated kinase activity is a hallmark of cancer,
driving tumorigenesis by promoting aberrant cell signaling.>® As a result, protein kinases have
emerged as prominent targets for anti-cancer drug development in the last two decades. In
particular, cyclin-dependent kinases (CDKs) have garnered significant attention in the quest

for effective anticancer agents.

1.3.3.3.1 Exploring Cyclin-Dependent Kinase Targets

To date, twenty different CDKs have been reported in mammalian cells and about the same
number of cyclins.® However, not all of them are regulators of cell cycle progression, and
several of these kinases are involved in multiple functions (Figure 1.13).%! Indeed, more recent
research has revealed the existence of specific CDK/Cyclin heterodimers whose functional
implications are being uncovered in transcriptional processes and other non-cell cycle
functions, as well as in pathological settings.®> Hence, the functional diversity of this small

group of protein kinases is important, and it is now fully recognized that CDK/Cyclins are
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involved in a wide variety of biological processes, for example, transcriptional regulation,

metabolism, neuronal differentiation and development.

Cell Cycle

Regulation

A . Transcriptional
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CDK N 1
Spermatogenesis eurona
Functions
Proteolysis Hematopoiesis
Epigenetics

Figure 1.13 Functional Diversity of Cyclin-dependent Kinases

1.3.3.3.1.1 Cyclin-Dependent Kinases: Key Players in Cancer Progression

In physiological conditions, activation of CDK/Cyclin kinases is tightly controlled both
spatially and temporally. However, the dysregulation of CDK/Cyclins in numerous human
cancers disrupts the coordinated cycle of cell growth and proliferation, leading to uncontrolled
cell proliferation, a hallmark feature of cancer cells.®® ® In fact, together with mutations in
proto-oncogenes, mutations leading to hyperactivation of CDK activity (Figure 1.14A) have
been found in human cancer genomes, and confer selective growth advantage to cells, whilst
mutations that inactivate checkpoint regulators, tumour suppressor genes or CKIs result in loss

of cell cycle inhibition.®

A
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CDK
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Figure 1.14 Cyclin-dependent kinases under normal and hyperactive conditions
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More recently, targeted therapy has shown great potential in addressing drugs toward cancer
cells of specific genes and proteins without attacking the healthy cells. It is well known that
protein kinases play a vital role in regulating cell function. Therefore, these proteins can be
used as a molecular target for designing new cancer inhibitors. For example, it was found that
most human cancers are associated with the deregulation of cyclin-dependent kinases (CDKs).
CDKs are a family of serine-threonine kinases that regulate cell cycle progression via the
phosphorylation process.”” Among the various protein kinases, cyclin-dependent kinases
(CDKs) have emerged as promising targets in cancer therapy. CDK1 is known to have a
diagnostic value in oesophageal and breast cancers, while the expression of CDK2 or its

activity seems to have been utilized towards the prognosis of breast, ovarian and oral cancers.5®
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Figure 1.15 Roles of CDK4/cyclin D/CDKS5/p25 in different types of cancers

In other types of cancer such as the ovarian, urinary bladder, endometrial or oral, CDK4
expression is impaired. CDKS is known to play a role in the prostate cancer, lung cancer and
breast cancer (Figure 1.15), while CDK6 is mis expressed in oral cancer. These findings
underscore the multifaceted roles of CDKs in different cancer types, highlighting their potential
as targets for therapeutic intervention and prognostic assessment. In particular, Cyclin-
dependent kinase 5 (CDKY), a distinctive member of the CDK family, is activated upon binding
with regulatory proteins, primarily p35.%

Cyclin-dependent kinase 5 (CDKS), a unique member of the CDK family, is activated by
binding with regulatory proteins, mainly p35.%7 Its activation is crucial in central nervous
system (CNS) development and neurodegeneration. Recent findings suggest that CDKS5 also
plays important roles in regulating various biological and pathological processes, including
cancer progression. In the context of prostate cancer, CDK5 phosphorylates the androgen

receptor (AR), promoting cancer cell proliferation. Clinical evidence indicates that CDK5
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levels correlate with prostate cancer progression. Inhibition of CDKS5 inhibits prostate cancer
cell growth, while drug-induced CDKS5 hyperactivation leads to apoptosis. Blocking CDK5
activity using small interfering RNAs or roscovitine, a pan-CDK inhibitor, reduces cellular AR
protein levels and induces prostate cancer cell death.®® Thus, CDKS5 plays a crucial role in

prostate cancer cell growth, with AR regulation being a significant pathway. (Figure 1.16)
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Figure 1.16 CDKS5 and p35 regulation of androgen receptor (AR) protein
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2019, Lin et al. clinical finding suggests that CDKS and p35 certainly play crucial roles in the
development of prostate cancer. These data provide the first confirmation of the connection
between CDKS5 and AR in prostate cancer cells and prostate carcinoma specimens, suggesting
that phosphorylation of AR by direct interaction with CDKS5 protects AR protein against
degradation by the ubiquitin—proteasome mechanism. Altogether, it suggests that p35 is also
critical to CDKS5 and AR regulation and their functions. An illustration of CDKS5 and AR

regulation in prostate cancer cells is shown in figure 1.16.%°

1.3.3.3.2 Small-molecules Kinase Inhibitors

Targeting the ATP-binding pocket of kinases, a highly conserved area in the kinase domain, is
how small-molecule kinase inhibitors work. These inhibitors can impede the transfer of
phosphate groups from ATP to their substrate proteins by binding to this pocket, which inhibits
the activity of kinases and subsequent signalling pathways. Competitive inhibition, non-

competitive inhibition, and allosteric inhibition are the three major categories into which small-
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molecule kinase inhibitors methods of action can be divided. For binding to the ATP-binding
pocket of the kinase, competitive inhibitors engage in competition with ATP. This kind of
inhibition can be reversed, and it is often removed by raising the level of ATP. Due to the
structural similarities among kinases, maintaining selectivity is essential. The structures of
molecules are quite diverse and they are generally constituted or derived from various
heterocyclic families such as purines, pyrimidines, indoles, pyrazoles, thiazoles, or derived
from natural products such as staurosporine or flavones.”®

Although a wide variety of ATP-competitive compounds have been proposed to inhibit these
kinases, and there are several successful examples in clinical trials, including Tucatibib (27),
Ribociclib (28), Palbociclib (30) and Roscovitine (31) this class of compounds still faces issues
with respect to selectivity there are still many issues in the development of anticancer inhibitors
that target the ATP pocket. Indeed, one of the major issues associated with ATP-competitive
inhibitors is their limited specificity which leads to important cytotoxic side effects and poor
tolerability, since the dose administered necessary to inhibit the kinase target often induces off-
target effects that limit efficacy.’”! No specific-CDKS5 inhibitors have entered clinical trials, and
inhibition of CDKS5 activity using pan-CDK inhibitors such as dinaciclib and roscovitine (31) is
the most common strategy in clinical trials (Figure 1.17).

The challenge consists in developing drugs which inhibit CDK/Cyclin hyperactivity with high
efficiency, specificity and selectivity, whilst eliciting minimal toxic side-effects and emergence
of resistance over time. To address this challenge, it is essential to understand the nature of the
pathology, of the dysregulation, dysfunction, and to define the molecular features of the target.
The first step therefore consists in characterizing the biological relevance and targetability, as
well as the mechanistic and structural features of the target as thoroughly as possible, so as to
identify a specific pocket or interface within the target of interest.”?

Lapatinib (34) is a HER2- targeted therapies that have completely changed how HER2- positive
breast cancer is treated. Serine/threonine kinases known as CDK4/6 are essential for controlling
the cell cycle (Finn ef al., 2016). For breast cancer, CDK4/6 inhibitors such as ribociclib (28)
and palbociclib (30) have been developed as targeted treatments. These inhibitors are currently
authorized for the treatment of hormone receptor-positive, and HER2-negative metastatic
breast cancer since they exhibited effectiveness in clinical trials (Braal ez al., 2021). Palbociclib
(30) is an orally bioavailable drug that showed good pharmacokinetic properties in rats. With
a desirable selectivity profile and pharmacokinetic behavior, it was identified as a drug
candidate in 2004 for the treatment of cancer and is under evaluation in different tumor types,

including mantle cell lymphoma (MCL), melanoma and sarcoma. February 2015 and on basis
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of positive phase II data, the FDA granted an accelerated approval in the USA for palbociclib
in combination with letrozole, an aromatase inhibitor, as a frontline treatment for

postmenopausal women with ER-positive/HER2-negative metastatic breast cancer (mBC).
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Figure 1.17 Potent CDK inhibitors
Palbociclib (Ibrance Pfizer), is the first molecule in CDK4 and CDK6 inhibitor class to achieve
regulatory approval and it has paved the way for the exploration of the biology of these G1
targets which are emerging as the most promising ones in the cell cycle arena.”
Potent and orally bioavailable CDK4 inhibitors, Daiichi Sankyo (32) has designed and
evaluated novel thieno[2,3-d]pyrimidine hydrazone analogs (Figure 1.19). The introduction of
a thiazole group at the hydrazone part led to marked enhancement of chemical stability under
acidic conditions relative to the initial hit. Preclinical CDK4 and CDKG®6 inhibitors: Novartis
and Astex (33) reported the identification and structure guided optimization of a series of
4-(pyrazolyl)pyrimidines affording compound 3 as a highly selective and orally active CDK4
and CDKG6 inhibitor (Figure 1.17).7
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1.3.3.4 Alkylating Agents

Alkylating agents were one of the earliest classes of drugs used in the treatment of cancer. The
biggest weakness of most cancer cells is that they are very sensitive to DNA damage.
Alkylating agents work by reacting with the proteins that bound together to form the very
delicate double helix structure of a DNA molecule, adding an alkyl group to some or all of
them. This structure of DNA prevents the proteins from linking up as they should and causing
breakage of the DNA strands and ultimately the death of the cancer cells. These drugs will kill
cells in all phases of the cell cycle. Chlormethine (35), also known as nitrogen mustard, is sold
under the brand name Mustargen.(Figure 1.18) This alkylating agent works by binding to DNA,
crosslinking two strands and preventing cell multiplication. Chlormethine (35) binds to the
N-7 nitrogen on the DNA base guanine. Cyclophosphamide (37) is nitrogen mustard from

oxazaphosphorine group works like Chlormethine.
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Figure 1.18 Representative alkylating agents as anticancer drugs

Generally, Cyclophosphamide (37) is used to treat cancers including lymphomas, some forms
of brain cancer, leukemia and some solid tumors. It is a chemotherapy drug that works by
inducing the death of certain T cells. Cisplatin (36) is the member of a class of platinum-
containing anticancer drugs (Figure 1.18). These platinum complexes react in vivo, binding to
and causing crosslinking of DNA, which ultimately triggers apoptosis. It is used to treat various
types of cancers, including small cell lung cancer, ovarian cancer, lymphomas, bladder cancer,
cervical cancer and germ cell tumors. Cisplatin is particularly effective against testicular

cancer; the cure rate was improved from 10% to 85%.°

1.3.3.5 Antimetabolites

Antimetabolites comprise various groups of drugs used in cancer treatment, each targeting
specific pathways to disrupt DNA/RNA synthesis or interfere with essential biosynthetic
processes. Among these drugs, pyrimidine antagonists such as cytarabine, 5-fluorouracil (5-
FU(37)), gemcitabine, and capecitabine play vital roles by impeding pyrimidine metabolism.
They find application in treating a spectrum of cancers including colon, rectal, anal, breast,

cervical, and bladder cancer. Additionally, purine antagonists like fludarabine (40) act by
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inhibiting DNA synthesis through interference with ribonucleotide reductase and DNA
polymerase activities. This class of drugs is particularly effective against both dividing and
resting cells, making them valuable in the treatment of hematological malignancies like
leukemias and lymphomas. (Figure 1.19) Purine analogues, such as 6-mercaptopurine (38),
azathioprine (39) and cladribine, mimic purine bases and disrupt DNA and RNA synthesis,
with 6-mercaptopurine finding use in treating acute lymphoblastic leukemia. Antifolates like
methotrexate, pemetrexed, and pralatrexate interfere with folate metabolism, essential for DNA
synthesis, while ribonucleotide reductase inhibitors like hydroxyurea disrupt DNA synthesis
by inhibiting ribonucleotide reductase. These drugs exert their anticancer effects by interfering
with crucial cellular processes, ultimately leading to the disruption of DNA synthesis or the

induction of DNA damage, thereby inhibiting cancer cell growth and proliferation.’®
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Figure 1.19 Examples of antimetabolites as anticancer agents

1.3.3.6 Other Chemotherapeutic Agents

Including some enzymes (I-asparaginase), proteasome inhibitors (bortezomib) and antibiotics
(bleomycin, actinomycin D, and anthracyclines), are characterized by non-homogenous
mechanisms of action. While L-asparaginase cleaves the amino acid L-asparagine essential for
normal cell metabolism, bortezomib drives the cell to apoptotic death by inhibition of apoptotic
protein degradation. Imatinib and erlotinib inhibit tyrosine kinases activities involved in
multiple intracellular pathways associated with receptor-mediated growth signaling, leading to
cellular dysfunction and subsequent cell death. Bleomycin, an antibiotic, induces formation of
free radicals that cause DNA damage and the cell cycle arrest in G2 phase. Another anticancer
agent, actinomycin D, intercalates into DNA and interferes in DNA transcription.
Anthracyclines exhibit anti-proliferatory effects in the abovementioned processes and inhibit

topoisomerase II activity.>

1.3.4 Drug Resistance in Cancer Chemotherapy
Drug resistance poses a significant challenge in cancer chemotherapy, with statistics indicating

that over 90% of cancer-related mortalities are attributed to this phenomenon. Multidrug

23



Chapter 1

resistance (MDR) in cancer cells during chemotherapy can arise from various mechanisms,
including enhanced drug efflux, genetic alterations (mutations, amplifications, and epigenetic
changes), (Figure 1.20) activation of growth factors, augmented DNA repair mechanisms, and
increased metabolism of foreign substances.*” 7’

These mechanisms collectively diminish the therapeutic efficacy of administered drugs,
complicating tumor treatment significantly. Resistance mechanisms in cancer cells encompass
diverse processes such as drug inactivation, suppression of apoptosis, alterations in drug
metabolism, epigenetic modifications, changes in drug targets, enhanced DNA repair, and
amplification of target genes. Integral components of cell membranes like P-glycoprotein (P-
gp) and Breast Cancer Resistance Protein (BCRP) play pivotal roles in drug resistance by

regulating the distribution, absorption, and excretion of various chemical compounds,

including chemotherapeutic agents, thereby serving as protective mechanisms against
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Figure 1.20 Mechanisms of chemotherapeutic drug resistance in cancer cells

In cancer therapy, the presence of P-glycoprotein (P-gp), particularly on endothelial cell
surfaces, poses a significant obstacle. P-gp impedes the penetration of chemotherapeutic drugs
into specific sites, notably hindering the treatment of brain tumors due to the challenges in
crossing the blood-brain barrier (BBB). Additionally, the inadequate blood supply in large
tumors diminishes the effectiveness of chemotherapy by restricting drug delivery. While P-gp
shields the brain from harmful compounds, it simultaneously hampers the access of therapeutic
agents, complicating cancer treatment. Overcoming this barrier often requires higher

concentrations of drugs, which can lead to systemic toxicity. The heightened efflux of drugs
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mediated by P-gp serves as a crucial mechanism contributing to cancer cell resistance against
chemotherapy.”®

Gene mutations commonly observed in tumor cells are considered a primary contributor to the
failure of chemotherapy treatment. According to Duesberg ef al., the development of multidrug
resistance (MDR) in cancer cells can be best explained by their aneuploid nature. Aneuploidy,
characterized by an abnormal number of chromosomes, is suggested to lead to the loss of drug-
sensitive genes or alterations in biochemical pathways during mitosis, thereby contributing to
chemotherapeutic drug resistance. Conversely, normal cells, which typically maintain a stable
chromosome number, are more likely to retain sensitivity to drugs, adding complexity to
treatment strategies.’”” Hence, the development of new anticancer drugs is imperative to address

these challenges.

1.4 Indole Nucleus in Anti-cancer Research

The indole nucleus holds significant importance in the realm of anticancer drug discovery
research, serving as a cornerstone for the development of potent anticancer agents. Notably,
both natural and synthetic analogues containing the indole structure have demonstrated
promising anticancer properties, contributing to advancements in cancer chemotherapy.*°
Indole-based anticancer agents, whether derived from natural sources or synthesized in the
laboratory, can be broadly categorized into three main groups based on their structural features:
(a) Functionalized indoles

(b) Indolylazoles as anti-cancer agents

(c) Bisindoles as anti-cancer agents

1.4.1 Functionalized Indoles

These compounds feature additional functional groups attached to the indole nucleus,
imparting unique pharmacological properties and enhancing anticancer activity.

Recently, in 2023, Chen ef al. designed and synthesized derivatives of 3(arylmethylene)indole
(41), evaluating their antiproliferative activities against glioma cell lines. Compound 41
exhibited remarkable antiglioma activity, along with favourable pharmacokinetic
characteristics and the ability to penetrate the blood-brain barrier (BBB). Notably, compound
41 significantly improved the survival rate and inhibited the growth of orthotopic glioblastoma.
Utilizing the Phospho-Totum system, Chen et al. identified ALK as a potential target of
compound 41 for its anticancer activity (Figure 1.21). Unlike reported ALK inhibitors, may act
as anovel ALK modulator, potentially interacting with the extracellular ligand-binding domain

of ALK. This interaction selectively induces ERK-mediated autophagy and apoptosis under
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both in vitro and in vivo conditions, highlighting its promising therapeutic potential.’! Notably,
one crucial indole derivative is 5-hydroxyindoleacetic acid (42), a metabolite of serotonin in
the human body. Jeong et al. demonstrated that UVB-activated 5-hydroxyindoleacetic acid (5-
HIAAUVB) induces apoptosis in prostate and bladder cancer cells through stress signaling and
the apoptotic pathway. This discovery highlights its potential as a candidate for a novel
photosensitizer in photodynamic therapy (PDT).%

Angerer and colleagues reported that methoxy-substituted 3-formyl-2-phenylindoles (43)
exhibit activity against breast cancer cell lines (ICso = 35 nM; MDA-MB-231). Additionally,
compound 43 disrupts microtubule assembly with an ICso of 1.5 uM. Fluorescence microscopy
studies confirmed that compound 43 degrades the cytoskeleton similar to colchicine. However,

the in vivo activity of these compounds was not satisfactory, likely due to the metabolically

unstable nature of the aldehyde functional group.®
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Figure 1.21 Functionalized indoles as anti-cancer agents

Indibulin (D-24851) (45), featuring a glyoxylamide moiety, demonstrates good in vitro
cytotoxicity towards various human cancer cell lines, including ovarian, glioblastoma, breast,
and pancreatic (ICso = 0.036-0.285 uM). Its anticancer activity is attributed to the blocking of
tubulin polymerization (ICso = 0.3 pM) without inducing neurotoxicity in preclinical animal
studies. Indibulin exhibits potent cytotoxic activity against a panel of human cancer cell lines,
such as SKOV3 ovarian cancer, U87 glioblastoma and ASPC-1 pancreatic cancer cells. The
promising potential of indibulin in cancer treatment stems from its simple synthetic nature,
good oral bioavailability, potent in vitro and in vivo anticancer activities, efficacy against

multidrug-resistant tumors and the absence of neurotoxicity.*? Indole containing small
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molecules have been identified as potent tubulin inhibitors, for example, 46, N-aroylindoles

(47), 2-heteroarylthioindoles and (48) (Figure 1.21).3% %

1.4.2 Functionalized Indoles as Combretastatin-4 (CA-4) Analogues

Several studies have reported that the most effective antimitotic agent of this class against a
variety of tumor cells is combretastatin A-4 (CA-4). CA-4 (49) was isolated from the South
African willow species Combretum caffrum’s bark in 1989.8 CA-4 binds to colchicine-binding
site on B-tubulin and inhibits microtubule polymerization, additionally, it obstructs blood flow
to solid tumors and disrupts the vasculature of tumor cells causing cell death (apoptosis). Due
to its structural simplicity, CA-4 (49) has been investigated as a leading pharmacophore to
understand tubulin activities and characteristics.®” Combretastatins have matching molecular
structures with colchicine, as both contain a trimethoxyphenyl ring and the aromatic tropone
ring of colchicine is related to the isovanillinyl group of combretastatin. The most promising
antimitotic combretastatin is the A-4 type. It readily binds to the tubulin at the colchicine site.%®
Studies using CA-4 Structure-Activity Relationship (SAR) have identified three crucial
structural elements essential for its anti-tubulin activity. These include (i) the 3,4,5-trimethoxy
moiety on ring A; (ii) the cis configuration bridge (B) of both aromatic rings (the trans-
orientation is inactive); and (iii) the presence of a small substituent on ring C, such as a methoxy
group (Figure 1.22). The aromatic rings in CA-4 can adopt the best binding orientation for
interactions with colchicine-binding site on B-tubulin thanks to the cis-alkene structure.
Unfortunately, CA-4 tends to isomerize from its active cis-configuration to its inactive trans-
configuration during storage and during in vivo metabolism. Meanwhile, extensive structure-
activity relationship (SAR) studies were performed on 49, which demonstrated the 3.4,5-
trimethoxy substitution pattern on the A-ring, 4-methoxysubstituted B-ring and cis-
configuration double bond as the basis for the polymerization-inhibiting activity of
microtubulin.®

In 2023, a new series of 4-(4-methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-4H-1,2,4-triazole-
3-thiol derivatives were synthesized as analogues for the anticancer drug combretastatin A-4
(CA-4). The new CA-4 analogues were designed to meet the structural requirements of the
highest expected anticancer activity of CA-4 analogues by maintaining ring A 3,4,5-
trimethoxyphenyl moiety, and at the same time varying the substituents effect of the triazole

moiety (ring B).
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Figure 1.22 Structures of CA-4 and its analogues

Compound 50 showed strong similarity to colchicine, and it has excellent pharmacokinetics
properties and a good dynamic profile. The in vitro anti-proliferation studies showed that
compound 50 is the most cytotoxic CA-4 analog against cancer cells (ICso of 6.35 uM against
Hep G2 hepatocarcinoma cells), and based on its selectivity index (4.7), compound 50 is a
cancer cytotoxic-selective agent. As expected and similar to colchicine, compound 3-treated
Hep G2 hepatocarcinoma cells were arrested at the G2/M phase resulting in induction of
apoptosis. Compound 50 tubulin polymerization ICsp (9.50 uM) and effect on Vmax of tubulin
polymerization was comparable to that of colchicine (5.49 uM).”°

Interestingly, biological evaluation of the compounds revealed that intermediate 51 had the
highest anticancer activity. However, the aqueous solubility was five times lower than that of
CA-4, and the activity against HCT-116 was eight times higher than that of CA-4, reaching
sub-micromolar levels (ICso = 0.02 uM).”! Study investigating the competency of
combretastatin A-4 disodium phosphate (CA-4-DP) (52) to stimulate vascular effects in mouse

breast carcinoma, the anti-tumor response was investigated by combining 52 with the
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anticancer drug cisplatin. CA-4-DP (250 mg/kg) was found to markedly reduce tumor
perfusion 30 min after injection and this effect lasted for a few hours, and after 24 h a return to
normal was observed.

In 2018, a study evaluated the antiproliferative activity of several 2-aminoimidazole-
carbonyl analogues of clinically relevant combretastatins A-4 (CA-4) and A-1 using a cell-
based assay. Among the compounds tested, C-13 and C-21 exhibited significant
antiproliferative activities against HeLa cells. Additionally, compound 53 showed more potent
inhibition of proliferation in lung carcinoma (A549) cells compared to combretastatin A-4.
Compound 53 also retarded the migration of A549 cells. Interestingly, 53 displayed much
stronger antiproliferative effects against breast carcinoma and skin melanoma cells compared
to noncancerous breast epithelial and skin fibroblast cells.”> Some (E)-3-(3-(4-
(benzyloxy)phenyl)-1-phenyl-1H-pyrazol-4-yl)-1-phenylprop-2-en-1-one conjugates were
designed, synthesized and evaluated for tubulin polymerization inhibitory activity and in vitro
cytotoxicity against breast (MCF-7), cervical (SiHa), and prostate (PC-3) cancer cell lines, as
well as a normal cell line (HEK-293T). Among all the synthesized conjugates, compound 54
exhibited excellent cytotoxicity with an ICso value of 2.13 + 0.80 uM (MCF-7), 4.34 + 0.98
uM (SiHa), and 4.46 + 0.53 uM (PC-3) against cancer cell lines. The compound did not exhibit
significant toxicity to the HEK cells.*’-%?

Medarde and coworkers synthesized some 2,3-diarylindole derivatives by mimicking the cis
orientation of the aryls of combretastatin A-4. After screening the synthesized compounds
against a panel of 60 tumoral cell lines at NCI, compound 58 displayed a remarkable cytostatic
activity. The most potent activity was exerted against leukemia, non-small cell lung cancer and
CNS cancer. The compound 58 exhibited significant activities for two CNS and two colon
cancer cell lines.”” Furthermore, modification of 58 led to 59, exhibited tubulin inhibition

activity with ICso = 4.1 uM. (Figure 1.23)

(602) X=0
(60b) X=2H

Figure 1.23 Functionalized indoles as combretastatin-4 (CA-4) analogue

In indole bearing hetero combretastatin analogues series, compound 60 showed significant

anticancer activity against a panel of cancer cell lines (ICso = 0.3-0.6 uM).”* Insertion of keto
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functionality in 59 resulted with 1.3 times (ICso= 1.6 uM) more active than CA-4 (ICso = 2.1
uM) as a tubulin polymerization inhibitor. In 2007, Chang et al. prepared various aroylindoles
including 2-, 3-, 4-, 5- and 6-aroylindoles and studied there antiproliferative and tubulin
polymerizing inhibition activities. Interestingly, among these series of compounds, some of the

analogues exhibited more potent inhibition of tubulin polymerization than the colchicine.

1.4.3 Indolylazoles as Anticancer Agents

Indole molecules connected to five or six-membered azaheterocycles fall under this category,
representing a diverse class of compounds with intriguing anticancer properties. Among them,
numerous indolylazoles of both natural and synthetic origin have demonstrated promising
antitumor activity in Figure 1.24. Meridianins A-E (62) are pyrimidine class of marine
alkaloids that were isolated from the tunicate Aplidium meridianum and found to possess potent
cytotoxic and kinase inhibition activities.”* Reyes and co-workers isolated a family of indole
alkaloids, Aplicyanins (63) from Antarctic tunicate Aplidium cyaneum. The Aplicyanins (63)
with a bromoindole nucleus and 6-tetrahydropyrimidine at C-3 position were found to be
cytotoxic against human tumor cell lines including MDA-MB-231 (breast adenocarcinoma),
A549 (lung carcinoma) and HT-29 (colorectal carcinoma) with inhibition of tubulin
polymerization.”> With (aminoimidazolinyl)bromoindole moiety, Discodermindole (64) was
isolated from the marine sponge Dirpcodermia polydiscus and its in vitro anticancer activity
study exhibited ICso values ranges 1.8-12 pug/mL against P388 (murine leukemia), A-549

(human lung) and HT-29 (human against colon) cell lines.”®
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Figure 1.24 Naturally occurring cytotoxic indolylazoles

Inspired from above mentioned naturally occurring indolylazoles, various research groups
prepared diverse indolylazoles by connecting azole ring through pyrrolic ring or benzene ring
and evaluated their anticancer activity (as depicted in Figure 1.24).

In a recent study from 2023, Chan et al. introduced compound 65, which exhibited remarkable

antiproliferative activity with an average ICso of 4.5 nM, surpassing that of colchicine (ICso =
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65.3 nM). Further elucidating its mechanism, the crystal structure of compound 65 in complex
with tubulin was resolved using X-ray crystallography. This structural insight highlighted the
enhanced binding affinity of 65 to tubulin, consequently contributing to its superior anticancer
activity compared to the lead compound 66 (ICso =32.5 nM). In vivo experiments demonstrated
that 65, administered at 5 mg/kg, exhibited significant antitumor efficacy against B16-F10
melanoma, achieving a Tumor Growth Inhibition (TGI) of 62.96%. Notably, 65 also
potentiated the antitumor immunity of NP19 by activating the tumor immune
microenvironment, as evidenced by the increased infiltration of tumor-infiltrating lymphocytes
(TIL).”” In 2021, Kumar et al. synthesized Indolyl-o-keto-1,3,4-oxadiazoles (67) with 3,4,5-
trimethoxyphenyl motif, endowed strong cytotoxicity against U937, Jurkat, BT474 and SB
cancer cells with ICso values of 7.1, 3.1, 4.1, and 0.8 uM, respectively. Molecular docking
studies suggested a potential binding mode for 67 in the colchicine binding site of tubulin.
When tested for in vitro tubulin polymerization, 67 inhibited tubulin polymerizations (ICso =

10.66 uM)*® and induced apoptosis through caspase 3/7 activation (Figure 1.25).
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Figure 1.25 Representative synthetic indolylazoles as anticancer agents

In another study, Kumar ef al. identified indolyloxadiazoles and indolylthiadiazoles (68) as
analogues of Labradorins, demonstrating potent cytotoxicity and selectivity against human
cancer cell lines.” Among these analogues, thiadiazoles analogue 68 exhibited potent

anticancer activity, with the best compound showing an ICso of 1.42 uM against HeLa cell
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lines. Additionally, analogue 68 exerted its anticancer activity by inhibiting tubulin
polymerization, with an ICso value of 17.5 pM.!%

Verubulin analogue (69) is a previously reported CBSI that showed good vascular disrupting
effects and induced apoptosis in both sensitive and multi-drug resistant phenotypes. Although
it passed a Phase IIb clinical trial, further development was suspended due to the economic
reasons. Compound 69, an analogue of verubulin designed and synthesized by Katharina’s
group, showed comparable antiproliferative activity with verubulin against nine tumor cell
lines with low nanomolar ICso values (0.4-5.8 nM).!®! 70 and 71 were reported as
benzimidazole carbamate analogues and 71 showed moderate antiproliferative activity against
A549 and HT1080 with ICso values of 5.07 uM and 0.95 uM, respectively. (Figure 1.24) They
significantly suppressed microtubule polymerization and caused inhibition of tubulin
assembly. Miller and co-workers synthesized a series of indolyl-imidazoles (72) as promising
cytotoxic agents towards the melanoma and prostate cancer cell lines which exhibited their
activity through modulation of tubulin polymerizations (ICso= 5-57 nM), also were found to be
effective against P-glycoprotein (P-gp) mediated multiple drug resistance (MDR) and taxol
resistance cells.!%% 193

These findings underscore the promising potential of indolylazoles as anticancer agents,
offering insights into novel therapeutic strategies for combating cancer. In 2012, Li ef al.
identified the indolyl-benzoylimidazole (73) as antiproliferative agents (ICso = 3.8 nM;
melanoma and prostate cancers). (Figure 1.25) Compound 73 can effectively overcome Pgp
mediated multidrug resistance and paclitaxel resistance cancer cell lines. Mechanism of action
showed that the compound 73 exert their anticancer activity through inhibition of tubulin

polymerizations.'**

1.4.4 Bisindoles as Anti-cancer Agents

Bisindoles are an important class of alkaloids, in which two indole nuclei are separated by a
heterocyclic ring or linear spacer or any functional group as depicted in Figure 1.28. Bisindole
alkaloids have drawn significant attention due to their diverse biological properties including
antiviral, antimicrobial and anticancer.'®® Bisindole alkaloids generally isolated from marine
source including sponges, coelenterates, tunicates, and bryozoans and exhibited anticancer
activity (Figure 1.26). For instance, Topsentins A-C (74), which feature a ketoimidazole moiety
as a linker between two indole rings and are isolated from the marine sponge Topsentia genitrix,

have been found to inhibit tumor cell proliferation (ICso= 440 uM).'% Similarly, the
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imidazole-bearing bisindole alkaloids Nortopsentins A—C (75), isolated from Spongosorites
ruetzleri, exhibited in vitro cytotoxicity against P388 cells (ICso= 4.5-20.7 uM).!?’

In 2023, Jan et al. conducted a study focused on synthesizing novel bis-indole analogues
containing a phenyl linker derived from indole phytoalexins. The synthesis involved the
reaction of [ 1-(tert-butoxycarbonyl)indol-3-ylJmethyl isothiocyanate with p-phenylenediamine
to obtain the target bis-indole thiourea linked by a phenyl linker. Compound 77, resulting from
this synthesis, exhibited significant inhibition of proliferation in the lung cancer cell line A549,
while showing minimal effects on non-cancerous cells. Moreover, it was demonstrated that

compound 77 induced autophagy by upregulating Beclin-1, LC3A/B, Atg7, AMPK, and
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Figure 1.26 Bisindoles as anti-cancer agents

Additionally, when combined with chloroquine (CQ), an autophagy inhibitor, compound 77
led to decreased cell proliferation, G1 cell cycle arrest, and apoptosis. Furthermore, compound
77 caused depletion of glutathione (GSH) and notably enhanced the antiproliferative effect of
cis-platin.>  Wagdy and colleagues designed and synthesized a novel series of bis-indoles,

analogues of Topsentin and Nortopsentin. The design strategy involved replacing the
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heterocyclic spacer in the natural leads with a more flexible hydrazide linker while retaining
the two peripheral indole rings.

All synthesized bis-indoles were evaluated for their antiproliferative activity against human
breast cancer cell lines (MCF-7 and MDA-MB-231). Among them, compounds 78 and 79
exhibited the most potent activity against MCF-7 cells (ICso= 0.44 + 0.01 and 1.28 + 0.04 uM,
respectively) and induced apoptosis in MCF-7 cells. This induction of apoptosis was evidenced
by the externalization of plasma membrane phosphatidylserine detected by Annexin
V-FITC/PI assay. Additionally, both compounds increased the Bax/Bcl-2 ratio, caspase-3
level, and p53 level, and arrested the cell cycle primarily in the G2/M phase. Furthermore,
compounds 78 and 79 displayed good selectivity toward tumor cells, as indicated by their
cytotoxicity toward non-tumorigenic breast MCF-10A.!% Bisindoles, received much attention
of medicinal chemist due to their structural simplicity and broad anticancer activities. In recent
years, diverse synthetic analogues of Nortopsentins 75, have been reported by replacing
imidazole ring with variety of cyclic (five-or six-membered heterocyclic rings) as well as linear

chain linkers (74-81) as shown in figure 1.26.

1.5 Role of Computational Chemistry in Drug Discovery
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Computational methods have proved to play an essential role in modern drug discovery. Since
computational methods could cover almost all stages of the drug discovery pipeline, the
applications of computational methods in anticancer drug discoveries have shown great
advantages in terms of the required investment, resources, and time. More recently,
computational methods have become a potent and powerful tool in several successful cases of
anticancer drug development.'?

Computer aided drug design providing valuable insights into molecular interactions, structure-
activity relationships, and pharmacokinetic properties of potential drug candidates. (Figure
1.27) In silico studies, including molecular modeling, virtual screening, and ADMET
(absorption, distribution, metabolism, excretion, and toxicity) predictions, facilitate the
identification and optimization of lead compounds with desired pharmacological properties.'!°
In this context, this study aims to explore the role of indole-based compounds as anticancer

agents, focusing on their molecular targets, structural diversity, and potential therapeutic

applications.

1.5.1 Molecular Docking

Molecular docking is a typical structure-based protocol in rational drug design by studying and
predicting the binding patterns and interaction affinities among the ligand and receptor
biomolecules.!!° It could be categorized as rigid docking and flexible docking according to the
flexibility of the ligands involved in the computational process. Molecular docking is a
powerful computational technique used in computational chemistry for studying the
interactions between small molecules (such as potential ligand) and their target biomolecules
(such as proteins) at the atomic level. In the context of anti-cancer drug discovery, molecular

docking plays several crucial roles.

Molecular Docking

Saves the experimental cost &

time in the field of drug discovery

Figure 1.28 Molecular docking studies
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Target Identification and Validation: Molecular docking helps in identifying potential protein
targets that are involved in cancer progression or are specific to cancer cells. By docking small
molecules against a library of protein structures, researchers can prioritize targets based on the
strength and specificity of binding interactions.

It also provides insights into the molecular mechanisms underlying the anti-cancer activity of
lead compounds. By analyzing the binding poses and interactions (Figure 1.28) between the
compound and its target protein, researchers can elucidate the specific biochemical pathways
or signaling cascades affected by the compound, aiding in the understanding of its mode of

" Molecular docking studies conducted to explore the interactions between

action.!
indolylheterocycles and key cancer-related biomolecules. For instance, in Figure 1.29,
colchicine and combretastatin are depicted as standard anticancer agents, demonstrating potent
interactions with tubulin protein. In 2018, Kamal et al. conducted preliminary activity
screening, revealing significant inhibitory activity among most derivatives, with compounds

83 standing out. Compound 83 exhibited potent inhibitory activity against human prostate
cancer cells DU-145, with ICso values of 0.68 and 0.54 uM, respectively (Figure 1.29).
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Figure 1.29 Anti-cancer agents: Docked structure of potent compounds

Subsequent studies unveiled that these compounds arrested the cell cycle at the G2/M phase
and induced apoptosis in DU-145 cells. Molecular modeling studies elucidated that the TMP
group of 83 accepted two hydrogen bonds from SER140 and GLN11. Additionally, the -NH
group of the benzimidazole ring donated a hydrogen bond to THR179. Notably, the carbonyl
group at the bridge chain exhibited a hydrogen bond interaction with CYS254, a rare
occurrence in this class of tubulin inhibitors. Interactions with other active site residues,
including GLN247, LEU248, LEU255, ASN258, MET259, and LYS352, were also observed.

Similarly, other molecules demonstrated potent interactions as depicted in figure 1.28.
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1.5.2 Toxicity Prediction

Computational methods can predict the potential toxicity of chemical compounds by assessing
their interaction with biological targets or through structure-activity relationships (SAR). These
predictions help identify potentially toxic compounds early in the drug discovery process,
allowing researchers to prioritize safer candidates for further experimental testing. By
evaluating toxicity computationally, researchers can reduce the time and resources required for
experimental toxicity testing. By understanding the potential toxic effects of a compound,
researchers can make informed decisions regarding its development and use, minimizing the
risk of adverse reactions in patients. Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) properties are crucial factors that influence the pharmacokinetics and
safety of drugs. Computational methods allow for the prediction of ADMET properties based
on molecular structure, aiding in the optimization of drug candidates with favorable
pharmacokinetic profiles and reduced toxicity. By evaluating ADMET properties
computationally, researchers can identify compounds with improved bioavailability, reduced
metabolism, and minimal toxicity.!!?

Drug-likeness refers to the resemblance of a compounds physicochemical properties to those
of known drugs. Computational methods, such as quantitative structure-activity relationship
(QSAR) modeling and molecular docking, can assess a compound’s drug-likeness based on
factors such as molecular weight, lipophilicity, hydrogen bonding capacity, and structural
similarity to approved drugs. Evaluating drug-likeness computationally helps prioritize
compounds with a higher likelihood of success in drug development, as they are more likely to
possess desirable pharmacological properties and lower toxicity.!'!?

By leveraging computational methods, researchers can accelerate the drug discovery process,

reduce experimental costs, and improve the overall success rate of drug development programs.

1.6 Conclusions

Indole-based compounds have emerged as potent tools in the ongoing fight against life-
threatening diseases, notably cancer. The field has witnessed significant progress, with a
growing number of indole-based compounds advancing to pre-clinical and clinical stages.
These advancements are poised to address challenges associated with chemotherapy, including
drug resistance, bioavailability issues, and drug toxicity. Notably, existing cancer drugs often
lead to adverse effects such as bone marrow suppression, gastrointestinal disturbances, and hair
loss due to their cytotoxic effects. Additionally, many antineoplastic drugs trigger nausea and

vomiting by stimulating the chemoreceptor trigger zone in the medulla. To overcome these
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aforementioned problems and scientific understanding of the mechanisms of drug resistance
may emerge new treatments which may develop to counteract resistance and decrease the
toxicity. The present study mainly focuses on the design and synthesis of novel indole-based
chemical entities for the improved anticancer activity. Design of diverse series of indole-based
compounds is based on natural as well as synthetic bioactive lead molecules. By synthesizing
diverse heterocycles and functionalizing positions such as C-3, C-2, and N-H on the indole
ring, we conducted screening against a broad spectrum of cancer cell lines, providing insights
into their mechanisms and necessary structural modifications. The initial studies on the
mechanism of action of these synthesized indole-based compounds motivated us to further
explore the structure-activity relationship and delve into the detailed mechanisms of action of
the most promising compounds. Additionally, employing in silico studies aided in the
identification of potential anticancer agents, complementing our experimental findings.
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Sulfoximine Functionalized Anti-cancer Agents

Part 2A: Design and Synthesis of
N-aryl Indolylsulfoximines: Identification

of Potent and Selective Anti-cancer Agents
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Part 2A

2.1 Sulfoximines

The sulfoximine moiety presents a distinctive array of intriguing characteristics, including
structural diversity, advanced chemical and metabolic stability, and favourable
physicochemical and in vitro attributes. Despite its potential, the available literature data on
sulfoximine compounds have historically been limited. To address this gap, numerous studies
have emerged in recent years, exploring sulfoximine-containing small molecules or their
fragments, as well as other sulfur-containing functional groups through matched molecular pair
analysis or investigations into related analogues. These efforts aim to comprehensively assess
the physicochemical and in vitro properties of sulfoximine-based compounds, shedding light

on their potential applications and utility.

Sulfoximines
o - o N
D Publications per decade containing "sulfoximine" D '»Q'\*
QOf y
|:| Reactions per decade containing "sulfoximine" ,\?\ '»Q\%

Figure 2.1 An examination of the number of publications per decade containing the keyword
"sulfoximine" (represented by blue bars) and of reactions per decade featuring a sulfoximine

substructure (depicted by red bars).

