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GENERAL REMARKS

All the moisture and air sensitive reactions have been carried out in
anhydrous solvents under argon atmosphere in oven-dried glassware. The
anhydrous solvents were distilled prior to use: CH2Cl, and DMF from CaHz;
methanol from Mg cake; THF on Na/benzophenone; triethylamine and

pyridine over KOH; acetic anhydride from sodium acetate.

IH NMR spectra were recorded on AV-200 MHz, AV-400 MHz, JEOL AL- 400
(400 MHz) and DRX-500 MHz spectrometer using tetramethylsilane (TMS)
as an internal standard. Chemical shifts have been expressed in ppm units

downfield from TMS.

13C NMR spectra were recorded on AV-50 MHz, AV-100 MHz, JEOL AL- 100
(100 MHz) and DRX-125 MHz spectrometer.

High-resolution mass spectra (HRMS) were recorded on a Thermo Scientific
Q-Exactive, Accela 1250 pump and also EI Mass spectra were recorded on

Finngan MAT-1020 spectrometer at 70 eV using a direct inlet system.

All reactions are monitored by Thin Layer Chromatography (TLC) carried
out on 0.25 mm E-Merck silica gel plates (60F-254) with UV light, 12, and

anisaldehyde in ethanol as developing agents.

All evaporations were carried out under reduced pressure on Buchi rotary

evaporator below 50 °C unless otherwise specified.

Silica gel (60-120), (100-200), and (230-400) mesh were used for column
chromatography.
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degree of Doctor of Philosophy in Chemical Science

Name of the Candidate Ms. Shaziyaparveen K. Siddiqui
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Laboratory Division of Organic Chemistry, CSIR-NCL, Pune

The Development of Small Molecule Autophagy Inducers
Title of the Thesis in  Cervical Cancer Cells and Antiviral Modified
Nucleosides Against COVID-19

Research Supervisor Dr. C. V. Ramana

Keywords: Autophagy, benzofuranylindoles, antiviral agents, COVID-19, modified nucleosides,

cyclotrimerization

. Introduction: The thesis describes studies directed towards the development of small molecule
autophagy inducers in cervical cancer cells and antiviral modified nucleosides against COVID-
19. The current thesis is categorized into two chapters. Each chapter comprises of a brief
introduction, results and discussion, experimental and the spectral data followed by the
references. The first chapter deals with discovery of 3-(benzofuran-2-ylmethyl)-1H-indole
derivatives as potential autophagy inducers in cervical cancer cells. The second chapter
comprises of synthesis of modified nucleosides - indene fused sugar nucleosides and 7-[(2-
hydroxyethoxy)methyl]pyrrolo[2,3-d]pyrimidine derivatives and their screening as potential
antiviral agents against SARS-CoV-2.

Statement of the problem: Cervical cancer is a leading cause of cancer-related deaths in women

and is one of the global health concerns. Amongst the various cellular processes of the Cervical
cancer cells, the autophagy (a process that regulates cell death and recycling of damaged or
unnecessary cellular components) has been shown to play a crucial role in cervical cancer cell
survival and resistance to therapy. One of the purposes of this research is to develop small

molecule autophagy inhibitors with potential therapeutic value for cervical cancer treatment.
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In the initial phases of COVID-19 pandemic, lot of efforts have been focused on the
development or the deployment of new and know nucleoside based small molecules for
identifying potential small molecules to target SARS-CoV-2. Nucleoside analogues are structural
mimics of naturally occurring nucleosides and can interfere with viral replication by inhibiting
the activity of viral polymerases. Remdesivir, a nucleoside analogue, is one of the first drugs to
be approved for the treatment of COVID-19 patients in some countries, but its efficacy and side
effects warrant further investigation. Apart from this rapid evolution of SARS-CoV-2 mutants
posed a significant challenge to the vaccination programs though they played a major role in
containing this pandemic. Thus, the development of novel nucleoside analogues tailored
specifically to target SARS-CoV-2 presents a significant opportunity to enhance antiviral therapy
for COVID-19 and this constitutes as the second objective of this thesis.

. Objectives:

o Development of small molecule autophagy inhibitors for cervical cancer.

o Design and synthesis of nucleoside analogues for developing new antiviral candidates
for COVID-19.