In this chapter, synthesis and anticancer activity studies of two series of sulfoximines have been
discussed. Part 2A includes the design, synthesis and biological evaluation of N-aryl
indolylsulfoximines as novel apoptosis inducing cytotoxic agents. Part 2B deals with the
synthesis and biological evaluation of colchicine sulfoximine as anticancer agents

(tubulin inhibitor).
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Part 2A: Design and Synthesis of NV-aryl Indolylsulfoximines: Identification

of Potent and Selective Anti-cancer Agents

2.1.1 Introduction

In drug discovery, medicinal chemists face numerous challenges during the course of hit
selection and lead generation, such as affinity and selectivity issues, toxicity concerns, the
necessity to improve or tune physicochemical and ADME (absorption, distribution,
metabolism and excretion) properties, or the need for novelty with regard to intellectual
property (IP) generation.! The most prevalent techniques in lead optimization involve the
systematic use of common bioisosteres.? In the latter approach, the aim is to discover
structurally novel compounds by modifying the central core structure of known active
compounds. Heterocyclic compounds are a significant source of pharmacologically active
compounds, which could be obtained from organic synthesis or isolated from natural
products.*? Since heterocyclic compounds contain one or more heteroatoms, such as nitrogen,
oxygen and sulphur, besides at least one carbon in the ring, they could be used as potential
hydrogen bond donors and acceptors. Accordingly, they could bind to biological targets
through intermolecular hydrogen bonds effectively. Moreover, they can regulate the lipid or
aqueous solubility to yield drug molecules with improved pharmacotherapeutic properties.$
Microtubules (MT) are made of 10-15 protofilaments of a,B-tubulin heterodimers that associate
sideways to form a polarized hollow tube. The plus end of MT is involved in polymerization
and the minus end favors disassembly. They are also highly regulated by post-translational
modifications including phosphorylation, acetylation, and GTP binding. Signalling cause MTs
to rapidly assemble and disassemble, which enables them to participate in mitosis, organelle
distribution, intracellular transport, and dendrite and axon growth.” The inhibition of tubulin
polymerization is a well-established strategy for anticancer drug development, as MTs play an
essential role in cellular processes such as mitosis, intracellular transport, and cell motility.
Tubulin targeting substances are broadly categorized into microtubule stabilizing (taxanes,
epothilones and discodermolide) and destabilizing (colchicine, vinca alkaloids, cryptophycins
and CA-4P) agents. MT-targeting agents (MTAs) that bind to the colchicine binding site (also
called CBSI) have the potential to overcome the drawbacks associated with taxanes and vinca
alkaloids, owing to their structural simplicity, non-substrate nature for the multidrug resistance
protein 1 (P-glycoprotein) and reasonable physicochemical properties.®!? Generally,
anticancer agents that inhibit microtubule assembly are known as antimitotic agents. Compared

to normal cells, cancer cells have the characteristics of uncontrolled proliferation, migration,
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3 Therefore,

and metastasis, indicating exceptionally active microtubule dynamics.
microtubules are investigated as the ideal target for anticancer therapy.* > !! Most approved
and investigated microtubule-targeting agents (MTAs) are natural or semi-synthetic
compounds that interfere with microtubule dynamics, tamper with the cell division process,
induce cell cycle arrest, and eventually lead to cell apoptosis.® !> Some recent reports have
also shown tubulin polymerization inhibitor induced ROS via mitochondrial pathways. '3

Indole core has been continuously attracting the attention of researchers and has become a
dynamic area of research due to its outstanding pharmacological properties. Indole skeleton is
frequently found in many natural and synthetic chemical entities of immense biological
significance. In addition, indole derivatives also display a variety of other biological activities
such as anti-fungal,'? anti-inflammatory,'* anti-bacterial,'® anti-viral'® and anti-cancer -8, In
the recent past, several indole containing small molecules have been identified as potent tubulin
inhibitors, for example, 3-aroylindoles,!” IMB105 2°, 2-heteroarylthioindoles, VERU-111,%! 3-

22

amidoindole,?? and indolylsulfonamides.??

4,
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o |
X
N
O, T BAY1143575\©\
* Pan CDK (Roniciclib) Phase I F

NH,
Methionin; sulfoximine (MSO) "~ (orally bzioactive drug) CDK9 inhibitor
3
o
[N
s
sas
— T / N
NH /1
X N—N
N <
AZD6738 Ph
Phase II Novel sulfoximine-triazole hybrides
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Figure 2.1.1 Biological active sulfoximines analogues

Similar to indole-derived compounds, sulfoximine derivatives have recently been emerged as
interesting compounds for medicinal and synthetic chemists. Outstanding work of Bolm,**
Bull,”> and Liicking,?® and Arvidsson's,?” provided easy access to sulfoximine containing
bioactive compounds. With the discovery of methionine sulfoximine 1 and its post structural
modifications to glutamylcysteine synthetase inhibitor, use of chiral sulfur scaffolds in
bioactive compounds has pursued with increasing interest.”” With unique properties and

potential applications, many sulfoximines containing compounds are in clinical trials such as
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Roniciclib (pan-CDK inhibitor, 2), BAY 1143572 (ATR inhibitor, 3)*® and AZD6738 (4)*°
(Figure 2.1.1).° In the recent past, sulfoximines have emerged as a promising class of
compounds for cancer therapy due to their unique structural features and favorable
pharmacokinetic properties such as better solubility in protic solvents, high stability, good
physical and chemical properties, multiple hydrogen bond acceptor/donor functional groups
and structural diversity.?%3! Sulfoximines have a chiral sulfur atom that confers stereochemical
diversity and enhances their binding affinity and selectivity for target proteins. These properties
suggest that the sulfoximine group has significant potential to serve as a small, hydrophilic,
and stable functional group in drug discovery.

The combination of these two important chemical moieties, indoles and sulfoximines, offers a
unique opportunity to develop novel compounds with potentially enhanced biological activities
and therapeutic applications. As part of our efforts to develop novel anticancer agents, in the
present work we have successfully synthesized and conducted cytotoxicity studies on

indolylsulfoximines 9 (Figure 2.1.2).

O
HN -
=N O/
o
o— N d
N
y :
s VERU-111
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N™N .
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H |/ N
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O/
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PO R B
/ R; N \ S§-NH O
W, QRS
° g B
o
\©\S/NH H /

N
o 0 IMB105
Indolylsulfonamide

3-Amidoindole

Figure 2.1.2 Rational design: Indole-based anti-cancer agents
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2.1.2 Results and Discussion

2.1.2.1 Synthesis and Characterization

In the present work, indolylsulfoximines 9a-m were prepared using the synthetic route as
delineated in Scheme 3.1.1. The one-pot NH-transfer to sulfides is one of the convenient
protocols to prepare NH-sulfoximines. Very recently, Bull and Luisi prepared NH-
sulfoximines from sulfoxide by employing a combination of (diacetoxyiodo)benzene (IBD)
and ammonium carbamate as ammonia source under metal-free conditions.?> Subsequently, the
same group described the direct conversion of sulfides into NH-sulfoximines via a
chemoselective one-pot nitrogen and oxygen-transfer using a combination of ammonia source
(ammonia in methanol, ammonium carbonate and ammonium acetate) and IBD.* By
employing IBD and ammonium carbamate as the ammonia source, Reboul and co-workers also
reported a one-pot reaction to access NH-sulfoximines from sulfides.** In a late-stage
sulfoximation of a sulfide, Reboul et al. prepared PTEF/CDKY inhibitor, Atuveciclib by using

IBD (2.1 equiv), ammonium carbamate (1.5 equiv) in methanol.*®

However, according to the
literature report more electron-rich heteroarenes such as indole were not well-tolerated.
Herein, we report the synthesis of indolylsulfoximines from electron-rich indolylsulfides
(Scheme 2.1.1). Our modified protocol involves the preparation of key intermediate
methylthioindole 8 to access indolylsulfoximines 9. The N-boc-3-methylthioindoles 8a was
prepared by initial reaction of indole 6 with DMSO and trimethylsilyl chloride (TMSCI) in the
presence of diisopropylamine to produce (3-methylthio)-1H-indole 7.37-38 Next, reaction of 7
with IBD failed to generate the NH-indolylsulfoximine 9. Therefore, NH-free indole of 7 was
protected using di-tert-butyl dicarbonate [(Boc)>O] to furnish N-boc-3-methylthioindole 8a in

good yield 92%.

R4 R4 i §CHs “CHs
JORESS SRRy NI m
Rz H b Rs
6 7 8 Boc 9 Boc

Scheme 2.1.1 Reagents and conditions: (a) DMSO (1.1 equiv), TMSCI (1.1 equiv), acetonitrile
No-atm, 0 °C, 5 h; (b) Diisopropylamine 80 °C, 2 h; (¢) [(Boc)20] (2.0 equiv), DMAP (1.5
equiv), THF, rt; (d) IBD (3.0 equiv), NH2COONHy4 (2.0 equiv), methanol, 25 °C, 5 h.

Initially we treated 8a with NH COONHj4 (1.5 equiv) and IBD (2.5 equiv) in methanol at room
temperature for 2 h to afford 9a in 42% yield (Table 2.1.1, entry 1). Next, experiments were

carried out to minimize the excess use of IBD and ammonium carbamate. Reaction of 8a with
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1.5 equivalents of IBD and NH,COONH4, afforded 9a in 37% yield (Table 2.1.1, entry 2).
Further increase in equivalence (from 2.5 to 3.0) of IBD and reaction time, afforded 9a in
excellent yield (Table 2.1.1, entries 3-5). With the use of tetrahydrofuran or toluene as a
reaction solvent failed to produce 9a (Table 2.1.1, entries 6-7). Finally, we found that the use
of IBD (3.0 equiv) and NH2COONH4 (2.0 equiv) in methanol at room temperature is the
optimum reaction conditions (Table 2.1.1, entry 5) for the preparation of sulfoximine 9a.

Table 2.1.1 Optimization for the preparation of NH sulfoximine 9a

o™
PCHs o 0Ac), (3 equiv) “S~CH,
@ NHCOONH (2 equiv) @
N MeOH, 5 h, 25°C N
8a i300 9a i300
Entry NH2COONHj4 IBD Solvent Time (h) Yield® (%)
L. 1.5 2.5 MeOH 2.0 42
2. 1.5 1.5 MeOH 2.0 37
3. 2.0 2.5 MeOH 4.0 72
4. 2.0 2.5 MeOH 5.0 81
5. 2.0 3.0 MeOH 5.0 90
6. 2.0 3.0 THF 2.0 no reaction
7. 2.0 3.0 Toluene 2.0 trace
8. 2.0 2.5 MeOH 3.5 67

With the optimized conditions in hand, the generality of the protocol was then examined with
various indolylsulfides (8b-e). Under the identified conditions, reaction of 8b bearing electron-

donating methoxy group proceeded smoothly to afford 9b in 85% yield (Table 2.1.2).

O\s\ 0\3 S~CH,

cHs “CHs CH3 {
| \ | \ | \ |
N
o \\Qm
9a, 90% R = OMe (9b, 85%) 89% 81%

R = Br (9c, 88%)
Figure 2.1.3 Structures of the prepared NH sulfoximines 9a-e

Indole derivatives 8c and 8d with bromine/fluorine substituent also successfully afforded 9¢
(88%) and 9d (89%) in good yields. The tolerance of halogen group can offer tremendous
potential to prepare more complex structures through various cross coupling reactions. The N-

(4-chlorobenzylchloride) protected indole 8e reacted smoothly under the optimized conditions
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to provide 9e in 81% yield (Figure 2.1.3). The structure of 9a was confirmed by NMR ('H &

13C) and mass spectral analysis.
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Figure 2.1.5 *C NMR spectrum of 9a

57



Part 2A

R4
R5 \ 35 min, MW \

R "1 R
R= H, -CH206H4C|

NH
O:g\ I
CHs R ~CHj
| N\ Cs,COg3, 1,10-Phenanthroline 1 N\
* Cul, dry DMF, 130°C, |
N R, N
9 10

R= Boc, -CH,CgH,CI
Scheme 2.1.2 Reagents and conditions: 9 (0.33 mmol, 1.0 equiv), 10 (0.39 mmol, 1.2 equiv),
Cul catalyst (0.03 mmol, 0.1 equiv), 1,10-phenanthroline (0.06 mmol, 0.2 equiv), dry DMF
(2.5 mL) under a N, atmosphere at 130 °C for 35 min.

Formation of 9a was indicative by the appearance of singlets at 3.28 ppm and 8.20 ppm for
methyl protons and indole Cz-proton, respectively in '"H NMR spectrum.(Figure 2.1.4) The 1*C
NMR spectrum of 9a displayed a characteristic signal at 46.03 ppm due to methyl carbon of
the sulfoximine moiety. (Figure 2.1.5) Similarly, other NH sulfoximines 9b-e were
characterized by their NMR spectral data.

Next, we explored the coupling reaction of NH sulfoximines 9 with aryl halides to prepare N-
arylated indolylsulfoximines 11 as illustrated in Scheme 2.1.2 The coupling of 9a with aryl
bromide or aryl chloride failed to produce the desired product. Next, the reaction of 9a with 10
using Cul (10 mol%) as the catalyst, 1,10-phenanthroline (20 mol%), Cs2COs (1.5 equiv) and
dimethyl formamide (DMF) as solvent at 100 °C under N> atmosphere in microwave (MW)
resulted in the expected N-phenylindole-3-carboxamide 11a in 25% yield (Table 2.1.2, entry
1). The same coupling reaction under conventional heating took longer time (24 h) to furnish
11a in lower yield. The use of triethylamine instead of Cs2CO3 as the base failed to deliver 11a
(Table 2.1.2, entry 2). When the reaction of 9a with 10a was performed in dry DMF, the
product yield increased to 30% (Table 2.1.2, entry 3). Under similar conditions, replacement
2fligand 1,10-phenanthroline with BINAP was unsuccessful (Table 2.1.2, entry 4). Noticeably,
an increase in the temperature from 100 to 110 °C provided 11a in 45% (Table 2.1.2, entry 5).
With the increase of Cs2CO; equivalents from 1.5 to 2.5 resulted in 11a with 57 % yield (Table
2.1.2, entry 6). Conducting the reaction with dry DMF under strictly anhydrous conditions
further increased the yield of 11a to 65% (Table 2.1.2, entry 7). Furthermore, by increasing the
temperature from 110 to 130°C, yield (82%) of the reaction was significantly improved to
produce 11a (Table 2.1.2, entry 8). Gratifyingly, increasing the reaction time from 30 to 35
min. produced 11a in 91% yield (Table 2.1.2, entry 9). The reaction yields also decreased in
the absence of a N> atmosphere (Table 2.1.2, entry 10). The use of DCE or THF as reaction
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solvents resulted in poor yields of 11a (Table 2.1.2, entries 11-12). Thus, based on the detailed
investigations mentioned above, the optimized conditions for the coupling of 9a with 10a
involve the use of Cul (10 mol%), 1,10-phenanthroline (20 mol%), Cs2CO3 (2.5 equiv) and dry
DMF as a solvent at 130 °C for 35 min. under N atmosphere in MW (Table 2.1.2, entry 9).

A

O=d’

Table 2.1.2 Optimization of the coupling reaction of 9a and 10a *°

\S\CHg P~CH
@ © Cs,COs3, 1,10-Phenan£hroline= @
Cul, (_jry DMF, 130°C, N
35 min, MW H
9a Boc 11a
Entry Ligand Base (equiv) Solvent Temp. (C) Time (min.) Yield® (%)

1. 1,10-phenanthroline Cs2CO3(1.5) DMF 100 25 25
2. 1,10-phenanthroline Et;N DMF 110 25 trace
3. 1,10-phenanthroline Cs2CO3(1.5)  dry DMF 100 25 30
4. BINAP Cs;CO3(1.5)  DMF 100 25 NR¢
5. 1,10-phenanthroline Cs2CO5(1.5)  DMF 110 25 45
6. 1,10-phenanthroline Cs2CO3(2.5) DMF 110 25 57
7. 1,10-phenanthroline Cs,CO3(2.5)  dry DMF 110 25 65
8. 1,10-phenanthroline Cs2CO;3(2.5)  dry DMF 130 30 82
9. 1,10-phenanthroline  Cs2CO3(2.5) dry DMF 130 35 91
10. 1,10-phenanthroline Cs2:CO3(2.5) DMF 130 35 714
11. 1,10-phenanthroline Cs2CO3(2.5) DCE 130 35 10
12. 1,10-phenanthroline Cs2CO3(2.5)  THF 130 35 trace

® Reagents and conditions: 9a (0.33 mmol, 1.0 equiv), 10a (0.39 mmol, 1.2 equiv), Cul catalyst (0.03
mmol, 0.1 equiv), 1,10-phenanthroline (0.06 mmol, 0.2 equiv) dry DMF (2.5 mL) under N, atmosphere
at 130 °C for 35 min. ° Isolated yield. © NR = no reaction. ‘Reaction was performed in absence of N>

atmosphere.

After establishing the optimal reaction conditions, the protocol generality was tested using
indolylsulfoximine 9a and various aryl iodides (10a—h) (Table 2.1.3). The reaction of 9a with
other aryl iodides bearing electron-donating substituents such as p-methyl (10b), p-methoxy
(10¢) and tri-methoxy (10d) proceeded smoothly to afford the corresponding products 11b
(86%), 11¢ (84%) and 11d (87%) (Table 2.1.3). And the halogen substituted aryl iodides such
as p-Br (10e), p-F (10f) and 3,4-difluoro (10g) also furnished the desired products 11e (81%),
11f (83%) and 11g (85%) in high yields. Interestingly, m-trifluoromethyl iodobenzene 10h
afforded sulfoximine 11h in high yield (83%).
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Furthermore, we explored the viable substrate scope by employing diversely substituted
indolylsulfoximines 9b-e as given in Table 2.1.3b. The coupling reaction of 5-methoxyindolyl-
sulfoximine (9b) with aryl iodides 10¢ and 10d proceeded smoothly to afford the corresponding
products 11i (88%) and 11j (91%) (Table 2.1.3b).

Table 2.1.3 Synthesis of N-arylindolylsulfoximines®

CH3 R “P>CHj
\ Cs,CO0Og, 1,10-Phenanthroline ! | AN
| Cul, dry DMF, 130°C, N
35 min, MW Rz R
9a-e 10a-h 11a-m
a) Substrate scope of aryl iodides o—
(@]
~ (@)
o \//\ o \//\ o [\I/Q/ N b
= < = / -~/
S~CHj >~CH, CHj \S/\CH3 )
N N
11a 11b H 11c H d
91% 86% 85% F 89%
/O/Br /@/F /®/F
N N N N
O=d’ O/ O=J/ O=g' CF
- = = ~ 3
CH P~CHj, P~CHj CHs
MG NG & 8
N N
N N
11e H 1f H 11g H 11h H
81% 83% 85% 83%
b) Substrate scope of indolysulfoximines o—
@)
Ore : :
0 /N /N O bl
N ~a! — =
S=CHj Ossioy, © P~CHj
O _0 Br
B N B
N N
11i 11j H 11k H
88% 91% ol 84%
O\ O\
h N
O=g’ O=g' o—

2 Reagents and conditions: 9a-e (0.33 mmol, 1.0 equiv), 10a-h (0.39 mmol, 1.2 equiv), Cul catalyst
(0.03 mmol, 0.1 equiv), 1,10-phenanthroline (0.06 mmol, 0.2 equiv), Cs>2COs3 (0.82 mmol, 2.5 equiv)
dry DMF (1.5 mL), under N, atmosphere at 130 °C, MW for 35 min.
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With the use of halogen substituted NH indolylsulfoximines 9¢ (Cs-bromine) or 9d (Cs-
fluorine) and p-methoxyiodobenzene, prepared the corresponding products 11k and 111 in high
yields (82-85%). The coupling N-(4-chlorobenzylchloride) protected NH-sulfoximine 9e and
10d enabled to access 11m in 81% yield (Table 2.1.3b).

The structure of 11a was confirmed by detailed NMR ('H & '3C) and HRMS spectral analysis.
Formation of analogues 11a was indicative by appearance of singlets at 3.32 ppm and 7.93
ppm for methyl protons and indole Cz-proton in 'H NMR spectrum. The '*C NMR spectrum
displayed a distinct peak at 46.66 ppm corresponding to the methyl carbon. The HRMS
spectrum of 11a displayed a molecular ion at 271.0860 in agreement with the expected mass
for CisH14N20OS at 271.0898. (Figure 2.1.8) Similarly, using spectroscopic data, structural

elucidation of other N-aryl sulfoximines 11b-m was carried out.
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Figure 2.1.6 '"H NMR spectrum of 11¢
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2.1.2.2 Biological Evaluation

2.1.2.2.1 Anti-cancer Activity

Synthesized N-arylated indolylsulfoximine analogues 11a-m were assessed in vitro for their
cytotoxicity against a panel of cancer cell lines including 22Rv1, PC3 and C4-2 (human
prostate cancer cells), MCF7 (human breast cancer cells) and HEK293 (normal human kidney
cells) and the results are given in Table 2.1.4. The indolylsulfoximines 11c (3.31 uM), 11i
(2.76 uM) and 11j (2.68 uM) showed selective cytotoxicity against 22Rv1 cells. The
indolylsulfoximine derivatives 11b (2.3 uM), 11¢ (1.95 uM), 11f (3.7 uM), 11g (1.9 uM), and
11h (2.18 uM) displayed good cytotoxicity against C4-2 cells. The introduction of electron-
donating group, for example, sulfoximine derivatives 11b (1.6 uM), 11h (2.0 uM), 11k (1.28
uM) led to selective cytotoxic against MCF7 cells. Having 6-fluorine and methoxy group,
compound 111 showed high cytotoxic activity ICso values ranging from 1.7 uM to 8.2 pM
against the tested human cancer cell lines. The indolylsulfoximines 11a-m were found to be
non-cytotoxic to normal HEK293 cells (>40 uM), indicating their potential selectivity towards

cancer cells.

Table 2.1.4 Cytotoxicity for indolylsulfoximines 11a-m (ICso, uM)

Compd 22Rvl C4-2 PC3 MCF7 HEK?293
11la >40 8.9+0.04  >40 10.0£0.04  >40
11b >40 2.3+0.04  >40 1.6+0.06 40
11lc 3.31+0.02 1.95£0.01 17.11£0.07 >40 >40
11d >40 10.0£0.03 21.65+0.06 40 >40
1le >40 >40 11.13£0.06 >40 >40
11f 40 3.7+0.1 >40 40 >40
11g 40 1.9+£0.01  14.36:0.03 >40 >40
11h >40 2.18+0.03 40 2.0+0.1 40
11i 2.76+0.05 40 12.22+0.07 >40 >40
11j 2.68+0.03 >40 >40 38.83+0.06 >40
11k ND ND ND 1.28+0.02  >40
111 1.91+0.01 8.2+0.02  3.51+0.04  1.7+0.02 >40
I11m >40 40 >40 40 >40

ND* not determined

The N-aryl moiety with fluoro substituent (compounds 11f, 11g, and 11h) is beneficial for the
activity and selectivity towards C4-2 cancer cell line. Introduction of an electron-donating

group in indole as well as N-aryl units of the sufoximines (compounds 11¢, 11i, and 11j) is
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good for the activity (2.68-3.3 uM) and selectivity against 22Rv1 cancer cell line. The bromo
and moderately electron donating groups (11b, 11h and 11k) are favourable for the activity
and selectivity against MCF-7 cells (Figure 2.1.9).

' _|Rs= OMe (111), CH; (11b),

@ ~""| di-F (11g), CF3 (11h)
O ” ; R, good for cytotoxicity

‘ H, Br, OCHj favourable for

the activity \S‘CI-I_:, _______
Rq
| \
: Ry N
7t *

‘ fluorine group increases cytotoxicity ’ ‘ Free NH optimal for activity

Figure 2.1.9 Structure-activity relationship analysis of compounds 11a-m

2.1.2.2.2 Acridine Orange (AO)/Ethidium Bromide (EB) staining

Our data revealed 111 as the most effective compound, as it showed broad selectivity. Thus, to
explore the mechanism of cell death, we initially used acridine orange (AO)/ethidium bromide
(EB) staining to differentiate the percentage of live and dead cells. While AO stain both live
and dead cells, ethidium bromide (EB) stain only dead cells. Incubation of compound 111 in
C4-2 cells for 48 h resulted in red fluorescence, indicating that 111 causes cell death in C4-2
cells (Figure 2.1.10).

Figure 2.1.10 Fluorescent microscopic images of C4-2 prostate cancer lines treated with DMSO, 111
and puromycin at 48 h by AO-EB staining. Control cells show green fluorescence confirming their
viability. Puromycin showed considerable red fluorescence representing significant apoptosis. 111

showed substantial apoptosis as majority of cells displayed red fluorescence.
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2.1.2.2.3 Measurement of intracellular reactive oxygen species (ROS) levels

Increased ROS levels promote cell death. Thus, we evaluated whether compound 111 induces
ROS accumulation using DCFDA staining in C4-2 cells. HoO»-exposed C4-2 cells were used
as positive controls. ROS levels were quantified in untreated and C4-2 cells treated with H>O»
(10 uM), and 111 (10 uM) for 48 h. As expected, H2O»-treated cells displayed high DCFDA
staining. 11l-treated cells also showed increased ROS levels, indicating that 111 may cause
apoptosis via ROS upregulation (Figure. 2.1.11A, B). To further confirm this hypothesis, we
examined p53 and c-Jun levels in C4-2 cells treated with either H>O> or compound 111. Both
p53 and c-Jun levels increased upon 111 treatment indicating that these compounds induce

cytotoxicity by upregulating apoptosis (Figure 2.1.11).

Figure 2.1.11 11l increases ROS levels in C4-2 cells. (A) C4-2 cells were treated with DMSO
(vehicle control), compounds 111 (10 uM) and H>O» (positive control) for 48 h and stained
with H2-DCFDA. Photographs were taken with the fluorescence microscope (Nikon) at 10X
objective. (B) The bar graph shows arbitrary intensity of ROS level (green signal) among
control, 111 and H»O, treated C4-2 cells. The intensity of green fluorescence was quantified
using ImagelJ software. Data were mean + SE of three independent experiments. (C) Western
blots show protein level of apoptotic markers p-53 and c-Jun in control, 111 and H20, C4-2

cells. Tubulin used as the loading control.

2.1.2.2.4 111 induces mitochondrial dysfunction in C4-2 cells

Increased oxidative stress is often linked to mitochondrial dysfunction, which prompted us to
investigate whether 111 treatment could cause mitochondrial depolarization. C4-2 cells were
treated with either 111 (10 uM) or positive control puromycin for 48 h, both of which induced
significant mitochondrial depolarization, thereby revealing that 111 toxicity at least partly arises

due to mitochondrial damage (Figure 2.1.12).
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Figure 2.1.12 111 increases mitochondrial depolarization in C4-2 cells. Cells were treated with DMSO,
111 (10 uM) and Puromycin for 48 h and stained with JC-1. Photographs were taken in FITC (green)
and TRITC (red) channel at 20X objective with the fluorescence microscope (Nikon).

2.1.2.2.5 Wound healing assay

Cell migration is involved in numerous pathological processes including metastasis, tumor
invasion and neoangiogenesis. As MTs are essential for cell migration, we measured the impact

of 111 on cellular motility using a wound healing assay.

Figure 2.1.13 111 inhibits cell motility in C4-2 cells. (A) C4-2 cells were exposed to DMSO (vehicle control),
compound 111 (10 uM) and Puromycin (positive control). Scratches (wound) were made with sterile 200 pL
pipette tip. Images of wounds were captured at 0, 12 and 24 h respectively. (B) The bar graph showing the relative
percentage of wound healing area in 111 and puromycin treated cells with respect to DMSO control cells. The
area of wound was calculated using Imagel software and then percentage of wound healing area was calculated
using the following formula, (%) = (Aon — A24n)/Aon % 100, where Agn represents the area of initial wound, Azan

represents the area of wound at 24 h. Data are mean + SE of three similar independent experiments.
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In the wound healing assay, a mechanical scratch (wound) was created in the absence or
presence of 111 (or puromycin), and the scratches were visualized at 12 h and 24 h (Figure
2.1.13a). Treatment of 111 indeed reduced cell motility as compared to control both after 12 h
and 24 h of treatments, indicating that 111 should exhibit anti-metastatic potential in vivo

(Figure 2.1.13).

2.1.2.2.6 Rrestricts colony formation

Colonigenic assay was conducted to examine the effect of 111 on colony forming ability of C4-
2 cells. Compared to the DMSO treated group, 111 treatment had a significant visible decrease
in the number of colonies (Figure 2.1.14A, B). This indicates inhibitory effect of 111 on cell

proliferation.

Figure 2.1.14 111 restricts colony formation in C4-2 cells. (A) Equal number of cells (1000/well) were
plated in 6 well and treated with DMSO or compound 111 (10pM). After 10 days cells were fixed,
stained with crystal violet and photographed on drying. (B) Bar graph representing the number of
colonies in DMSO and 111 treated groups. The result is representative of 3 biological replicates.
Student-t-test was applied for statistical significance. ****P < 0.0001 compared to the respective

controls.

2.1.2.2.7 Induce tubulin depolymerization and cytokinesis defects

While physiological ROS levels promote cytoskeleton polymerization, oxidation stress induces
the F-actin severing and impedes microtubule polymerization. As 111 promotes oxidative
stress, we next analysed whether 111 has an impact on tubulin polymerization in C4-2 cells.
Briefly, C4-2 cells were treated with 111 for 48 h and then stained for B—tubulin antibody. The
images were captured and processed in fluorescent microscope at low and high magnifications.
The low magnification images show more cells displaying cytokinesis defects (Figure 2.1.15A)
in 111 treated group. In parallel, high magnification images revealed clear loss of tubulin

assembly in 111 treated group. The tubulin shrunk and condensed towards nucleus
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(Figure 2.1.15B). This phenomenon suggests that 111 promotes tubulin disassembly and

cytokinesis defects.

Figure 2.1.15 111 increases depolymerization of tubulin in C4-2 cells. C4-2 cells were treated
with DMSO or compound 111 (10 uM) for 48 h. The fluorescence images were captured in
FITC secondary antibody (green) to visualise tubulin. Nucleus were visualised by DAPI (blue).
(A) Fluorescence images captured at 20X showing a greater number of cells with incomplete
cytokinesis in 111 group. (B) Bar graph showing statistical differences in incomplete cell
division between control and 111 group. Data was analysed using 3 independent replicates. For
statistical significance between control and 111 group, student t-test was applied. **P < 0.01.
(C) Fluorescence images at 60X showing disruption and depolymerization of tubulin structures

in 111 treated group.

To further confirm whether 111 has an impact on tubulin dynamics, we measured the relative
concentrations of polymerized versus depolymerized tubulin in control and 11l-treated 22Rv1
cells. As a positive control, colchicine was employed. Colchicine is a highly potent tubulin
polymerization inhibitor. As expected, colchicine treatment significantly decreased the levels
of polymerized tubulin (~30% to ~10%) as compared to control. 111 treatment also showed
considerably less polymerized tubulin (~30% to ~13%). These findings indicate that at least
part of its anti-cancer effect stems from its tubulin-depolymerizing activity which could be

ROS-mediated (Figure 2.1.16).
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Figure 2.1.16 111 increases depolymerization of tubulin in 22Rv1 cells. (A) 22Rv1 cells were treated
with DMSO, colchicine (100 nM) or compound 111 (20 uM) for 24 h. The cells were lysed in hypotonic
buffer, and pellet and supernatant were separated using ultracentrifugation. Equal amounts of proteins
were loaded in each lane. (B) Data analysis was performed using 3 independent replicates, and statistical
significance between DMSO (control), Colchicine, and 111-treated cells was determined using Student

T-test. *P < 0.05.

2.1.2.3 ADME properties of indolylsulfoximine analogues

After the biological studies of 11a-m, ADME (absorption, distribution, metabolism and
excretion) profiling comprising size, solubility, lipophilicity and other drug-likeness properties
of indolylsulfoximine derivatives were calculated using online tool Swiss ADME web tool *
and are presented in Table 2.1.5. For a compound to be a potential lead in drug discovery, the
Lipinski's rule of five in terms of number of hydrogen bond donors less than five, number of
hydrogen bond acceptors less than ten, molecular weight of compound less than 500 Dalton
and octanol-water partition coefficient less than five, is expected to be followed.*” As indicated
in Table 2.1.5, compounds 11a-m showed favourable computationally predicted ADME
profiles. For all compounds, topological surface area (TPSA), the indicator of membrane
penetration, was predicted between 20 and 130 A2, was found to be within an acceptable range.
According to the literature report colchicine is a poorly soluble, highly lipophilic compound
that is subject to efflux transporters and extensive first-pass metabolism in the liver. These

factors limit its absorption and bioavailability.

69



Part 2A

The water-octanol partition coefficient values of 11a-m were found between 2.83 and 4.38 in
compliance with several common drugs. The high values of gastrointestinal absorption (GI)
for all compounds points out their potential for abnormally active drug. Similarly, the water
solubility of a molecule greatly facilitates the ease of handling and synthesis. The absorption
property of a drug plays a crucial role in delivering an adequate amount of the active ingredient
in a small volume of pharmaceutical dosage for oral administration. In this context, the
moderate water solubility (logS -4 to -5) of compounds 11a, 11b, 11h, 11k, and 111 is
noteworthy, as it suggests their potential to achieve sufficient bioavailability. By comparison,
colchicine, a well-known drug with poor water solubility, has a logS of -8.01. Additionally, it
is essential to consider the presence of PAINS (Pan Assay Interference) fragments in drug
compounds, as they can potentially yield false-positive biological outputs and have reactive,
unstable, and toxic characteristics.

The prepared set of N-arylated indolylsulfoximines exhibit acceptable physicochemical
properties such as solubility, lipophilicity, and compliance with the Lipinski rule of five, as
well as pharmacokinetic properties. These factors, taken together, suggest that this set of

compounds holds promise for the development of effective therapeutic agents.

Table 2.1.5 ADME properties of N-arylated indolylsulfoximine analogues 11a-m

Compds. Molecular TPSA  Water Lipophilicity GI Lipinski Rule PAINS HBD HBA Bioavalibility
weight (20 to  Solubility  (-0.7to+5.5) Absorption  of five #alerts Score (0 tol)

130 (Druglikeness
1&2) property)

11a 270.35 53.60 -4.29 3.01 High Yes 0 1 2 0.55

11b 284.37 53.60  -4.58 3.29 High Yes 0 1 2 0.55

11c 300.37 62.83 -434 2.94 High Yes 0 1 3 0.55

11d 360.42 81.29  -446 2.83 High Yes 0 1 5 0.55

11e 349.24 53.60 -5.19 3.56 High Yes 0 1 2 0.55

11f 288.34 53.60 -4.44 3.30 High Yes 0 1 3 0.55

11g 306.33 53.60 -4.59 3.59 High Yes 0 1 4 0.55

11h 338.34 53.60 -5.10 4.00 Low Yes 0 1 5 0.55

11i 330.40 5499 521 3.28 High Yes 0 1 3 0.55

11j 390.45 73.45  -5.35 3.17 High Yes 0 1 5 0.55

11k 379.27 6283 -5.24 3.49 High Yes 0 1 4 0.55

111 318.36 62.83  -4.49 3.24 High Yes 0 1 4 0.55

11m 484.99 7043 -6.50 438 High Yes 0 1 5 0.55

Colchicine  399.44 83.9 -8.01 3.28 Low Yes 0 1 6 Low
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2.1.3 Conclusions

By employing copper-mediated cross-coupling reactions of N-Boc-3-indolylsulfoximines with
aryl iodides, we produced a diverse series of N-arylated indolylsulfoximines in excellent yields.
The precursor indolylsulfoximines were easily accessed from 3-(methylthio)indole by using
(diacetoxyiodo)benzene and ammonium carbamate in excellent yields. From the prepared
series of N-arylated indolylsulfoximines with 5-bromoindole (1.28 uM) and 5-methoxyindole
(2.68 uM) moieties were found to be selectively cytotoxic against MCF7 and 22Rv1 cells. 11¢
was highly toxic to C4-2 cells (1.95 uM). The compound 111 bearing fluorine at the Cs-position
of indole, endowed broad cytotoxicity against C4-2, PC3, 22Rv1 and MCF7 with ICso values
of 8.1, 3.51, 1.91, and 1.7 uM, respectively. HEK293 cells (normal kidney cells) were not
affected by these compounds, suggesting their specificity for cancer cells.

Mechanism of action studies suggested that potent compound displayed increased endogenous
level of ROS, leading to the increased level of p-53 and c-jun, which ultimately induces
apoptosis. Compound 111 also inhibits tubulin assembly, which could be due to increased
oxidative stress. The developed reaction conditions for the synthesis of indolylsulfoximines
analogues will be useful for further structural modifications to identify interesting class of anti-

cancer agents.

2.1.4 Biology Protocols

2.1.4.1 MTT assay

C4-2, PC-3 and 22Rvl prostate cancer cells were grown in RPMI 1640 media. HEK293
(human kidney cells) and MCF7 (human breast cancer cells) were maintained in Dulbecco’s
modified Eagle’s media (DMEM). All media were supplemented with 10% FBS, streptomycin
(100 pg/mL) and penicillin (100 I.U./mL). For MTT assay, 5 x 10° cells/well were seeded in
96-well plates. After 12 h, cells were treated with different concentrations of 11a-m in a range
from 0.1 uM - 40 uM. 0.1% DMSO (vehicle control) was used as control. After 48 h, old media
was removed, cells were washed with PBS followed by addition of 100 pL of serum free media
and MTT (5mg/ml) cocktail (4:1 ratio) in each well. Cells were incubated for 4 h at 37 °C.
MTT was then aspirated, cells were washed with PBS, and then 100 uLL DMSO was added to
dissolve the formazan crystals. The absorbance was measured at 570 nm using Tecan
Spectrafluor Plus. Relative inhibition was calculated as mean absorbance of treated cells/mean
absorbance of DMSO treated cells (negative control). The ICso values and dose response curve

were obtained by nonlinear regression analysis [non-linear regression (sigmoidal dose response
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with variable slope)] using Graph Pad Prism, version 6.0 software (Graph Pad Software Inc.,

CA, USA).

2.1.4.2 JC-1 staining

To examine the effect of compound 111 on mitochondrial health and apoptosis, JC-1 staining
was performed. Briefly, 0.25x10° C4-2 cells were seeded on 12 mm coverslip. After 12 h, the
cells were treated with DMSO, 111 (10 uM) or Puromycin (1pg/ml) for 48 h. The cells were
washed with PBS and incubated with JC-1 dye in PBS (2 uM) for 20 min. Cells were washed
and images were captured in a fluorescent microscope (Nikon) using FITC (green) and TRITC
(red) channels. The healthy mitochondria show more J-aggregates results in emission of orange
fluorescence in the TRITC channel whereas the unhealthy or mitochondrial depolarization
(marker of cellular apoptosis) results in a loss of JC-1 accumulation and shifting of

fluorescence more towards green.

2.1.4.3 Acridine orange-Ethidium Bromide staining

To examine the effect of 111 compound on the permeability of plasma membrane, chromatin
condensation and nuclear morphology, Acridine orange (AO) /Ethidium bromide (EB) staining
was performed. Briefly, 0.25x10° C4-2 cells were seeded on 12 mm coverslip in 24-well plates.
12 h later, the cells were treated with DMSO, 111 (10 pM) or Puromycin (1pg/ml) for 48 h.
The old media was removed, cells were washed with PBS followed by incubation with the
AO/EB (100 pg/mL AO and 100 pg/mL EB) dye mixture in PBS for 20 min. Cells were washed
with PBS and imaged in a fluorescent microscope (Nikon) using FITC (green) and TRITC
(red) channels. AO permeates through all cells, hence the nucleus appears green, whereas EB
appears red only when the cytoplasmic membrane integrity is lost (as in late apoptosis or in

necrosis).

2.1.4.4 Measurement of intracellular reactive oxygen species (ROS) levels

To examine the intracellular ROS levels, the 2',7'-dichlorofluorescein diacetate (H2DCFDA)
fluorogenic dye was used. Briefly, 0.25x10° C4-2 cells were seeded on 12 mm coverslip,
treated with DMSO, 111 (10 uM) or H>2O2 (10 pM) and incubated for 48 h. Cells were washed
with PBS and incubated with 100 ul of H,DCFDA in PBS (final concentration 2 uM) for 40
min at 37°C. Thereafter the cells were washed with PBS and intracellular ROS level was

observed and imaged using FITC channel in a Nikon inverted fluorescent microscope.
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2.1.4.5 Wound healing assay

To investigate the effect of 111 on migrations of cells, a wound-healing/scratch assay was performed.
Briefly, 0.6x10°C4-2 cells/well were plated into a 6-well plate and incubated to reach 90% confluence.
An equal size wound/scratch was made using a 200 uL tip. Extra detached cells were removed by
washing cells with serum-free media. The medium with DMSO, 111 (10 uM) or Puromycin (1pg/ml)
were then added for 48 h. The images of wounds were captured at 0, 12, 24 and 48 h after treatment
using inverted microscope (AmScope) under 4X magnification. The percentage wound closure was
calculated using the following formula: Wound closure (%) = (Aon - Asgn)/Aon x 100, where Agp

represents the area of initial wound, Ass, represents the area of wound at 48 h.

2.1.4.6 Western blot analysis

C4-2 cells were treated with DMSO, 111 (10 uM) or puromycin (1pug/ml) for 48 h. Cells were
washed with PBS and lysed in modified RIPA lysis buffer. The proteins were resolved by 12%
SDS-PAGE gel electrophoresis, and transferred at polyvinylidene difluoride (PVDF)
membrane, followed by blocking in 5% skim milk (0.1% TBST). The membrane was incubated
overnight at 4 °C with p53 (1:1000), c-Jun (1:1000) or tubulin (1:5000) primary antibodies.
pS3 and c-Jun antibodies were purchased from Santa Cruz Biotech (USA). Tubulin hybridoma
was purchased from Developmental Studies Hybridoma Bank (DHSB). PVDF membrane was
washed with 0.1% TBST and incubated with secondary antibody (HRP-conjugated) for 1 h at
room temperature. The proteins were visualized using chemiluminescence detection reagent

(Pierce Biotechnology) in GeneGnomeXRQ chemiluminescence imager.

2.1.4.7 Tubulin polymerization assay

22Rv1 cells were plated 16 h prior to the treatment with the corresponding drugs. The cells
were treated with either 20 uM of 111 or 100 nM of colchicine for 24 h at 37 °C. Colchicine
was used as a positive control. The cells were lysed using hypotonic buffer (1 mM MgClo, 2
mM EGTA, 0.5% NP40, 2 mM phenylmethylsulfonyl fluoride, 20 mM Tris HCI pH 6.8).
Ultracentrifugation was used to separate the pellet and supernatant containing the polymerized
and depolymerized tubulin respectively. The lysis buffer was used to resuspend the pellet
followed by a Bradford assay for protein quantification. Equal amounts of the pellet and
supernatant fractions were loaded onto a 12% SDS-PAGE gel, and immunoblotting was used
for tubulin detection. The percentage of polymerized tubulin was calculated by using the

formula% P=P/(P+S) x 100.%
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2.1.4.8 Immunofluorescence

22Rv1 cells were plated in on poly-lysine -coated cover slips. After 16 h, the cells were treated
with DMSO (control), Colchicine and 111, respectively. After 24 h, the cells were fixed and
permeabilized with iced cold methanol. A blocking solution (2% BSA and 1% Triton X-100 in
1X PBS) was used for non-specific blocking for 1 h. The poly-lysine-coated cover slips
containing cells were subsequently incubated with tubulin primary antibody overnight at 4 °C.
The conjugated secondary antibody goat anti-mouse-FITCwas used for 3 h in the dark, and

images were captured using a BZ-X810 Keyence fluorescence microscope.

2.1.5 Experimental Section

2.1.5.1 General Methods

All the laboratory reagents were purchased from Sigma-Aldich, Alfa Aesar and Spectrochem
India Pvt. Ltd and used without further purification. The reactions were monitored by thin layer
chromatography and performed on Merck pre-coated plates (silica gel 60 Fzs4, 0.2mm).
Column chromatographic purification of products was carried out using silica gel (100-200
mesh) and ethyl acetate/hexane mixture was used for elution. 'H NMR spectra and '*C NMR
spectra were recorded at 400 MHz and 100 MHz using CDCl3 and DMSO-ds solutions.
Chemical shifts are given in ppm relative to the residual solvent peak ("H NMR: CDCl3 § 7.26;
DMSO-ds § 2.50; 3C NMR: CDCl; § 77.0; DMSO-ds & 39.52) with multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), coupling constants (J, in Hz) and integration.
Melting points were determined by using E-Z melting point apparatus and are uncorrected.
High-resolution mass data (HRMS) were obtained on IMQ-TOF 6560 Agilent, Purdue
University, USA.

2.1.5.2 General procedure for the synthesis of compounds 6 and 8: To a solution of indole
6 (1.5 g, 0.21 mmol) in acetonitrile (5 mL), DMSO (1.1 equiv) and TMSCI (1.1 equiv) were
added in one portion at 0 °C. The reaction mixture was allowed to reflux for 3 h (the reaction
was closely monitored by TLC). Upon completion of the reaction, solid sulfonium salt (93%
yield) was filtered washed with ethyl acetate and directly used for next step. Next, sulfonium
salt and diisopropylamine were refluxed for 2 h at 80 °C under nitrogen atmosphere. Cooled
the reaction mixture at room temperature, diisopropylamine was evaporated to dryness in
vacuo. The residue thus obtained was purified by column chromatography (Hexane/EtOAc) to

furnish 3-methylthioindole 7a in 90% yield.
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Further reaction of 3-methylthioindole 7a (1 g, 5 mmol) with Boc2O (2.18 g, 10 mmol) in the
presence of N, N-dimethylpyridin-4-amine (0.915 g, 7.5 mmol) the reaction mixture was stirred
magnetically at 0-25 °C temperature until TLC revealed the complete consumption of the
starting material. Solvent was evaporated on the rota-vapor and the reaction mixture poured
into water (150 mL) and organic layer was extracted in ethylacetate (2 x 40 mL). The extracted
organic layer was washed with saturated sodium bicarbonate (50 mL) and brine (50 mL)
solution. Evaporated the organic phase under reduced pressure and the residue obtained was
purified by silica gel column chromatography (ethyl acetate: hexane as eluent) to obtain pure
N-boc-3-methylthioindole (off white solid at 4 °C) 8a in 92% yield. Similarly, compounds
8b-e were prepared in 92-95% yields.

2.1.5.3 General experimental procedure for the synthesis of indolylsulfoximine (9a-e)

To a methanolic solution of N-boc-3-methylthioindole 8 (1 mmol) was added, IBD (3 mmol),
and ammonium carbamate (2 mmol) at 25 °C temperature. The contents were stirred until
completion of the reaction as monitored by the TLC. The solvent was evaporated under reduced
pressure by using a rota evaporator. The residue thus obtained was purified by silica gel column
chromatography (ethyl acetate: hexane as eluent) to get the sulfoximine 9a in 90% yield.

Similarly, sulfoximines 9b and -9e were prepared in 81% and 89% yields, respectively.

N-boc-3-indolylsulfoximine (9a):

Off-white solid, 90% yield, mp 120-126°C; '"H NMR (400 MHz, CDCl3) &
P~ 8.27 (d, J=8.2 Hz, 1H), 8.20 (s, 1H), 8.02 (d, /= 7.8 Hz, 1H), 7.50 — 7.38

@E}g (m, 2H), 3.28 (s, 3H), 1.71 (s, 9H). '*C NMR (100 MHz, CDCls) & 148.57,

o)§o 135.99, 130.98, 125.94, 125.39, 124.36, 123.30, 119.98, 115.76, 85.80,

)ﬁ 46.03, 28.09.

5-methoxy-/N-Boc-3-indolylsulfoximine (9b):
O:S:',"\H White solid, 85% yield, mp 122-126 °C; 'H NMR (400 MHz, CDCls) &
/O\Cf\g 8.12 (s, 1H), 8.09 (d, J=9.2 Hz, 1H), 7.42 (d, /= 2.5 Hz, 1H), 7.02 (dd, J

ko =9.2,2.5 Hz, 1H), 3.87 (s, 3H), 3.23 (s, 3H), 1.67 (s, 9H); '3*C NMR (100

0
)V MHz, CDCls) & 156.99, 148.51, 131.15, 130.46, 126.30, 116.58, 115.28,

101.83, 85.59, 55.79, 46.02, 28.06.

75



Part 2A

5-bromo-N-Boc-3-indolylsulfoximine (9c¢):

O:S“\

B
\Cf\g
N

(o]

A=

Off-white solid, 88% yield, mp 125-129 °C; '"H NMR (400 MHz, CDCl)
5 8.20 — 8.17 (m, 2H), 8.14 (d, J = 8.9 Hz, 1H), 7.55 (dd, J = 8.9, 2.1 Hz,
1H), 3.26 (s, 3H), 1.70 (s, 9H); 3C NMR (100 MHz, CDCls) & 148.21,
134.68, 131.74, 129.01, 127.01, 122.82, 122.75, 118.02, 117.20, 86.31,
46.29, 29.70, 28.06.

6-fluoro-N-Boc-3-indolylsulfoximine (9d):

Off-white solid, 89% yield, mp 128-133 °C 'H NMR (400 MHz, CDCls) §
8.16 (s, 1H), 8.03 — 7.87 (m, 2H), 7.15 (t, J = 9.0 Hz, 1H), 3.25 (s, 3H),
1.70 (s, 9H); C NMR (100 MHz, CDCls) § 162.75, 160.33, 148.30,
136.31, 131.11, 123.46, 121.73, 120.99, 112.99, 112.75, 103.29, 103.01,
86.24, 46.25, 28.04.

4-chloro-benzylchloride-3-indolylsulfoximine (9e):

White solid, 81% yield, mp 140-144 °C. "H NMR (400 MHz, CDCl;) &
8.09-8.05 (m, 1H), 7.73 (s, 1H), 7.35-7.33 (m, 4H), 7.32 (s, 1H), 7.13
(d, J = 8.5 Hz, 2H), 5.33 (s, 2H), 3.26 (s, 3H); '*C NMR (100 MHz,
CDCl3) & 136.98, 134.41, 133.85, 132.87, 129.33, 128.56, 124.82,

123.84, 122.49, 120.13, 117.91, 50.29, 46.82.

2.1.5.4 General experimental procedure for N-arylindol yl sulfoximines (11a-m):

A mixture of indolylsulfoximine 9 (0.33 mmol), aryl iodide (0.39 mmol), 1,10-phenanthroline
(0.062 mmol), Cul (0.03 mmol), Cs>CO3 (0.82 mmol) in dry DMF (3mL) was taken into 10

mL microwave vial. The vial was evacuated and filled with nitrogen. Reaction continued until

consumption of starting materials as shown by thin layer chromatography. After completion of

the reaction, the contents were allowed to reach room temperature. Poured the contents into

crushed ice and extracted with chloroform (3x100 mL), washed with saturated brine (3%50

mL), dried over anhydrous sodium sulfate, removed excess of solvent and purified by column

chromatography (ethyl acetate: hexane as eluent) to obtain products 11a-m in high yields.
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N-phenyl-1H-indole-3-sulfoximine (11a):
Colorless oil at 25°C, 91% yield. '"H NMR (400 MHz, CDCls) § 8.12 (dd,
O:S/:NQ J=172,2.1Hz, 1H), 7.93 (s, 1H), 7.62 — 7.55 (m, 3H), 7.55 — 7.48 (m,
@E\g 4H), 7.39 — 7.35 (m, 2H), 3.32 (s, 3H); 3*C NMR (100 MHz, CDCls) &
H 137.95, 137.09, 132.83, 130.02, 128.30, 124.88, 124.81, 124.23, 122.88,
120.08, 111.58, 46.66. HRMS (ESI) m/z calcd for C15sH14N20S: 271.0860
(M + H)", found: 271.0898.

4-tolyl-N-phenyl-1H-indole-3-sulfoximine (11b):
Colorless oil at 25°C, 86% yield. 'H NMR (400 MHz, CDCl3) § 8.12 —
ol Q/ 8.07 (m, 1H), 7.92 (s, 1H), 7.53 — 7.49 (m, 1H), 7.38 (s, 3H), 7.37 — 7.34

\S:N
@E\g (m, 2H), 3.34 (s, 3H), 2.48 (s, 3H); *C NMR (100 MHz, CDCls) &
N 138.44, 137.24, 135.34, 133.11, 130.54, 124.76, 124.68, 124.15, 122.83,

119.96, 118.29, 111.65, 111.61, 46.46, 21.17. HRMS (ESI) m/z calcd for
Ci16H16N20S: 285.1017 (M + H)", found: 285.1050.

4-methoxy-/N-phenyl-1H-indole-3-sulfoximine (11c):

o Colorless oil at 25°C, 85% yield. "H NMR (400 MHz, CDCl3) & 8.12

o Q —8.06 (m, 1H), 7.89 (s, 1H), 7.48 — 7.44 (m, 1H), 7.41 (d, J = 8.9
N Hz, 2H), 7.37 — 7.33 (m, 2H), 7.08 (d, J = 8.9 Hz, 2H), 3.91 (s, 3H),
CEH\S 3.35 (s, 3H). *C NMR (100 MHz, CDCl3) & 159.50, 137.58, 133.37,

130.64, 126.37, 124.51, 124.15, 122.81, 122.77, 119.89, 117.63,
115.09, 111.60, 55.69, 46.54. HRMS (ESI) m/z caled for C16H16N205S: 301.0966 (M + H)",
found: 301.1000.
3,4,5-trimethoxy-/N-phenyl-1H-indole-3-sulfoximine (11d):

- White solid, 87% yield; '"H NMR (400 MHz, CDCl3) & 8.10 (dd,

Qo\ J=6.1,2.7 Hz, 1H), 7.96 (s, 1H), 7.57 (dd, J = 6.0, 3.1 Hz, 1H),

0=s"’“\ o~ | 7.38(dd, J=6.2,3.2 Hz, 2H), 6.72 (s, 2H), 3.94 (s, 3H), 3.92 (s,

CEN% 6H), 3.37 (s, 3H); 3*C NMR (100 MHz, CDCls) & 154.08, 137.96,
N

137.27, 133.50, 133.21, 124.62, 124.35, 123.01, 120.03, 111.68,
102.59, 61.08, 56.45, 46.46. HRMS (ESI) m/z calcd for Ci1sHa0 N204S: 361.1177 (M + H)",
found: 361.12009.
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4-bromo-N-phenyl-1H-indole-3-sulfoximine(11e):

Colorless oil at 25°C, 81% yield; 'H NMR (400 MHz, CDCls) §
9.13 (s, 1H), 7.95 (d, J= 8.2 Hz, 1H), 7.80 (s, 1H), 7.45 (d, J="7.5
Hz, 1H), 7.31 (s, 2H), 7.18 (d, J=8.1 Hz, 2H), 6.99 (d, J= 8.1 Hz,
2H), 3.37 (s, 3H); *C NMR (100 MHz, CDCl3) & 144.94, 136.44,
131.71, 131.60, 124.77, 124.05, 123.61, 122.61, 119.57, 114.17,

112.30, 46.63. HRMS (ESI) m/z calcd for CisHiz BrN2OS: 347.9932 and 349.9911 (M +
H)", found: 348.9991 and 350.9973.

4-fluoro-N-phenyl-1H-indole-3-sulfoximine (11f):

Colorless oily at 25°C, 83% yield; 'H NMR (400 MHz, CDCls) &
8.14 — 8.10 (m, 1H), 7.89 (s, 1H), 7.52 — 7.46 (m, 3H), 7.41 — 7.37
(m, 2H), 7.31 (d, J= 8.1 Hz, 2H), 3.33 (s, 3H); >*C NMR (101 MHz,
CDCI) 6 163.34, 160.86, 137.30, 133.98, 132.81, 126.90, 126.82,
124.67, 124.37, 122.97, 120.14, 117.14, 116.91, 111.30, 46.66.

HRMS (ESI) m/z calcd for C1sHi13FN20S: 289.0766 (M + H)", found: 289.0801.
3,4-difluoro-N-phenyl-1H-indole-3-sulfoximine (11g):

o:S/ Q\ F

=N
®
N

H

Colorless oil at 25°C, 85% yield; 'H NMR (400 MHz, DMSO-ds)
0 8.15 (s, 1H), 8.02 — 7.98 (m, 1H), 7.92 (ddd, J =113, 7.1, 2.6
Hz, 1H), 7.71 (dt, J=10.4, 8.9 Hz, 1H), 7.61 — 7.54 (m, 2H), 7.40
—7.33 (m, 2H), 3.19 (s, 3H) ; *C NMR (100 MHz, DMSO-dc) §
136.59, 133.40, 125.04, 124.53, 122.91, 122.41, 120.87, 120.50,

119.16, 118.97, 115.48, 115.29, 111.82, 47.17. 'F NMR (376 MHz, DMSO) & -135.34, -
135.40, -139.01, -139.07. HRMS (ESI) m/z caled for CisHi2 FaN2OS: 307.0672 (M + H)',

found: 307.0707.

3-trifluoromethyl-N-phenyl-1H-indole-3-sulfoximine (11h):

e
O=d/
Crd
N

H

CF3

Light orange oil at 25°C, 83% yield. 'H NMR (400 MHz, CDCl5)
6 8.08 (dd, J=8.7,5.2 Hz, 1H), 7.93 (s, 1H), 7.80 — 7.76 (m, 2H),
7.76 —7.71 (m, 1H), 7.22 — 7.13 (m, 2H), 3.32 (s, 3H); 1*C NMR
(100 MHz, CDCl3) & 138.47, 136.76, 132.24, 130.71, 127.92,
124.81, 124.62, 123.18, 121.71, 120.26, 111.02, 46.53. HRMS

(ESI) m/z caled for CisHi3 FsN2OS: 339.0734 (M + H)", found: 339.0769.
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5-methoxy-1H-indol-3yl(4-methoxy-/N-phenyl)-1H-indole-3-sulfoximine(11i):

Yellow oil, at 25°C 88% yield; '"H NMR (400 MHz, CDCls) &
7.86 (s, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.43 — 7.38 (m, 2H), 7.34
(d, J=9.1 Hz, 1H), 7.09 — 7.05 (m, 2H), 6.98 (dd, J=09.1, 2.4
Hz, 1H), 3.92 (s, 3H), 3.91 (s, 3H), 3.38 (s, 3H); *C NMR (100
MHz, CDCI3) 6 159.48, 156.40, 133.45, 132.48, 130.74, 126.20,

125.30, 115.07, 114.83, 112.62, 100.85, 55.98, 55.67, 46.27; HRMS (ESI) m/z calcd for
C17H18N203S: 331.1072 (M + H)", found: 331.1102.

5-methoxy-1H-indol-3-yl)(3,4,5-tri-methoxyphenyl)sulfoximine (11j):

White solid, 91% yield. 'H NMR (400 MHz, CDCls) & 7.87 (s,
1H), 7.52 (d, J = 2.4 Hz, 1H), 7.45 (d,J= 9.1 Hz, 1H), 7.00 (dd,
J=9.0,2.5 Hz, 1H), 6.70 (s, 2H), 3.93 (s, 3H), 3.92 (d, J = 2.3
Hz, 9H), 3.32 (s, 3H).; '*C NMR (100 MHz, CDCl3) & 155.79,
154.02, 137.18, 133.98, 133.48, 131.58, 125.91, 119.44, 114.05,

113.23, 102.65, 60.62, 56.68, 55.99, 47.11. HRMS (ESI) m/z calcd for Ci19H22N>0sS:
391.1283 (M+H)", found: 391.1326.
(5-bromo-1H-indol-3-yl)(4-methoxyphenyl)sulfoximine (11k):

o8]
=
IO
Iz /:>\ /
w
I
zZ

19

O—

Light yellow oil, at 25°C 84% yield; "H NMR (400 MHz, CDCl5)
58.26 (d,J=1.9 Hz, 1H), 7.93 (s, 1H), 7.46 — 7.37 (m, 3H), 7.31
(d, J = 8.8 Hz, 1H), 7.10 — 7.05 (m, 2H), 3.91 (s, 3H), 3.39 (s,
3H).); 3C NMR (100 MHz, CDCl;) & 159.74, 136.27, 134.33,
130.18, 127.29, 126.37, 126.06, 122.54, 116.45, 115.19, 113.10,

55.70, 46.68. HRMS (ESI) m/z caled for CisHisBrN202S: 379.0038 (M+H)", found:

379.0905.

(6-fluoro-1H-indol-3yl)(4-methoxyphenyl)sulfoximine (111):
Colorless oil, 82% yield; 'H NMR (400 MHz, CDCl3) § 9.24 (s, 1H), 8.31 (d, J = 9.0 Hz,

1H), 7.87 (s, 1H), 7.85 (s, 1H), 7.70 (d, J = 8.1 Hz, 1H), 7.39 (d,
J=9.0 Hz, 2H), 7.09 (dd, J= 8.7, 2.0 Hz, 2H), 3.91 (s, 3H), 3.34
(s, 3H).); 3C NMR (100 MHz, CDCls) & 159.67, 159.60, 137.84,
137.72, 136.33, 133.72, 130.31, 126.26, 123.29, 120.96, 118.38,
115.20, 111.81, 111.56, 98.29, 98.02, 55.69, 46.71; HRMS (ESI)

m/z caled for Ci16H1sFN202S: 319.0872 (M+H)", found: 319.0905.
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(1-(4-chlorobenzyl)-1H-indol-3yl)(methyl)3,4,5-trimethoxyphenyl)sulfoximine (11m):
o Off-white solid, 81% yield. '"H NMR (400 MHz, CDCls) & 8.05
o\\S\\/ /Cz/o\ (s, 1H), 7.78 (s, 1H), 7.33 (s, 2H), 7.31 (s, 1H), 7.03 (d, /= 8.3
©\\—/\( § o— Hz, 2H), 6.37 (s, 2H), 5.32 (s, 2H), 3.75 (s, 3H), 3.67 (s, 6H),
NKQ 3.50 (s, 3H).!3C NMR (100 MHz, CDCls) & 153.09, 136.93,
cl 134.71,134.51, 133.57,129.38, 128.41, 124.79, 124.09, 122.84,
120.10, 110.92, 101.04, 60.89, 55.88, 50.39, 46.14. HRMS (ESI) m/z caled for

C25H25CIN204S: 486.1194 (M+H)", found: 485.1280.
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and Biological Evaluation of Novel
Sulfoximine Modified Colchicine

Derivatives as Potent Anti-cancer Agents
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2.2.1 Introduction

In 2009, the U.S. Food and Drug Administration (FDA) approved colchicine (1) as a
monotherapy drug for treating acute gout flares and familial Mediterranean fever.® This natural
alkaloid, derived from plants like Colchicum, Merendera, and Gloriosa, boasts a rich history in
medicine, dating back to ancient times.* Tubulin is considered as one of the most useful and
strategic molecular targets for antitumor drugs.’ Microtubules play a critical role in mitosis and
cell division and are regarded as an excellent target for anticancer therapy.? Microtubules made
of a-and B-tubulin heterodimers in eukaryotic cells and are vital components of the
cytoskeleton which are involved in numerous cellular processes such as cell signaling, cell

motility and intracellular vesicle transport.®®

Microtubules form highly dynamics mitotic
spindles, which are vital for the suitable orientation and segregation of chromosomes;
disruption of this equilibrium will lead to cell cycle arrest or cell apoptosis.”!® Although
microtubule-targeting agents have been widely used in the clinical treatment of different human
cancers, their clinical application in cancer therapy is limited by both intrinsic and acquired
drug resistance and adverse toxicities. Despite the progress in the administration of microtubule
targeting agents for the treatment of patients with cancer, currently, there are few FDA-
approved tubulin inhibitors targeting the colchicine binding site.!’ This has encouraged
medicinal chemists to design and discover the novel antimitotic agents that bind to the
colchicine binding site for cancer therapy.'?1*

Colchicine’s potent antimitotic properties have positioned it as a promising candidate for
cancer treatment. However, its clinical utility in cancer therapy has been restrained by inherent
toxicity and the emergence of multidrug resistance (MDR).!> To address these challenges,
extensive efforts have been dedicated to chemically modifed colchicine to mitigate its adverse
effects while preserving its therapeutic benefits. The ability of colchicine-binding site ligands
to also exert an antiangiogenic effect. In recent years, a variety of colchicine-binding site
compounds such as combretastatin 4 has been identified as small-molecule vascular disrupting
agents (VDAs) as shown in figure 2.2.1.!® And other tubulin inhibitors, such as vinblastine and
colchicine have also exhibited VDA activity in preclinical studies. By threatening the blood
supply of tumors such compounds suppress the formation of new vessels and destroy already
formed capillaries.!® The design and discovery of new tubulin inhibitors (TIs) targeting the

colchicine binding site appears an attractive path for improving and advancing tubulin

inhibitors.
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Colchicine 2-Methoxyestradiol Indibulin R=0H,R'=H CA-1
R=HR'=H CA4

Figure 2.2.1 Colchicine and its binding site’s inhibitors

2.2.1.1 Rational Design of Colchicine Derivatives

Colchicine, a naturally occurring alkaloid, consists of three rings: a trimethoxy benzene ring
(ring A), a seven-membered ring carrying an acetamido group at its C7 position (ring B), and
a methoxy tropone ring (ring C). Studies have demonstrated that the A and C rings of colchicine
play crucial roles in its high binding affinity to tubulin; any structural modification to these

rings affects its antimitotic activity.

Role of the A-ring: The A-ring of colchicine is essential for tubulin binding, and substitution
of methoxy substituents with methyl group significantly reduces its potency for tubulin.
Notably, the size of methyl group in A-ring also influences tubulin binding. Insertion of bulky

groups into A-ring, as seen in colchicine, leads to loss of activity.!”

Ring A is practically unavailable
for modification. Almost all changes, ! The presence of nitrogen
including O-demethylation, ——— || & | = / 7707 at C-7 is necessary for
lead to a decrease in the activity recognition at P-gp

~«—— Ring C can be modified

Rings A and C play a primary
role in binding to tubulin

Figure 2.2.2 Possible sites for structural modification of colchicine

Role of the B-ring: While A and C rings are crucial for tubulin binding, the B-ring, though not
essential, also plays a significant role towards the cytotoxicity of colchicine derivatives.
Substitutions at C-7 position of the B-ring have resulted in active compounds (Figure 2.2.2).
Modification of the B-ring terminal acetamide (5) has shown promise in overcoming multidrug

resistance in cancer (Figure 2.2.3).
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Role of the C-ring: The C-ring of colchicine plays a crucial role in its interaction with tubulin.
Substituting the 10-OCH3 group on the C-ring of colchicine with NH> group has shown a more
pronounced antitumor effect and less toxicity compared to colchicine at optimal doses. The
ease of synthetic manipulation at C-ring, coupled with the associated decrease in biological
activity, is advantageous for prodrug design. Various colchicine C-ring modified compounds
have been synthesized and evaluated. These findings suggested that the compounds with
smaller linkers exhibit the highest potency against colorectal cancer cells. Additionally, a series
of 10 amine derivatives of colchicine (6),'® synthesized by modification at the C(10)-OCH3
position of C-ring, have been evaluated for their in-vitro cytotoxicity against four human tumor
cell lines (Figure 2.2.3). Among these compounds, the most active derivative with bis(2-
methoxyethyl)amine substituent (8) was found show activity ranging from nanomolar to
submicromolar concentrations and improved selectivity index.!

Moreover, ZD6126 (7) is a novel vascular-targeting prodrug developed by AstraZeneca
(Macclesfield, UK).2° Compound 7 was developed for its tubulin-binding properties and its
ability to induce vascular damage in tumours. ZD6126 is a water-soluble prodrug of the
tubulin-binding agent NAC. In vivo, ZD6126 rapidly induces a large reduction in vascular
volume and extensive necrosis in a murine tumour model, consistent with vascular rather than

cytotoxic effects.?!

Compound 7 1is structurally similar to colchicine, with potential
antiangiogenesis and antineoplastic activities, and used in the treatment of metastatic colorectal
cancer. However, the study was terminated at phase II because of apparent cardiotoxicity at
pharmacological doses.?? Structure-activity relationship studies have been instrumental in
deciphering the structural elements necessary for tubulin binding. Modifications, such as
substitution of a methoxyl group at C-10 position with a thiomethyl group (compounds 9 and
10; figure 2.2.3)** have been explored to improve molecular stability and binding affinity to
tubulin. In vitro and in vivo studies, for the treatment of mice infected with L1210 and P388
leukaemia using colchicine and its analogues showed that thiocolchicine 9, are able to bind
strongly to tubulin owing to the -SCH3 group and not the -OCH3 group on the C (10) of its
tropolonic ring (Figure 2.2.3). On the contrary, pesudothiocolchicine, which holds an -SCHj3
group at C-9), and isothiocolchicine (11), which possesses a -SCH3 group at C (11), showed
no binding affinity to tubulin.?* Thus, many studies focused on the modification of the

substituent at C-10 in the search for colchicine analogues with improved activity, lower toxicity

or a reduced tendency toward drug resistance.
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Figure 2.2.3 Rational design of the current work

In the recent past, sulfoximines have emerged as a promising class of compounds for cancer
therapy due to their unique structural features and favorable pharmacokinetic properties such
as better solubility in protic solvents, high stability, good physical and chemical properties,
multiple hydrogen bond acceptor/donor functional groups and structural diversity.2S 26
Sulfoximines also have a chiral sulfur atom, giving them different shapes that can enhance their
ability to bind to specific proteins. These properties suggest that the sulfoximine group has
significant potential to serve as a small, hydrophilic and stable functional group in drug

discovery.

The combination of colchicine and sulfoximine moiety offers an unique opportunity to develop
novel drug with potentially enhanced biological activities and therapeutic applications. In our
previous work we reported indolylsulfoximine derivaties which showed selective cytotoxicity

against various cancerous cells.?’ As part of our efforts to develop novel anticancer agents, in
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the present work we have successfully synthesized colchicine analogues (12 and 13) and

evaluated their tubulin activity.

2.2.2 Results and Discussion

2.2.2.1 Synthesis and Characterization

The design of the novel colchicine derivatives was based on the bioisosteric modifications of
C-ring of colchicine and structural optimization of the lead compound 13 according to the
structure-activity relationship (SAR) and molecular modeling studies results. The colchicine-
based target compound was synthesized by utilizing reaction conditions, recently reported by
in our previous work.?” Formation of key precursor thiocolchicine 12 (96% yield) to access
colchicine sulfoximine 13, involves the reaction of colchicine with sodium methanethiolate in

water (Scheme 2.2.1).

NaSCH; IBD, NH,CONH,
H,0, 100 °C MeOH, 25 °C
96% 10 min

Scheme 2.2.1. Reagents and conditions: (a) NaSCHj3 (2.5 equiv), H2O, 100 °C, 1h; (b) IBD
(2.5 equiv), NH2COONHy4 (2.0 equiv), methanol, 25 °C, 10 min.

Initially we treated 12 with NH2COONH34 (2.0 equiv) and IBD (3.0 equiv) in methanol at room
temperature for 30 min to afford 13 in 48% yield (Table 2.2.1, entry 1). Next, experiments were
carried out to minimize the excess use of IBD. Reaction of 12 with 1.5 equivalents of IBD
afforded 13 in 37% yield (Table 2.2.1, entry 2). Decrease in reaction temperature to 10 °C and
with the use of 1.5 equivalents of IBD afforded 13 in 25% yield (Table 2.2.1, entry 3). Increase
in equivalence of IBD (from 1.5 to 2.5) afforded 13 in 63% yield (Table 2.2.1, entry 4). Further
reduction in reaction time up to 15 min, afforded 13 in 26% (Table 2.2.1, entry 5). When the
reaction temperature increased to 25 °C and reduced the reaction time up to 10 min, 13 was
formed in 87% yield (Table 2.2.1, entry 6). Peforming the reaction in acetonitrile or toluene

led to 13 only in trace amount (Table 2.2.1, entries 7-8).
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Finally, we found that the use of IBD (2.5 equiv) and NH>COONHj4 (2.0 equiv) in methanol at

room temperature is the optimum reaction conditions (Table 2.2.1, entry 6) for the preparation

of colchicine sulfoximine 13.

Table 2.2.1 Optimization of conditions to prepare colchicine sulfoximine 13*

IBD , NH,CONH,4

MeOH, 25 °C
10 min

Entry Solvent Temp. IBD (equiv.) Time (min.) Yield®
1. MeOH 25 3.0 30 48
2. MeOH 25 1.5 30 37
3. MeOH 10 1.5 30 25
4, MeOH 10 2.5 30 63

5. MeOH 10 2.5 15 26
6. MeOH 25 2.5 10 87
7. ACN 25 2.5 10 trace
8. Toluene 25 2.5 10 29

#Reagents and conditions: IBD (2.5 equiv), NH2COONHy4 (2.0 equiv), methanol, 25 °C, 10 min.

®Isolated yield.

The chemical structure of 13 was confirmed by its spectral data. Formation of 13 was indicative

by the appearance of characteristic signals in proton NMR spectrum at 2.4 ppm for methyl

protons of sulfoximine moiety (Figure 2.2.4). The '*C NMR spectrum of 13 exhibited a

characteristic signal at 51.03 ppm (Figure 2.2.5) due to methyl carbon of the Sulfoximine

group. The HRMS spectrum of 13 displayed a molecular ion at 447.1615 in agreement with

the expected mass at 447.1545 for C22Ha6N206S (Figure 2.2.6).
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Figure 2.2.6 HRMS spectrum of compound 13

Purity of the synthesized compounds was found to be more than 98% as determined by
WATERS 515 HPLC reverse phase system with a C-18 column (5pm, 4.6 x 250 mm) and PDA

detector using a flow rate of 1 mL/min. and a gradient of acetonitrile (Figure 2.2.7).

Figure 2.2.7 HPLC traces of compound 13
2.2.2.2 Biological Evaluation
2.2.2.2.1 Anti-cancer Activity

The synthesized colchicine analogues 12-13 were evaluated for their cytotoxicity against PC3
cancer cell line, representing human prostate cancer cells, in vitro. Compound 12 displayed
notable inhibitory activity, achieving over 77% suppression of prostate cancer cells in vitro.
Moreover, compound 13, which incorporates a sulfoximine functional group, exhibited even
higher levels of inhibition, with over 80% suppression of cancer cells. The enhanced
cytotoxicity observed with compound 13 suggests that the incorporation of the sulfoximine

moiety is beneficial for its activity.
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2.2.2.2.2 Tubulin Polymerization Assay

In vitro Tubulin Polymerization Assay: Tubulin (10 pM) was mixed with different
concentration of compounds and polymerization reaction was initiated by incubating the
tubulin-compound mixture in polymerization buffer (1 mM MgSOs4, 1 mM EGTA, 1.0 M
monosodium glutamate, pH 6.8) at 37 °C by adding 1 mM GTP in the assembly. Tubulin
polymerization reaction was monitor by light scattering at 350 nm using V-630 Jasco
Spectrophotometer. Colchicine used as a positive control inhibitor of tubulin polymerization.
(Figure 2.2.8). To investigate whether the antiproliferative activity of colchicine analogues 12
and 13 are due to interactions with tubulin, the most cytotoxic analogue, 13, was evaluated for
its tubulin activity. Compound 13 caused a decrease in tubulin polymerization in a dose
dependent manner as shown in figure 2.2.8. Compound 13 inhibited microtubule formation, a
critical part of cell division, very close to colchicine inhibition. Tubulin polymerization assay
suggests that the colchicine sulfoximine 13 exhibited anticancer activity effect through the
inhibition of tubulin polymerization as shown in figure 2.2.8. To gain better understanding on
the potency of 13 and guide further SAR studies, we proceeded to examine the interactions of

12 and13 with tubulin crystal structure (PDB code: 1SAO0).

colchicine

\ \12

13

Figure 2.2.8 Tubulin polymerization inhibition (12 and13)
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2.2.2.2.3 Solubility Assay

The solubility analysis of compound 13 was performed using UV-visible spectroscopy to
quantify its solubility in water. Initially, a series of known concentrations of compound 13
(ranging from 10 pg/mL to 100 ug/mL) was prepared, and their absorbance values were
measured using a UV spectrophotometer. A total of ten concentrations (10, 20, 30, 40, 50, 60,
70, 80, 90, and 100 pug/mL) were analyzed to establish a calibration curve. The resulting data
was subjected to linear regression analysis, producing the equation Y = 0.0028x + 0.0016,
where Y represents the absorbance and x represents the concentration of compound 13 in
pg/mL. The linear regression was fitted to ensure the line passed through the origin (0, 0),
meaning that no absorbance was recorded when no compound was present. For the solubility
determination in pure water, a stock solution of compound 13 was prepared at a concentration
of 1 mg/mL (2.2 mM). The stock solution was prepared by dissolving 1 mg of compound 13
in 1 mL of water. To evaluate the solubility of compound 13, a sample from this stock solution
was added to a 5 mL volumetric flask already containing 5 mL of distilled water.

Using the established calibration curve and linear equation (Y = 0.0029x + 0.0032), the
absorbance of the unknown concentration of compound 13 was used to calculate its
concentration in water. By substituting the measured absorbance value into the equation, the

solubility of compound 13 in pure water was determined.

0.3
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Figure 2.2.8a Linear regression analysis of compound 13
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2.2.3 Computational Studies

2.2.3.1 Molecular Docking

Colchicine disrupts tubulin polymerization throughout the cell cycle by binding to B-tubulin at
its interface with a-tubulin. This binding induces a distortion in the conformation of the of3-
hetero-dimer of tubulin, which in turn disrupts the lateral contacts necessary for
polymerization.?® Consequently, tubulin becomes destabilized, impeding its ability to form
polymerized structures. Tubulin-Colchicine binding has been extensively studied and the
Colchicine Binding Site (CBS) is well explained in figure 2.2.9. The C-terminal and N-terminal
regions of beta tubulin play significant roles in tubulin assembly, microtubule structure and
interactions with other proteins. The C-terminal tail is involved in protein-protein interactions
and serves as a binding site for MAPs and motor proteins. The N-terminal region participates
in tubulin assembly and contains the colchicine binding site, which is targeted by tubulin
inhibitors.

Molecular docking study was carried out using AutoDock vina Software, where the prepared
compounds were docked into the colchicine binding site of tubulin. The binding mode of the
designed compounds was studied to determine the essential pharmacophoric features of the
new compounds. The X-ray crystallographic enzyme tubulin complex with colchicine (PDB
ID: 1SAO0) (Figure 2.2.10), showed the presence of an essential hydrogen bond with CYS241,
in addition to hydrophobic interaction. The selected pose of the new compounds out of eight
poses that showed similarity to the binding mode compared to the reference ligand (colchicine)
is considered the best pose (Figure 2.2.10). The presented docking study showed similar
binding mode between the lead compounds and the docked molecules. 13 exhibited H-bonding
interaction with CYS241; Pi-sigma: LEU248; Hydrophobic interactions: LEU255, ALA250,
LEU242, ALA354 and LYS352 (Figure 2.2.11). Binding was validated by the overlapping of
the docked ligand binding position with co-crystallized colchicine (Figure 2.2.12).

The binding mode and the binding free energy of the biologically active synthesized
compounds are summarized in Table 2.2.2. Where the molecular docking of the new
compounds revealed that compounds 12 showing MET259 and 13 retained the essential H-
bond with CYS241. Compound 13 showed the highest binding affinity (-7.5 Kcal/mol)

compared to colchicine (-6.8 Kcal/mol) as given in Table 2.2.2.
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Figure 2.2.9 (A) Crystal structure of af}-tubulin heterodimers showing the binding sites of

colchicine. (B) Interactions of colchicine with the colchicine-binding site of tubulin.

Figure 2.2.10 Surface representation of sulfoximine colchicine, binding at colchicine binding site.
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Figure 2.2.11 Molecular modeling study of colchicine sulfoximine (13) with tubulin (PDB
code: 1SAOQ). (B) 13 binds to B-tubulin (surface). (B) 2D Ligand-protein interactions between
13 and B-tubulin. (C) 3D protein-ligand interactions. The green dotted lines represent hydrogen
bond interaction, and the other lines represent the amino acids showing hydrophobic interaction

with protein.

Colchicine sulfoximine Colchicine

Figure 2.2.12 Overlapping shows the binding mode of compound 13 with colchicine, at the
active site of colchicine in tubulin. The binding mode observed for 13 was very similar to that

for colchicine and perfectly overlapped in the co-crystallized tubulin structure.
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Table 2.2.2 Binding location and orientation of colchicine and its derivatives on a-3 tubulin as

predicted by Autodock Vina scoring function and compounds with specified residues

interacting with each ligand via (hydrogen bonding or hydrophobic interactions) in the binding

pocket of B tubulin are listed in the last column.

Compounds Binding pose

Binding
Affinity
(Kcal/mol)

Protein-ligand
interactions

H-bonding:
CYS241,
ASN258;
Hydrophobic
interactions:
LEU255,
ALA250,
LEU242,
ALA354,
LYS352

-7.0

Pi-sulfur: MET
259;

Hydrophobic
interactions:
ASN255,

LEU248, LYS352

-1.5

Potent H-bonding:
CYS241,
Pi-sigma:
LEU248;
Hydrophobic
interactions:
LEU255,
ALA250,
LEU242,
ALA354,
LYS352
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2.2.3.2 Pharmacokinetic Prediction

After the molecular docking studies of synthesized compounds, ADME (absorption,
distribution, metabolism and excretion) profiling comprising size, solubility, lipophilicity and
other drug-likeness properties of colchicine derivatives were calculated using software 2 and

are presented in Table 2.2.3.

For a compound to be a potential lead in drug discovery, the Lipinski's rule of five in terms of
number of hydrogen bond donors less than five, number of hydrogen bond acceptors less than
ten, molecular weight of compound less than 500 Dalton and octanol-water partition coefficient
less than five, is expected to be followed.?’ As indicated in Table 2.2.3, compound 13 showed
favourable computationally predicted ADME profiles. For all compounds, topological surface
area (TPSA), the indicator of membrane penetration, was predicted between 20 and 130 A2,
was found to be within the range. The test results can be seen in Table 2.2.3. The results of the
tests in the gastrointestinal absorption parameter showed that ligand 13 (with the high result)
are suitable for oral use. P-glycoprotein (P-gp) is an ATP-dependent phosphorglycoprotein
found in the cell membrane, playing a crucial role in drug transport across cell membranes. It
is a highly dynamic and efficient efflux transporter that interacts with a wide range of drugs,
affecting their absorption, distribution, and elimination in the body. P-gp acts as a protective
barrier by pumping out drugs and toxins from cells, thereby reducing their intracellular
concentrations. This mechanism is particularly important in tissues with high exposure to
xenobiotics, such as the intestine, liver, kidney, and blood-brain barrier. By actively
transporting drugs out of cells, P-gp can decrease drug efficacy and contribute to multidrug
resistance in cancer cells. In clinical settings, P-gp activity is particularly relevant in the context
of multidrug resistance in cancer chemotherapy. In the occurrence of several drug—drug
interactions, drug metabolism through the cytochrome P450 (CYP) system has emerged as a
significant determinant. CYP belongs to the hemethiolate class of enzymes that catalyse the
oxidation of a wide variety of xenobiotics and pharmaceutical agents. Six different P450
isozymes that play important roles in drug metabolism have been identified, such as CYP1A2,
CYP2C19, CYP2C9, CYP2D6, CYP2E1 and CYP3A4.3° The most important human hepatic
CYP isoform found mainly in the liver and the intestine is CYP3A4, which quantitatively
constitutes up to 50% of the total hepatic P450 content. It promisingly contributes towards the
metabolism of major marketed therapies including antibiotics, anaesthetics, steroids and cancer

chemotherapeutics.?! 32
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S.No. | ADME parameters Colchicine Thiocolchicine Col. Sulfoximine
@ 12) (13)
1. Mol. Wt (g/mol) | 399.44 415.50 460.54
H-bond donors 1 1 2
H-bond acceptors | 6 5 7
Physicochemical | No. of rotatable | 6 6 6
parameters bonds
TPSA 83.09 A 99.16 A 123.16 A
No. heavy atom 29 29 32
2. Water solubility Log S (SILICOC- | -6.66 -7.01 -5.01
IT) Poorly Poorly soluble Soluble
soluble
3. Lipophilicity CLog P 2.36 2.89 1.87
4. GI absorption High High High
BBB No No No
Bioavailability low 0.55 0.55
Skin permeation | -8.01 cm/s -7.58 cm/s -7.43 cm/s
(log Kp)
P-gp substrate Yes Yes Yes
Pharmacokinetics | cyp enzyme | No No No
inhibitors:
CYP1A2
CYP2C19 No Yes No
CYP2C9 No Yes No
CYP2D6 Yes Yes No
CYP3A4 Yes Yes Yes
5. Lipinski rule Yes Yes Yes
Druglikeness Ghose rule Yes Yes Yes
Veber rule Yes Yes Yes
Egan rule Yes Yes Yes
6. Medicinal Synthetic 3.87 3.88 5.27
Chemistry accessibility

Furthermore, CYP enzymes metabolize the majority of marketed drugs; thus, it is important to
characterize the interactions of potential new therapies with members of this enzyme. The
results of yes, in the cytochrome inhibitor parameter, will indicate that ligand can act as an

inhibitor in the process of cytochrome metabolism, while no results will show that the ligand
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cannot act as an inhibitor in the process of cytochrome metabolism. The test results show that
ligands 12 and 13 were cytochrome inhibitors (CYP2D6 and CYP3A4). The higher
bioavailability of the compound indicates that it can be better used orally. Based on the results
obtained from the parameter (Figure 2.2.13), compound 13 have good bioavailability score. In
figure 2.2.13, the pink area represents the optimal range for each physicochemical property of
oral bioavailability (LIPO-lipophilicity, SIZE-size, POLAR-polarity, INSOLU-solubility,
INSATU-saturation and FLEX-flexibility), while the red lines represent compounds.

Colchicine (1) Thiocolchicine (12) 13

Figure 2.2.13 Oral bioavailability radar charts for the studied compounds. 13 have good bioavailability

score and more hydrophilic in nature.

2.2.4 Conclusions

In this chapter, synthesis and anticancer activity of the colchicine sulfoximine analogue derived
from the colchicine has been described. High yielding synthesis of compound 13 involves the
reaction of thiocolchicine with IBD and ammonium carbamate. Cytotoxicity study shows that
compound 13 was showing more than 80% inhibition of prostate cancerous cells. Tubulin
polymerization assay showed that the thiocolchicine 12 and sulfoximine 13 are potent
inhibitors of tubulin polymerization. Incorpration of sulfoximine (13) enhances water solubility
(logS = -5.01) andoral bioavalibility in addition to high gastrointestinal absorbtion. In
molecular docking study compound 13 showed H-bonding interaction with CYS241 and has
strong binding affinity (-7.5 Kcal/mol) ;higher than the colchicine.
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2.2.5 Experimental Section

2.2.5.1 Chemistry

2.2.5.1.1 General Methods

The laboratory reagents were purchased from reputable suppliers such as Sigma-Aldich, Alfa
Aesar and Spectrochem India Pvt. Ltd and used without further purification. The reactions were
monitored by thin layer chromatography and conducted on Merck pre-coated plates (silica gel
60 F254, 0.2mm). Column chromatographic purification of products was carried out using silica
gel (100-200 mesh) and ethyl acetate/hexane mixture was used for elution. '"H NMR spectra
and 1*C NMR spectra were recorded at 400 MHz and 100 MHz using CDCl3 and DMSO-d; .
Chemical shifts are given in ppm relative to the residual solvent peak ('"H NMR: CDCl3 § 7.26;
DMSO-ds § 2.50; 13*C NMR: CDCls § 77.0; DMSO-ds & 39.52) with multiplicity (s = singlet, d
= doublet, t = triplet, q = quartet, m = multiplet), coupling constants (/, in Hz) and integration.
Melting points were determined by using E-Z melting point apparatus and are uncorrected.

High-resolution mass data (HRMS) were obtained via an Agilent 6545 Q-TOF LC/MS (ESI).

2.2.5.1.2 Procedure for the synthesis of thiocolchicine (12)

A mixture of colchicine 1 (200 mg, 1 mmol) and sodium methanethiolate in water was refluxed
for 40 min. The reaction progress was monitored by TLC. After completion of the reaction, the
entire mixture was extracted four times with chloroform. The combined organic layers was
dried over anhydrous sodium sulphate and evaporated under reduced pressure. A bright yellow

crystalline solid thiocolchicine 12 was obtained in 96% yield.

2.2.5.1.3 Procedure for the synthesis of colchicine sulfoximine (13)

To a methanolic solution of 12 (I mmol) was added IBD (2.5 mmol), and ammonium
carbamate (2 mmol) at 25 °C. The contents were stirred until completion of the reaction as
monitored by the TLC. The solvent was evaporated under reduced pressure by using a rota
evaporator. The residue thus obtained was purified by recrystallization to get the sulfoximine

13 (yellow solid) in 87% yield.

(S)-7-(acetoxyamino)-1,2,3-trimethoxy-10-(methylthio)-6,7-dihydrobenzo[a]heptalen-
9(5H)-one (12)

Yellow solid, 96% yield. '"H NMR (400 MHz, DMSO) § 8.63 (d, J =
7.5 Hz, 1H), 7.27 (d, J=10.5 Hz, 1H), 7.16 (d, J=10.3 Hz, 1H), 7.03
(s, IH), 6.79 (s, 1H), 4.33 (dt, J=13.7, 6.8 Hz, 1H), 3.84 (s, 3H), 3.79
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(s, 3H), 3.54 (s, 3H), 2.61 (dd, J = 13.6, 6.2 Hz, 1H), 2.41 (s, 3H), 2.23 (td, J = 13.4, 7.3 Hz,
1H), 2.09 — 1.97 (m, 2H), 1.85 (s, 3H); 3C NMR (100 MHz, CDCL3) § 181.65, 169.16, 157.79,
153.63, 151.63, 150.89, 141.20, 137.99, 134.86, 134.58, 128.29, 127.12, 125.78, 108.27, 61.39,
61.19, 60.25, 56.33, 51.83, 36.12, 29.62, 22.89, 14.82.

((S)-7-(acetoxyamino)-1,2,3-trimethoxy-9-0x0-5,6,7,9-tetrahydrobenzo[a]heptalen-10-

yl)(imino)(methyl)-16-sulfanone (13)

Yellow solid, 87% vield, 'H NMR (400 MHz, DMSO) & 8.31 (d, J =
11.7 Hz, 1H), 7.48-7.35 (m, 2H), 6.71 (s, 1H), 6.55 (s, 1H), 4.60 (p, J
= 6.0 Hz, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.72 (d, J = 1.3 Hz, 3H), 3.41
(d,J=13.7 Hz, 3H), 2.64 — 2.55 (m, 1H), 2.29 — 2.14 (m, 2H), 2.02 (s,

3H); 3C NMR (100 MHz, DMSO) § 181.65, 169.16, 157.79, 153.63, 151.63, 150.89,
141.20, 137.99, 134.86, 134.58, 128.29, 127.12, 125.78, 108.27, 61.39, 61.19, 60.25, 56.33,
51.83, 36.12, 29.62, 22.89, 14.82; MS (ESI) m/z calcd. for C2oH26N206S: 447.1545 [M +
H]", found: 447.1615; HPLC: R = 5.45 min (98 % purity).
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3.1 Introduction

3.1.1 Role of Cyclin-dependent kinases (CDKs) in Cancer

A growing body of knowledge in the field of oncology indicates that cyclin-dependent kinases
(CDKs) are emerging as highly attractive molecular targets for the development of cancer
therapies. Cancer is characterized by dysregulated cell cycle progression, with cyclin-
dependent kinases (CDKs) playing crucial roles in driving tumorigenesis.! Dysfunctions in
CDK/Cyclin complexes contribute to uncontrolled cell proliferation, a hallmark of cancer.
Specifically, overexpression or hyperactivity of CDKs is associated with various cancers,
highlighting their potential as therapeutic targets.>* The current prominence of kinases as drug
targets is propelled by several converging factors. Firstly, the human genome encodes
approximately 518 kinases, implicating their involvement in virtually every signal transduction
process. This suggests that inhibiting kinase activity can provoke meaningful physiological
responses. There exist over 2,000 other nucleotide-dependent enzymes, including polymerases,
chaperones, motor proteins, reductases, and methyltransferases, each with potential binding
sites.?

Achieving selectivity is a crucial aspect in developing new kinase inhibitors and this evaluation
ideally occurs at the protein, cellular and whole organism levels.’ Initially, kinase inhibitors
undergo assessment at the protein level to gauge their potential to hinder kinase-catalyzed
phosphotransfer from ATP to a substrate protein or peptide. Various service providers offer
panels comprising more than 400 diverse kinase enzymatic or binding assays. This approach
allows for an initial understanding of the compound’s interaction with a diverse array of
kinases, aiding in informed decision-making for further development and exploration as a
kinase inhibitor. Specifically, Cyclin-dependent kinase 5 (CDKS5) is overexpressed in many
types of cancer and has been identified as a potential therapeutic target for cancer treatment.
However, the development of CDKS5 inhibitors has been challenging due to the high degree of
structural similarity between CDKS5 and other CDKs.

Recently, it has been reported that CDKS plays important roles in regulating various biological
and pathological processes, including cancer progression.® Concerning prostate cancer, the
androgen receptor (AR) is majorly involved in tumorigenesis, while CDKS5 can phosphorylate
AR and promotes the proliferation of prostate cancer cells. Clinical evidence has also shown
that the level of CDKS is associated with the progression of prostate cancer. Interestingly,
inhibition of CDKS5 prevents prostate cancer cell growth, while drug-triggered CDKS5
hyperactivation leads to apoptosis. The blocking of CDKS5 activity by its small interfering
RNAs (siRNA) or roscovitine, a pan-CDK inhibitor, reduces the cellular AR protein level and
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triggers the death of prostate cancer cells. Thus, CDKS5 plays a crucial role in the growth of

prostate cancer cells and AR regulation is one of the important pathways.”
(A)
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Figure 3.1 Role of CDKs in cancer. (A) Schematic representation of normal cell growth and
division regulated by cyclin-dependent kinases. Hyperactivation of these kinases contributes

to development of cancer cell proliferation. (B) Cell cycle regulation on CDK/cyclins.

In mammalian cells, approximately twenty different CDKs have been identified, alongside an
equal number of cyclins, each contributing to a myriad of cellular functions beyond mere cell
cycle regulation (Figure 3.1). The mitotic kinase CDK1/Cyclin B being essential for viability,
and capable of recapitulating the functions of the other cyclin-dependent kinases in regulating
cell cycle transitions in mammalian cells is not surprisingly one of the least mutated kinases in
human cancers.” CDK1 overexpression has been documented in lymphoma, advanced
melanoma and lung cancer, and loss of cytoplasmic CDK1 predicts poor survival and confers
chemotherapeutic resistance in the latter.® CDK2 overexpression has been reported in laryngeal

squamous cell cancer, advanced melanoma and breast cancer (Table 3.1).° Moreover, 33 simple
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coding mutations have been reported in the COSMIC database for CDK2 in a wide variety of
cancer tissues, most of which are missense mutations in the N-terminal lobe (amino acid 2, 13,
20, 34, 45, 68, 84), one silent mutation at amino acid 45 and one deletion frameshift at amino
acid 79.7 In addition to its involvement in neurodegenerative diseases, CDKS5 has emerged as
a significant target in oncology. Hyperactivation of CDKS5 appears to contribute to the
development of glioblastoma and neuroblastoma.'® Furthermore, there is notable upregulation
of CDKS expression in various cancers, including head/neck, breast, lung, ovarian, lymphoma,
prostate, sarcoma, myeloma, and bladder cancers, with well-documented evidence of its role
in these malignancies (Table 3.1). Particularly, CDKS5 plays a crucial role in regulating cell
motility, migration, and metastasis in prostate cancer cells.!!

CDKS is distinct from other CDKs in that it is not typically involved in cell cycle processes
and is not activated by cyclins, except cyclin 1. CDKS5 is one member of the CDK family that
is characterized by a highly conserved sequence and a basic structure with the ATP binding
site clamped between the C-terminal and N-terminal lobes.'> CDKS can be activated by non-
cyclin activators, including p35 and p39, as well as their respective fragments p25 and p29.
These activators mainly accumulate in post-mitotic neurons. Emerging research has revealed
specific CDK/Cyclin heterodimers whose roles extend to transcriptional processes, non-cell
cycle functions and pathological conditions, expanding the scope of CDK involvement in

cellular physiology and disease.!?

Table 3.1 CDKs deregulation associated with different cancers

Target Deregulation Cancer
Overexpression Prostate cancer!!

CDKS5 Overexpression Breast cancer'
mRNA upregulation Head/neck, breast, lung, ovarian

and bladder cancer'’

Amplification/Overexpression Pancreatic cancer!?

CDK1 Overexpression B lymphoma, advanced melanoma®
Missense mutation (D73H) Ovary carcinoma’

CDK2 Overexpression Laryngeal squamous cell cancer,

breast cancer’

33 simple coding mutation Wide variety of cancer tissues’
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Kinases have emerged as a highly sought-after class of drug targets, with approximately 30
distinct kinase targets advancing to the Phase I clinical trial stage. The majority of these targets
are primarily under investigation for cancer treatment. However, disruptions in kinase function
have also been implicated in various other disorders, spanning immunological, neurological,
metabolic, and infectious diseases. Consequently, there is significant interest in developing

small molecule kinase inhibitors to address a broader spectrum of disorders.

3.1.2 CDK Inhibitors in Clinical Trial

As CDKs have become popular targets for cancer drug development,'® many CDK inhibitors
have entered early clinical trials for the therapy of various cancers (Figure 3.2). Roscovitine
(1) is a trisubstituted purine initially found to be 10-fold more potent inhibitor of CDK1'” and
constitutes one of the first CDK inhibitors identified which successfully made it through the
drug discovery pipeline to clinical trials. Roscovitine (1) is widely used to inhibit CDKS in cell
lines and mouse models. This purine analogue competes for ATP-binding to CDKS5, but also
inhibits CDK 1 and 2 (Figure 3.2).2

In contrast dinaciclib (2), which has improved potency for CDKS5 and CDK1, 2, 9 exhibits anti-
proliferative effects on hematological cancers during clinical trials. Other small molecule
inhibitors indolinone A (3) exhibit increased selectivity for Cdk5 and CDK2 over other CDKs
and anti-cancer activity in cell lines,'® but in vivo preclinical studies remain to be conducted.
Several challenges persist in clinical studies of CDK inhibitors. Firstly, most pan-CDK
inhibitors have demonstrated serious adverse effects during clinical trials. For instance,
dinaciclib (2)!” exhibited adverse reactions including diarrhea, nausea, fatigue, leukopenia, and
thrombocytopenia in a phase II trial (NCT01096342), leading to treatment discontinuation in
some patients.?’ Similarly, BAY 1000394 (4) resulted in bronchopulmonary hemorrhage and
sepsis, leading to fatalities and premature termination of the trial (NCT02161419).2!
Flavopiridol (5) also induced adverse reactions such as diarrhea, fatigue, neutropenia, and
transaminitis in over 90% of patients in a phase II trial (NCT00098371), prompting early
termination of the study.?! Secondly, some drugs demonstrated lower activity in clinical trials
than expected based on preclinical studies. For example, compounds S and 6 despite showing
promising antitumor activity in preclinical trials, exhibited unsatisfactory clinical efficacy as
monotherapy in refractory multiple myeloma in a phase II trial.>> »* These challenges
underscore the complexity of translating preclinical findings into clinical success and
emphasize the need for further research to improve the safety and efficacy of CDK inhibitors

in cancer treatment.
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AT7519 (7) is a pyrazole-based multi CDK inhibitor, which has proven efficient towards
several human cancer cell lines. The CDK inhibitor 7, is administered to patients with advanced
solid tumours and currently it is in phase II trials for multiple myeloma. SU9516 (8), a 3-
substituted indolinone, acts as an ATP-competitive inhibitor of CDK2 and CDKI kinases.
AZD5438, 4-(1-isopropyl-2-methylimidazol-5-yl)-2-(4-methylsulphonylanilino) pyrimidine
(9), is a potent oral inhibitor of cyclin-dependent kinases 1, 2 and 9. Another promising
compound, SNS-032 (10) by Sunesis Pharmaceuticals, is undergoing Phase I clinical trials for
the treatment of B-lymphoid malignancies including chronic lymphocytic leukemia, mantle
cell lymphoma, and multiple myeloma. Additionally, P1446A-05 (11) developed by Piramal
Enterprises Limited is in Phase I trials targeting solid tumors and hematologic malignancies.

Despite these advancements, challenges persist in translating preclinical findings into clinical
2
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Figure 3.2 CDKs inhibitors in clinical trials

However, achieving therapeutic efficacy with CDK inhibitors necessitates selectivity,

particularly in the context of structurally similar CDK isoforms. Among CDKs, CDKS5 has
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attracted significant attention as a therapeutic target in cancer due to its overexpression in
various malignancies, including breast cancer, prostate cancer and glioblastoma, among others.
Despite its potential as a therapeutic target, developing selective inhibitors for CDKS5 has
proven challenging owing to its structural resemblance to other CDK isoforms.

In this chapter, we designed and synthesized a series of novel CDK inhibitors targeting
CDK5/p25, CDK2/CCNE, and CDK1/CCNB, with a focus on achieving interesting selectivity
against CDKS5. We performed molecular docking studies to investigate the binding interactions
of the inhibitors with the target kinases and measured the kinase inhibition effects of the
compounds.

Overall, our study underscores the importance of targeting specific CDK isoforms, particularly
CDKS, in prostate cancer treatment. By delineating the molecular mechanisms underlying
CDK dysregulation in cancer and developing selective inhibitors, we aim to advance precision
medicine approaches for effective cancer therapy, ultimately improving patient outcomes and

quality of life.

3.2 Structure and Biological Functions of CDKS

3.2.1 Structure of CDKS

CDKS contains 292 amino acid stands hares high sequence homology with other CDKs,
especially CDK2 (60%), whose substrate binding sites share 93% similarity (Figure 4.3A).
CDKS is composed of two main parts: a C-terminal domain (C-lobe) and an N-terminal domain
(N-lobe) with the ATP binding site situated at the interface of these two domains (Figure 4.3B).
The ATP binding site is typically a pocket or cleft located in the three-dimensional structure of
the CDKS5 protein. The N-lobe consists primarily of an a-helix and a B-sheet containing five
antiparallel B-strands. The unique a-helix of CDKS contains a PSSALRE sequence preceded
by a 40s loop that interacts with activator proteins.>*

The C-lobe is mainly composed of an a-helix containing a T-loop that regulates ATP and
substrate binding at the interface of the N-lobe and C-lobe. While the activation of Thr160 in
the T-loop of CDK2 requires phosphorylation of CDK activating kinase (CAK), CDKS can be
activated by p35 or p39 independent of CAK.?>?® Hydrogen bond interactions with active site
inhibitors are commonly observed in the hinge region and the interface between the N and C-
lobe scan bind ATP.?” Unlike other CDKs that require cyclin for activation, CDK35 is typically
activated by binding to p35 or p39, as well as their truncated products p25 and p29.2® The ATP
binding site is typically a pocket or cleft located in the three-dimensional structure of the CDKS5
protein. It is a region specifically designed to accommodate ATP molecules, allowing them to

interact with the kinase and participate in phosphorylation reactions.

114



Chapter 3

(A)
10 16| [45 51 [81 84| [ 144 147

ATP-binding domain Activators binding domain

CDKS5/p25 complex

PSSALRE

N-lobe

ATP-binding domain ——

Hinge ————» p25
ATP-binding site /

CDKS T Toloop

C-lobe

Figure 3.3 Structure of CDK5/p25 complex its binding site and interaction. (A) Modular
domain of human CDKS5. (B) The 3D structure of the CDKS5/p25 complex depicts p25
(magenta) binding to CDKS5 (green) around the PSSALRE helix (red) within the kinase's small

lobe. This interaction involves extensive contacts with the activation loop or T-loop (dark blue).
3.2.2 Biological Function of CDKS
3.2.2.1 Role of CDKS in Prostate Cancer

Abnormal expression of CDKS5 has been found in prostate cancer. Unlike other CDKs, CDK5
is not primarily activated by cyclins. Prostate cancer, a prevalent malignancy in men, is a
significant contributor to cancer-related mortality in the Western world. It progresses slowly
and can metastasize, posing substantial challenges for diagnosis and treatment.?® Prostate
cancer, primarily affecting older men, progresses slowly and can metastasize. Age, with around
85% of cases diagnosed in individuals over 65, is a significant risk factor, while prostate-
specific antigen (PSA) serves as a diagnostic marker.>° CDKS, a protein complexed with p35,
plays a pivotal role in prostate cancer progression by activating downstream signaling
pathways that foster tumor growth. Moreover, CDK5 involvement extends beyond tumor
growth regulation. It is implicated in angiogenesis through its influence on endothelial cell

migration, highlighting its multifaceted role in cancer development.>!
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As previously mentioned, the CDK5 activator p25 is formed through cleavage of p35 by
calpain. Under oxidative stress conditions, intracellular neuronal Ca** homeostasis is disrupted
or met with death cells, calpain is activated and cuts p35 into p25 C-terminal fragment. Calpain
cleaves p35 into p10 and p25, containing the binding domain to CDKS5 (Figure 3.4). Compared
with p35, p25 is resistant to ubiquitin-mediated degradation, so it is more stable and has a
longer half-life. This results in an extended CDKS5 activation period, inducing the

hyperphosphorylation of CDKS5 target molecules and neuronal toxicity.*

ca?

p10

p35 p35 025
CDK5 Caplain
—»

CDKS

CDK5 Active .
Hyperactive

Inactive Proteasome
p35

Figure 3.4 Activation of CDKS5 by p35. CDKS alone is an inactive catalyst subunit. CDKS5 is
activated by p35 CDKS activator and move to the membrane as p35 binds to the membrane

through myristorylation of the N-terminal region.

Additionally, recent studies have highlighted CDKS significance in androgen production,
particularly within the male reproductive system.>* In Leydig cells responsible for testosterone
production, CDKS5 activity is modulated by human chorionic gonadotrophin (hCG), a crucial
regulator of reproductive processes.** Inhibition of CDKS5 activity results in decreased
testosterone production, emphasizing its role in androgen steroidogenesis. Furthermore, CDKS5
regulates the steroidogenic acute regulatory (StAR) protein, a key player in androgen
production, by modulating its stability in Leydig cell mitochondria.> This regulatory
mechanism ensures consistent androgen production, with implications for diseases like obesity
and testicular cancer. These findings underscore the multifaceted role of CDKS in prostate
cancer and androgen production, suggesting potential avenues for targeted therapeutic

interventions in this challenging disease.
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3.2.2.2 Role of CDKS in Tumor Angiogenesis

Angiogenesis is the process by which blood vessels form from pre-existing ones to ensure the
delivery of oxygen and nutrients to growing tumor, allows removal of metabolic wastes and
together with lymphatic vessels, provide an escape route for cancer cells migration to
metastatic sites (Figure 3.5). Evidence is rapidly implicating CDKS5 as a master regulator of
angiogenesis at cancers.*® In addition to tumor cells, CDKS5 is expressed in endothelial cells
lining of blood vessels that are usually quiescent and regulates their proliferative and migratory

properties.’’

o
Angiogenesis
Small tumor \_) Metastatic spreads
o 0 .0° o o o o
Nutrients fromblood © O g o o©O o o
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Figure 3.5 CDKS in tumor angiogenesis

3.2.3 Rational Design

The high sequence homology between CDKS5 and other kinases results in high similarity in
inhibitor binding sites. Pan-CDK inhibitors lack selectivity for CDKS, causing unwanted
adverse effects and ultimately reduced clinical efficacy. Selectively targeting CDKS not only
improves the clinical efficacy of inhibitors, but also reduces the incidence of adverse effects.
In recent studies, a number of selective inhibitors with high efficiency in targeting CDKS5 have
been designed and synthesized through a series of approaches that includes high-throughput
screening, fragment-based drug design, scaffold hopping and drug repurposing. In recent years,
numerous indole-based anticancer agents have been identified from both natural and synthetic
sources, exhibiting promising cytotoxic activities. For instance, compounds such as indirubin
(13) which acts as an ATP competitive inhibitor, and BAY 1000394 (14) featuring a
sulfoximine moiety, demonstrate noteworthy activity against CDKS5 with an ICso of 10 nM.>8
Additionally, molecules like GFB-12811 (15)'8 with an ICso of 2.3 nM, along with compounds
16 (ICso = 1 puM)** and 17 (ICso = 4.3 uM), have shown potent kinase activity and have

progressed to clinical trials (Figure 3.6).%
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Figure 3.6 Rational Design of Indolylsulfoximines as CDKS inhibitors

3.2.3.1 ATP competitive or Non-competitive Inhibitors

Efforts aimed at targeting cyclin-dependent kinase hyperactivity in human cancers began
through compounds from natural sources. These first-generation ATP-competitive compounds
served as templates for structure-guided, rational design of second-generation drugs that bind
the ATP-binding pocket of CDKs (Table 3.2). Moreover, this class of drugs was implemented
by compounds identified in activity-based screens of chemical libraries.” Over the more recent
years, alternative strategies have been sought to develop compounds targeting pockets and
patches which are distinct from the ATP pocket (Figure 3.7) which are thought to offer greater
promises of selectivity and therefore circumvent some of the undesired side-effects of ATP-
competitive inhibitors. They can be classified according to their specificity, as pan-specific or
selective for one single CDK. Indirubin is a bis-indole and the active constituent of a Chinese

antileukaemia medicine, Danggui Longhui Wan, that inhibits cyclin-dependent kinases, in
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particular CDK1 and CDKS5, as well as GSK-3f, and refrains cell proliferation by arresting

cells at the G2/M transition.*°

Figure 3.7 ATP-competitive inhibition of Cyclin-dependent Kinases

Table 3.2 Potent ATP-competitive inhibitors and their targets
Inhibitors Type/Nature/Class Target CDK
ATP-competitive/ CDK1, CDK4
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3.3 Results and Discussion
3.3.1 Synthesis of N-aryl indolylsulfoximines (23a-k)
The synthesis and chacterization of N-arylindolyl sulfoximines (23) have been described

inChapter 2a. The coupling of indolylsulfoximines (21) with aryl iodide 22 under MW involves
the use of Cul (10 mol%), 1,10-phenanthroline (20 mol%), Cs2COs3 (2.5 equiv) in dry DMF at

130 °C for 35 min.
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Scheme 3.1 Synthesis of N-arylindolylsulfoximines

120



Chapter 3

3.3.2 Biological Evaluation

3.3.2.1 Anti-cancer Activity

The synthesized N-arylated indolylsulfoximine analogues 22a-k were assessed in vitro for their
cytotoxicity against a panel of cancer cell lines including 22Rv1, PC3 and C4-2 (human
prostate cancer cells), MCF7 (human breast cancer cells) and HEK293 (normal human kidney
cells) and the results are mentioned in previous chapter. The indolylsulfoximines 23¢ (2.76
puM) showed selective cytotoxicity against 22Rv1 cells. The indolylsulfoximine derivatives
23b (3.7 uM), 23e (1.95 uM) and 23g (2.3 uM) displayed good cytotoxicity against C4-2 cells.
The introduction of electron-donating group, for example, sulfoximine derivatives 23g (1.6
uM) and 23k (1.28 puM) led to selective cytotoxicity against MCF7 cells. The
indolylsulfoximines 23a-k were found to be non-cytotoxic to normal HEK293 cells (>40 uM),

indicating their potential selectivity towards cancer cells.

3.3.2.2 Cellular kinase activity of N-aryl indolylsulfoximines (22a-k)

The synthesized N-arylated indolylsulfoximine analogues 22a-k tested for in vitro activity
against various kinases including CDK5/p25, CDK1/CCNB, CDK2/CCNE, and AURKA. To
validate the inhibition of CDKs in a cellular context, we evaluated the potency of these
compounds using luciferase glow Kinase Assay. Our newly developed CDK inhibitors

demonstrated potent cellular target engagement for CDKS5/p25.

Table 3.3 Kinase activity for N-aryl indolylsulfoximines 23a-k (ICso, uM)

Compounds CDKS/p25 CDK1/CCNB CDK2/CCNE AURKA
23a 15.9+0.25 21.9+£0.93 27.6 £0.67 >40
23b 22 +1.83 19.8 £0.63 25+£0.25 >40
23¢ 2.15+0.051 16.45+0.38 31 +£0.095 >40
23d 25 +£0.098 26.2 £ 0.084 18.6 +£0.12 >40
23e 10.23+0.23 27+0.61 23.5+0.05 39
23f 16 £0.85 14+£0.92 18 £0.36 7.9
23g 1.12+£0.29 20.8+0.16 21.69 + 0.06 >40
23h 21+£0.59 31.8+£0.55 >40 >40
23i 17+0.91 18.6 £0.24 19.96 + 0.05 >40
23j >40 >40 35+0.23 14.3
23k 15.9+0.26 11.6 £0.21 27.3+£0.56 >40

Roscovitine 0.16 0.65 0.70 -
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The results for a subset of compounds are summarized in Table 3.3, with the pan CDK inhibitor
roscovitine included as a control compound. Compound 23a exhibited activity against different
kinases, with ICso values of 15.9 uM for CDK5/p25, 21.9 uM for CDK1/CCNB, and 27.6 uM
for CDK2/CCNE. Interestingly, compound 23c¢ bearing S5-methoxyindole and N-aryl
sulfoximine, displayed selectivity towards different kinase activities, with ICso values of 2.15
uM (CDK5/p25), 16.45 uM (CDK1/CCNB), 31.0 uM (CDK2/CCNE), and >40 uM (AURKA).
Compounds 23b, 23f, and 23i exhibited activity against all tested kinases, with ICso values
ranging from 14.0 to 25.0 uM for CDKS5, CDK1, and CDK2. Compound 23g emerged as a
potent CDK5/p25 inhibitor with an ICso value of 1.12 pM, demonstrating selectivity over other
kinases. And 23¢ displayed 2.15 uM activity against CDk5/p25. Compound 23k emerged as a
dual inhibitor of CDKS5 (15.9 uM) and CDK2 (11.6 puM) (Table 3.3). The selectivity of our
compounds for CDKS5 versus other CDKs was further evaluated using biochemical assays
performed at the ATP site for each kinase. The results suggested that the shift in ICso values
was consistent with what would be expected for ATP-competitive inhibitors, confirming the
selectivity of the compounds for CDKS5 even in the presence of high ATP concentrations, such

as in a cellular environment.

3.4 Molecular Docking Studies

3.4.1 Docking study of CDKS/p2S with N-aryl indolylsulfoximines (23g)

Many CDK inhibitors have been discovered, but only a few of them have demonstrated an
appreciable selectivity for CDKS5. However, achieving high selectivity for CDKS5 over other
members of CDK family is challenging due to their structural similarities of the ATP-binding
sites; particularly CDK2, where only two of the 29 common residues of the ATP-binding
pocket (Leu83 and His84) are different from those of CDKS5 (Cys83 and Asp84). The ATP
binding site is typically a pocket or cleft located in the three-dimensional structure of the CDK5
protein. Therefore, other factors such as differences in binding cavity volume and plasticity
may be explored. The hinge region of CDKS protein contains unique residues, in other words,
Cys83 and Asp84, targeting which may favour CDKS5 binding.

The newly synthesized indolylsulfoximines have been identified as potent CDKS inhibitors,
binding specifically to the ATP binding site within the CDKS kinase. The ATP binding site is
a critical region located in the active site of CDKS, responsible for the crucial process of ATP
binding and hydrolysis, which is essential for CDKS5 kinase activity and subsequent
phosphorylation of target proteins. By selectively targeting this site, these indole-based
molecules effectively compete with ATP, leading to the inhibition of CDKS5 kinase activity. As

a result, various cellular processes regulated by CDKS5 are modulated, offering potential

122



Chapter 3

therapeutic implications for diseases associated with CDKS5 dysregulation. The crystal
structure of the complex provides intricate details about the arrangement of atoms and amino
acid residues within this binding site. It is a region specifically designed to accommodate ATP
molecules, allowing them to interact with the kinase and participate in phosphorylation
reactions. Molecular docking investigates the interaction between a compound (ligand) and its
targeted protein. It investigates the binding affinity, nature and type of bonding and nonbonding

interactions between the ligand and amino acid residues of the protein.

22"

A
Interactions
|:| van der Waals |:| Pi-Pi Stacked
|:| Conventional Hydrogen Bond |:| Alkyl
[ Pi-Anion [ Pi-Alkyl

Figure 3.8 CDKS5 binding modes by its inhibitor: Key interactions made by potent 23g with
CDKS5/p25. CDKS (green ribbon)/p25 (magenta ribbon) (PDB:1H4L). Hydrogen bonds are
shown in green lines. Several types or interaction were shown by color with different amino

acids residues.
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Our docking studies revealed that roscovitine, a standard drug, interacts with the active site
residues of the target kinases. Specifically, it engages in conventional hydrogen bonding with
residues CYS:83 and ASP:144, forming stable interactions. Additionally, roscovitine exhibits
Pi-Pi stacking with residue PHE:80 and hydrophobic interactions with residues ILE:10,
ALA:31, VAL:64, LEU:133, and ALA:143. These interactions contribute to a binding affinity
of -7.7 kcal/mol, indicating a strong affinity between roscovitine and CDKS5 as shown in Figure
3.8.

In contrast, our molecular docking studies demonstrated that compound 23g, a CDKS inhibitor,
binds specifically to the ATP binding active site of the target kinases with high binding affinity
(-8.5 kcal/mol). 23g forms a significant hydrogen bonding interaction with CYS:83, which is
identified as the most potent interaction in CDKS. Furthermore, 23g exhibits hydrophobic
interactions with residues PHE:80, ILE:10, LEU:133, VAL:18, LYS:89, VAL:64, ASP:144,
and ALA:143, contributing to the stability of the binding complex (Figure 3.8). Similarly, 23¢
also engages in molecular interactions with the CDKS. It demonstrates two hydrogen bonding
interactions with LY S:89 and ASP:144, as well as hydrophobic interactions involving residues
PHE:82, ILE:10, LEU:133, and GLN:85 with binding affinity -7.3 Kcal/mol. These
interactions collectively contribute to the binding affinity and specificity of 23c towards the

CDK5/p25 (Figure 3.9).

A B

Interactions Interactions

van der Waals Alkyl van der Waals Pi-Sigma
Conventional Hydrogen Bond Pi-Alkyl Conventional Hydrogen Bond Alkyl
Pi-Pi Stacked Carbon Hydregen Bond Pi-Alkyl

Figure 3.9 2D interactions: (A) between roscovitine and CDKS5/p25 with binding affinity -7.7
Kcal/mol (PDB code: 1H4L), (B) between 23¢ and CDKS5/p25 with binding affinity -7.3
Kcal/mol.
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3.4.2 Docking study of CDK2/CCNE with N-aryl indolylsulfoximine (23g)

Interactions between compound 23g and the standard drug roscovitine with CDK2/CCNE are
depicted in figure 3.9. The compound 23g exhibited a lower binding affinity (-6.5 kcal/mol)
when compared to roscovitine (-7.0 kcal/mol). Specifically, 23g formed a hydrogen bonding
interaction between its indolyl NH group and GLU:81, along with hydrophobic interactions
with VAL:18, ILE:10, VAL:64, and ALA:131 (Figure 3.10). These findings suggested that 23g
is less potent as a CDK2 inhibitor compared to roscovitine. Consequently, 23g and 23¢ are not

as effective as CDK2 inhibitors.

Interactions
|:| van der Waals |:| Pi-Sigma
|:| Conventional Hydrogen Bond |:| Pi-Alkyl
[ Fi-Anion

Figure 3.10 Roscovitine binding affinity in CDK2 -7.0 Kcal/mol and 23g binding affinity -6.5
Kcal/mol. Key interactions made by 23g and roscovitine with CDK2. Hydrogen bonds are

shown in green lines.
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3.4.3 Molecular docking study of CDK1/CCNB with N-aryl indolylsulfoximine (23g)

The compound 23g, does not bind to the ATP binding site of the CDK1/CCNB complex but
likely to interacts with other regions or sites on the protein (Figure 3.11). Roscovitine, a well-
established CDK1 inhibitor, typically binds to the ATP binding site of CDKI, thereby
inhibiting its activity. However, 23g demonstrates a distinct interaction pattern compared to
roscovitine. The inability of 23g to bind to the ATP binding site suggests that it may operate
via different mechanism of action or target site in comparison to roscovitine. Our docking study
indicates that 23g interacts with allosteric sites on CDKI1/CCNB, suggesting a potential
allosteric mechanism of inhibition. Moreover, kinase activity assay reveals that 23g exhibits
ICs0 value of 30 uM, significantly higher than the ICso value of roscovitine, which is 0.65 pM.
This difference further supports the notion that 23g operates through a distinct mechanism from
roscovitine, likely targeting different sites or exerting its effects via different pathways within

the CDK1/CCNB complex.

A) (B)

actions

van der Waals Pi-Sigma
CDK1 Canventianal Hydrogen Bond Pi-Alkyl

Fi-Donor Hydrogen Bond

Figure 3.11 (A) 3D interaction between the protein—ligand complex CDK1/CCNB and 23g

after molecular docking. (B) 2D interaction between the protein—ligand complex.

3.4.4 Drug-likeness prediction and ADME properties

Following the molecular docking studies of 23¢ and 23g, an evaluation of ADME (absorption,
distribution, metabolism, and excretion) properties was conducted, encompassing parameters
such as size, solubility, lipophilicity, and other drug-likeness attributes for indolylsulfoximine
analogues. The Swiss ADME web server was employed for these calculations, and the results
are summarized in Table 3.4. In drug discovery, adherence to Lipinski's rule of five is crucial
for a compound to be considered a potential lead.

After administration of the drug through any route to the human body or in the animal model,
it undergoes the absorption, distribution, metabolism, excretion resulting active or passive

transport to the target site. Interaction with the target biological macromolecules might produce
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desirable or undesirable pharmacological effect. Drug design is a step-by-step evaluation
process and lacking the evaluation my reason for rejection of the drug, which is costly for any
companies. The bioavailability of a drug depends on the safety and efficacy, lack of safety and
efficacy are the main cause of drug failure, which are mainly depend on the ADME properties.
Here, we evaluate the ADME properties of the selected N-aryl indolylsulfoximines by using in
silico SwissADME to see the pharmacokinetic properties.”> The ADME properties of the

selected compounds has shown in Table 3.4.

Table 3.4 List of pharmacokinetic properties (physico-chemical, lipophilicity, water solubility,
drug likeness, and medicinal chemistry) of the selected potent N-aryl indolylsulfoximines with

standard roscovitine.

Properties Parameters Roscovitine | 23g 23¢
MW (g/mol) 354.45 284.38 330.40
Heavy atoms 26 20 23
Arim. Heavy atoms | 15 15 15
Physico-chemical Rotatable bonds 8 2 4
properties H-bond acceptors | 4 2 4
H-bond donors 3 1 1
Molar Refractivity | 104.88 84.20 92.22
Lipophilicity Log Pow 3.16 3.29 3.63
Water Solubility Log S (ESOL) -3.93 -4.58 -4.39
Pharmacokinetics GI absorption High High High
Drug likeness Lipinski, Violation | 0 0 0
Medic. chemistry Synth. accessibility | 3.58 3.64 3.85

BOILED-Egg model

The blood—brain barrier (BBB) penetration and gastointestinal (GI) absorption are found to be
significant pharmacokinetic behaviors which need to be estimated in the process of drug
development. The polarity and the lipophilicity of the molecules can be computed using the
Brain Or Intestinal. EstimateD permeation method (BOILED-Egg) which provides datasets
with accuracy, speed, and clear graphical outputs. In this model, the white region indicates
greater probability of passive absorption of the GI tract, while the yellow area (yolk) signifies
the high possibility of BBB penetration. The blue color indicator shows that the molecule is
effluxed actively by P-glycoprotein, represented as (PGP+). Thus, the BOILED-Egg model
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graph (Figure 3.12) predicted that our compound 23¢ would undergo GI absorption not

permeate through the BBB and its very close to cross blood-brain barrier.

H N
SN NN O=d'
HO YOS > o S
N A ~N -~

NH

Iz /;>\

Figure 3.12 BOILED-Egg graph of roscovitine and indolylsulfoximine 23¢

3.5 Conclusions

Our synhesized indolylsulfoximines analogues displayed significant anticancer activity against
PC3, C4-2, and MCF7 human cancer cell lines, bolstering their potential for cancer therapy.
The dysregulation of CDKS5 across various human cancers underscores its pivotal role in
tumorigenesis and multiple cancer hallmarks, making it an attractive target for anticancer drug
development. While the pursuit of pharmacological inhibitors with CDKS5 specificity is
essential for effective and low-toxicity treatment, the structural similarities between CDKS and
other family members, such as CDK2, present a challenge in designing mono-specific
inhibitors. Our synthesis endeavors have yielded novel CDK inhibitors, N-aryl
indolylsulfoximines (compounds 23a-k), with compounds 23c¢ and 23g demonstrating
selectivity for CDK/p25 over other kinases. Notably, compound 23g emerges as a potent
CDKJ5/p25 inhibitor with an ICso value of 1.12 uM, exhibiting selectivity over alternative
kinases. And compound 23c¢ also shows promising selectivity with an ICso value of 2.15 uM
for CDK5/p25. The incorporation of the sulfoximine group not only enhances water solubility
but also improves various pharmacokinetic and drug-like properties. Docking studies shed light
on the interaction of compound 23g with CYS83 of CDKS5, and high binding affinity (-8.5
Kcal/mol) highlighting its potential as a therapeutic agent in cancer treatment. The docking
results also showed a strong correlation with the in vitro study outcomes, indicating that the
predicted binding modes and interactions between the 23g and targeted proteins closely

resembled the observed biological activities.
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3.6 Biology Protocols

3.6.1 Transformation of CDKs DNA

In the process of transformation, BL21 cells were initially transformed with 1pL of DNA.
Subsequently, colonies were inoculated in 30 mL and allowed to grow for 10 h. Following
centrifugation, the cells were washed with LB media and then inoculated in 600 mL for further
growth until the optical density (OD) reached 0.4-0.6. The addition of 60 puL of IPTG and a
3-h incubation induced protein expression, after which the cells were centrifuged, and the

resulting pellets were stored at -20 °C.

3.6.2 Protein Purification

For protein purification, the pellets were treated with substrate lysis buffer containing 1mm
PMSEF. The cells were then subjected to French press treatment, followed by centrifugation to
obtain the supernatant. The supernatant was transferred to a fresh tube, and beads prewashed
with lysis buffer were added. Subsequent washing steps involved treating the beads with water,
substrate lysis buffer, and different stringent buffers. The tube was left rotating at 4 °C for 1 h.
Following centrifugation and removal of the supernatant, the beads underwent additional
washing steps with low, medium, and high stringent buffers. The final step involved eluting
the purified protein with elution buffer. This comprehensive process aims to efficiently
transform cells, induce protein expression, and purify the target protein using a series of

washing and elution steps with stringent buffers.

3.6.3 Kinase Assay

The Luciferase Kinase Assay is a widely used method for evaluating the activity of kinases,
enzymes that play critical roles in cellular signaling pathways. In this assay, the activity of a
specific kinase, such as CDK5/p25, CDK1/CCNE, CDK2/CCNB is assessed by measuring the
phosphorylation of a target substrate peptide in the presence of ATP. The protocol involves
setting up kinase reaction tubes containing the kinase, substrate, ATP, and test compounds,
followed by incubation and subsequent addition of a luciferase reaction mixture. In the
Luciferase Glow Kinase Assay protocol, following the incubation of the kinase reaction on a
shaker at 25 °C for 30 min, the contents of the reaction tubes are centrifuged briefly to collect
them at the bottom. Subsequently, the Luciferase buffer solution is prepared by combining
1 pL of luciferin with 1000 pL of luciferase buffer in a tube. Following this, 1 pL of luciferase
enzyme, stored at -20 °C, is quickly added to the mixture. After the preparation of the
Luciferase buffer solution, a 365-well white plate is utilized for the subsequent steps of the

kinase glow protocol, facilitating the measurement of luminescence emitted by the reaction
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on plate reader. Relative inhibition was calculated as mean absorbance of treated cells/mean

absorbance of DMSO treated cells (negative control). The ICso values and dose response curve

were obtained by nonlinear regression analysis [non-linear regression (sigmoidal dose response

with variable slope)] using Graph Pad Prism, version 6.0 software (Graph Pad Software Inc.,

CA, USA).

3.6.4.1 Chemistry

Synthetic procedures and spectral data of N-aryl indolylsulfoximines (23a-k) are provided
Chapter 2A of the thesis.
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4.1 Introduction

Developing novel compounds that are both potent and selective towards tumors remains a
major challenge for researchers. Despite technological advancements and progress in
chemotherapy research, non-selectivity to cancerous tissue and multidrug resistance remain
significant concerns.! In spite of the crucial advances in technology and chemotherapy
research, the non-selectivity to cancerous tissue and multiple-drug resistance by cancer cells
continues to be a grave concern for the medicinal chemists. Essential role in the growth and
function of cells, microtubules are among the most important molecular targets for cancer
chemotherapeutic agents.? Tubulin, a key constituent of the cytoskeleton, plays essential roles
in cell formation, mitosis, signal transduction, and material transport. Consequently, targeting
tubulin has been a successful strategy in anticancer drug discovery and cancer therapy .
Established tubulin-targeting agents like paclitaxel/taxol, vincristine, and vinblastine have
shown remarkable anticancer activity in clinical settings.> However, challenges such as poor
water solubility, drug resistance, and side effects associated with identified tubulin inhibitors
underscore the need for developing novel alternatives. However, owing to the poor water
solubility, drug resistance or side effects of clinical used tubulin inhibitors,* it is necessary to
develop novel tubulin inhibitors. The dynamic process of microtubule formation, involving
polymerization and depolymerization of a, tubulin heterodimers, can be disrupted by
molecules binding to tubulins. This interference with microtubule dynamics leads to cell cycle
arrest and eventual cell death, highlighting the potential of tubulin-targeting agents as effective
anticancer therapies.’

In most therapeutic agents, the nitrogen-containing heterocycles are commonly found.®
Triazoles are the five-membered heterocycles with three nitrogen atoms and two carbon atoms
(Figure 4.1). While 1,24-triazole (1) is considered to be more signifcant isomer in
pharmacology, due to their synthetic utility and a wide spectrum of biological activity,’ the
chemistry and fused heterocyclic structure of 1, 2, 4-triazoles has brought appreciable attention
in the last few decades. The replacements in 1, 2, 4-triazole ring frameworks concentrated well
among these heterocycles, and their subordinates have been recorded for an assortment of
pharmacological exercises.® Triazole rings are part of a variety of antimicrobial,’ antioxidant,
anticancer,'® antiviral, anti-infammatory,'! antitubercular,'? antihypertensive pharmaceutical
drugs .!*> Due to their utilities as propellants, explosives, pyrotechnics and particularly, in

14

chemotherapy, * the synthesis of high nitrogen-containing heterocyclic compounds has

attracted increasing interests of synthetic and pharmaceutical researchers over the past decades.
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Indole core (2) has been continuously attracting the attention of researchers and it has become
a dynamic area of research due to its outstanding pharmacological properties.'> '® It is
designated as “privileged scaffolds” which bind to multiple receptors with high affinity, leading
to the development of novel bioactive drugs.!” '8 It is used for the target-based design and
development of anticancer agents. Heterocyclic compounds containing nitrogen atoms,
especially heterocyclic rings with three nitrogen atoms, like 1,2,4-triazole ring (2), are one of
the most important active pharmaceutical scaffolds. These scaffolds are able to form hydrogen
bonds and other interactions with different targets, which leads to the improvement of
pharmacokinetics, pharmacological and toxicological properties of compounds.'” Indole is also
an integral part of many clinical drugs such as indibulin (4), rizatriptan (7), etc., as displayed
in figure 4.1.20-2

The triazole moiety is an elite building block in the discovery of potent anticancer agents, and
some of its analogues have already been made up to healthcare and clinics or are under clinical

trials for fighting against various cancer.?
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Figure 4.1 Representative drugs with indole and 1,2,4-triazole moieties

4.1.1 Rational Design

In recent years, several indole and triazole containing compounds have been isolated or
synthesized with interesting activities. For example, Topsentins 8 and 9 (Figure 5.2) a class of
bisindole alkaloid isolated from the marine sponge Topsentina genitrix as growth inhibitors of
leukemia cells in vitro. Due to the interesting biological activities and unique chemical
structures of the marine bisindole alkaloids, their usefulness as lead compounds in the
identification of new chemical entities has pursued with increasing interest in medicinal

chemistry.?*
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In 2023, Sherief et al. utilized 1,2,4-triazole scaffold to synthesize new Schiff base compounds
as potential anticancer agents against various cancer cell lines. One such hybrid compound,
denoted as compound 10, demonstrated significant in vitro cytotoxicity against EGFR cells,
with ICso value of 0.13 uM. Additionally, compound 10 induced complete cell cycle arrest at
the G1/S phase. Moreover, it led to 5.28% necrosis in the K562 cell line and triggered early
apoptosis rather than late apoptosis.'* A recent report from Li et al. described a series of 2-aryl-
4-benzoylimidazoles where replacement of the aryl ring with an indole nucleus enhanced the
antiproliferative activity. 1,2,4-Triazole core among the various heterocycles displayed a wide
spectrum of biological properties and are well documented in the literature.?® Similarly, a set
of compounds bearing a 1,2,4-triazole core was synthesized and evaluated for their anticancer
activity against a panel of cancer cell lines. The inhibitory activity of the most active
compound, 11, was examined in MTT assays against three known anticancer targets: EGFR,
BRAF, and tubulin. The results revealed that compound 11 exhibited strong inhibition of
tubulin as mentioned in figure 5.2. Additionally, 11 demonstrated the most potent inhibition of
EGFR, with an ICso value of 3.6 uM.?® In 2023, Zaki et.al,®> a novel series of indole—1,2,4-
triazole-based N-phenyl acetamide structural motif 12 was synthesized and screened against
the in vitro hepatocellular cancer Hep-G2 cell line. The excellent cytotoxicity efficacy against
the liver cancer cell line Hep-G2 was displayed by the 3,4-dichloro moiety containing indole—
triazole scaffold (12), which had the lowest cell viability (10.99-0.59) compared with the
standard drug ellipticine (cell viability = 11.5-0.55) but displayed comparable potency in
comparison with the standard drug doxorubicin (cell viability = 10.8-0.41).

In 2021," we investigated the anticancer potential of synthesized indolyl-a-keto-1,3,4-
oxadiazoles. Among them, compound 13, demonstrated significant antiproliferative activity
against a range of cell lines. Compound 13, featuring a 3,4,5-trimethoxyphenyl motif, exhibited
strong cytotoxicity against U937, Jurkat, BT474, and SB cancer cells, with ICso values of 7.1
uM, 3.1 uM, 4.1 uM, and 0.8 puM, respectively. Molecular docking studies suggested a
potential binding mode for 13 within the colchicine binding site of tubulin.

Hamedy and co-workwers,?®

conducted research to design and synthesize a series of 3-
(benzylthio)-5-(1H-indol-3-yl)-4H-1,2,4-triazol-4-amines as potential anticancer agents
targeting Bcl-2. Their efforts led to the discovery of several compounds exhibiting sub-
micromolar activity in Bcl-2 expressing human cancer cell lines. Among these compounds, the
3-nitrobenzyl derivative 14a demonstrated the highest activity. Further investigations revealed
that compound 14a binds within the BH3 domain of Bcl-2, as supported by molecular modeling

and ELISA studies (Figure 4.2). These findings suggest that Bcl-2, an anti-apoptotic protein,
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could serve as a mechanistic target underlying the in vitro anticancer activity of the synthesized

compounds. Smillarly, the triazole 14b was found to show activity against HepG-2 cells.® 23
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Indole triazole 13

Anti HeLa cancer agent (14a)

Figure 4.2 Design strategy of indolyl-1,2,4-triazoles as anti-cancer agents

The combination of two biological active moieties, indole and triazole has emerged as a
promising strategy for developing new anticancer agents. Building upon previous research and
our investigations into indole-based heterocycles as anticancer agents, we synthesized a series
of novel indolyl-1,2,4-triazoles and evaluated their anticancer activities against human tumor
cell lines. Our study aimed to design and synthesize novel 1,2,4-triazole derivatives, leveraging
the bioavailability and chemical stability conferred by the 1,2,4-triazole ring. Furthermore, in
silico approaches such as molecular docking and the ADMET pharmacological profile

provided additional support for the anticancer potential of the synthesized compounds.
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4.2 Results and Discussion

4.2.1 Synthesis and Characterization

Considering our interest in the design and synthesis of indolyl azoles, we prepared a newer
library of indolyl-1,2,4-triazoles using both conventional and Microwave irradiation (MW)
methods, and investigated their anticancer activity.

The developed efficient synthetic protocol to prepare the targeted indolyl-triazoles, is
illustrated in Scheme 4.1. The different indole-3-carbonitriles 16 were prepared in good yields
by reacting indole-3-carboxaldehydes with hydroxylamine hydrochloride and formic acid.?
Next, the reaction of indole-3-carbonitriles 16 with sodium hydrosulfide and magnesium
chloride in presence of dimethylformamide led to the formation of indole-3-thiocarboxamides
17a-e as illustrated in Scheme 3. Reaction of thioamide 17 followed by S-methylation using
methyliodide in THF afforded 18 in 94% yield. Indole derivatives 17¢ and 17d with
bromine/fluorine substituent also successfully afforded 18¢ (91%) and 18d (94%) in good
yields (Scheme 4.1). The N-(4-chlorobenzylchloride) protected indolethiocarboxamides 18e
reacted smoothly under similar conditions to provide 18e in 95% yield. On the other hand,
different hydrazides 21 were prepared from the corresponding carboxylic acids 19 via
esterification and followed by tretament with hydrazine hydrate as shown in Scheme 4.1.
Treatment of thioimidate 18 with the respective acylhydrazide 21, provided indolyl triazoles
(22a-i) in excellent yields (91-96%). (Table 4.2)

S

CHj3
S /
CN NH; NH
N @2, A\ b N S
N N N
H H N NS NH
17
16 18
e A\
>
N

oH_ o/ o, 22 93%
o~ S R = OCHj, F, Br

R4 = Aryl, Indole

Scheme 4.1 Reagents and conditions: (a) 70% NaSH (4.0 equiv), MgCl,.6H.O (2.0 equiv), DMF, 50 °C,
6 h; (b) Mel (2.5 equiv), THF, 25 °C, 2 h; (c) H2SO4 (0.2 equiv), ethanol 80 °C, 3 h; (d) hydrazine
hydrate (2.0 equiv). (¢) thioimidate 18, (1.0 equiv), 21 (0.9 equiv), dry DMF, 35 min, MW, 130 °C.

Initially we treated 18a with hydrazide (0.5 equiv) in dry DMF at 120 °C for 4 h to afford 22a
in 42% yield. When the same reaction was exposed to MW for 5 min, compound 22a was
formed in 36% yield (Table 4.1, entry 1). Next, by raising the reaction temperature to 130 °C
both conventionally and MW yield of triazole was increased to 49% yield (Table 4.1, entry 2).
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Reaction of 18a with hydrazide afforded 22a in 79% yield under conventional conditions and
83% yield in MW (Table 4.1, entry 4). With the increase in reaction time and use of 0.9
equivalents of hydrazide afforded 22a in 86% and 91% yields, under heating and MW
conditions (Table 4.1, entry 5). Further increase in reaction temperature, the reaction time was
reduce to 15 min (MW) to furnish 22a in 88% yield (Table 4.1, entry 7). Finally, we found that
reaction of hydrazide (0.9 equiv) and indolyl-3-thioimidate (1.0 equiv) in dry DMF at 130 °C
temperature for 35 min under MW is the optimum reaction conditions (Table 4.1, entry 6) for

the preparation of indolyl-1,2,4-triazoles 22a.

Table 4.1 Optimization of reaction conditions to prepared indolyl-1,2,4-triazole 22a

_NH
NH N NH

o \_NH
Br N . N\ . DMF _ B §
N time, temp.
N H N
18a 21a 22a
Conventional heating Microwave (MW)?
Entry Hydrazide = Temp(°C)  Time (h) Yield® (%)  Time (min.) Yield® (%)

1. 0.5 120 4 42 5 36
2. 0.5 130 4 49 5 42
3. 0.5 130 7 61 10 69
4. 0.9 130 7 79 15 83
5. 0.9 130 10 86 25 91
6. 0.9 130 12 92 35 96
7. 0.9 150 7 83 15 88

Reagents and conditions: *Thioimidate 18a, (1.0 quiv), 21a (0.9 equiv), dry DMF, 35 min, MW,
130 °C. ®Isolated yield.

Intermediate 18a was characterized through 'H NMR analysis, revealing the presence of a peak
corresponding to S-CHj3 at 2.86 ppm and a peak indicative of =NH at 10.85 ppm (Figure 4.3)
The structure of 22a was confirmed by detailed NMR ('H & 'C) and HRMS spectral analysis.
Formation of analogues 22a was indicative by appearance of singlets at 4.21 ppm and 7.91
ppm for -CH, protons and indole C>-proton in its '"H NMR spectrum. A distinct peak at 23.04
ppm corresponding to -CH carbon in '*C NMR spectrum also supports the formation of 22a.

The HRMS spectrum of 22a displayed a molecular ion at 392.0433 and 394.0429 in agreement
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with the expected mass for Ci9H14BrNs at 392.0485 and 394.0412 (Figure 4.6). Similarly,

structural elucidation of other indolyltriazoles 22b-i was carried out.

Table 4.2 Synthesis of indolyl-1,2,4-triazoles
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Figure 4.4 '"H NMR spectrum of 22a
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Figure 4.5 *C NMR spectrum of 22a

Figure 4.6 HRMS spectrum of 22a

4.2.2 Biological Evaluation
4.2.2.1 Anti-cancer Activity
The cytotoxicity of synthesized indolyltriazole analogues 22a-i was evaluated in vitro against
a selected cancer cell lines, including HeLa (cervical cancer cells) and MCF-7 (breast cancer
cells). Indolyltriazoles 22a (ICso = 3.5 uM) and 22b (ICso = 4.0 uM) exhibited selective
cytotoxicity against HeLa cells. The presence of a bromo substituent on the indole moiety

(compounds 22a) was found to enhance the activity and selectivity towards the HeLLa cancer
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cell line. Introducing an electron-donating group into the Cs-indole (22b) also showed good
anti-cancer activity. The compound 22d with 5-methoxyindole was found to show moderate
activity (ICso = 14.0 uM) against HeLa cancer cell line. The presence of a -CH> group was
observed to be more advantageous when compared to a carbonyl group due to the former's
ability to render the compound less hydrophobic.® This suggests that compounds containing a
-CH> (benzyl) group may exhibit better water solubility, enhanced bioavailability and
improved pharmacokinetic properties. Additionally, the introduction of a fluoro group, imparts
moderate activity to compounds 22¢ and 22h. The presence of free-NH indole structure was
found to confer greater cytotoxicity when compared to protected NH (compound 22i vs 22a).
These findings underscore the importance of structural modifications and functional group
substitutions in optimizing the cytotoxicity of indolyltriazole analogues for cancer therapy
(Figure 4.7).

Linker and showing H- CH, > CO good for activity
bonding Interactions |

_Indole is good
for cytotoxicity

‘-7
v

Br > OCH3> F favourable ___
for the activity s

7 -3 triazole > C-2 triazole
for activity

H-bonding interactions with CYS241, ALA317

Figure 4.7 Structure-activity relationship analysis of compounds 22a-i

4.2.3 Docking Studies

4.2.3.1 Molecular docking studies of indolyl-1,2,4-triazoles

To gain the potential binding features for the synthesized derivatives 22a-i in the tubulin, a
series of molecular docking simulations were carried out using the co-crystallized structure of
tubulin with colchicine (PDB: 1SA0).?’ An overview of the binding site possessing the good
binding affinity is shown in figure 4.3. Of interest is that 22 adopts a pretty similar location
with colchicine (the inhibitor of the co-crystal) in the colchicine-binding site which is located
on the interface between af-subunits and extended slightly out toward the B-subunit. The

results of the molecular docking studies revealed that out of all the shortlisted possible tubulin
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analysis of their binding affinities showed that the indolyl-1,2,4-triazoles 22a, 22b,
and 22¢ were able to show higher affinities than colchicine in the molecular docking studies.
Computational docking analysis was executed utilizing AutoDockVina. The minimum binding
energy manifests that the target receptor (tubulin colchicine binding site) was successfully

docked with our compounds.

The tubulin inhibitor DAMA colchicine was able to show a binding affinity of —6.8 Kcal/mol
(Figure 4.9), while the newly synthesized compounds 22a, 22b, and 22¢ were able to bind with
the binding pocket with binding affinities of —8.8 Kcal/mol, —8.2 Kcal/mol, and —9.0 Kcal/mol,
respectively. The conformational binding and interaction analysis of these indolyl-triazoles
showed that these compounds show robust interactions of multiple types with the active site of
the colchicine binding site. In compound 22a, ligand—protein complex interacted via
conventional hydrogen bonds by engaging the ASN258, ALA317 and LYS352 active site
residues with NH-indole. The indole core of the 22a showed Pi-sigma interactions with the
LEU248 and ALA316, while the phenyl moiety presents on the triazole ring, as well as the
bromo group attached to the C-5 position of indole, was also able to make multiple van der
waal, m-cation and hydrophobic interactions with CYS241, LYS254, LEU255, ILE378,
ALA354 and VAL318 receptor residues of the tubulin protein (Figure 4.8).

The NH-indole ring of 22b went deep into the pocket, and the nitrogen atom formed a
hydrogen-bonding interaction with residue CYS241. Meanwhile, the free amino group of the
triazole core provided Pi-sigma interactions with the LEU248 and ALA250, respectively.
Moreover, the oxygen atom of the 5-methoxylindole moiety established an additional Pi-alkyl
(LEU258, LYS352, ALA354) and hydrophobic interactions (LYS254, LEU255). These
docking studies indicated that 22b was a novel potential tubulin inhibitor targeting at the
colchicine-binding site shown in figure 4.10. The binding affinity of 22¢ was -9.0 kcal/mol.
22¢ also binds in the colchicine binding pocket and forms hydrogen bonds with the amino acid
ALA317 as well as LYS352. Furthermore, the indole part fitted into the hydrophobic pocket
of the colchicine active site and formed eight hydrophobic bonds with the surrounding amino
acids (CYS241, LEU248, ALA316, ALA317, VAL318 and LYS352) and the tail formed two
extra halogen bonds with the amino acid VAL 315 and ASN350 (Figure 4.11). Similarly, other
compounds 22d, 22g and 22h also displayed interactions as shown in figures 4.12 to 4.14.
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Figure 4.8 Binding Affinity = -8.8 Kcal/mol. Docking pose of compound 22a in the active

site of tubulin. Green dashed lines indicate hydrogen bonds with ASN258, ALA317 and
LYS352.

Figure 4.9 Docking pose of DAMA colchicine (Binding Affinity =-6.8 Kcal/mol) in the
active site of tubulin. Green dashed lines indicate hydrogen bonds with CYS241.
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Figure 4.10 Binding aSffinity of 22b is -8.2 Kcal/mol. (a) Docking pose of compound 22b
in the active site of tubulin. (b) Overlay of colchicine and 22b. (¢) In 2D interactive
conformations where green dashed lines indicate hydrogen bonds with CYS241. (d) 3D

interactions with hydrophilic pocket.

Interactions

I:I van der Waals - Pi-Cation
- Conventional Hydrogen Bond - Pi-Sigma
|:| Carbon Hydrogen Bond |:| Fi-Alkyl

I:I Halogen (Fluorine)

Figure 4.11 Docking pose of compound 22c¢ in the active site of tubulin. Green dashed lines

indicate hydrogen bonds. Binding Affinity =-9.0 Kcal/mol.
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Figure 4.12 Binding Affinity = -7.7 Kcal/mol (22d)
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Figure 4.13 Binding Affinity = -7.3 Kcal/mol (22g)
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Figure 4.14 Binding Affinity = -8.7 Kcal/mol (22h)
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4.2.4 In silico analysis of pharmacokinetic profile of indolyl triazole derivatives

In order for a chemical entity to qualify as a drug candidate, it must meet certain prerequisites
encompassing physicochemical, pharmacodynamic, and pharmacokinetic parameters.
Therefore, evaluating the potential of a prospective drug involves forecasting in silico
physicochemical attributes, drug likeness, and absorption, distribution, metabolism, excretion,
and toxicity (ADMET) traits.!® In the past, the pharmacokinetic profile of promising compound
was mainly determined on the basis of the results obtained in in vivo studies, but now, in vitro
and in silico studies are more important in the early phase of development of new bioactive
molecules, which can be carried out faster and at a lower cost.>® In this study, in silico analysis
was conducted of the synthesized compounds 22a-i. Calculations were performed for various
physicochemical characteristics, including the enumeration of specific atom classes, the
hydrogen bond donor, hydrogen bond acceptor, lipophilicity and water solubility. Additionally,
the topological polar surface area (TPSA), a parameter utilized to predict the passive molecular
transport trait of drugs, was assessed. These physicochemical properties are summarized in
Table 4.3, demonstrating that the attributes align well with the applied criteria and are
anticipated to yield favourable bioavailability scores, as indicated by all compounds having

TPSA values < 140 A.

Table 4.3 ADME properties of indolyl-1,2,4-triazoles 22a-i

Compds. Molecular TPSA Water Lipophilicity Lipinski Rule PAINS HBD HBA Bioavalibility

weight (20 to  Solubility (-0.7to+5.5) of five #alerts Score (0 tol)
130 (Druglikeness
ZXZ) property)
22a 392.25 73.15 -7.28 3.91 Yes 0 3 2 0.55
22b 343.38 82.38 -8.10 3.29 Yes 0 2 2 0.55
22¢ 331.15 73.15 -8.02 3.66 Yes 0 3 3 0.55
22d 364.30 85.05 -7.50 3.06 Yes 0 2 5 0.55
22e 443.29 85.05 -8.10 3.72 Yes 0 2 5 0.55
22f 394.42 94.28 -7.63 3.13 Yes 0 2 6 0.55
22g 382.39 85.05 -1.79 3.42 Yes 0 2 6 0.55
22h 364.40 85.05 -7.52 3.12 Yes 0 1 5 0.55
22i 368.43 72.50 -6.74 2.96 Yes 0 1 3 0.55
Colchicine 399.44 83.9 -8.01 3.28 Yes 0 1 6 Low

Chemical toxicity poses significant risks to human health, potentially leading to various
hazardous biological effects such as gene damage, carcinogenicity, or the induction of lethal
diseases in both rodents and humans.’! Given the potential impact on public health, it is
imperative to evaluate the toxicity of synthesized compounds as shown in Table 4.4. According

to the determined parameters related to the absorption of the drug substance, it can be said that
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the synthesized compounds 22a-d were characterized by good intestinal absorption (HIA) and

bioavailability. Distribution analysis predicted the location of the tested compounds in the

mitochondria and did not reveal permeability through the blood-brain barrier (BBB). In

addition, the compounds were identified as P-glycoprotein substrates but not inhibitors. /n

silico toxicity and carcinogenicity are assessed and are given in Table 4.4. Furthermore, the

computed rat acute toxicity, that is, LDso in mol/kg seems to be sufficiently safe in the range

2.238-2.74 mol/kg. The LDso of the potent compounds 22a-d is similar to that of the standard

colchicine drug shown in Table 4.4.

Table 4.4 In silico-predicted LDso, toxicity, and carcinogenicity profiles and comparative

probability of the toxicity of the selected compounds 22a-d

Sr. Toxicity target Probability of compound toxicity
No. Colchicine | 22a 22b 22¢ 22d
1. Caco-2 0.65 0.59 0.65 0.59 0.51
Permeability
3. Mitochondrial 1.0 0.83 0.80 0.83 0.71
Membrane
Potential (MMP)
4. ATPase family 1.0 0.86 0.85 0.75 0.86
AAA domain-
containing protein
5 (ATADS)
5. Rat Acute toxicity | 2.37 mol/kg | 2.47 mol/kg | 2.36 mol/kg 2.61 mol/kg | 2.51mol/kg
(LDso)
6. Carcinogens Non- Non- Non- Non- Non-
Carcinogens | Carcinogens | Carcinogens Carcinogens | Carcinogens
(0.81) (0.83) (0.90) (0.81) (0.81)
Distribution
7. Subcellular Nucleus Mitochondria | Mitochondria Mitochondria | Mitochondria
localization
8. P-glycoprotein 0.59 0.51 0.66 0.52 0.63
Substrate
Absorption
9. Skin Permeability 1.17 0.58 0.64 LogPapp, | 0.56 1.35
LogPapp, LogPapp, cm/sec LogPapp, LogPapp,
cm/sec cm/sec cm/sec cm/sec
10. | Human Intestine 0.98(High) | 1.00 (High) 1.00 (High) 1.00 (High) 1.00 (High)
Absorption
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4.3 Conclusions

In conclusion, we have developed a facile, efficient, and high-yielding synthetic pathway for
the synthesis of indolyl-1,2,4-triazoles 22a-i. Formation of indolyl-1,2,4-triazoles involves
reaction of readily available acetohydrazide and thioimidate. The reaction proceeded
effectively under both conventional and microwave conditions yielding the desired compounds
22a-i in good to excellent yields (up to 96%). The indolyl-1,2,4-triazoles were subjected to
anticancer screening against a selected set of cancer cell lines, including HeLa and MCF-7.
The findings revealed that compound 22a emerged as the most potent among the tested
compounds against the HeLa cancer cell line, exhibiting an ICso value of 3.5 pM. Additionally,
compound 22b demonstrated good anticancer activity with an ICso value of 4.0 uM and
compound 22d exhibited intermediate cytotoxicity against the HelLa cancer cell line, as
indicated by its ICso value of 14.10 uM. The inhibitory activity of compounds 22a, 22b, and
22d can be attributed to two major factors: the minimum binding energy and hydrogen bond
interactions of the ligand with the target tubulin protein. These results indicate that novel
indolyl-1,2,4-triazoles hold promise as potential anti-cell proliferative agents for more effective

cancer treatment.

4.4 Biology Protocols

4.4.1 MTT Assay

HeLa cancer cells were grown in RPMI 1640 media. All media were supplemented with 10%
FBS, streptomycin (100 pg/mL) and penicillin (100 L.U./mL). For MTT assay, 5 x 103
cells/well were seeded in 96-well plates. After 12 h, cells were treated with different
concentrations of 22a-i in a range from 0.1 pM - 40 uM. 0.1% DMSO (vehicle control) was
used as control. After 48 h, old media was removed, cells were washed with PBS followed by
addition of 100 pl of serum free media and MTT (5mg/mL) cocktail (4:1 ratio) in each well.
Cells were incubated for 4 h at 37 °C. MTT was then aspirated, cells were washed with PBS,
and then 100 pL DMSO was added to dissolve the formazan crystals. The absorbance was
measured at 570 nm using Tecan Spectrafluor Plus. Relative inhibition was calculated as mean
absorbance of treated cells/mean absorbance of DMSO treated cells (negative control). The
ICso values and dose response curve were obtained by nonlinear regression analysis [non-linear

regression (sigmoidal dose response with variable slope)] using Graph Pad Prism.
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4.5 Experimental Section

4.5.1 General Remarks

The laboratory reagents were sourced from Sigma-Aldrich, TCI chemicals, Alfa Aesar, and
Spectrochem India Pvt. Ltd. without additional purification. Reaction progress was tracked via
thin-layer chromatography on Merck pre-coated plates (silica gel 60 F254, 0.2mm). NMR
spectra (1H and 13C) were recorded at 400 MHz and 100 MHz, respectively, using CDCl3 and
DMSO-ds solutions. Chemical shifts were referenced to the residual solvent peaks ('H NMR:
CDCls 8 7.26; DMSO-ds § 2.50; '3C NMR: CDCl3 & 77.0; DMSO-ds § 39.52), with multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (J, in Hz),
and integration values noted. Melting points were determined using an E-Z melting point

apparatus, and HRMS data were obtained via an Agilent 6545 Q-TOF LC/MS (ESI).

4.5.1.1 General procedure for the synthesis of indole-3-carboxaldehyde

In a round-bottomed flask, freshly distilled dimethylformamide (DMF) (10 mL) was cooled in
an ice-salt bath for approximately 30 min. Then, 90 mmol of freshly distilled phosphorus
oxychloride was added gradually to the DMF with stirring over another 30 min. Subsequently,
a solution of indole (2 g, 85.47 mmol) in 3 mL of DMF was added to the yellow solution over
a period of 1 h. The resulting solution was stirred at 35 °C until it formed a yellow paste. After
the reaction, 30 g of crushed ice was introduced to the paste while stirring, resulting in a clear
cherry-red aqueous solution. A solution of sodium hydroxide (10 g, 94 mmol) in 100 mL of
water was then added dropwise with stirring to the cherry-red solution. The resulting
suspension was rapidly heated to 90 °C and allowed to cool to room temperature before being
placed in a refrigerator overnight. The product was filtered, washed with water (2 x 100 mL),

and air-dried to obtain pure 15 in yields ranging from 89-95%.

O o 1) (@]
0} H . H H H H
Br- ~ F.
N N N\ N\ N
N N N N
N H H H
_ cl
15a, yield 90%, 15b, yield 95%, 15c, yield 89%, 15d, yield 93%, 15e, yield 91%,
mp 203-206 °C mp 179-182 °C mp 162-163 °C mp 195-197 °C mp 115-117 °C

4.5.1.2 General procedure for the synthesis of indole-3-carbonitriles (16a-¢)*?

A round-bottom flask was successively charged with a mixture of 15 (13.78 mmol, 1.0 equiv),
hydroxylamine hydrochloride (13.78 mmol, 1.0 equiv), and sodium formate (27.56 mmol, 2.0
equiv) dissolved in 15 mL of formic acid. The mixture was stirred for about 3 h at 130 °C (until

TLC revealed the complete consumption of the starting material). The reaction mixture was
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cooled to room temperature and poured into ice-cold water (150 mL) and organic layer was
extracted in dichloromethane (2 x 40 mL). The extracted organic layer was washed with
saturated sodium bicarbonate (50 mL) and brine (50 mL) solution. Evaporated the organic
phase under reduced pressure and the residue obtained was purified by silica gel column
chromatography (ethyl acetate: hexane as eluent) to obtain pure indole-3-carbonitriles 16a-e

(83-90% vyields), mp. 177-180°C.

4.5.1.3 General procedure for the synthesis of indole-3-thiocarboxamides (17a-¢)**

A mixture of indole-3-carbonitrile (16, 0.02 mol), sodium hydrosulfide (0.04 mol) and
magnesium chloride hexahydrate (0.02 mol) were taken in a round bottomed flask and stirred
for 8 h at 50 °C. The progress of the reaction was monitored by TLC. After completion of the
reaction, contents were poured into cold water (50 mL) and the solid obtained was filtered. The
residue was re-suspended in 100 mL HCI solution (3N) and stirred for 10 min and then filtered-

off the solid to obtain indole-3-thiocarboxamides 17a-e yellow solid in 88-91% yields.

4.5.1.4 General procedure for the synthesis of indole-3-thioimidates (18)3
A mixture containing 17 (0.5 g, 3.65 mmol) and iodomethane (2 mL, 4.38 mmol) in THF (8
mL) was heated at reflux for 2 h. The solvent was removed to afford the 18a-e aswhite solids

in 88-94% yields.

/ / / / /
s s s s s
NH NH NH NH NH
Br. _0 F
A\ A\ N\ N\ A\
N N N N N
H H H H \\@\
18a, 92% 18b, 94% 18¢, 91% 18d, 92% 18e, 88% cl

mp. 279-282 °C mp. 291-293 °C mp. 285-278 °C mp. 268-272 °C mp. 302-305 °C

4.5.1.5 General procedure for the synthesis of ethyl 2-(1H-indol-3-yl) acetate (20a-e)

A solution of 2-(1H-indol-3-yl) acetic acid 19 (3 g, 17.1 mmol) in ethanol (20 mL) was cooled
to 0 °C, to which a catalytic amount of H2SO4 was added and refluxed for 3 h. After completion
of the reaction, monitored by TLC, the reaction contents were basified with a saturated solution
of sodium carbonate. The organic phase was collected using ethyl acetate (50 mL x 3), dried
with anhydrous Na;SO4, and concentrated in vacuo on a rotary evaporator. Crude solid was
purified by column chromatography using silica gel to furnish pure acetate 20 with 91-92%
yields.>*
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4.5.1.6 Procedure for the synthesis of 2-(1H-indol-3-yl) acetohydrazide (21)

To a solution of ethyl 2-(1H-indol-3-yl) acetate 20 (2 g, 0.98 mmol) in 20 mL ethanol,
hydrazine hydrate (3.9 mmol) was added slowly at 0 °C and stirred 7 h at r.t. After completion
of the reaction (indicated by TLC), ethanol was evaporated, and pure

acetohydrazide®* (21) was achieved in 91% yield.

4.5.1.7 General procedure for the synthesis of indolyl-1,2,4-triazoles (22a-i)

A mixture containing thioimidate (1.0 equiv) and the corresponding hydrazide (0.9 equiv) in
dry DMF at 130 °C for 35 min. under microwave conditions. The progress of the reaction was
monitored by TLC. After completion of the reaction, the mixture was quenched by adding it to
ice-cold water. The resulting precipitate was filtered and subjected to recrystallization with

ethanol. Compounds (22a-i) were obtained as white solid in 90-96% yields.

3-(5-((1H-indol-3-yl)methyl)-4H-1,2 ,4-triazol-3-yl)-5-bromo-1H-indole (22a)

Off white solid, 91% yield, mp 282—283 °C. 'H NMR (400

MHz, DMSO) 6 13.55 (s, 1H), 11.79 — 11.47 (m, 1H), 10.93

N/T\NH \ A (s, 1H), 8.40 (s, 1H), 7.91 (s, 1H), 7.59 (s, 1H), 7.45—7.39

(m, 1H), 7.36 (d, J= 7.1 Hz, 1H), 7.27 (s, 2H), 7.12 — 6.96

Br N\ (m, 2H), 4.21 (s, 2H); *C NMR (100 MHz, DMSO-d;) &
H 180.75, 147.94, 146.94, 144.73, 137.32, 134.87, 132.28,

131.06, 128.29, 124.03, 122.69, 121.18, 119.86, 119.01,
114.96, 111.71, 109.88, 103.95, 101.75, 34.19. HRMS (ESI) m/z calcd for Ci9Hi4 BrNs: 392.0433 and
394.0412 (M + H)", found: 392.0485 and 394.0432.

3-(5-((1H-indol-3-yl)methyl)-4H-1,2 ,4-triazol-3-yl)-5-methoxy-1H-indole (22b)

Off white solid, 93% yield, mp 275-276 °C. 'H NMR (400
MHz, DMSO) & 13.51 (s, 1H), 11.32 (s, 1H), 10.91 (s, 1H),
Ns \ 7.84 (s, 1H), 7.78 — 7.59 (m, 2H), 7.41 — 7.25 (m, 3H), 7.13
—6.94 (m, 2H), 6.82 (s, 1H), 4.19 (s, 2H), 3.80 (s, 3H); 1°C
N\ NMR (100 MHz, DMSO-ds) & 154.51, 136.72, 131.84,
N 127.47, 125.98, 125.68, 123.90, 121.50, 119.15, 118.82,
112.96, 112.54, 111.85, 102.87, 55.78, 31.15.
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(22¢):

Brown-

N
\NH

A\
N
H

NH

yellow solid, 91% yield, mp 269271 °C. '"H NMR (400 MHz,
DMSO0) & 13.53 (s, 1H), 11.51 (s, 1H), 10.90 (s, 1H), 7.93 (s,
2H), 7.61 (s, 1H), 7.45 (s, 1H), 7.36 (d, J = 7.5 Hz, 1H), 7.27
(s, 1H), 7.10 — 7.04 (m, 1H), 7.02 — 6.95 (m, 2H), 4.19 (s, 2H);
BC NMR (100 MHz, DMSO-ds) & 154.51, 136.72, 131.84,
127.47, 12598, 125.68, 123.90, 121.50, 119.15, 118.82,

112.96,112.54,111.85,102.87,31.15. HRMS (ESI) m/z caled

for C19H14FNs: 332.1267 (M+H)", found: 332.1290.

5-methoxy-3-(5-(3,4,5-trimethoxybenzyl)-4 H-1,2,4-triazol-3-yl)-1H-indole (22d)

Off white solid, 96% yield, mp 250-253 °C. 'H NMR (400
MHz, DMSO) § 13.65 — 13.44 (m, 1H), 11.48 (s, 1H), 7.73 (s,
2H), 7.35 (s, 1H), 6.82 (s, 1H), 6.71 (d, J = 15.3 Hz, 2H), 4.08
—3.96 (m, 2H), 3.79 (s, 3H), 3.76 (s, 6H), 3.63 (s, 3H); 13C NMR
(100 MHz, DMSO-ds) § 162.46, 154.51, 136.72, 131.84,
127.47, 125.98, 125.68, 123.90, 121.50, 119.15, 118.82,
112.96, 106.59, 102.80, 60.43, 56.27, 55.72, 32.15.

(5-(3,4,5-trimethoxybenzyl)-4 H-1,2,4-triazol-3-yl)-1 H-indole (22¢)

/N\
N
Br

Brownish-white solid, 93% yield, mp 255-257°C. 'H
NMR (400 MHz, DMSO) 6 13.65-13.50 (m, 1H),
11.63 —11.30 (m, 1H), 8.24 (t, J = 8.7 Hz, 1H), 7.98 —
7.80 (m, 1H), 7.50 — 7.40 (m, 1H), 7.23 — 7.07 (m, 2H),
6.72 (d, J=15.3 Hz, 2H), 4.09 — 3.97 (m, 2H), 3.77 (s,
6H), 3.63 (s, 3H); 1*C NMR (100 MHz, DMSO-ds) &

162.46, 154.51, 136.72, 131.84, 127.47, 125.98, 125.68, 123.90, 121.50, 119.15, 118.82,
112.96, 106.59, 102.80, 60.43, 56.27, 55.72, 34.15.
3-(5-(3.4,5-trimethoxybenzyl)-4H-1,2,4-triazol-3-yl)-1 H-indole (22f)

White solid, 95% yield, mp 276-278 °C. '"H NMR (400
MHz, DMSO) & 13.65 — 13.50 (m, 1H), 11.63 — 11.30 (m,
1H), 8.24 (t, J = 8.7 Hz, 1H), 7.98 — 7.80 (m, 1H), 7.50 —
7.40 (m, 1H), 7.23 — 7.07 (m, 2H), 6.72 (d, J = 15.3 Hz,
2H), 4.09 — 3.97 (m, 2H), 3.77 (s, 6H), 3.63 (s, 3H); 1°C
NMR (100 MHz, DMSO-ds) § 162.46, 154.51, 136.72,

131.84,127.47,125.98,125.68, 123.90, 121.50, 119.15, 118.82, 112.96, 106.59, 102.80, 60.43,

56.27,55.72, 34.15.
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2-(5-(3,4,5-trimethoxybenzyl)-4 H-1,2,4-triazol-3-yl)-1H-indole (22g)

Off white solid, 90% yield, mp 286—289 °C. 'H

y o | NMR (400 MHz, DMSO)  13.89 (s, 1H), 11.60 (s,
©\/\>_<\N | | 1H).7.61-752(m, 1H), 742 (d. /= 7.7 Hz, 1H),
N N-N { o 7.13 - 6.85 (m, 3H), 6.67 (s, 2H), 4.11 (s, 2H), 3.77

- (s, 6H), 3.64 (s, 3H); 3C NMR (100 MHz, DMSO-

ds) 6 154.51, 136.72, 131.84, 127.47, 125.98,
125.68, 123.90, 121.50, 119.15, 118.82, 112.96, 112.54, 111.85, 102.87, , 56.29, 56.25, 31.15.

5-fluoro-3-(5-(3,4,5-trimethoxybenzyl)-4 H-1,2,4-triazol-3-yl)-1H-indole (22h)

Yellowish-white solid, 92% yield, mp 259—260 °C. 'H

N O~ NMR (400 MHz, DMSO0) & 13.90 — 13.49 (m, 1H), 12.03

N/\ mo/ — 11.43 (m, 1H), 8.42 (s, 1H), 8.06 — 7.83 (m, 1H), 7.52

F N 0 —7.20 (m, 2H), 6.82 — 6.63 (m, 2H), 4.12 —3.95 (m, 2H),
N 3.78 (s, 6H), 3.63 (s, 3H); *C NMR (100 MHz, DMSO-

H ds) & 154.51, 136.72, 131.84, 127.47, 125.98, 125.68,

123.90, 121.50, 119.15, 118.82, 112.96, 112.54, 111.85, 102.87, , 56.29, 56.25, 31.15. HRMS
(ESI) m/z caled for C20H19FN4O3: 383.1475 (M+H)", found: 383.1503.

1-(4-chlorobenzyl)-3-(5-(3,4,5-trimethoxybenzyl)-4 H-1,2,4-triazol-3-yl)-1 H-indole (22i)
Off white solid, 91% yield, mp 287-289 °C. 'H NMR (400

o—

—° d | MHz, DMSO) & 13.63 (s, 1H), 8.27 (d, J= 6.8 Hz, 1H), 8.05

N (s, 1H), 7.53 — 7.36 (m, 3H), 7.31 — 7.14 (m, 4H), 6.71 (s,

i QH 2H), 5.50 (s, 2H), 4.04 (s, 2H), 3.77 (s, 6H), 3.63 (s, 3H); 1*C

|| NMR (100 MHz, DMSO-ds) 8172.63 153.26, 153.05,

1 136.59, 110.99, 106.89, 106.59, 65.38, 60.43, 56.29, 56.25,
KEj\m 48.97, 29.46.
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Part 5A

5.1.1 Introduction

Indole motif is a key building block of many naturally occurring and synthetic compounds
endowed with different biological and pharmacological activities. With wider presence among
a large number of heterocyclic compounds having medicinal properties, indole and derived
compounds are pursued with greater interest.! Particular attention has been paid to bisindole
containing compounds known to exhibit interesting anticancer activities by affecting numerous
biological targets.? Additionally, bisindole alkaloids, isolated from marine sources, continue to
inspire the development of novel anticancer agents. Most of the bisindole alkaloids possess two
indole units connecting through a linear or heterocyclic ring spacer as shown in figure 5.1.1.
Isolated from marin sponges Topsentia genitrix and Spongosorites, bisindole alkaloids,
Topsentin (1) and Nortopsentin (2) with an imidazole linker, have been reported to display
potent cytotoxicity towards diverse cancers.® Another emerging class of marine alkaloid,
Dragmacidin B (3) with a piperazine linker, was isolated from the deep-water marine sponge
Hexadella sp. and found to display good anticancer activity (ICso = 15 ug/mL, P388; 1-10
pg/mL, A-549, HCT-8 and MDA-MB-231).4
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Figure 5.1.1 Indole analogues as anticancer agents

165



Part 5A

Despite the interesting anticancer activity exerted by bisindole alkaloids, in the recent past,
researchers have identified several synthetic analogues of bisindole alkaloids with improved
anticancer properties.” Kumar et al. identified bis(indolyl)-1,3,4-oxadiazoles (4) as apoptosis
inducing cytotoxic agents (ICso = 20 nM; HeLa).® Several synthetic analogues of bisindole
alkaloids with variety of cyclic spacers such as thiazole 5, have been reported for their
cytotoxic properties (Figure 5.1.1).° Many bisindole alkaloids with linear spacers have been
reported to exhibit interesting anticancer activities.® For examples; bisindole with 1,2-diketo
linker, Coscinamides A-C (5) with a linear a-keto enamide spacer from the extract of marine
sponge Coscinoderma sp., were reported to exhibit antitumor activity against human prostate
cancer cell line (ICso = 7.6 pg/mL).” The inhibition of tubulin polymerization is a well-
established strategy for anticancer drug development, as microtubules play an essential role in
cellular processes such as mitosis, intracellular transport, and cell motility.'° Tubulin targeting
substances are broadly categorized into microtubule stabilizing (taxanes, epothilones and
discodermolide) and destabilizing (colchicine, vinca alkaloids, and CA-4P) agents.
Microtubules targeting agents (MTAs) that bind to the colchicine binding site (also called
CBSI) have the potential to overcome the drawbacks associated with taxanes and vinca
alkaloids, owing to their structural simplicity, non-substrate nature for the multidrug resistance
protein 1 (P-glycoprotein) and reasonable physicochemical properties. Duke et al. explored
chalcone linked B-carboline hybrids (7) as anti-topoisomerase-I, DNA-interactive, and
apoptosis inducing anticancer agents.'® Ikeda et al. disclosed a series of a-methylated chalcones
with 10-folds enhanced activity when compared to their parent derivatives.'* Natural and

synthetic chalcones have been reported to show diverse biological activities such as

5 1’16

antiinflammatory,'> antimalarial,'® antiviral, antifungal, antibacterial and anticancer.!” The
N,N-dimethylamino substituted acrylonitrile bearing N-isobutyl and cyano substituents placed
on the benzimidazole nuclei (9), showed strong and selective antiproliferative activity in
submicromolar range of inhibitory concentrations (ICso= 0.2-0.6 puM), while being
significantly less toxic than reference systems docetaxel and staurosporine, thus promoting
them as lead compounds.'®

Coscinamides A-C (10-12) with a linear a-keto enamide spacer from the extract of marine
sponge Coscinoderma sp., were reported to exhibit antitumor activity against human prostate
cancer cell line (ICso = 7.6 pug/mL).!” Isolated from a red alga Chondria sp. two cytotoxic
bisindole amides, Chondriamides A-B, were found to be cytotoxic against KB and LOVO cell
lines (ICso = 0.5-10 pg/mL).?° In 2023, Jan et al. conducted a study focused on synthesizing

novel bis-indole analogues containing a phenyl linker derived from indole phytoalexins. The
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synthesis involved the reaction of [1-(tert-butoxycarbonyl)indol-3-yl]methylisothiocyanate
with p-phenylenediamine to obtain the target bis-indole thiourea (13) linked with a phenyl
linker.” Literature reports show that the indole scaffold frequently encounters in anticancer

drug discovery research as illustrated in figure 5.1.1.

5.1.1.2 Rational Design

On the other hand, the af-unsaturated ketones also known as chalcones are reported to play a
vital role in the identification of bioactive molecules. Indolyl chalcones (14) as potential
cytotoxic agents.?! Edwards et al. first reported that a-substituted chalcones are more potent
than their unsubstituted analogs.?? Li and Huang group reported 15, exhibited most potent
activity, with 1Cso values of 3—9 nM and also displayed excellent tubulin polymerization

inhibitory activity with an ICso of 2.68 pM.?

17 H  21a-r 18

a-Cyanobis(indolyl)chalcones
Figure 5.1.2 Rational design of 21
Inspired from the interesting anticancer activities of naturally occurring bisindoles with linear
chain spacers, Kumar et al. report ed bis(indolyl)hydrazide—hydrazones (16) as potent
cytotoxic agents (ICso =1 uM; MDA-MB-231).2* Over a period of time, several chalcones have
been reported with structural modifications around the basic enone template. lkeda et al.
disclosed a series of a-methylated chalcones with 10-folds enhanced activity when compared
to their parent derivatives.'* Liu X et al. reported the synthesis of hybrid molecules containing
indole and 3,4,5-trimethoxy-phenyl moieties as tubulin targeting agents. Among them, a
fluorine-containing derivative 17 (Figure 5.1. 2) exhibited significant inhibitory activity toward
HCT116 and CT26 cells.?* Additionally, the presence of a a-cyano moiety in enone framework
likely to plays an important role in view of its several advantageous properties, including

enhanced binding affinity, improved pharmacokinetic profiles and reduced drug resistance.?
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Trans-indol-3-ylacrylamide (18) exhibited antiproliferative activity, with an ICso value of 5 uM
in Huh7 cells.?* The heterocyclic pharmacophores in medicinal chemistry plays a crucial role
in developing potent moieties towards successful cancer drug design. Among them all bisindole
derivatives are the leading structural fragments which play an important role in synthetic and
medicinal chemistry as well as various other fields.

With the observed side effects and high resistance rate against available drugs; identification
of new and potent chemical entities is desirable to tackle the increasing disease problem.” 2

In order to further improve the anticancer efficacy of indole-based analogs, herein we designed,

synthesized and evaluated cytotoxicity of a series of novel a-cyano bis(indolyl)chalcones.

5.1.2 Results and Discussion

5.1.2.1 Synthesis and Characterization

Synthesis of a-cyano bis(indolyl)chalcone (21a) involves the reaction of 3-cyanoacetyl indole
(19a) with N-methyl indole-3-carboxaldehyde 20a in presence of a base as described in
Table 5.1.1. Initially, the reaction of 19a with 20a in presence of either piperidine or
triethylamine resulted in lower product yield (Table 5.1.1, entries 1-2).

Table 5.1.1 Optimization of a-cyano bis(indolyl)chalcone 21a

N
0 0 o C

: N AN
’\T * \\  Solvent, catalyst O A\
H N\\ N
19a 20a 21a

Entry Solvent Base Temp. Time (h) Yield® (%)
I. EtOH piperidine 25°C 2.5 48
2. EtOH Et;N 25°C 2.5 45
3. EtOH KOH 25°C 2.5 80
4. EtOH KOH 25°C 3.0 93
5. - KOH 25 °C (grinding) 0.5 88
6. EtOH - 25°C 2.5 NR¢
7. EtOH L-proline 25°C 2.5 67
8. EtOH L-proline 25°C 5.5 95
9. EtOH:H,O(1:1)  L-proline 25°C 5.5 78
10. EtOH - 25°C 5.5 NR®

#Reagents and conditions: 19a (1.0 mmol, 1.0 equiv), 20a (1.0 equiv), L-proline (0.1 equiv),
EtOH (3 mL) at 25 °C. ®Isolated yield. °NR; No reaction
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Next, with the use of KOH as a base at 25 °C produced the expected a-cyano
bis(indolyl)chalcone 21a in 80% yield (Table 5.1.1, entry 3). With the increase in reaction
time from 1.5 h to 3 h, the product yieldwas increased to 93% (Table 5.1.1, entry 4). When a
neat mixture of 3-cyanoacetylindole 19a and N-ethylindole-3-carboxyaldehyde (20a) in the
presence of KOH was grinded at room temperature for 0.5 h, bisindole 21a was formed in 88%
yield (Table 5.1.1, entry 5). No product was obtained when the same reaction was performed
in absence of base (Table 5.1.1, entry 6).

In the recent past, the natural and inexpensive L-proline has been widely used as a prominent
organocatalyst for carbon-carbon bond formation in various organic transformations.? In view
of success of proline catalysed transformations along with its inexpensive and environmentally
benign nature, next we performed the reaction of 3-cyanoacetylindole 19a and N-ethyl indole-
3-carboxyaldehyde in the presence of readily available and metal-free catalytic L-proline, in
ethanol at 25 °C, to obtain 21a in 95% yield (Table 5.1.1, entry 8). However, in absence of
L-proline, the reaction was failed to produce 21a (Table 5.1.1, entry 10).

G
R N\ N\ N\Rz
_L-proline O A\
EtOH, 25 °C R’ H

19 20 21a-r
(0]
oN S en cN
W /° Oy
!
N \ N \
H N\ H N\/
21a 95% 21b, 90% 21c, 95% 21d, 91%
(o]
o) CN
Q& e CN \ O 3 on
one g oy Q) \O‘N‘ { o s\ J
~, \ ~ \ N\/Q/ \
(0] N O N H N
H NS H N~ H AN
21e 95% 21f, 94% 21g, 93% 21h, 93%
CN CN
CN
\/O /\/O /\/O \( O C,
‘ ] Q\ l ‘ J ‘K | ‘ /\< , \
21i,91% 21j, 93‘V 21k 95% 21I 91%
CN CN CN CN
e ‘U k(’ “ J k(’ ‘ ‘ J %’
21m 94% 21" 95% 210 94% 21p, 95%
9 en Q en
O Yo, O W
/ /
y : »
H N o
21q, 94% 21r, 92%

Scheme 5.1.1 Synthesized a-cyano bis(indolyl)chalcones (21a-r)
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The structure of 21a was confirmed by the NMR ('H & '3C) analysis. The proton NMR of 21a
displayed characteristic singlets at 8.50 ppm (alkenyl proton, =CH), 4.44 ppm (CHz) while CH3
protons resonated at 1.46 ppm. In 3C NMR spectrum signals due to carbonyl, nitrile carbon,
alkenyl (=CH), CH3 and CH> carbons were observed at about 181.26, 121.07, 144.96, 42.18
and 15.60 ppm, respectively. In IR spectra, a characteristic sharp peak at ~ 2200 cm™' was
observed due to the presence of a nitrile functional group. Similarly, using the optimized
reaction conditions, compounds 21b-r were prepared in high yields (90-95%) and

characterized the products by their NMR spectral data. (Figure 5.1.3 and 5.1.4)
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Figure 5.1.3 '"H NMR spectrum of 21a
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Figure 5.1.4 3*C NMR spectrum of 21a

The formation of 21 may be rationalized by the in-situ generation of enamine intermediate I
by the condensation of 3-cyanoacetylindole 19a and L-proline. Further, the nucleophilic
addition of enamine I to the carbonyl group of indole-3-carboxaldehyde (20) and followed by
dehydration is likely to produce 21 as illustrated in Scheme 5.1.2.

coon_ {coon ,ﬁ%p o
\ Hzo ’ O - H0
1l

" ‘3 \ CN A |
H EtOH ~ Eon

N

19a Hy R

Scheme 5.1.2 Plausible mechanistic pathway for of a-cyano bis(indolyl)chalcones.

5.1.2.2 Biological Evaluation
5.1.2.2.1 Anti-cancer Activity
The cytotoxicity of the synthesized a-cyano bis(indolyl)chalcones derivatives 21a-r were

evaluated against five human cancer cell lines; prostate (C4-2, PC3 and 22Rvl), breast
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(MCF7), epithelial cancer (MIAPACA) and normal human kidney (HEK293) cell lines by
using MTT assay. The anticancer activity is expressed in terms of ICso values for inhibition of
tumor cell growth as provided in Table 5.1.2. A structure-activity relationship (SAR) study was
conducted by synthesizing a diverse set of a-cyano bis(indolyl)chalcones with various
substituents on both indole rings. Most of the synthesized compounds are not inhibiting the

normal cells (HEK 293). Initial Bisindole 21a was found to be selectively cytotoxic against

C4-2 (ICs0= 3.9 uM).

Table 5.1.2 ICso (uM) values of a-cyano bis(indolyl)chalcones (21a-r)

Compounds MCF7 PC3 C4-2 22Rvl MIAPACA  HEK293
21a 10.2 13 39 >40 >40 >40
21b 6.9 10.6 13.5 21.5 4.9 40
21c¢ 253 15.45 7.5 1.23 4.5 >40
21d 10.9 >40 8 25 15.5 39.2
21e 12.47 7.61 15.7 28 >40 >40
21f 37 24 12.5 >40 >40 40
21g 10.5 14.3 13.3 34 79 >40
21h 16.75 27.3 10 5.23 1.35 40
21i 7.38 2.63 2.2 8.9 5.8 >40
21j 1.2 5.6 0.98 29 53 >40
21k 18.6 16.1 13.8 28 28.9 39.8
211 7.95 4.6 26.4 25 37.6 379
21m 2.98 11.7 17.6 16.4 1.6 >40
21n 5.61 7.1 1.02 20.5 15.6 >40
210 315 19 5.9 26 12.95 >40
21p >40 >40 31 >40 >40 >40
21q 25 37 >40 28 15.4 >40
21r >40 25 >40 34 37 31

Next, protection of indole-NH with p-chlorobenzyl moiety produced 21b with moderate
activity. Incorporation of a C5-methoxy group in indole moiety led to compounds 21¢ and 21d.
Particularly, compound 21¢ with 5-methoxyindole and N-methylated indole displayed selective
cytotoxicity against 22Rv1 (1.23 pM). With the change in position of methoxy group in indole
ring from C-5 to C-6 and protection of indole NH with p-chlorobenzyl group led to compounds
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21e, 21f and 21g with reduced activity. To optimize the size of C5-alkoxy group, ethoxy and
propyloxy derivatives 21h, 21i and 21j were prepared with significantly enhanced cytotoxicity
against the tested cancer cells. By the introduction of 5-isopropyloxy group led to 211 with
improved selectivity against prostate cancer cells (2.5 uM, 22Rv1 cells). The presence of an
additional methoxy group in indole ring and protection of indole NH as N-Me/N-Et
(compounds 21n and 210 with 5,6-dimethoxyindole moiety) improved the selectivity against
prostate cancer cell lines. The protection of indole nitrogen with p-chlorobenzyl moiety
(compounds 21p) or replacement of the indole ring with a phenyl group (compounds 21q and
21r) or was found to be detrimental for the activity. These activity results suggest that both the
indole rings are necessary for the potency of a-cyano bis(indolyl)chalcones. Protection of
second indole ring as N-Et (21j) instead of N-Me (21k) or N-chlorobenzyl (21p) is also
beneficial for the activity. Particularly, 21j with C-5 propyloxy substituent and N-ethylindole
was found to be the best compound of series with an ICso value of 0.98 uM against C4-2

(prostate) cancer cells.

H-bond acceptor Enhances binding affinity

Enhances activity .:’
.
D AN e -
A\ S
'

Required for the activity

H-bonding with CYS241

Figure 5.1.5 SAR for the a-cyano bis(indolyl)chalcones (21a-r)

5.1.2.2.2 Acridine Orange (AO)/Ethidium Bromide (EB) staining

Our data revealed 21j as the most effective compound, as it showed broad selectivity. Thus, to
explore the mechanism of cell death, we initially used acridine orange (AO)/ethidium bromide
(EB) staining to differentiate the percentage of live and dead cells. While AO stain both live
and dead cells, ethidium bromide (EB) stain only dead cells. Incubation of compound 21j in
C4-2 cells for 48 h resulted in red fluorescence, indicating that 21j causes cell death in C4-2
cells (Figure 5.1.6).
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Acridine Orange Ethidium Bromide Merged

21j-10pM Control

21j-20pM

Figure 5.1.6 Fluorescent microscopic images of C4-2 prostate cancer lines treated with DM SO,
21j and puromycin at 48 h by AO-EB staining. Control cells show green fluorescence
confirming their viability. Puromycin showed considerable red fluorescence representing
significant apoptosis. 21j showed substantial apoptosis as majority of cells displayed red
fluorescence.

5.1.2.2.3 Induces Mitochondrial Dysfunction in C4-2 cells

Increased oxidative stress is often linked to mitochondrial dysfunction, which prompted us to
investigate whether 21j treatment could cause mitochondrial depolarization. C4-2 cells were
treated with either 21j (10 uM and 20 uM) or positive control puromycin for 48 h, both of

which induced significant mitochondrial depolarization, thereby revealing that 21j toxicity at

least partly arises due to mitochondrial damage (Figure 5.1.7).

JC-1 Aggregate JC-1 Monomer Merged

11j-10pM Control

11j-20pM

Figure 5.1.7 21j increases mitochondrial depolarization in C4-2 cells. Cells were treated with DMSO,
21j (10 uM and 20 uM) and Puromycin for 48 h and stained with JC-1. Photographs were taken in
FITC (green) and TRITC (red) channel at 20X objective with the fluorescence microscope (Nikon).
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5.1.2.2.4 Tubulin Depolymerization and Cytokinesis Defects

While physiological ROS levels promote cytoskeleton polymerization, oxidation stress induces
the F-actin severing and impedes microtubule polymerization. As 21j promotes oxidative
stress, we next analysed whether 21j has an impact on tubulin polymerization in C4-2 cells.
Briefly, C4-2 cells were treated with 21j for 48 h and then stained for B-tubulin antibody. The
images were captured and processed in fluorescent microscope at low and high magnifications.
The low magnification images show more cells displaying cytokinesis defects (Figure 5.1.8)
in 21j treated group. In parallel, high magnification images revealed clear loss of tubulin

assembly in 21j treated group.

Figure 5.1.8 21j Increases depolymerization of tubulin in C4-2 cells. C4-2 cells were treated with
DMSO or compound 21j (10 uM and 20 pM) for 48 h. The fluorescence images were captured in FITC
secondary antibody (green) to visualise tubulin. Nucleus were visualised by DAPI (blue). Fluorescence
images captured at 20X showing a greater number of cells with incomplete cytokinesis in 21j group.

To further validate a potential impact of 21j on tubulin dynamics, we measured the relative
concentrations of polymerized versus depolymerized tubulin in control and 21j-treated C4-2
cells. As a positive control, colchicine was employed. While colchicine treatment significantly
decreased the levels of polymerized tubulin by ~30% as compared to control. 21j treatment
also resulted in ~20% less polymerized tubulin. These results suggest that at least some

percentage of 21j’s anti-cancer effect stems from its tubulin-depolymerizing activity

(Figure 5.1.9).
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Figure 5.1.9 21j increases tubulin depolymerization in C4-2 cells. (A) C4-2 cells were treated
with DMSO, colchicine (100 nM) or compound 21j (20 uM) for 24 h. Following cell lysis in
hypotonic buffer, pellet and supernatant were separated using ultracentrifugation. Equal
amounts of proteins were loaded in each lane. (B) Data analysis was performed using 3
independent replicates, and statistical significance between DMSO (control), Colchicine, and
21j-treated cells was determined using Student T-test. *P < 0.05.

5.1.2.2.5 Induces Reactive Oxygen Species (ROS) Accumulation

Increased oxidative stress induces cell death. Therefore, we examined whether compound 21j
promotes ROS using DCFDA staining in C4-2 cells. Both 10 uM and 20 uM concentrations of
21j induced robust increase in ROS levels (Figure 5.1.10). These results confirm that 21j

induces cytotoxicity at least in part by increasing oxidative stress.

Figure 5.1.10 21j increases ROS levels in C4-2 cells. C4-2 cells were treated with DMSO
vehicle control, or 10 uM and 20 uM of compound 21j for 48 h and stained with H2-DCFDA.
The bar graph shows arbitrary intensity of ROS level (green signal) using control and 10 pM
and 20 uM 21j-treated cells. Data analysis was performed using three independent replicates,
and statistical significance between DMSO (control), 10 and 20 uM 21j-treated cells were
performed using Student T-test. *P < 0.05.
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5.1.2.2.6 21j Inhibits Colony Formation
Clonogenic assay is an in vitro cell based technique that is often used to determine the

tumorigenic potential of cells in vivo. Therefore, we determined the effect of 21j on colony
forming ability of C4-2 cells. 21j treatment significantly inhibited the number and size of
colonies as compared to the control group (Figure 5.1.11) indicating that 21j should serve as

an effective anti-cancer agent.

Figure 5.1.11 21j inhibits colony formation in C4-2 cells. (A) Equal number of cells (1000
cells /well) were plated in a 6-well plate. They were treated with 0.05% DMSO (control) or
compound 21j at 10 uM or 20 uM. 200 nM Colchicine was used as a positive control. After 10
days cells were fixed and photographed.

5.1.2.3 Molecular docking studies

Tubulin-colchicine complex (PDB code: 1SAOQ) structure was provided by the Protein Data
Bank (rcsb.org).?” Possible interactions between tubulin and the a-cyano bis(indolyl)chalcones
were investigated, and orientations were compared with the reference drug colchicine. To gain
better understanding on the potency of 21j and guide further SAR studies, we proceeded to
examine the interaction of 21j with tubulin crystal structure (PDB code: 1SAO0) using
AutoDock 1.5.6 software (The Scripps Research Institute, USA). The X-ray crystallographic
enzyme tubulin complex with colchicine shows an essential hydrogen bonding interaction with
CYS241 in addition to hydrophobic interaction. The selected pose of the 21j out of eight poses
that showed similarity to the binding mode of DAMA colchicine is considered the best pose
with binding energy is -7.7 Kcal/mol (Figure. 5.1.12). As shown in figure 10, Cs-propyloxy
and NH moieties of indole in 21j form hydrogen bonding interactions with CYS241 and
LEU255, respectively, in addition to hydrophobic interactions (ALA250, ALA354, LEU248,
ALA316, LYS352). Molecular docking results further highlight that 21j as a novel tubulin
polymerization inhibitor that displayed interactions in the colchicine binding site of the tubulin.

The structures were visualised and analysed in Discovery studio 2021 software.

177



Part 5A

Figure. 5.1.12 Molecular interactions of 21j in colchicine binding site

5.1.2.4 In silico ADME evaluation of compounds 21a-r

As a result, many in silico models for predicting chemical ADMET properties have been
created and it has become advantageous as it reveals a pharmacokinetics-related failure of
drugs before proceeding to the clinical phase.?’” Lipophilicity is generally considered a key
determinant of permeability across tissue membranes, while water solubility is another
physicochemical property that determines a drug’s ADMET behaviours. Orally administered
drugs usually have a high lipophilic value, indicating easy passage and absorption through the
intestinal lining, penetration of the membrane of the target cells, and travel in the blood. There
is a direct relationship between the logP value and lipophilicity, but this negatively correlates
with water solubility.?® Hence, the test compounds ( 21a-r) with log P values between 3.3 and
5.5. Drug-likeness is established based on chemical structures and physicochemical properties
and is a qualitative assessment of oral bioavailability.”” Moreover, Lipinski’s Rule states that
for an orally active drug, the following conditions must be obeyed: < 5 H-bond donors, < 10
H-bond acceptors, a molecular weight < 500 g/mol, and a log p < 5.43; a ligand is considered

orally inactive if it violates two or more of Lipinski’s rules.*

Moreover, none of the test compounds violated Veber’s rule, whose criteria are the presence
of rotatable bonds < 10 and polar surface (TPSA) area < 140 A2.3° Moreover, evident from the

bioavailability score of 0.55%, all the selected test compounds 21a-r will be good oral drugs.
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Table 5.1.3 Physicochemical properties of 21a-r

Comp. MW?(g/mol) ClogPon® nHBA® nHBDY nRB® TPSA(A%)f logS?  druglikeness

21a 339.39 3.70 2 1 4 61.58 -4.97 Yes
21b 435.90 5.16 2 1 5 61.58 -6.58 Yes
21c 355.39 291 3 1 4 70.81 -4.67 Yes
21d 369.42 3.17 3 1 5 70.81 -4.86 Yes
21e 355.29 3.36 3 1 4 70.81 -4.67 Yes
21f 369.42 3.68 3 1 5 70.81 -4.86 Yes
21g 465.93 5.14 3 1 6 70.81 -6.65 Yes
21h 399.44 3.68 4 1 6 80.04 -4.93 Yes
21i 383.44 4.03 3 1 6 70.81 -5.09 Yes
21j 397.47 4.40 3 1 7 70.81 -5.43 Yes
21k 383.44 3.37 3 1 6 70.81 -5.24 Yes
211 354.40 3.92 2 1 4 47.02 -4.86 Yes
21r 332.35 3.18 4 1 5 75.11 -4.34 Yes
2 Molecular weight; ® Lipophilicity; ¢ No. of H-bond acceptors; ¢ No. of H-bond donor

¢ No. of rotatable bonds; f Topological surface area; & water solubility

As highlighted in the table, the skin permeation values (log Kp in cm/s) of the test compounds
ranged from -5.54 (more permeant) to -5.07 (most permeant). Compounds 21¢ and 21j are the
most skin permeant among the prepared compounds; however, the range of values of each test
compound suggested that they are permeable compared to the values from the standard ligand.
All the test compounds possess high gastrointestinal (GI) absorption potential, and the
compounds (21b, 21¢, 21d, 21k and 21r) displayed the ability to penetrate the blood-brain
barrier (BBB).

According to the pharmacokinetic predictions, except for 21a, all the test compounds were
predicted to be inhibitors of CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 (Table 4).
Cytochrome P450 (CYP) is an isoenzyme superfamily that catalyzes various biochemical
processes in phase I of drug metabolism (Hollenberg, 2002). The inhibition of the five main
isoforms CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 from eventually becoming
the substrates of medications is a primary cause of pharmacokinetics-related drug

interactions.’!
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Table 5.1.4 Selected pharmacokinetic parameters 21a-r

Comp. Gl BBB LogKp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
absorption permeant (cm/s)
21a Low No -5.07 No Yes Yes No Yes
21b High Yes -5.45 Yes Yes Yes No Yes
21c High Yes -5.54 Yes Yes Yes No Yes
21d High Yes -5.45 Yes Yes Yes No Yes
21e High No -5.25 Yes Yes Yes No Yes
21f High No -5.25 Yes Yes Yes No Yes
21g High No -5.25 Yes Yes Yes No Yes
21h High No -5.38 Yes Yes Yes No Yes
21i High No -5.47 Yes Yes Yes No Yes
21j High No -5.18 Yes Yes Yes No Yes
21k High Yes -5.07 Yes Yes Yes No Yes
211 High No -5.25 Yes Yes Yes No Yes
21r High Yes -5.45 Yes Yes Yes No Yes

Moreover, according to Table 5.1.4, the bioavailable radar charts in Figure 5.1.13, and the
BOILED-Egg plot in Figure 5.1.14, the investigated compounds were predicted to possess high
gastrointestinal tract (GI) absorption and blood—brain barrier (BBB) permeability.
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21a 21b 21c

21e 21f 21g
21h 21i 21j
21k 211 21r

Figure 5.1.13 Oral bioavailability radar charts for the studied potent compounds 21a-r. In
bioavailability radar, the pink area represents the optimal range for each physicochemical
property of oral bioavailability (LIPO-lipophilicity, SIZE-size, POLAR-polarity, INSOLU-
solubility, INSATU-saturation and FLEX-flexibility), while the red lines represent
compounds: 21a-r

The BOILED-Egg is of great support for lead optimization

The BOILED-Egg model offers a rapid, intuitive, and easily reproducible yet statistically
robust method for predicting the passive gastrointestinal absorption and brain access of small
molecules, which is valuable for drug discovery and development. Illustrated in figure 5.1.14,

the BOILED-Egg model delineates the physicochemical space of molecules: the white region
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represents the highest probability of absorption by the gastrointestinal tract, while the yellow
region (yolk) indicates the highest probability of permeating to the brain. It's important to note

that the yolk and white areas are not mutually exclusive.

21j

211

o
o CN
‘\ | R’
N

N—
21j

[0}
CN
(0]
A ‘H L{,\ \

N
211

Figure 5.1.14 BOILED-Egg plot for the studied compounds 21a-r

According to the determined parameters related to the absorption of the drug substance, it can
be said that the synthesized compounds 21a-r were characterized by good intestinal absorption

(HIA) and bioavailability.

Table 5.1.5 Physiochemical and ADME parameters with bioactivity scores

Toxicity probability of compounds

Toxicity target Colchicine | 21i 21j 21m 21n
Caco-2 Permeability 0.65 0.53 0.53 0.58 0.51
Rat Acute toxicity (LDso) 2.37 2.63 2.61 2.56 2.66
mol/kg
Carcinogens Non-carcinogens

0.81 | 0.88 | 091 | 091 | 0.93
Distribution
Subcellular localization Nucleus Mitochondria
P-glycoprotein Substrate 0.59 0.52 0.55 0.62 0.60
Absorption LogP app, cm/sec
Caco-2 Permeability 1.17 1.29 1.20 1.29 1.64
Human Intestine Absorption | 0.98 1.00 1.00 1.00 1.00

(High) (High) | (High) | (High) | (High)
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Distribution analysis predicted the location of the tested compounds in the mitochondria and
did not reveal permeability through the blood-brain barrier (BBB). In addition, the compounds
were identified as P-glycoprotein substrates but not inhibitors. In silico toxicity and
carcinogenicity are assessed and are given in Table 5.1.5. Furthermore, the computed rat acute
toxicity, that is, LDso in mol/kg seems to be sufficiently safe in the range 2.23—-2.66 mol/kg.
The LDso and other bioactivity score of 21j is similar to that of the standard colchicine drug

shown in Table 5.1.5.

5.1.3 Conclusions

The high yielding synthesis of indolyl a-cyano bis(indolyl)chalcones was achieved from the
L-proline catalysed reaction of appropriate aldehydes with 3-cyanoacetylindoles. Of the
prepared eighteen a-cyano bis(indolyl)chalcones, compound 21j demonstrated remarkable
potency against the C4-2 prostate cancer cell line (ICso = 0.9 uM). With broad spectrum of
activity (0.98-5.6 uM), the compound 21j was found to increase the endogenous level of ROS,
upregulate the level of p-53 and c-jun besides mitochondrial dysfunction, causes apoptosis.
Additionally, moderate tubulin activity of 21j suggest that at least some percentage of 21j’s
anti-cancer effect stems from its tubulin de-polymerization. The molecular docking study of
21j displayed important interactions in the colchicine binding site of the tubulin which supports

its observed tubulin activity.

5.1.4 Biology Protocols

5.1.4.1 MTT Assay

C4-2, PC-3 and 22Rvl prostate cancer cells were grown in RPMI 1640 media. HEK293
(human kidney cells) and MCF7 (human breast cancer cells) were maintained in Dulbecco’s
modified Eagle’s media (DMEM). All media were supplemented with 10% FBS, streptomycin
(100 pg/mL) and penicillin (100 1.U./mL). For MTT assay, 5 x 10° cells/well were seeded in
96-well plates. After 12h, cells were treated with different concentrations of 21a-r in a range
from 0.1 uM - 40 uM. 0.1% DMSO (vehicle control) was used as control. After 48 h, old media
was removed, cells were washed with PBS followed by addition of 100 pL of serum free media
and MTT (5mg/ml) cocktail (4:1 ratio) in each well. Cells were incubated for 4 h at 37 °C.
MTT was then aspirated, cells were washed with PBS, and then 100 pL DMSO was added to
dissolve the formazan crystals. The absorbance was measured at 570 nm using Tecan
Spectrafluor Plus. Relative inhibition was calculated as mean absorbance of treated cells/mean

absorbance of DMSO treated cells (negative control). The ICso values and dose response curve
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were obtained by nonlinear regression analysis [non-linear regression (sigmoidal dose response
with variable slope)] using Graph Pad Prism, version 6.0 software (Graph Pad Software Inc.,

CA, USA).

5.1.4.2 JC-1 staining

JC-1 staining was employed to investigate the effect of 21j compound on mitochondrial health
and apoptosis. Briefly, 0.25x10° C4-2 cells were seeded on 12 mm coverslips. After 12 h, the
cells were treated with DMSO or 21j (10 uM & 20uM) for 48 h. The cells were washed with
PBS and incubated with JC-1 dye in PBS (2 uM) for 20 min. Cells were washed with PBS and
images were captured in a BZ-X810 Keyence fluorescence microscope using FITC (green) and
TRITC (red) channels. The healthy mitochondria exhibit more J-aggregates and emit orange
fluorescence in the TRITC channel, whereas unhealthy or mitochondrial depolarization (a
hallmark of cellular death) results in a decrease of JC-1 accumulation and a shift in fluorescence
more towards green.

5.1.4.3 Acridine Orange-Ethidium Bromide staining

Acridine orange (AO) /Ethidium bromide (EB) staining was performed to determine the effect
of 21j compound on the permeability of plasma membrane, chromatin condensation and
nuclear morphology. Briefly, 0.25x10° C4-2 cells were seeded on 12 mm coverslip in 24-well
plates. 12 h later, the cells were treated with DMSO or 21j (10 uM & 20uM) for 48 h. The old
media was removed, cells were washed with PBS followed by incubation with the AO/EB (100
pg/mL AO and 100 pg/mL EB) dye mixture in PBS for 20 min. Cells were washed with PBS
and imaged in a fluorescent microscope (Nikon) using FITC (green) and TRITC (red) channels.
The nucleus appears green because AO permeates all cells, whereas EB only appears red when
the integrity of the cytoplasmic membrane is compromised (as in necrosis or late apoptosis).
5.1.4.4 Tubulin polymerization assay

C4-2 cells were plated 16 h prior to the treatment with the corresponding drugs. The cells were
treated with either 20 uM of 21j or 100 nM of colchicine for 48 h at 37 °C. Colchicine was
used as a positive control. The cells were lysed using hypotonic buffer (1 mM MgCl, 2 mM
EGTA, 0.5% NP40, 2 mM phenylmethylsulfonyl fluoride, 20 mM Tris HCl pH 6.8).
Ultracentrifugation was used to separate the pellet and supernatant containing the polymerized
and depolymerized tubulin respectively. The lysis buffer was used to resuspend the pellet
followed by a Bradford assay for protein quantification. Equal amounts of the pellet and
supernatant fractions were loaded onto a 12% SDS-PAGE gel, and immunoblotting was used

for tubulin detection.
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5.1.4.5 Western blot analysis

C4-2 cells were treated with DMSO, 20 uM of 21j or 100 nM of colchicine for 48 h at 37 °C.
Cells were washed with PBS and lysed in hypotonic buffer. The proteins were resolved by 12%
SDS-PAGE gel electrophoresis, and transferred at polyvinylidene difluoride (PVDF)
membrane, followed by blocking in 5% skim milk (0.1% TBST). The membrane was incubated
overnight at 4 °C with tubulin (1:5000) primary antibodies. Tubulin hybridoma was purchased
from Developmental Studies Hybridoma Bank (DHSB). PVDF membrane was washed with
0.1% TBST and incubated with secondary antibody (HRP-conjugated) for 1h at room
temperature. The proteins were visualized using chemiluminescence detection reagent (Pierce

Biotechnology) in GeneGnomeXRQ chemiluminescence imager.

5.1.4.6 Immunofluorescence

C4-2 cells were plated in on poly-lysine -coated cover slips. After 16 h, the cells were treated
with DMSO or 21j (10 pM & 20uM). After 24 h of treatment, the cells were fixed and
permeabilized with ice cold methanol. A blocking solution (2% BSA and 1% Triton X-100 in
1X PBS) was used for non-specific blocking for one hour. The poly-lysine-coated cover slips
containing cells were subsequently incubated with tubulin primary antibody overnight at 4 °C.
The conjugated secondary antibody goat anti-mouse-FITC was used for 3 h in the dark, and

images were captured using a BZ-X810 Keyence fluorescence microscope.

5.1.5 Experimental Section

5.1.5.1 General Remarks

The required laboratory reagents were purchased from Sigma-Aldich, Alfa Aesar and
Spectrochem India Pvt. Ltd and used without further purification. The reactions were
monitored by thin layer chromatography and performed on Merck pre-coated plates (silica gel
60 F2s4, 0.2mm). Column chromatographic purification of products was carried out using silica
gel (100-200 mesh) and ethyl acetate/hexane mixture was used for elution. '"H NMR spectra
and C NMR spectra were recorded at 400 MHz and 100 MHz using CDCl3 and DMSO-ds
solutions. Chemical shifts are given in ppm relative to the residual solvent peak ('"H NMR:
CDCl38 7.26; DMSO-ds § 2.50; 3C NMR: CDCl; & 77.0; DMSO-ds & 39.52) with multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (J, in Hz)
and integration. Melting points were determined by using E-Z melting point apparatus and are
uncorrected. High-resolution mass data (HRMS) were obtained on an Agilent 6545 Q-TOF
LC/MS (ESI).
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5.1.5.2 General procedure for the synthesis of 3-cyanoacetyl indoles (19):>*

Methane sulfonyl chloride (0.13 ml, 0.17 mmol) and corresponding indoles (0.20g, 0.17mmol)
were added to a stirred solution of potassium cyanoacetate (0.42g, 0.34 mmol) in acetonitrile
(3 mL). The resulting solution was stirred at room temperature for 1h. The progress of the
reaction was monitored by TLC. After the consumption of the starting material, contents were
allowed to cool and a white solid thus obtained was collected by filtration, washed with

methanol and dried to obtain pure products (19a-g) as mentioned below:

o CN o ™ o M o CN o ™ o ©N o ©N
o e o el e e oo
N ~o N N N ~o N
19a, 91% 19b, 91% 19¢, 92% 19d, 95% 19e, 93% 19f, 93% 199, 92%
mp 241-243°C  mp269-272°C  mp248-250°C  mp251-253°C  mp 260-261 °C  mp 227-230°C  mp 279-280 °C
5.1.5.3 Procedure for the synthesis of S-ethoxyindole and 5,6-dimethoxyindole
A mixture of 5-hydroxyindole/5,6-hydroxyindole (0.50 g, 3.8 mmol) and K>CO3 (1.52 g, 11.0
mmol), dissolved in 5 mL ethanol and heated to reflux. The ethyliodide/ propylbromide/
isopropylbromide (0.77 g, 4.9 mmol) was added and the reaction mixture was allowed to reflux
for 1h and then concentrated the mixture at reduce pressure. Water (20 mL) was added and the
aqueous layer was extracted with ethyl acetate (3x30 mL). The combined organic layer was
dried with MgSO4 and concentrated. The crude product was purified by flash column
chromatography using 5% ethyl acetate/hexane (v/v) as eluent.
o)
“op ey Yo 0
N N N o N
H H N H
95% 93% 91% 92%

mp 38-40 °C mp 57-59 °C mp 51-53 °C mp 157-159 °C
5.1.5.4 General procedure for the synthesis of indole-3-carboxaldehyde (20):°°

A round bottomed flask containing freshly distilled dimethylformamide (DMF) (10 mL) was
cooled in an ice-salt bath for about 0.5 h and freshly distilled phosphorus oxychloride (POCl3)
was added with stirring to the DMF over a period of 0.5 h. A solution of indole (18, 2g, 85.47
mmol) in DMF (130 mmol) was added to the yellow solution over a period of 1 h. The solution
was stirred at 35 °C till it became a yellow paste. At the end of the reaction, 30 g of crushed
ice was added to the paste with stirring to obtain a clear cherry-red aqueous solution. To this
cherry-red solution, sodium hydroxide (10 g, 94 mmol) in 100 mL of water was added dropwise
with stirring. The resulting suspension was heated rapidly to 90 °C and allowed to cool at room

temperature, after which it was placed in refrigerator for overnight. The product was filtered,
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washed with water (2 x 100 mL) and air dried to afford the pure indole-3-carboxaldehyde
derivatives 20 in 91-93% yields.

5.1.5.5 Procedure for alkylation of indole-3-carboxaldehydes

In a reaction flask, indole-3-carboxaldehyde (1 g, 1.0 equiv.) was dissolved in THF (15 mL),
followed by the addition of sodium hydride (0.3 g, 2.5 equiv.) and methyl/ethyl iodide (3.0
equiv) at 0 °C to room temperature. Reaction was monitored by the TLC. After the completion
of reaction, organic phase was washed twice with aqueous NaHCO3 (50 mL), water and
saturated brine (100 mL), and then dried over anhydrous Na>SO4. The solvent was evaporated
under vacuum and residue was purified by the column chromatography with ethylacetate and
hexane led to pure N-alkylated 3-carboxaldehydes (93-96% yields). N-methyl-3-
carboxaldehyde (mp. 68-70 °C) and N-ethyl-3-carboxaldehyde (mp. 99-102 °C).

5.1.5.6 General procedure for the preparation of a-cyano bis(indolyl)chalcones (21a-r)
A mixture containing 3-cyanoacetylindole derivative 19 (0.1 g, 1 mmol) and appropriate
aldehyde 20 (0.065g, 1 mmol) in ethanol (10 mL) was stirred at 25 °C. Catalytic amount of
L-proline (10 mol%) was added to reaction mixture and it was stirred for 5 h at 25 °C. The
reaction progress was monitored via TLC using a developing solvent system of n-hexane: ethyl
acetate. The resulting yellow solid was then recrystallized from ethanol to obtain pure a-cyano

bis(indolyl)chalcones 21a-r in 91-95% yields.

(E)-3-(1-ethyl-1H-indol-3-yl)-2-(1H-indole-3-carbonyl)acrylonitrile (21a):
Pale Yellow solid, 94% yield, mp 221-222 °C; 'H NMR (400
MHz, DMSO-ds) 6 12.13 (s, 1H), 8.63 (d, J = 10.5 Hz, 2H),
8.50 (s, 1H), 8.26 —8.22 (m, 1H), 7.97 (dt,J=7.7, 1.0 Hz, 1H),
7.69 (dt,J =8.2, 0.9 Hz, 1H), 7.59 — 7.54 (m, 1H), 7.38 — 7.23
(m, 4H), 4.44 (q, J = 7.2 Hz, 2H), 1.46 (t, J= 7.2 Hz, 3H); 1*C
NMR (100 MHz, DMSO-ds) & 181.26, 144.96, 136.88, 136.34, 134.34, 133.43, 128.50, 126.96,
124.01, 123.74, 122.63, 122.50, 122.07, 121.08, 119.38, 114.81, 112.83, 111.76, 110.12, 102.20,
42.18, 15.60.
3-(1-(4-chlorobenzyl)-1H-indol-3-yl)-2-(1H-indole-3-carbonyl)acrylonitrile (21b): Yellow
solid, 90% yield, mp 222-225 °C ; '"H NMR (400 MHz,
o. N O DMSO-ds) 6 12.17 (s, 1H), 8.75 (s, 1H), 8.63 (s, 1H),

N4 N cl
{ 8.51 (s, 1H), 8.26 (d, J=6.5 Hz, 1H), 7.97 (d,.J= 7.9 Hz,
L
H

1H), 7.59 (d, J = 14.8 Hz, 2H), 7.42 (s, 2H), 7.31 (d, J =
10.0 Hz, 6H), 5.68 (s, 2H); *C NMR (100 MHz, DMSO-
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ds) & 181.31, 144.92, 136.82, 136.44, 135.84, 134.45, 134.10, 133.09, 129.62, 129.22, 128.41,
126.78, 124.33, 123.95, 122.89, 122.71, 122.01, 120.86, 119.31, 114.75, 112.88, 111.96, 110.51,
102.80, 49.87.

2-(5-methoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile (21c):

Yellow solid, 95% yield, mp 220—221 °C; 'H NMR (400 MHz,
DMSO-ds) § 12.03 (s, 1H), 8.62 (s, 1H), 8.59 (s, 1H), 8.45 (d, J
=3.3 Hz, 1H), 7.96 (d,J="7.8 Hz, 1H), 7.77 (d, J= 2.8 Hz, 1H),
7.65 (d, J = 8.3 Hz, 1H), 7.45 (d, J = 8.8 Hz, 1H), 7.40 — 7.28
(m, 2H), 6.91 (dd, J = 8.7, 2.6 Hz, 1H), 4.01 (s, 3H), 3.81 (s,

3H); 1*C NMR (100 MHz, DMSO-ds) § 180.90, 156.10, 144.84,
137.34, 134.92, 134.35, 131.66, 128.31, 127.83, 124.03, 122.68, 121.10, 119.11, 114.65, 113.64,
113.59, 111.75, 109.89, 103.84, 101.87, 55.74, 34.22.

3-(1-ethyl-1H-indol-3-yl)-2-(5-methoxy-1H-indole-3-carbonyl)acrylonitrile (21d):

Yellow solid, 91% yield, mp 214—215 °C; 'H NMR (400
MHz, DMSO-ds)  8.63 (d,J= 3.8 Hz, 2H), 8.47 (s, 1H),
N~ | 7.96(d,J=7.7Hz IH), 7.80 (d, J = 2.6 Hz, 1H), 7.67
(d,/J=8.1 Hz, 1H), 7.46 (d, /= 8.8 Hz, 1H), 7.38 — 7.26
(m, 2H), 6.92 (dd, J= 8.7, 2.6 Hz, 1H), 4.42 (q, J=7.2
Hz, 2H), 3.82 (s, 3H), 1.45 (t,J = 7.2 Hz, 3H); ’*C NMR
(100 MHz, DMSO-ds) 6 180.87, 156.10, 144.81, 136.31, 134.43, 133.30, 131.73, 128.52, 127.88,
123.99, 122.62, 121.18, 119.30, 114.69, 113.62, 113.58, 111.73, 110.12, 103.87, 102.04, 55.73,
42.17,15.57.

N
N
H

2-(6-methoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile(21e):

Yellow solid, 95% yield, mp 217-220 °C; 'H NMR (400
MHz, DMSO-ds) 6 11.92 (s, 1H), 8.59 (d, J = 6.2 Hz, 2H),
8.37 (d, J=3.1 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H), 7.96 (d,
J =179 Hz, 1H), 7.65 (d, J = 8.1 Hz, 1H), 7.41 — 7.27 (m,
2H), 7.04 (d, J= 2.4 Hz, 1H), 6.89 (dd, J = 8.8, 2.3 Hz, 1H), 4.00 (s, 3H), 3.82 (s, 3H); *C NMR
(100 MHz, DMSO-ds) & '*C NMR (101 MHz, DMSO) & 180.94, 157.16, 144.81, 137.77, 137.34,
134.95, 133.34, 128.29, 124.02, 122.75, 122.67, 121.08, 120.87, 119.13, 114.92, 112.33, 111.74,
109.88, 101.88, 95.81, 55.74, 34.22.
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3-(1-ethyl-1H-indol-3-yl)-2-(6-methoxy-1H-indole-3-carbonyl)acrylonitrile (21f):

Yellow solid, 94% yield, mp 228-230 °C. 'H NMR (400
MHz, DMSO-ds) 8 11.93 (s, 1H), 8.62 (d, J = 8.3 Hz, 2H),
8.40 (s, 1H), 8.12 (d, J= 8.7 Hz, 1H), 7.95 (d, J = 7.8 Hz,
1H), 7.67 (d, J = 8.2 Hz, 1H), 7.39 — 7.25 (m, 2H), 7.05 (s,
1H), 6.90 (d, J = 11.1 Hz, 1H), 4.41 (q, J = 7.3 Hz, 2H),

3.82 (s, 3H), 1.45 (t, J = 7.2 Hz, 3H); '*C NMR (100 MHz,

DMSO-ds) & 180.92, 157.17, 144.79, 137.80, 136.31, 133.34, 128.51, 123.98, 122.78, 122.61,
121.15, 120.91, 119.32, 114.96, 112.31, 111.72, 110.12, 102.05, 95.81, 55.73, 42.16, 15.56.

3-(1-(4-chlorobenzyl)-1H-indol-3-yl)-2-(6-methoxy-1H-indole-3-carbonyl)acrylonitrile

(21g): Yellowish solid, 93% yield, mp 215-217

N\
s
~
o N

on ()
o) Q 1H), 8.74 (s, 1H), 8.63 (s, 1H), 8.48 (s, 1H), 7.97 (d,

N

o °C.** 'TH NMR (400 MHz DMSO-ds) & 12.07 (s,

J=17.8 Hz, 1H), 7.80 (s, 1H), 7.61 (d, J = 7.9 Hz,
1H), 7.45 (dd, J = 17.1, 8.4 Hz, 3H), 7.31 (dd, J =

15.3, 7.8 Hz, 4H), 6.93 (d, J = 9.0 Hz, 1H), 5.68 (s,

2H), 3.81 (s, 3H); '*C NMR (100 MHz, DMSO-ds) & 180.91, 156.15, 144.65, 136.52, 136.16,
134.61, 133.96, 133.01, 131.72, 129.67, 129.26, 128.56, 127.84, 124.20, 122.74, 120.88, 119.39,
114.64, 113.67, 113.61, 112.06, 110.57, 103.87, 103.01, 55.74, 49.80.

2-(5-ethoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile (21h):

Yellow solid, 93% yield, mp 217-220 °C. '"H NMR (400
MHz, DMSO-ds) & 12.02 (s, 1H), 8.61 (s, 1H), 8.57 (s,
1H), 8.45 (s, 1H), 7.94 (d, J= 7.7 Hz, 1H), 7.78 (d, J =
2.6 Hz, 1H), 7.62 (d, J=8.1 Hz, 1H), 7.45 (d, /= 8.8 Hz,
1H), 7.38 — 7.26 (m, 2H), 6.90 (dd, J = 8.8, 2.6 Hz, 1H),
4.06 (q,J=7.0 Hz, 2H), 3.99 (s, 3H), 1.37 (t, J=7.0 Hz,

3H); C NMR (100 MHz, DMSO-ds) § 180.79, 155.31, 144.76, 137.31, 134.84, 134.32, 131.65,

128.33, 127.89, 123.97, 122.62, 121.16, 119.08, 114.69, 114.05, 113.54, 111.69, 109.92, 104.72,
101.88, 63.75, 34.18, 15.31.

189



Part 5A

2-(5-ethoxy-1H-indole-3-carbonyl)-3-(1-ethyl-1H-indol-3-yl)acrylonitrile (21i):

Yellow solid, 91% yield, mp 272—273 °C; 'H NMR
(400 MHz, DMSO-ds) 6 12.06 (s, 1H), 8.62 (d,J=11.4
Hz, 2H), 8.44 (s, 1H), 7.97 (d, J=7.8 Hz, 1H), 7.76 (d,
J=2.6 Hz, 1H), 7.70 (d, /= 8.1 Hz, 1H), 7.44 (d, J =
8.8 Hz, 1H), 7.39 —7.27 (m, 2H), 6.90 (dd, /= 8.8, 2.4
Hz, 1H), 4.44 (q, J=7.2 Hz, 2H), 4.06 (q, /= 7.0 Hz,
2H), 1.46 (t, J = 7.2 Hz, 3H), 1.38 (t,J = 7.0 Hz, 3H); *C NMR (100 MHz, DMSO-ds) & 180.91,
155.29, 144.80, 136.32, 134.46, 133.33, 131.69, 128.50, 127.86, 124.00, 122.62, 121.13, 119.34,
114.63, 114.05, 113.57, 111.77, 110.10, 104.66, 102.10, 63.75, 42.17, 15.61, 15.32.

3-(1-ethyl-1H-indol-3-yl)-2-(5-propoxy-1H-indole-3-carbonyl)acrylonitrile (21j):  Yellow
solid, 93% yield, mp 294-295 °C. 'H NMR (400 MHz,
DMSO-ds) 6 12.02 (s, 1H), 8.63 (s, 1H), 8.62 (s, 1H),
8.45 (s, 1H), 7.96 (d, J= 7.7 Hz, 1H), 7.78 (d, J = 2.4
Hz, 1H), 7.69 (d, J = 9.2 Hz, 1H), 7.45 (d, J = 8.8 Hz,
1H), 7.38 —7.27 (m, 2H), 6.91 (dd, J = 8.8, 2.4 Hz, 1H),
4.43 (q,J = 7.2 Hz, 2H), 3.96 (t, J = 6.6 Hz, 2H), 1.77
(h,J=7.4 Hz, 2H), 1.45 (t,J=7.2 Hz, 3H), 1.01 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, DMSO-
ds) 6 180.90, 155.47, 144.80, 136.31, 134.38, 133.31, 131.65, 128.52, 127.86, 123.99, 122.62,
121.15, 119.30, 114.66, 114.09, 113.53, 111.75, 110.11, 104.77, 102.06, 69.83, 42.17, 22.67,
15.58, 10.94.

3-(1-methyl-1H-indol-3-yl)-2-(5-propoxy-1H-indole-3-carbonyl)acrylonitrile (21k):

Yellow solid, 95% yield, mp 224-225 °C. 'H NMR (400
MHz, DMSO-ds) 8 8.56 (s, 1H), 8.50 (s, 1H), 8.39 (s, 1H),
7.88 (d,J=7.7Hz, 1H), 7.72 (d, /= 2.6 Hz, 1H), 7.59 (d,
J=28.1 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.38 — 7.26 (m,
2H), 6.89 (dd, J = 8.8, 2.6 Hz, 1H), 3.93 (s, 3H), 3.74 (s,
3H), 1.73 (h, J = 7.2 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H); *C NMR (100 MHz, DMSO-ds) 5 181.11,
155.47, 145.00, 137.33, 135.06, 134.19, 131.45, 128.20, 127.69, 124.17, 122.82, 121.12, 119.02,
114.57,113.59, 111.74, 109.85, 104.80, 101.63, 69.94, 34.20, 22.57, 10.88.
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3-(1-ethyl-1H-indol-3-yl)-2-(5-isopropoxy-1H-indole-3-carbonyl)acrylonitrile (211):

Yellow solid, 91% yield, mp 196—197 °C. '"H NMR (400
MHz, DMSO-ds) 6 12.01 (s, 1H), 8.64 (s, 1H), 8.61 (s, 1H),
845 (s, 1H), 797 (d, J = 7.7 Hz, 1H), 7.78 (d,
J=2.6 Hz, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.44 (d, /= 8.8
Hz, 1H), 7.39 — 7.27 (m, 2H), 6.89 (dd, J = 8.8, 2.4 Hz,

1.45 (t, J = 7.2 Hz, 3H), 1.31 (s,

1H), 4.57 (hept, J = 6.0 Hz, 1H), 4.43 (q, J = 7.2 Hz, 2H),
3H), 1.30 (s, 3H); *C NMR (100 MHz, DMSO-ds) § 180.92,

154.07, 144.83, 136.32, 134.49, 133.32, 131.77, 127.90, 123.99, 122.62, 121.15, 119.34, 115.32,
114.60, 113.56, 111.75, 110.12, 106.97, 102.08, 70.46, 42.17, 22.44, 15.59.
2-(5-isopropoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile (21m):

0
o N\
TTD
N
H

Yellow solid, 94% yield, mp 220-221 °C. 'H NMR
on ()

(400 MHz, DMSO-ds) § 8.60 (d, J= 11.1 Hz, 2H), 8.44

S_N—_| (s, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 2.6 Hz,

1H), 7.64 (d, J = 8.2 Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H),
7.39—7.27 (m, 2H), 6.89 (dd, J=8.7, 2.5 Hz, 1H), 4.57

(p, J = 6.1 Hz, 1H), 4.00 (s, 3H), 1.31 (d, J = 6.1 Hz,

6H). 3C NMR (100 MHz, DMSO-ds) *C NMR (101 MHz, DMSO) § 184.84, 180.89, 154.06,
144.82, 137.34, 134.88, 134.45, 131.75, 128.32, 127.89, 124.00, 122.65, 121.11, 119.14, 115.32,
114.58, 113.57, 111.74, 109.91, 106.95, 101.91, 70.46, 34.22, 22.44, 22.40.
2-(5,6-dimethoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile (21n)

Yellow solid, 95% yield, mp 286—289 °C. 'H NMR (400
MHz, DMSO-ds) 6 8.60 (s, 1H), 8.56 (s, 1H), 8.33 (s, 1H),
7.93 (d, J = 7.6 Hz, 1H), 7.76 (s, 1H), 7.63 (d, J = 8.1 Hz,
1H), 7.40 — 7.26 (m, 2H), 7.08 (s, 1H), 3.98 (s, 3H), 3.82 (s,
3H), 3.81 (s, 3H); 3*C NMR (100 MHz, DMSO-ds) & 180.75,
147.94, 146.94, 144.73, 137.32, 134.87, 132.28, 131.06,

128.29, 124.03, 122.69, 121.18, 119.86, 119.01, 114.96, 111.71, 109.88, 103.95, 101.75, 96.05,
6.15,34.19. HRMS (ESI) m/z calcd for C23Hi9N303: 386.1460 (M+H)", found: 386.1480.

2-(5,6-dimethoxy-1H-indole-3-carbonyl)-3-(1-ethyl-1H-indol-3-yl)acrylonitrile (210)

Yellow solid, 94% yield, mp 250-251 °C. '"H NMR (400
MHz, DMSO) & 8.54 (d, J = 7.0 Hz, 2H), 8.30 (s, 1H), 7.87
(d, J=7.7 Hz, 1H), 7.72 (s, 1H), 7.60 (d, J = 8.1 Hz, 1H),
7.35 - 7.24 (m, 2H), 7.07 (s, 1H), 4.33 (q, J = 7.2 Hz, 2H),
3.79 (s, 9H), 1.41 (t, J = 7.3 Hz, 3H)."*C NMR (100 MHz,
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DMSO-ds) & 180.84, 147.86, 146.86, 144.84, 136.24, 133.27, 132.10, 130.84, 128.40, 122.73,
121.27, 119.71, 119.09, 114.90, 111.66, 110.03, 103.78, 101.56, 95.88, 56.04, 42.18, 15.38.
HRMS (ESI) m/z caled for C24H21N303: 400.1616 (M+H)", found: 400.1651.
3-(1-(4-chlorobenzyl)-1H-indol-3-yl)-2-(5,6-dimethoxy-1H-indole-3-carbonyl)-acrylonitrile
(21p):

Yellow solid, 95% yield, mp 294-295 °C. '"H NMR
(400 MHz, DMSO-ds) 6 11.90 (s, 1H), 8.74 (s, 1H),
8.62 (s, 1H), 8.36 (s, 1H), 7.97 (d,J=7.2 Hz, 1H), 7.77
(s, 1H), 7.63 (d, J=7.7 Hz, 1H), 7.44 (d, J = 8.4 Hz,
3H), 7.32(dd, J=15.9, 8.3 Hz, 5H), 7.08 (s, 1H), 5.69
(s, 2H), 3.83 (s, 3H), 3.82 (s, 3H); *C NMR (100 MHz, DMSO-ds) & 180.73, 147.95, 146.97,
144.51, 136.51, 136.23, 133.90, 132.98, 132.58, 131.11, 129.68, 129.26, 128.57, 124.18, 122.72,
120.91, 114.90, 112.08, 110.55, 103.93, 102.96, 96.05, 56.13, 49.77.
3-(3,4-dimethoxyphenyl)-2-(1H-indole-3-carbonyl)acrylonitrile (21q):

Yellow solid, 94% yield, mp 287-288 °C. 'H NMR (400 MHz, DMSO-ds) & 12.27 (s, 1H), 8.47
(s, 1H), 8.22 (d, J=9.5 Hz, 2H), 7.80 (s, 1H), 7.57 (d, J= 6.8 Hz,

CN
(0]
N\ O o | 1H),7.32-7.24 (m, 2H), 7.15 (d, J = 8.6 Hz, 1H), 3.87 (s, 3H),
O N M o384 (s, 3H); 3C NMR (100 MHz, DMSO-ds) & 181.87, 153.14,
N 152.88, 149.12, 137.08, 135.74, 126.74, 126.38, 125.45, 123.94,

122.76, 121.93, 119.14, 114.24, 113.20, 112.91, 112.22, 108.33, 56.26, 55.96.
2-(5,6-dimethoxy-1H-indole-3-carbonyl)-3-(1-methyl-1H-indol-3-yl)acrylonitrile (21r)
Yellow solid, 95% yield, mp 286—289 °C. '"H NMR (400 MHz,
DMSO-ds) 6 8.60 (s, 1H), 8.56 (s, 1H), 8.33 (s, 1H), 7.93 (d, J
=7.6 Hz, 1H), 7.76 (s, 1H), 7.63 (d, J= 8.1 Hz, 1H), 7.40 - 7.26
(m, 2H), 7.08 (s, 1H), 3.98 (s, 3H), 3.82 (s, 3H), 3.81 (s, 3H);
BC NMR (100 MHz, DMSO-ds) § 180.75, 147.94, 146.94,
144.73, 137.32, 134.87, 132.28, 131.06, 128.29, 124.03, 122.69, 121.18, 119.86, 119.01, 114.96,
111.71, 109.88, 103.95, 101.75, 96.05, 56.15, 34.19.

5.1.6 References

I. Wan,Y.; Li,Y.; Yan,C.; Yan, M.; Tang, Z., Indole: A privileged scaffold for the design

of anti-cancer agents. European Journal of Medicinal Chemistry 2019, 183, 111691.

2. Mehra, A.; Sharma, V.; Verma, A.; Venugopal, S.; Mittal, A.; Singh, G.; Kaur, B.,
Indole derived anticancer agents. ChemistrySelect 2022, 7 (34), €202202361.

3. Carbone, A.; Pennati, M.; Parrino, B.; Lopergolo, A.; Barraja, P.; Montalbano, A.;
Spano, V.; Sbarra, S.; Doldi, V.; De Cesare, M., Novel 1 H-pyrrolo [2, 3-b] pyridine

192



10.

1.

12.

13.

Part 5A

derivative nortopsentin analogues: Synthesis and antitumor activity in peritoneal
mesothelioma experimental models. Journal of Medicinal Chemistry 2013, 56 (17), 7060-
7072.

Miyake, F. Y.; Yakushijin, K.; Horne, D. A., A Facile Synthesis of Dragmacidin B and 2,
5-Bis (6 ‘-bromo-3 ‘-indolyl) piperazine. Organic Letters 2000, 2 (20), 3185-3187.
Al-Karmalawy, A. A.; Rashed, M.; Sharaky, M.; Abulkhair, H. S.; Hammouda, M. M.;
Tawfik, H. O.; Shaldam, M. A., Novel fused imidazotriazines acting as promising top. Il
inhibitors and apoptotic inducers with greater selectivity against head and neck tumors:
Design, synthesis, and biological assessments. European Journal of Medicinal Chemistry
2023, 259, 115661.

Budovska, M.; Michalkova, R.; Kello, M.; Vaskova, J.; Mojzis, J., Design, Synthesis
and Antiproliferative Evaluation of Bis-Indole Derivatives with a Phenyl Linker: Focus on
Autophagy. Molecules 2022, 28 (1), 251.

Ma, Y.; Yakushijin, K.; Miyake, F.; Horne, D., A concise synthesis of indolic enamides:
Coscinamide A, coscinamide B, and igzamide. Tetrahedron Letters 2009, 50 (30), 4343-
4345.

Kumar, D.; Arun, V.; Maruthi Kumar, N.; Acosta, G.; Noel, B.; Shah, K., A Facile
Synthesis of Novel Bis - (indolyl) - 1, 3, 4 - oxadiazoles as Potent Cytotoxic Agents.
ChemMedChem 2012, 7 (11), 1915-1920.

Gupta, L.; Talwar, A.; Chauhan, P. M., Bis and tris indole alkaloids from marine
organisms: new leads for drug discovery. Current Medicinal Chemistry 2007, 14 (16),
1789-1803.

Kumar, D.; Kumar, N. M.; Ghosh, S.; Shah, K., Novel bis (indolyl) hydrazide—
hydrazones as potent cytotoxic agents. Bioorganic & Medicinal Chemistry Letters 2012,
22(1),212-215.

Boumendjel, A.; Ronot, X.; Boutonnat, J., Chalcones derivatives acting as cell cycle
blockers: potential anti cancer drugs? Current Drug Targets 2009, 10 (4), 363-371.
Kontogiorgis, C.; Mantzanidou, M.; Hadjipavlou-Litina, D., Chalcones and their potential
role in inflammation. Mini Reviews in Medicinal Chemistry 2008, 8 (12), 1224-1242.
Agarwal, A.; Srivastava, K.; Puri, S.; Chauhan, P. M., Synthesis of substituted indole
derivatives as a new class of antimalarial agents. Bioorganic & Medicinal Chemistry

Letters 2005, 15 (12), 3133-3136.

193



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Part 5A

Liu, X.-F.; Zheng, C.-J.; Sun, L.-P.; Liu, X.-K.; Piao, H.-R., Synthesis of new chalcone
derivatives bearing 2, 4-thiazolidinedione and benzoic acid moieties as potential anti-
bacterial agents. European Jurnal of Medicinal Chemistry 2011, 46 (8), 3469-3473.
Perin, N.; Hok, L.; Bec, A.; Persoons, L.; Vanstreels, E.; Daelemans, D.; Vianello, R.;
Hranjec, M., N-substituted benzimidazole acrylonitriles as in vitro tubulin polymerization
inhibitors: Synthesis, biological activity and computational analysis. European Journal of
Medicinal Chemistry 2021, 211, 113003.

Ullah, H.; Khan, N. N.; Ullah, S.; Rahim, F.; Hussain, A., Synthesis, molecular docking,
and bioactivity study of bis-indole-sulfonamide analogues as acetylcholinesterase and
butyrylcholinesterase inhibitors. Chemical Data Collections 2023, 47, 101063.

Kamal, A.; Reddy, J. S.; Ramaiah, M. J.; Dastagiri, D.; Bharathi, E. V.; Sagar, M. V.
P.; Pushpavalli, S.; Ray, P.; Pal-Bhadra, M., Design, synthesis and biological evaluation
of imidazopyridine/pyrimidine-chalcone derivatives as potential anticancer agents.
MedChemComm 2010, 1 (5), 355-360.

Kamal, A.; Srinivasulu, V.; Nayak, V. L.; Sathish, M.; Shankaraiah, N.; Bagul, C.;
Reddy, N. S Rangaraj, N.; Nagesh, N., Design and synthesis of C3 -
pyrazole/chalcone - linked beta - carboline hybrids: antitopoisomerase I, DNA -
interactive, and apoptosis - inducing anticancer agents. ChemMedChem 2014, 9 (9), 2084-
2098.

Kumar, D.; Kumar, N. M.; Akamatsu, K.; Kusaka, E.; Harada, H.; Ito, T., Synthesis and
biological evaluation of indolyl chalcones as antitumor agents. Bioorganic & Medicinal
Chemistry Letters 2010, 20 (13), 3916-3919.

Robichaud, B. A.; Liu, K. G., Titanium isopropoxide/pyridine mediated Knoevenagel
reactions. Tetrahedron Letters 2011, 52 (51), 6935-6938.

Jiang, B.; Gu, X.-H., Syntheses and cytotoxicity evaluation of bis (indolyl) thiazole, bis
(indolyl) pyrazinone and bis (indolyl) pyrazine: Analogues of cytotoxic marine bis (indole)
alkaloid. Bioorganic & Medicinal Chemistry 2000, § (2), 363-371.

Kumar, D.; Kumar, N. M.; Chang, K.-H.; Gupta, R.; Shah, K., Synthesis and in-vitro
anticancer activity of 3, 5-bis (indolyl)-1, 2, 4-thiadiazoles. Bioorganic & Medicinal
Chemistry Letters 2011, 21 (19), 5897-5900.

Kemnitzer, W.; Kuemmerle, J.; Jiang, S.; Zhang, H.-Z.; Sirisoma, N.; Kasibhatla, S.;
Crogan-Grundy, C.; Tseng, B.; Drewe, J.; Cai, S. X., Discovery of 1-benzoyl-3-

cyanopyrrolo [1, 2-a] quinolines as a new series of apoptosis inducers using a cell-and

194



24.

25.

26.

27.

28.

29.

30.

31.

32.

Part 5A

caspase-based high-throughput screening assay. Part 1: Structure—activity relationships of
the 1-and 3-positions. Bioorganic &Medicinal Chemistry Letters 2008, 18 (23), 6259-
6264.

Bartoli, G.; Beleggia, R.; Giuli, S.; Giuliani, A.; Marcantoni, E.; Massaccesi, M.;
Paoletti, M., The CeCl3- 7TH20—Nal system as promoter in the synthesis of functionalized
trisubstituted alkenes via Knoevenagel condensation. Tetrahedron Letters 2006, 47 (37),
6501-6504.

Coelho, A.; El-Maatougui, A.; Ravina, E.; Cavaleiro, J. A.; Silva, A. M., Efficient
consecutive alkylation-Knoevenagel functionalisations in formyl aza-heterocycles using
supported organic bases. Synlett 2006, 2006 (19), 3324-3328.

Kumar, D.; Kumar, N. M.; Tantak, M. P.; Ogura, M.; Kusaka, E.; Ito, T., Synthesis and
identification of « -cyano bis (indolyl) chalcones as novel anticancer agents. Bioorganic
& Medicinal Chemistry Letters 2014, 24 (22), 5170-5174.

Slaett, J.; Romero, I.; Bergman, J., Cyanoacetylation of indoles, pyrroles and aromatic
amines with the combination cyanoacetic acid and acetic anhydride. Synthesis 2004, 2004
(16), 2760-2765.

Guan, L.; Yang, H.; Cai, Y.; Sun, L.; D1, P.; Li, W.; Liu, G.; Tang, Y., ADMET-score—
a comprehensive scoring function for evaluation of chemical drug-likeness.
MedChemComm 2019, 10 (1), 148-157.

Ursu, O.; Rayan, A.; Goldblum, A.; Oprea, T. L., Understanding drug - likeness. Wiley
Interdisciplinary Reviews: Computational Molecular Science 2011, 1 (5), 760-781.
Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J., Experimental and
computational approaches to estimate solubility and permeability in drug discovery and
development settings. Advanced Drug Delivery Reviews 1997, 23 (1-3), 3-25.

Huang, S. M.; Strong, J. M.; Zhang, L.; Reynolds, K. S.; Nallani, S.; Temple, R.;
Abraham, S.; Habet, S. A.; Baweja, R. K.; Burckart, G. J., New era in drug interaction
evaluation: US Food and Drug Administration update on CYP enzymes, transporters, and
the guidance process. The Journal of Clinical Pharmacology 2008, 48 (6), 662-670.

Wu, Q.; Luo, Y.; Lei, A.; You, J., Aerobic copper-promoted radical-type cleavage of
coordinated cyanide anion: nitrogen transfer to aldehydes to form nitriles. Journal of

American Chemical Society 2016, 138 (9), 2885-2888.

195



Chapter 5

Design, Synthesis and Anti-cancer
Activity of Novel a-cyano

bis(indolyl) chalcones

Part 5B: Design and Synthesis of FICD
Inhibitors

196



Part 5B

5.2 Introduction

FICD (Filamentation induced by cAMP domain) is a conserved protein found in many
eukaryotes, including humans, and plays a crucial role in regulating the activity of several key
proteins involved in various cellular processes.! FICD-mediated ampylation of proteins, which
involves the transfer of AMP from ATP to specific amino acid residues, is essential for the
proper functioning of several pathways, including ion channel activity, endocytosis, and cell
signaling.? Dysregulation of FICD-mediated AMPylation has been linked to various human
diseases, including cancer and neurodegenerative disorders. In recent years, the discovery of
FICD inhibitors has gained significant attention as a potential therapeutic strategy for the
treatment of these diseases. Post-translational modifications (PTMs) play critical roles in
regulating protein function and cellular processes. Among the PTMs, AMPylation, the transfer
of adenosine monophosphate (AMP) from ATP to target proteins, is a relatively newly
discovered modification that has been found to regulate a diverse range of cellular processes,
including cell growth, proliferation, and metabolism. FICD, a conserved protein that inhibits
the hypoxia-inducible factor (HIF)-1a, has been identified as a key regulator of AMPylation.’
Inhibiting FICD has potential implications, as it can lead to the dysregulation of AMPylation
and therefore impact multiple cellular processes. The current understanding of FICD-mediated
AMPylation and the potential therapeutic benefits of targeting FICD as a novel approach for
drug development. FICD inhibitors are small molecules that block the enzymatic activity of
FICD, thus preventing it from modifying its substrate BiP. FICD inhibitors bind to the active
site of FICD and prevent it from carrying out its catalytic function, which is to add an AMP

molecule to a conserved histidine residue in the substrate BiP.?

5.2.1 Rational Design

FICD aka HYPE, a newly identified bifunctional enzyme, which is capable of both AMPylation
and DeAMPylation.* While several prokaryotic AMPylators are known, FICD and SELO are
the only known AMPylators in metazoans. AMPylation is an emerging post-translational
modification, which is predominantly linked to endoplasmic reticulum stress.> ° A role of FICD
or AMPylation and DeAMPylation is largely unknown in human health and disease.’ Recently
uncovered that FICD AMPylase activity is deregulated in highly aggressive castration-resistant
prostate cancer (CRPC). Deregulation of the AMPylase activity of FICD in turn promotes
highly oncogenic phenotypes in CRPC, highlighting it as a potential target for CRPC. In

contrast, FICD’s DeAMPylase activity does not contribute to oncogenesis. Instead, it is
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required for normal physiological functions of the cells. In agreement with these findings,
knockdown of FICD is highly toxic for both normal and cancer cells, as it eliminates both its
AMPylase and DeAMPylase functions. These findings therefore suggest that inhibitors of
FICD AMPylase activity should be highly effective in reversing oncogenic phenotypes in cells
and in vivo. There is the only report that identified FICD inhibitors, (Figure 5.2.1) but their

specificity was not rigorously tested.’
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Figure 5.2.1 Chemical structures of selected E234G FICD inhibitors

5.2.2 Results and Discussion

Initially we screened a focused library of 20 cyanobis(indoyl)chalcones (MM-series), which
revealed a potent inhibitor MM-2 with AMPylase inhibition activity (ICso = 10 uM). (Figure
5.2.2). Based on the structure activity relationship (SAR) obtained from these 20 compounds,
as well as docking of the hit compound MM-2 into FICD crystal structure, we identified a
hydrophobic tunnel unique to FICD that could be potentially exploited to generate second
generation FICD inhibitors (Figure 5.2.2).

R=H,R'=H, R? R3=H (MM-1)

R =H, R'=H, R?=H, R3=CHj; (MM-2)

R = H, R'=H, R? = OCHj3, R®= CH,C4zH,CI (MM-3)
R =H, R'=H, R?=H, R®= CH,CgH4OCH3(MM-4)
R=H, R'=H, R?>=F, R3=H, R® =F (MM-5)

R =H, R'=H, R? = OCH3; R%= H, R*= OCH3 (MM-6)
R=H, R'=H, R? R3=H, R*= OCH; (MM-7)

MM-2

Figure 5.2.2 FICD inhibitor, MM-2 (ICso = 10 uM)
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Figure 5.2.3 SAR of a-cyano bis(indolyl)chalcones

The docking studies further revealed that substituents R' and R? are most likely to be highly
effective in accessing this hole. Based on these criteria, we designed a virtual library of 50
compounds varying at R! and R?. These compounds were virtually screened using FICD crystal
structure with AutoDock Vina program. These studies have led to the identification of 21a-r
compounds that show potentially very high binding with FICD. A few of these structures

modified at R! position with their AutoDock Vina scores are listed in figure 5.2.3.

5.2.2.1 Biological Evaluation

5.2.2.1.1 FICD AMPylation inhibition activity (uM) of potent compounds

The synthesized a-cyano bis(indolyl)chalcones 21a-r were subjected to evaluation for their
cytotoxicity against five human cancer cell lines: prostate (C4-2, PC3, and 22Rvl), breast
(MCF7), epithelial cancer (MIAPACA), and normal human kidney (HEK293) cell lines, using
the MTT assay. As outlined in our previous discussion in Chapter 5a, compound 21¢ exhibited
anticancer activity with an ICso value of 1.23 uM against 22Rv1 (prostate cancer cell line).
Interestingly, compound 21e demonstrated potent anticancer activity with ICso values of
1.28 uM and 2.3 puM against 22RV1 and C4-2 (prostate cancer cell lines), respectively.
Among the 21a-r compounds evaluated, three demonstrated notable potency in inhibiting
FICD activity. Specifically, compounds MM-2, 21b, 21¢, and 21e exhibited significant
inhibitory activity against FICD, with ICso values of 10.1 uM, 12.9 uM, 7.9 uM and 11.9 uM,
respectively, as depicted in Table 5.2.1 and figure 5.2.4. Their potency highlights their potential

as promising candidates for further investigation and development as anticancer agents.
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Table 5.2.1 Potent a-cyano bis(indolyl)chalcones (21a-r) FICD inhibitors (uM)

FICD-WT inhibitors
(ICs0, uM)

Comp. Comp.

FICD-WT inhibitors
(ICs0, uM)

Ve
' 10.1

N

21f

(0]
o CN
he ‘O\ | L{,\ \O 15g
N N_| '
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CN K/ Q CN
H

N—

o]

21k

k/ CN
0. ' H ’
11.9
21e

CcN
C>,CI 39.2

FICD-WT

3.5 A

OD650nm
N

positive 21b 21c 21d 21e 21f 21g 21h
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Figure 5.2.4 Potent (21a-r) FICD AMPylation inhibitors
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5.2.3 Molecular Docking

Molecular docking simulation is one of the most frequently used methods to aid in modern
drug designing. The prediction power of docking programs helps to find out suitable
conformation of ligands within the binding site. In the present study, to predict the inhibitory
mechanism, we employed molecular docking analysis on the newly synthesized indole
acrylonitriles that displayed significant inhibitory effect for in vitro assay on FICD inhibitor.
The structure of FICD is composed of an N-terminal domain, a central domain, and a C-
terminal domain. The central domain of FICD contains the conserved FIC domain, which is
responsible for catalyzing the AMPylation process. The N-terminal domain of FICD is
responsible for substrate recognition, while the C-terminal domain is involved in FICD

dimerization.

Figure 5.2.5 Crystal structure of FICD protein. (a) 3D Representation of FICD (b) domain of
FICD protein

FICD recognizes its substrate proteins through a specific consensus sequence, which consists
of a hydrophobic residue followed by a negatively charged residue. Once FICD binds to its
substrate, it catalyzes the transfer of AMP from ATP to a conserved histidine residue on the
substrate protein, resulting in AMPylation.!

Compounds MM-2, 21¢ and 21j are FICD AMPylation inhibitors that has been shown to bind
to the ATP binding site of FICD and block its enzymatic activity. This leads to the

accumulation of misfolded proteins in the ER and the activation of the UPR.
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Figure 5.2.6 3D representation of FICD dimer

The ATP binding site in FICD is crucial for its enzymatic activity, facilitating essential
interactions necessary for this process. Within this binding site, specific amino acid residues
play pivotal roles in forming hydrogen bonds with ATP molecules, as highlighted in figure
5.2.7. Notably, residues GLY368, HIS363, ILE366, ARG371, TYR399, and ASN407 are

actively involved in establishing these critical hydrogen bonding interactions.

Compound 21¢ exhibits significant interactions within the ATP binding site. It forms hydrogen
bonds with amino acid residues GLY368, ARG371, and ASN369, indicating a strong affinity
for these regions. Additionally, hydrophobic interactions are observed with residues LEU403,
HIS319, TYR400, and VAL360, further enhancing the binding affinity of the compound at the
ATP binding site. Interestingly, the potent compound (21¢) perfectly overlays with the ATP
molecule, suggesting a close structural resemblance and optimal binding geometry (Figure
5.2.8). These interactions between the potent compound and the ATP binding site are crucial
for its inhibitory activity against FICD. By precisely targeting key residues and mimicking the
binding mode of ATP, the compound effectively disrupts the enzymatic function of FICD,
ultimately inhibiting the AMPylation process.
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Figure 5.2.7 (a) ATP binding active site in FICD (b) 2D interaction of ATP with different

amino acids.

(b)

Interactions

|:| van der Waals

- Conventional Hydrogen Bond
|:| Carbon Hydrogen Bond

- Fi-Sigma

- Pi-Pi Stacked
[ Fi-Pi T-shaped
[ Alkyl

[ Prakyl

Figure 5.2.8 Binding affinity of potent compound 21¢ = -9.3 Kcal/mol. 21¢ bind at ATP
binding site and exactly overlay on ATP. (b) 2D interactions with H-bonding (green dotted

line)
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Figure 5.2.9 Identification of potent FICD inhibitors

5.2.4 Conclusions

In this chapter, the development of a-cyano bis(indolyl)chalcones (21a-r) as FICD inhibitors
in a novel strategy for treating prostate cancer has been reported. Through an AMPylation
assay, we identified 21¢ as a potent FICD inhibitor, demonstrating an ICso value of 7.9 pM,
while MM-2 and 21e also exhibited promising activity at 10.1 and 11.98 uM, respectively.
Furthermore, we conducted computational analyses, including molecular docking and
pharmacokinetic studies, on the synthesized indolyl chalcones. Our findings unveiled specific
molecules with remarkable binding affinity at the ATP binding site. Crucially, our in vitro
experiments validated these computational predictions, underscoring the reliability and

significance of our computational modeling strategies in drug discovery.

5.2.5 Biological Protocols

5.2.5.1 Protein Purification

To begin the protein purification process, the FICD pellet is taken and combined with substrate
lysis buffer (8 mL) containing 1 mM PMSF (80 pL). The mixture is subjected to three cycles

of French press treatment, with escalating pressures (medium, high, high), followed by
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centrifugation at 10,000 rpm for 20 min. at 4 °C. The resulting supernatant is transferred to a
fresh 15 mL tube, where prewashed beads (washed with 2X water and 2X substrate lysis buffer)
are added (80 pL). The beads are then washed twice with 1 mL of water and twice with 1 mL
of substrate lysis buffer. Subsequently, the 15 mL tube containing the mixture is placed in a
cold room and rotated at 4 °C for 1 h. After rotation, the tube is centrifuged at 10,000 rpm for
10 min., and the supernatant is discarded. The beads are then subjected to sequential washes
with 1X low stringent buffer, 2X medium stringent buffer, 1X high stringent buffer, and finally
1X low stringent buffer. Finally, the purified protein is eluted from the beads using FICD

elution buffer, completing the protein purification process.

5.2.5.2 AMPylation Assay (Malachite Green Assay)

To prepare Reagent A, start by diluting 34.5 mL of concentrated HCI with distilled water to
make a total volume of 90 mL. Then, dissolve 4.2 g of ammonium molybdate in this solution
and dilute it further to a final volume of 100 mL. This solution, containing 4.2% (w/v) of
ammonium molybdate in 4N HCI, remains stable at room temperature for extended periods.
For Reagent B, dissolve 45 mg of malachite green-HCl in 100 mL of distilled water.
Alternatively, 150 uL of liquid malachite green can be dissolved in 10 mL of distilled water to
achieve the same concentration of 0.045% (w/v). Reagent C is prepared by mixing Reagent A
and Reagent B in a ratio of 1:3. Lastly, Reagent D is a 2% (w/v) solution of NP-40, which can
be prepared by dissolving NP-40 in distilled water to achieve the desired concentration.

To initiate the AMPylation reaction, a 30 pL reaction volume is prepared in an eppendorf tube,
following a specific order of component addition. Firstly, distilled water was added, followed
by the 10X AMP buffer, compounds from a 200 uM stock concentration, histone substrate at
a concentration of 1 mg/mL, FICD protein, and ATP to achieve a final concentration of 30 uM.
The tubes were then spin to ensure thorough mixing. Subsequently, the reaction tubes was set
up for a 2 h incubation period at room temperature to allow the AMPylation reaction to proceed.
Once the reaction is complete, pyrophosphatase enzyme (0.5-1 pL) was added to each tube
containing the reaction mixture. This enzyme facilitates the breakdown of any remaining
pyrophosphate. The reaction mixture, now containing the AMPylated substrate, was then
transferred into wells of a 96-well plate. To each well, 1 uL of reagent D is added, followed by
the addition of 30 uL of freshly prepared reagent C. Finally, the readings on the plate reader
was measured according to the appropriate settings, allowing for the quantification and analysis

of the AMPylated substrate.
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5.2.6 Experimental Section

5.2.6.1 Chemistry

In our previous Chapter 5A, we provided detailed procedures and spectral data for synthesizing

a-cyano bis(indolyl)chalcones (21a-r). A mixture containing 3-cyanoacetylindoles (0.1 g,

1 mmol) and appropriate aldehyde 20 (0.065g, 1 mmol) in ethanol (10 mL) was stirred at 25 °C.

Catalytic amount of L-proline (10 mol%) was added to reaction mixture and it was stirred for

5 hat 25 °C. The reaction progress was monitored via TLC using a developing solvent system

of n-hexane: ethyl acetate. The resulting yellow solid was then recrystallized from ethanol to

obtain pure a-cyano bis(indolyl)chalcones in 91-95% yields.
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6.1 Introduction

Formation of amide linkages is among the important chemical connections for development of
various pharmaceutical drugs, proteins, natural products, and synthetic polymers. Among the
amides, B-oxo amides represent a valuable structural unit in medicinal and synthetic organic
chemistry.!* Recently, extensive research efforts have been directed towards the synthesis of
B-oxo amides for being potential precursors to achieve a variety of bioactive heterocyclic
compounds®®, i.e., pyridones,” quinolones,'’ and chromones.'"" > But, most of the existing
methods to prepare P-oxo amides suffer from the disadvantages such as formation of
undesirable side products in stoichiometric amounts, high reaction temperatures, and less
substrate scopes.'*!7 Therefore it is desirable to develop a simple and efficient approach to
prepare -oxo amides. Apart from these applications, -oxo amide motifs are commonly found
in various natural compounds and therapeutic agents For example, several metabolites
Myxothiazol S1,'® possess intriguing biological activities, Verticilactam (1),'” Niizalactam C
(2),%° and 3-o0x0-C12-HSL (3).?! Teriflunomide (4), a medication that modulates the immune
system, is actually the enol form of alpha-cyano -oxo amide Piptidyl difluoro B-ketoamides
(PDBKA) belong to a class of effective elastase inhibitors.?? (Figure 6.1) The chiral p-
ketoamide 4-Odemethylbarbamide (5) is a natural product derived from marine

cyanobacteria.?®

(‘ 0 o
, n-CgH13MNH )
‘ o
(0]
2 3
Verticilactam Niizalactam C 3-0x0-C1-HSL
Jiva ! s /O NH;
O /II /III ‘//‘O—_—i‘o\\\ Z S/\§—-’<\ \ / 1 //I
Nio 3 T H 04.0.
NHAc 5 6
PDBKA 4 4-O-demethylbarbamide Myxothiazole S1

Figure 6.1 Biological active f-oxo amides

During the past years a broad spectrum of novel and simple strategies have been developed for
the preparation of N-substituted P-oxo amides.’*?® The most prevalent methods for the

synthesis of B-oxo amides involve esters and amines in a stoichiometric amount of base at
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elevated temperature!® 2 Other synthetic strategies involve the utilization of dia-zonium
salts,’® diketenes or diketene—acetone adducts and isoxazolium salts (Scheme 6.1) at high
temperatures.'®?® The well-known synthetic protocols for their synthesis includes acylation of

amide enolates or their synthetic equivalents.?’

o 9 RNH O °
2 RNH
R1M0/\ 5 - 2 /j
160 °C M R CH3;COOH
7 -~ 9
R N
O H
N O H2N n RNH, 0
/LUJ\ p-oxo amides < | N—
H Pd2(db3)3 TEA
8 K3PO4’ (6{0) 10

Y
o
o

|

A

Y

Scheme 6.1 General synthesis of B-oxo amides

In 2020, Malakar et al. presented a cost-effective synthesis protocol for B-oxo amides. They
introduced a straightforward and economical method mediated by 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) to synthesize -oxo amides, utilizing amines and B-keto esters as substrates.
The reaction conditions displayed high efficiency in cleaving the carbon-oxygen (C-O) bond,
facilitating consecutive site-selective C-N bond formation under these conditions.*! In 2016,
Yang and co-workers have developed a protocol for the amidation involving the reaction of
aryl boronic acids with various arylnitriles under copper-catalyzed conditions.*

On the other hand, diaryliodonium salts have been widely employed as highly electrophilic
arylating agents in many coupling reactions and in the construction of valuable heterocycles
with five- and six-membered ring systems.>*>* Due to unique advantageous properties, such as
high reactivity, easy handling, less toxic nature, the application of diaryliodonium salts are
rapidly growing for the synthesis and functionalization of medicinally potent heterocycles.
Olofsson et al. developed a facile, high yielding direct synthesis of diaryliodonium triflates.>¢
This convenient one-pot protocol involves aryl iodides 12 and arenes 13 in the presence of m-
chloroperbenzoic acid (m-CPBA) and triflic acid. Use of mild oxidant m-CPBA is beneficial
due to its low solubility in organic solvents which simplifies its removal from the reaction
mixture. The method is applicable for the synthesis of a variety of diaryliodonium salts bearing

various substitution on the aryl rings (Scheme 6.2).
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Scheme 6.2 Most common routes for the preparation of diaryliodonium salts

Symmetrical diaryliodonium salts have two identical aryl rings. But if the aryl rings of
iodonium salts are not identical then it’s called unsymmetrical diaryliodonium salts. The
chemoselectivity become important when the arylation reaction was carried out with
unsymmetrical diaryliodonium salts because both aryl rings have opportunity to enter the
transition state. Chemoselectively transfer of an aryl ring in unsymmetrical diaryliodonium

salts is depicted in figure 6.2.%7

(A) Selecitivity of aryl group transfer
Symmetrical dlaryllodonlum salts

(B) Advantageous features

oo a

Recyclability

Exchangeable
counter anion

(ges

Identical rings

Oxidant
Arene

Unsymmetrical diaryliodonium salts

| + X
©/ “auxiliary /w
Comparably more
electronically rich ring

Transferable ring |

i

1. Highly reactive
2. Solid and stable
3. Versatile aryl coupling partner

X= Exchangeable counter anion

Figure 6.2 (A) Selective aryl transfer from symmetrical and unsymmetrical iodonium salts
(B) Advantageous features of iodonium salts
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6.2 Results and Discussion

6.2.1 Synthesis and Characterization

Literature methods for the preparation of B-oxo amides involve the reaction of esters and
amines in a stoichiometric amount of base at an elevated temperature.'* 2 But, there is no
report to access B-oxo amides by the reaction of readily available a-cyano ketones and
diaryliodonium salts. Easy preparation of a-cyano ketones prompted us to explore the reaction
of a-cyano ketones and the relatively benign diaryliodonium salts to achieve bioactive f-oxo
amides under mild reaction conditions. The 3-cyanoacetyl indole (20) can be easily prepared
in one synthetic step without column-chromatography purification from the reaction of
commercially available indoles and cyanoacetic acid.’®

We chosen a-cyano ketone (20a) and diphenyliodonium triflate (19a) as model substrates to
investigate the reaction conditions (Table 6.1). Firstly, the reaction of 20a with 19a using 10
mol% of CuCl as the catalyst and 1,2-dichloroethane (DCE) as solvent at 80 °C resulted in
expected 21a in 20% yield (Table 6.1, entry 1). Use of Cul instead of CuCl as a catalyst
decreased the yield of 21a (Table 6.1, entry 2). Gratifyingly, changing the catalyst from Cul to
Cu(OTY)2 produced 21a in 91% yield (Table 6.1, entry 3). Use of Cu(OAc):H>0 instead of
Cu(OTf); afforded 21a in trace amount (Table 6.1, entry 4). When reaction of 20a and 19a
was performed in absence of the catalyst, no product formation was observed (Table 6.1, entry
5). This control experiment revealed the essential role of copper catalyst. Next, we focused to
optimize the catalyst loading. No significant improvement in the yield of 21a was observed
with the increased amount of Cu(OTf), from 10 mol% to 20 mol% (Table 6.1, entry 6).
Notably, lower product yield (21a) was observed with reduced catalyst loading (5 mol%)
(Table 6.1, entry 7). Further, variation in reaction temperatures also did not improve the yield

of 21a significantly (Table 6.1, entries 8-9).

Use of solvents such as toluene, DMF and THF resulted in lower product yields (Table 6.1,
entries 10-12). To study the reactivity of diphenyliodonium salts with different counterions,
we subjected diphenyliodonium salts with counter ions such as OTs, Br and PF¢ (Table 6.1,
entries 13-15). Reaction of 20a with diphenyliodonium salt 19a having OTs and Br counterions

afforded 21a in poor yields while 19a with PF¢s counterion provided 21a in 85% yield.
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Table 6.1 Optimization of reaction conditions?

CN
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"

o o NH
A\ ©/ \© Conditions {
N N, 12 h N
20a 9a 21a
Entry X Catalyst (10 mol%)  Solvent  Temp. (°C) Yield® (%)

1. OTf CuCl DCE 80 20
2. OTf Cul DCE 80 10
3. OTf Cu(OTf) DCE 80 91
4. OTf Cu(OAc), .H,0 DCE 80 trace
5. OTf - DCE 80 NR¢
6. OTf Cu(OTf)2 DCE 80 924
7.  OTf Cu(OTf)2 DCE 80 80°
8.  OTf Cu(OTf)2 DCE 100 91
9. OTf Cu(OTf)2 DCE 60 75
10. OTf Cu(OTf) Toluene 80 79
11. OTf Cu(OTf)2 DMF 80 10
12.  OTf Cu(OTf)2 THF 80 78
13.  OTs Cu(OTf)2 DCE 80 55
14. Br Cu(OTf)2 DCE 80 45
15.  PFe Cu(OTf)2 DCE 80 85

#Reaction conditions: 20a (0.70 mmol, 1.0 equiv), 19a (0.84 mmol, 1.2 equiv), catalyst (0.07
mmol, 0.1 equiv.) in DCE (2.5 mL) at 80 °C (min). ®Isolated yield of the product. °NR = no

reaction, 920 mol% catalyst was used. °5 mol% catalyst was used.

Under the developed reaction conditions, by employing 5-methoxy/bromoindolyl a-cyano
ketones (20b-¢) and diphenyliodonium salt 19a afforded the desired f-oxo amides 21b (70%
yield) and 21¢ (64% yield).
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Table 6.2 Synthesis of various p-oxo amides 21a-c*?

o. ON OTf
| NH
! 0
S L OO0
O 10 mol% Cu(OTf),
N -

N,, DCE, 12 h

20a-c 19a

) ; ) ;
NH NH
o o o NH
0]
A\ g A\ o N\

21,75% 21b, 70% 21c, 64%

*Reaction conditions: 20a-d (0.70 mmol, 1.0 equiv), 19a (0.84 mmol, 1.2 equiv), Cu(OTf)2
(0.07 mmol, 0.1 equiv.), DCE (2.5 mL) under N> atmosphere at 80 °C for 12 h. ®Isolated yield.

All the synthesized compounds (21a-¢) were isolated by column chromatography and
characterized by their 'H and *C NMR spectral data. The proton NMR of 21b displayed two
characteristic singlets at 3.96 ppm (-CH; protons) and 3.78 ppm (OCH3) (Figure 6.3). Its °C
NMR spectrum also showed characteristic peaks at 49.27 (methylene carbon), 55.73 (OCH3)

and 156.01 ppm (amidic carbon) as shown in figure 6.4.
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Figure 6.4 *C NMR spectrum of compound 21b
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In view of recent reports on the C-2 arylation of indole using diaryliodonium salts, we explored
the reaction of 3-cyanoacetyl indole 20a with iodonium salts in an efforts to prepare C-2-
arylated 3-cyanoacetyl indole. To our surprise, the reaction of 20a with diaryliodonium salt
(19a) in the presence of palladium catalyst led to the formation of benzocarbazole 23a as a

major product (75% yield) instead of C-2 arylated 3-cyanoacetyl indole 22 (Scheme 6.3).

o, ON i o ©ON Ho CN
JOTf
' Pd(OAc), O
SO e 00 - OO
DMF N N
H H

20a 19a 22a 23a
25% 75%

Iz

Scheme 6.3 Synthesis of C-2 arylated 3-cyanoacetyl indole and benzo[a]carbazoles

Over the past few years, a subclass of carbazoles, benzo[a]carbazoles, have captured the
attention of both synthetic and medicinal chemists because of their broad range of properties
in medicinal and material chemistry. In this context, benzo[a]carbazole derivatives have been
prepared by Gu and co-workers from the reaction of acetol and 2-arylindoles by using a
zwitterion based on TfOH as the catalyst.’* Likewise, in 2016, Pelkey and colleagues
developed a two-step synthetic route for the preparation of 3-pyrrolin-2-one-fused
benzo[a]carbazoles through the formation of indole-substituted 3-pyrrolin-2-one by a BFs-
mediated reaction of indole and N-alkyl-substituted 3-aryltetramic acids and followed by
Scholl-type oxidative-cyclization.*® Similarly, as depicted in Scheme 6.4, Pi and Sha groups
independently achieved the synthesis of functionalized benzo[a]carbazoles through Diels-
Alder reaction of vinylindoles (26) and in situ generated arynes from 2- (trimethylsily)aryl
triflate) in the presence of CsF and oxygen gas.*"**> Moreover, many transition-metal-catalyzed
reactions of pre-functionalized indole substrates have been reported to afford efficiently and
diversely substituted benzo[a]carbazoles. For instance, a novel synthetic methodology has been
reported by Li ef al. to prepare benzo[a]carbazoles or 6-amino benzo[a]carbazoles from the
cascade reaction of 2-arylindoles or 2-arylindole-3-carbonitriles (27) with a diazo carbonyl
compounds using Rh(III)-catalyzed conditions (Scheme 6.4).*

Likewise, Huang and co-workers accomplished the synthesis of 11H-benzo[a]carbazole
derivatives through sequential cross-dehydrogenative coupling reaction of 2-arylindoles (28)
and alkenes in presence of Rh-catalyzed conditions at 140 °C (Scheme 6.4).* In 2018, Fan et

al. discovered an approach for the selective synthesis of benzo[a]carbazole derivatives via

216



Chapter 6

Rh(III)-catalyzed cascade reaction of 2-arylindoles (29) with sulfoxonium ylides which
involved inert C-H bond alkylation and followed by intramolecular condensation (Scheme

6.4).4

(a) Piand Sha gr?ups work c) Huang.et al. work

R OTf
X
TMS
N\ " (Cp*RhCly),
“a R DMAP, AgOAc

CsF, 0,, 60-80 °C

N, CH3CN/toluene R AcOH, Xylene,
R O 140°C, 24h 28
26
R'= NO,, COOEt o O Q
)J\”/CO2Et N o o

(d) Fan et al. work

(b) Li et al. work Ph R n-

R [ ke T

N\ (Cp*RhClz), (Cp*R1Cly), N R2
Cu(OAc)z CH3CN CsOAc, THF \

” 120 ° 100 °C, 12h

27

29

Scheme 6.4 Reported methodologies for the construction of benzo[a]carbazoles

In our efforts to develop efficient synthesis of benzocarbazoles, we further optimized the
reaction conditions involving readily available cyano ketones 20a and diphenyliodonium
triflate (19a) as model substrates (Table 6.3). Initial reaction of 20a with 1.0 equiv. of 19a
using 10 mol% Pd(OAc), as catalyst and DMF (1.5 mL) as solvent at 100 °C afforded the
expected 6-hydroxy-11H-benzo[a]carbazole-5-carbonitrile (23a) in 60% yield after 24 h
(Table 6.3, entry 1). Next, changing the equivalent of 19a from 1.0 to 1.5 equivalents
significantly improved the yield (up to 82%) of 23a, but further increasing the iodonium salt
23ato 2.0 equivalents resulted in a relatively low product yield (72%) of 23a (Table 6.3, entries
2-4). Reducing the catalyst loading from 10 mol% to 5 mol% led to a slightly improved product
yield (23a, 85%) (Table 6.3, entry 5). It is noticeable that the use of an elevated reaction
temperature (120 °C) completed this reaction within 16 h only and further enhanced the yield
to 91% when the reaction temperature was increased to 140 °C (Table 6.3, entries 6 and 7). We
then focused our investigation on screening the different polar and non-polar solvents.
However, when this reaction was performed in non-polar solvents such as toluene or THF, no
formation of 23a was detected even after refluxing for 24 h (Table 6.3, entries 8 and 9),
highlighting the need for a polar solvent. Moreover, the use of other solvents like DMSO and
AcOH was also futile, resulting in low yield of the expected product 23a (Table 6.3, entries 10
and 11). Experiments using other catalysts [Cu(OTf),, Cul] were disappointing (Table 6.3,
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entries 12 and 13), as the starting materials remained intact (TLC). Finally, the reaction

conditions of entry 6 of Table 6.3 appeared to be the optimized.

Table 6.3 Optimization of the Reaction Conditions for the Preparation of 23a®?

o ON B Ho ~ CN
JOTf
| Catalyst OQ
| ,} " ©/ \© Solvent, Time, Temp.= | N
N H
20a 19a 23a
Entry Catalyst (mol%) 19a (equiv.) Solvent Temp (°C)  Time (h) Yield” (%)

1. Pd(OAc) (10) 1.0 DMF 100 24 60
2. Pd(OAc),(10) 1.2 DMF 100 24 68
3. Pd(OAc) (10) 1.5 DMF 100 24 82
4. Pd(OAc) (10) 2.0 DMF 100 24 72
5. Pd(OAc): (5) 1.5 DMF 100 24 85
6. Pd(OAc):(5) 1.5 DMF 120 16 91
7. Pd(OAc): (5) 1.5 DMF 140 16 89
8. Pd(OAc) (5) 1.5 toluene reflux 24 ND¢
9. Pd(OAc): (5) 1.5 THF reflux 24 ND¢
10. Pd(OAc): (5) 1.5 DMSO 120 24 71
11. Pd(OAc): (5) 1.5 AcOH reflux 24 65
12. Cu(OTH): (5) 1.5 DMF 120 24 ND¢
13. Cul (5) 1.5 DMF 120 24 ND¢

“Reaction conditions: 20a (0.54 mmol, 1.0 equiv.), 19a (0.81 mmol, 1.5 equiv.), catalyst
(0.027 mmol, 0.05 equiv.), solvent (1.5 mL), 16 h. ? Isolated yield. ¢ ND = not determined

To test the general usefulness of our developed protocol, a variety of diaryliodonium salts (19a-
e) and 3-cyanoacetyl indole derivatives (20a-h) were examined (Scheme 6.2). Initially, the

study was conducted with the variation of diaryliodonium salt derivatives.
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Table 6.4 Synthesis of 6-hydroxy-11H-benzo[a]carbazole-5-carbonitriles

0 CN B HO CN
OTf
§ ! Pd(OAc), | OQ
| N DMF, 110 °C, 16h N
H X
20a 19a 23a

a) Substrate scope of diaryliodonium salts

232, 91% 23b, 89% 23c, 86%
HO CN HO CN Tt
$ ) O o
(I & T e S OQ
F N :
H cl N i '
23d, 84% : H
’ (] '
23e, 70% | 23f, 85%

b) Substrate scope of keto cyanoindole

HO CN HO CN 0 CN
oA, o )
-
g 0
e} N N N
Intermediate

239, 82% 23h, 81%

Reaction conditions: 20 (0.54 mmol), 19 (0.81 mmol), Pd(OAc)> (0.027 mmol),
DMF (1.5 mL), 16 h.

The reaction of 20a with diaryliodonium salts having different electronic nature substituents
afforded the products 23b (methyl; 89%), 23¢ (methoxy; 86%) and 23d (chloro; 85%) in
excellent yields under optimized conditions (Scheme 6.2a). Pleasingly, the reaction of
mesityl(thiophen-2-yl)iodonium triflate (19e) with 20a worked smoothly to afford the desired
product 23e in 70 % yield. Furthermore, we investigated the substrate scope by using

substituted 3-cyanoacetyl indoles (20a-d). 3-Cyanoacetyl indole derivatives with methoxy
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(20b), dimethoxy (20¢) and bromo (20d) substituents reacted well, affording the corresponding
products 23f, 23g and 23h in good yields of 85%, 80% and 81%, respectively (Table 6.4).

The 'H NMR spectra of the intermediate (22) revealed characteristic peaks, appearing at 3.93
ppm, indicating the presence of the methylene group (Figure 6.5). Additionally, the '*C NMR
spectra (Figure 6.6) displayed a distinct signal at 32.20 ppm, for the methylene carbon of 22.
These spectroscopic data confirm the successful formation of the desired intermediates. In
NMR spectrum of compound 23a, peak corresponding to the -CHz proton and carbon were

absent (Figures 6.7 and 6.8).

Oct07-2023.1.fid
DK-MM-C-8

12.39

mmmmmmmmmmmmmmmmmmm
HEAAVOOVNnNELANNANN

nnnnnnnnnnnnnnnnnnn

3.93

CN

Iz __

I
I 1oy oy

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5.0 14.5 14.0 13.5 13.0 12,5 12.0 11.5 11.0 10.5 100 95 90 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 1.5 1.0 05 O.
f1 (ppm)

Figure 6.5 '"H NMR spectrum of compound 22
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Figure 6.6 *C NMR spectrum of compound 22
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Figure 6.8 '3C NMR spectrum of compound 23a

In 2014, Gulia et al. reported a (5+2) cycloaddition reaction involving o-vinylphenol and an
alkyne, catalyzed by rhodium, to produce annulated oxepino.* Under similar conditions, using
the reaction of 23a and diphenylacetylene (24) we successfully prepared 4H-oxepino carbazole

25 in 75% yield (Scheme 6.5).

Ho ~ CN
Ph
OQ | | [RhCp*Clsls, (5mol%)
+ >
O N Cu(OAc); H,0 (2.2 equiv)
H Ph DMF, 100 °C
23a 24

Scheme 6.5 Synthesis of oxepino carbazole 25

6.3.2 Photophysical Studies

Absorption and emission spectra of the prepared indolyl carbazoles 23a-h were recorded in
UV grade acetonitrile solvent at 25 °C. The absorption spectra of 23a-h displayed characteristic
absorption bands (279-304 nm) and emission bands (381-418 nm) excited at their respective
absorption bands with 100-150 nm Stokes shift was observed (Table 6.5, Figure 6.9).
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Changing the chemical functionalities on indolyl carbazoles effectively modulated absorption
and emission maxima. Introduction of an electron donating C5-OMe group (compound 23f)

led to showed absorption at 280 nm and emission at 396 nm, respectively.

(@) (b)

Abscrbance
(Normalized)

Normalized Fluo. Intensity

T T T T T T T T T T T
250 260 270 280 290 300 M0 320 330 330 360 390 420 450 480
wavelength (nm) wavelength (nm)

Figure 6.9 UV-Visible (a) Normalized absorption spectra (b) Normalized emission spectra of
23a-h (2 uM) in UV grade acetonitrile (Aex: 300 nmy; slit width: 4 nm)

Table 6.5 Photophysical properties of 23a-h in UV-grade acetonitrile (2 x 10 M)

Compd. Aabs (NM) e M 'em™) Aem (Nm) Stokes shift (nm)
23a 280 962945 381 101
23b 279 581875 379 100
23¢ 281 1141130 380 99
23e 281 272640 384 103
23f 280 934315 396 116
23g 304 564985 418 114
23h 280 625090 386 106

Thereafter, photophysical properties of 23a-h were checked in six different solvents namely
dichloromethane (DCM), chloroform (CHCIs), tetrahydrofuran (THF), methanol (MeOH),
dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO). Solvatochromism could be
considered as experimental evidence for the intramolecular charge transfer (ICT) effect occurs
due to donor (methoxy)-acceptor (cyano) system. A bathochromic shift of 10 nm was observed
for the longer-wavelength peak of 23f with the change in solvent from DCM (279 nm) to
DMSO (289 nm) as shown in figure 6.10 (Table 6.6); illustrates a remarkable ICT effect. To
get insight into the electronic structures, DFT calculations were performed at the B3LYP/6-

31G(d,p) level (Figure 6.11). The LUMO lobes are largely localized on the cyano moiety in
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23f, while the HOMO and HOMO-1 lobes are distributed more on the methoxy moiety in 23f;

explains the more significant ICT effect observed in the solvatochromism experiment.
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Figure 6.10 UV-Visible (a) Normalized absorption spectra (b) Normalized emission spectra
of 23f (10 uM) in different solvents (Aex: 300 nmy; slit width: 4 nm)

Table 6.6 Photophysical properties of 23f (10 uM) in different solvents

Solvent Aabs/NM Aem/NM Stoke’s shift/nm
DCM 279 394 115
CHCI3 280 394 114
THF 280 394 114
MeOH 282 396 114
DMF 287 444 157
DMSO 289 444 155

Figure 6.11 DFT calculated frontier molecular orbitals

6.3.3 Plausible Mechanisms for Pd-catalyzed Reaction

Based on our experimental results and previous literature reports, a plausible mechanism

pathway is proposed in Scheme 6.6. Firstly, for C-2 arylation, the enol form of 20a is believed

to coordinate with Pd(Il) catalyst to activate the Csp>-H bond of C-2 position to produce five-

membered cyclopalladated species A. Further, oxidative addition of diaryliodonium salt 19a is
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expected to result in the formation of diaryl Pd(IV) species B. Species B then undergoes
reductive elimination and reinsertion of Pd(Il) between the Csp-H bond of the phenyl ring to
afford species C. We then speculated that Pd(II) forms C-Pd(II)-C bonds through 1,3-
rearrangement to generate species D. Finally, reductive elimination of D provides desired

product 23a and release the active Pd(II) species to complete the catalytic cycle.

Scheme 6.6 Plausible reaction mechanism of Pd-catalyze reactions

6.4 Conclusions

In conclusion, we have successfully developed two efficient synthetic methodologies for the
preparation of diverse and biologically relevant compounds. Our copper-catalyzed strategy
enables the synthesis of B-oxo amides using iodonium salts under milder reaction conditions.
However, Pd-catalyzed reaction of a-cyano ketone and diaryliodonium salts afforded the
substituted benzo[a]carbazoles in high yields. The developed conditions were found to be
advantegeous in term of high product yield, use of readily available starting materials and short

synthesis of bioactive compounds.

6.5 Experimental Section
6.5.1 General Materials and Methods
All the laboratory reagents were purchased from Sigma-Aldich, Alfa Aesar, and Spectrochem

India Pvt. Ltd and used without further purification. The reactions were monitored by thin layer
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chromatography and performed on Merck pre-coated plates (silica gel 60 Fzs4, 0.2mm).
Column chromatographic purification of products was carried out using silica gel (100~200
mesh) and ethyl acetate/hexane mixture was used for elution. 'H NMR spectra was recorded at
400 MHz, 1*C NMR spectra was recorded at 100 MHz, and in CDCl3 and DMSO-ds solutions.
Chemical shifts are given in ppm relative to the residual solvent peak ('"H NMR: CDCl3 § 7.28;
DMSO-ds 2.50; 3C NMR: CDCls § 77.0; DMSO-ds 39.52) with multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet), coupling constants (in Hz) and integration.
Melting points were determined by E-Z melting point apparatus. Used 3-cyanoacetylindole

derivative was prepared according to literature reported method.*®

6.5.1.1 General procedure for the preparation of diaryliodonium salts (21a-f)*"- 43

| + OTf
= 1@/ @ ) m-CPBA l
+ R > R1 2
TfOH, DCM ©/ \QR
O°C—rt
19a-e

To a solution of iodoarene (2.5 mmol, 1.0 equiv), m-chloroperbenzoic acid (m-CPBA, 2.7
mmol, 1.1 equiv) in dichloromethane (8 mL) was added. The resulting mixture was stirred at
room temperature for 10 min then arene (2.7 mmol, 1.1 equiv)) was added. Reaction mixture
was cooled to 0 °C and then trifluoromethanesulfonic acid (TfOH, 5.0 mmol, 2.0 equiv)) was
added dropwise. After the addition of TfOH, mixture was allowed to stir at room temperature
for 0.5 h. The solvent was evaporated under vaccum and the residue was dissolved in cold
diethyl ether (4 mL) under cooling (0 °C) conditions. The obtained solid was collected by
filtration, washed with cold diethyl ether and dried under vacuum to give diaryliodonium

triflates 19a-e as white solids in 88-95% yields.

T AT AL AR o

19a, 95% 19b, 93% 19¢, 92% 19d, 92% 19e, 88%
mp 178-179 °C mp 122-124 °C mp 129-132 °C mp 175-176 °C mp 132-134 °C

6.5.1.2 General procedure for the synthesis of 3-cyanoacetyl indoles (20a-r):>*
Indole (10 mmol) 17 was added to a stirred solution of cyanoacetic acid (10 mmol) in acetic
anhydride (10 mL) at 50 °C. The solution was heated at 85 °C for 20 min. During that period

3-cyanoacetyl indole started to crystallize. After completion of the reaction as indicated by
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TLC, the mixture was allowed to cool and the solid was collected, washed with Hexane:EtOAc

and dried to afford pure 3-cyanoacetyl indoles (20a-h) in 87-95 % yields.

6.5.1.3 General experimental procedure for N-phenyl-p-ketoamides (21a-c):

To the mixture a-cyano ketones 20 (0.70 mmol, 1.0 equiv), copper(ID)triflate (0.07 mmol) and
diaryliodonium salts (19, 0.84 mmol, 1.2 equiv) were dissolved in DCE (2.5 mL, contains 0.1%
v/v H20) under N> atmosphere. The resulting reaction mixture was stirred at 80 °C for 12 h.
After completion of the reaction as indicated by TLC, the contents were cooled to room
temperature and evaporated the solvent under reduced pressure. The obtained crude residue
was purified by column chromatography using ethyl acetate and hexane as an eluent to obtain

pure products 21a-c¢ in 65-75% yields.

6.5.1.4 General experimental procedure for the synthesis of benzo[a]carbazole derivatives

(23a-h):

The reaction was initiated by dissolving a-cyano ketones 20 (1.0 equiv) and diaryliodonium
salts (19, 1.5 equiv) in DMF, followed by the addition of Pd(OAc): (5 mol%). The resulting
mixture was stirred at 120 °C for 16 h under a N> atmosphere. Upon completion of the reaction,
indicated by TLC analysis, the reaction mixture was cooled to room temperature and poured
into crushed ice. The resulting crude residue was purified by column chromatography using

ethyl acetate and hexane as eluents, yielding pure products 23a-h in 88-91% yields.

3-(1H-Indol-3-yl)-3-oxo-N-phenylpropanamide(21a):
Light brown solid, 75% yield, mp 214-215 °C; '"H NMR (400
Q MHz, DMSO-ds) 8 12.06 (s, 1H), 10.20 (s, 1H), 8.43 (d, J = 3.1
© NH Hz, 1H), 8.19 (d, /J=7.0 Hz, 1H), 7.62 (d, J= 7.7 Hz, 2H), 7.50 (d,
J=28.1Hz, 1H), 7.32 (t, /= 7.9 Hz, 2H), 7.26 — 7.19 (m, 2H), 7.06
N\ (t,J=7.4 Hz, 1H), 3.99 (s, 2H); *C NMR (100 MHz, DMSO-dj)
” o 189.2, 166.3, 139.6, 137.1, 135.7, 129.2, 125.8, 123.7, 123.5,
122.4,121.7,119.5,116.8, 112.7,49.3; IR (neat, cm™): 3310, 1667,
1601, 1420, 1339, 1173; HRMS (ESI) m/z caled for C17H15sN202: 279.1128 (M + H)", found:
279.1126.

o)
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3-(5-Methoxy-1H-indol-3-yl)-3-oxo-N-phenylpropanamide (21b): Off white solid, 70%

O ;
NH
(0]
MeO
| N
N
H

yield; mp 221-224°C; "H NMR (400 MHz, DMSO-ds) & 11.96
(s, 1H), 10.19 (s, 1H), 8.37 (d, J= 3.2 Hz, 1H), 7.70 (d, J = 2.4
Hz, 1H), 7.62 (d, J= 7.7 Hz, 2H), 7.39 (d, J = 8.8 Hz, 1H), 7.32
(t,J=7.9 Hz, 2H), 7.06 (t, J= 7.4 Hz, 1H), 6.87 (dd, J= 8.8, 2.5
Hz, 1H), 3.96 (s, 2H), 3.78 (s, 3H); 3C NMR (100 MHz, DMSO-
ds) & 189.1, 166.3, 156.0 , 139.6, 135.8 , 131.9, 129.2, 126.7,

123.7,119.5, 116.7, 113.4, 103.3, 55.7, 49.3.

3-(5-Bromo-1H-indol-3-yl)-3-0xo-N-phenylpropanamide (21c¢): Light brown solid, 64%

O ;
NH
0]
Br
Cfg
N
H

yield, mp 227-228 °C; 'H NMR (400 MHz, DMSO-dg) § 12.27
(s, 1H), 10.22 (s, 1H), 8.49 (d, J= 3.1 Hz, 1H), 8.32 (d, J= 1.9
Hz, 1H), 7.61 (d, J= 7.6 Hz, 2H), 7.49 (d, J= 8.6 Hz, 1H), 7.38
d, J = 86, 20 Hz 1H), 732
(t, J= 7.9 Hz, 2H), 7.06 (t, J = 7.4 Hz, 1H), 3.99 (s, 2H); 3C
NMR (100 MHz, DMSO-ds) & 189.4, 166.1, 139.5, 136.8,
135.9, 129.2, 127.6, 126.1, 123.8, 123.8, 119.5, 116.3, 115.2,

114.9, 49.3; IR (neat, cm™): 3395, 3294, 1670, 995; HRMS (ESI) m/z calcd for C17H14BrN2Ox:
357.0233 (M + H)", found: 357.0196.

6-hydroxy-11H-benzo[a]carbazole-5-carbonitrile (23a): Brown solid, 91% yield, mp

156-158 °C. 'H NMR (400 MHz, DMSO) & 12.74 (s, 1H), 8.54 —

OH
| O CN1 847 (m, 1H),8.31 (d, J=7.9 Hz, 1H), 8.00 (dd, J= 8.3, 1.0 Hz, 1H),
\ 7.70 (dd, J = 5.8, 4.3 Hz, 2H), 7.58 (td, J = 7.6, 1.3 Hz, 1H), 7.46
: 0 (ddd, J=8.2,7.2, 1.3 Hz, 1H), 7.34 — 7.28 (m, 1H); '3C NMR (100

MHz, DMSO-ds) 159.04, 140.06, 138.96, 132.15, 128.41, 125.51,
124.65, 124.24, 123.04, 122.61, 122.47, 121.06, 118.06, 117.54, 112.07, 109.89, 84.47.
6-hydroxy-3-methyl-11H-benzo|a]carbazole-5-carbonitrile (23b): Off-white solid, 89%

OH
CN
LI
N
g

yield, mp 156-158 °C. 'H NMR (400 MHz, DMSO-d) 5 12.64 (s,
1H), 11.54 (s, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.30 (d, J= 7.9 Hz,
1H), 7.79 (s, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.48 — 7.40 (m, 2H),
7.33 — 7.28 (m, 1H), 2.56 (s, 3H); '*C NMR (100 MHz, DMSO-
ds) & 158.98, 140.22, 138.92, 138.08, 132.47, 130.89, 130.22,

228



Chapter 6

126.45,125.30, 123.62, 123.00, 122.69, 122.36, 120.96, 118.14, 115.58, 111.96, 109.37, 84.19,
22.04.
6-hydroxy-3-methoxy-11H-benzo|a]carbazole-5-carbonitrile (23c): Off-white solid, 89%

yield, mp 185-186 °C; 'H NMR (400 MHz, DMSO-de) & 12.58 (s,

OH
O O CN 1H), 11.55 (s, 1H), 8.4 (d, J= 9.0 Hz, 1H), 8.28 (d, J = 7.8 Hz,
| \ 1H), 7.64 (d, J = 8.1 Hz, 1H), 7.46 — 7.41 (m, 1H), 7.35 (d, J=2.4
: O o | Hz 1H),7.32-7.24 (m, 2H), 3.95 (s, 3H); '*C NMR (100 MHz,

DMSO-ds) 6 159.64, 159.33, 140.55, 138.89, 134.20, 125.10,
124.88, 122.76, 122.19, 120.92, 118.20, 115.37, 112.04, 111.85, 108.44, 104.68, 84.17, 55.75.

6-hydroxy-3-chloro-11H-benzo[a]carbazole-5-carbonitrile (23d): Off-white solid, 82%

yield, mp 148-151 °C. 'H NMR (400 MHz, DMSO-ds) 12.84

OH
N (s, 1H), 11.99 (s, 1H), 8.55 (d, /= 8.7 Hz, 1H), 8.32 (d, J="7.9
| O Hz, 1H), 7.93 (d, J = 2.0 Hz, 1H), 7.71 — 7.68 (m, 1H), 7.67 —
N O 7.63 (m, 1H), 7.49 (t, J = 7.1 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H);

cl

3C NMR (100 MHz, DMSO-ds) & 159.97, 139.74, 139.02,

133.40, 133.14, 129.07, 125.78, 125.29, 124.85, 122.90, 122.54, 121.29, 117.65, 116.06,
112.17,110.19, 83.77.
6-hydroxy-8-methoxy-11H-benzo[a]carbazole-5-carbonitrile (23e): Off-white solid, 75%

yield, mp 145-148 °C. '"H NMR (400 MHz, DMSO-ds) 12.60

OH
0 CN | (s, 1H), 11.58 (s, 1H), 8.48 (d, J=7.8 Hz, 1H), 7.99 (d, J = 8.1
| O Hz, 1H), 7.82 (d, J=2.4 Hz, 1H), 7.72 — 7.67 (m, 1H), 7.58 (t,

N
H 0 J=8.0 Hz, 2H), 7.12 (dd, J = 8.8, 2.5 Hz, 1H), 3.88 (s, 3H); 1*C

NMR (100 MHz, DMSO-ds) 6 159.05, 154.72, 140.48, 133.78,

132.06, 128.31, 124.58, 124.22, 123.13, 122.94, 118.10, 117.72, 114.98, 112.80, 109.78,
104.81, 84.05, 56.06.

8-bromo-6-hydroxy-11H-benzo[a]carbazole-5-carbonitrile (23f): Off-white solid, 86%
yield, mp 196-197 °C; 'H NMR (400 MHz, DMSO-d) & 12.92
(s, 1H), 11.84 (s, 1H), 8.51 (d, J= 8.1 Hz, 1H), 842 (d, J=1.4

OH
Br CN
| O Hz, 1H), 8.01 (d, J= 8.3 Hz, 1H), 7.73 (t,J = 7.6 Hz, 1H), 7.68 —
N O 7.58 (m, 3H); *C NMR (100 MHz, DMSO-ds) & 158.81, 140.71,
137.76, 132.38, 128.89, 127.98, 124.95, 124.46, 124.34, 123.16,

117.81, 117.44, 114.16, 113.19, 109.12, 84.91.
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6-hydroxy-8,9-dimethoxy-11H-benzo[a]carbazole-5-carbonitrile (23g): Off-white solid,

OH

/o!| lCN

MEAS
H

75% yield, mp 220-221 °C; 'H NMR (400 MHz, DMSO-de)
8 12.52 (s, 1H), 8.42 (dd, J= 8.3, 1.7 Hz, 1H), 7.95 (dd, J =
8.6, 1.0 Hz, 1H), 7.78 (s, 1H), 7.66 — 7.60 (m, 2H), 7.57 — 7.51
(m, 2H), 7.16 (s, 1H), 3.89 (s, 3H), 3.86 (s, 3H); 3C NMR
(100 MHz, DMSO-dg) & 149.26, 145.46, 139.10, 131.31,

130.45, 129.14, 127.61, 124.45, 124.15, 122.52, 118.26, 117.68, 114.84, 110.20, 104.69,
103.75, 95.38, 84.06, 56.50, 56.15.
8-fluoro-5-hydroxy-10H-thieno|2,3-a]carbazole-4-carbonitrile (23h):

Ho ~ CN
OO
NS

F H

Off-white solid, 82% yield, mp 226—229, 'H NMR (400 MHz,
DMSO) 6 12.62 (s, 1H), 8.24 (dd, J=8.7, 5.6 Hz, 1H), 7.96 (d,
J=5.3Hz, 1H), 7.47 (d, J=5.3 Hz, 1H), 7.35 (dd, J=9.7, 2.4
Hz, 1H), 7.18 — 7.06 (m, 1H); 3C NMR (100 MHz, DMSO-ds)
o 184.03, 146.57, 135.93, 132.16, 130.44, 130.33, 129.13,
127.12, 123.83, 122.90

5-Fluoro-N-phenyl-1H-indole-3-carboxamide (22): Off-white solid, 70% yield, mp

211-213 °C; "H NMR (400 MHz, DMSO-ds) & 12.39 (s, 1H),
8.15 (dd, J = 5.3, 2.4 Hz, 1H), 7.69 — 7.64 (m, 2H), 7.61 —
7.54 (m, 3H), 7.46 (d, J = 7.5 Hz, 1H), 7.31 — 7.19 (m, 2H),
3.93 (s, 2H); *C NMR (100 MHz, DMSO-de) & 184.03,
146.57, 135.93, 132.16, 130.44, 130.33, 129.13, 127.12,

123.83, 122.90, 121.75, 116.39, 112.37, 32.30.
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Chapter 7

7.1 General Conclusions

Among the azaheterocycles, indole has become leading pharmacophore which continues to
receive increasing attention from medicinal chemists due to unique biological properties of
indole derived compounds, especially and anticancer activity. Chemotherapy is very important
and popular treatment among the available cancer therapies. In recent past, various
chemotherapeutic agents such as paclitaxel, vincristine, and doxorubicin have lost their
efficacy due to the development of drug resistance from prolonged exposure. Therefore, the
development of novel and effective anticancer agents with an improved pharmacological
profile remains a major challenge. The thesis deals with the design, synthesis and biological
studies of indolylsulfoximines, indolyltriazoles and bisindoles. While synthesizing the indole-
based compounds we developed mild, efficient and high yielding synthetic protocols for the
construction of indolylsulfoximines, indolyl-1,3,4-triazoles, a-cyano bis(indolyl)chalcones, -
oxo amides and benzo[a]carbazoles. The thesis reports synthesis of N-arylindolyl sulfoximines
as potent anticancer agents. The sulfoximine derivatives exhibited CDKS5/p25 inhibition
activity. Furthermore, colchicine derived sulfoximines and indolyl-1,2,4-triazoles were

identified as potent tubulin inhibitors.
7.2 Specific conclusions

The first chapter deals the physical and chemical properties of indole and a brief overview of
anticancer research and treatments of various types of cancers with special emphasizes on
chemotherapy and classification of anticancer drugs present in market. This chapter described
the utilities of natural and synthetic indole-based molecules in anticancer drug discovery.
Further, this chapter provides the information for the rational design of novel indole containing
chemical entities as potent anticancer agents. Also, it describes the current problems associated
with the existing anticancer drugs and the scope for developing novel indole-based compounds
by structural modifications of existing indole-based lead anticancer drug candidates with
improved anticancer properties.

Tubulin
Inhibition

R Target-based Design
of Anticancer Agents
E >

Protein
Kinase
Inhibition
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The Second Chapter highlights the design, synthesis and anticancer activities of two different
novel sulfoximine series (indolylsulfoximines and colchicine sulfoximines). Part 2A of this
chapter reports a copper-mediated cross-coupling reactions of N-Boc-3-indolylsulfoximines
with aryl iodides to produce a diverse series of N-arylated indolylsulfoximines in excellent
yields. From the prepared series of N-arylated indolylsulfoximines with 5-bromoindole (1.28
uM) and 5-methoxyindole (2.68 uM) moieties were found to be selectively cytotoxic against
MCF7 and 22Rv1 cells. Particularly, the compound bearing fluorine at the Ce-position of
indole, endowed broad cytotoxicity against C4-2, PC3, 22Rv1 and MCF7 with ICso values of
8.1, 3.51, 1.91, and 1.7 puM, respectively. Mechanism of action studies suggested that
compound displayed increased endogenous level of ROS, leading to the increased level of p-

53 and c-jun, which ultimately induces apoptosis.

In Part 2B of the chapter, synthesis, characterization and anticancer activity of colchicine with
sulfoximine moiety have been described. Preparation of colchicine sulfoximine involves the
reaction of thiocolchicine with iodobenzene diacetate and ammonium carbamate in good yield.
Cytotoxicity study showed that our sulfoximine analogue was more than eighty percent
inhibition of cancerous cells. Tubulin polymerization assay also suggest that thiocolchicine and
sulfoximine functionalized colchicine are comparable to the inhibitors of tubulin
polymerization. Molecular docking studies also indicated that the potent compound exhibits
strong binding affinity (-7.5 Kcal/mol) and potent H-bonding interaction with CYS241,
surpassing that of colchicine.

The Third Chapter reports synthesis of a series of N-aryl indolylsulfoximines and in vitro
kinase activities. Some of N-aryl indolylsulfoximines displayed potent and selective inhibition
of CDK5/p25 (~ ICso = 1.12 uM). Additionally, the docking results (binding affinity= -8.5

Kcal/mol) demonstrated a strong correlation with in vitro activity results.
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The Chapter Four of thesis elaborates design, synthesis and biological evaluation of indolyl-
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1,2,4-triazoles. These compounds were synthesized through the reaction of acylhydrazides and
corresponding thioimidates, resulting in high product yields. The synthesized 5-bromoindolyl-
1,2,4-triazoles exhibited remarkable cytotoxicity against a tested cancer cell line, HeLa cells,
with ICso= 3.5 uM. Molecular docking study of the potent indolyl-1,2,4-triazole showed good

binding affinity at colchicine binding site.
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In Chapter Five, synthesis and anticancer activity studies of novel bisindoles are discussed
and the chapter has been divided into two parts. Part SA provides the high yielding synthesis
of indolyl a-cyano bis(indolyl)chalcones was achieved from the L-proline catalysed reaction
of appropriate aldehydes with 3-cyanoacetylindoles. Of the prepared eighteen a-cyano
bis(indolyl)chalcones, compound 21j demonstrated remarkable potency against the C4-2
prostate cancer cell line (ICso = 0.9 uM). With broad spectrum of activity (0.98-5.6 uM), the
compound 21j was found to increase the endogenous level of ROS, upregulate the level of

p-53 and c-jun besides mitochondrial dysfunction, causes apoptosis.
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In Part 5B, synthesized a-cyano bis(indolyl)chalcones were screened for FICD inhibition

activity and found to display significant potency (ICso = 7.9 uM).

Focused screening

ICso = 7.5 uM
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In sixth chapter preparation of diverse and biologically active B-oxo amides and
benzo[a]carbazoles has been reported. Our copper-catalyzed strategy enables the synthesis of
B-oxo amides using iodonium salts under mild reaction conditions. Additionally, approach
offers a convenient route to diversely substituted benzo[a]carbazoles from 3-substituted
acetylindoles and diaryliodonium salts under Pd-catalyzed conditions. The developed
conditions were found to be advantegeous in term of high product yield, use of readily available

starting materials and short synthesis of bioactive compounds.
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7.3 Future Scope of the Research Work

The synthesis and functionalization of biologically active heterocycles hold significant
importance in organic chemistry. As heterocyclic motifs are prevalent in molecules entering
clinical trials, the modification of these rings is crucial in drug development. Thus, there is a
constant demand for the preparation and modification of heterocyclic ring systems under mild
and feasible reaction conditions. Recent advancements in anticancer drug discovery have been
noteworthy, with various efficient therapies like surgery, chemotherapy, radiation therapy, and
immunotherapy being utilized. Moreover, the expanding knowledge of cancer biology aids in
understanding the mechanistic pathways of cancer cell growth. Natural anticancer compounds
like taxol, vinca alkaloids, and combretastatin A-4 have made significant contributions to the

discovery of potent antitumor agents. However, despite the progress, challenges such as tumor
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specificity, solubility, drug resistance, and toxicity-associated side effects persist, urging
medicinal chemists to design novel drugs with improved safety profiles.

The scope of the thesis is to develop diverse structural classes of indoles as novel anticancer
agents. The anticancer potential of indolylsulfoximine analogues, indolyl-1,2,4-triazoles and
bisindolylchalcones, can be further enhanced through extensive structure-activity relationship
studies. Based on observed in vitro cytotoxicity results, further structural modifications of the
active compounds in different series are likely to yield drug-like candidates. Subsequent
molecular target identification and in vivo screening of the potent compounds may also be
explored. The relatively benign synthetic protocols developed for the preparation of
indolylsulfoximines, colchicine analogues, indolyl-1,2,4-triazoles, bisindolylchalcones and

carbazoles have the potential to generate a library of bioactive scaffolds.

N CN
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Ozg! I
~CH;, \
N N
[ \ H \—
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Selective CDK5/p25 inhibitor IC5p= 1.12 yM

Figure 7.1 Future Scope of the Research Work
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