Methodology and Results:

Chapter 1. Discovery of 3-(Benzofuran-2-ylmethyl)-1H-Indole Derivatives as Potential

Autophagy Inducers in Cervical Cancer Cells

Introduction: Cancer pathophysiology is correlated to metabolic dysfunctions and genetic
abnormalities. Autophagy is a key physiological regulatory process that occurs through the
breaking down of cellular components like proteins, cytoplasmic organelles and
macromolecules, for energy and building blocks, along with recycling of the broken down
products.® Autophagy plays an essential role in maintaining cellular homeostasis, which, when
disrupted, can lead to tumorigenesis or other clinical issues.? The correlation of cancer to
autophagy is complex and primarily depends on the type and stage of cancer. It is generally
accepted that autophagy can trigger tumor suppression, as many autophagy-related genes are also
known as tumor suppressors.® Considering the role of autophagy as an underlying cause in many
diseases, including cancer, autophagy modulation has accumulated interest among researchers as

a potential therapeutic target.*
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Cervical cancer, a major health concern in many developing countries, is often associated
to human papillomavirus infection (HPV). HPV infection alters autophagy in keratinocytes,
thereby establishing a viral life cycle in the host cell. Even though cervical cancer management
has advanced into newer treatment modalities with the help of targeted drugs, the clinical
achievement of these modern drugs has failed to show the expected success. This lag in the
growth of cervical cancer treatment is often related to clonal/genetic heterogeneity and the
complex pattern of associated cell signaling pathways. Such shortcomings in cervical cancer
further warrant the need for employing molecules that can induce cell death pathways like
autophagy, which is less explored in cervical cancer treatment.

In this regard, we document the design and development of 3-(benzofuran-2-ylmethyl)-
1H-indole derivatives as potential autophagy inducers in cervical cancer cells. The design of
targeted compounds was based on the natural products having bisindolylmethane and benzofuran
scaffolds with diverse biological activities such as antimicrobial, antibacterial, antitumor, anti-
inflammatory, antidiabetic, antineophobic and anticonvulsant. We have designed the new
analogues with a simple hypothesis that the combination of two different heterocyclic scaffolds
can be a promising approach for identifying new small molecule probes. A focused small
molecule library designed around this scaffold has been synthesized and screening against
various cancer cells led to the identification of 3eb and 3ec with a promising inhibition against
the Siha cell line. The morphological features of the cells after treatment with this set of
compounds indicated autophagy as a reason for the observed inhibition.

u
O o/ OH NI) PTSA
Q \ CH,Cly, rt Z

1 2 3aa

Scheme 1: Synthesis of target molecule

6ac, Ry=H, 79% 4aa, 79% (R = H) 4da,93% 4ea, 93% 4fa, 88%
6bc, R;=Me, 76% 4ba, 86% (R = CI)
4ca, 91% (R = OMe)

Page III



3aa, 83% (R = H) 3ab, 87% (R = H)

3ac, 73% (R=H) 3da, 95% (R =H) 6af, (R=H), 58%
3ba, 84% (R = Cl) 3bb, 84% (R = Cl) 3bc, 90% (R = Cl) 3db, 89% (R = Me) 6bf, (R=OMe), 76%
3ca, 87% (R = OMe) 3cb, 86% (R = OMe) 3cc, 87% (R = OMe)

OMe
3fa, 84% (R = H
3ea, 77% (R = H) 3ec, 91% (R = C) 3o, 010 (R = o)
3eb, 83% (R = Me) 3fc, 58% (R = OMe) ’

6aa, Ry=H, R,=H, 37% 6ag, Ry=H, 87% 6ca, R=H, 82%
= = 0 d o » =L, RTH, » N7, , ,
Sam RiH. Rt T8 Sad, 82% 6ab, Ry=H. R,=Me, 46% 6bg, R;=OMe, 86% 6cc, R=Me, 88%
Sac. R.= 5.0Me, R,~Cl. 90% Bba, Ry=OMe, Rp=H, 97%
Ry +Ro=Cl, 6bb, R;=OMe, R,=Me, 79%

6cd, 87% 6ad, Ry=H, R,=NO,, 86%
6ae, Ry=H, R,=OMe, 68%

6bd, R;=OMe, R,=NO,, 81%
6be, R;=OMe, R,=OMe, 53%

Scheme 2: Substrate Scope (C2 and C3 alkylation products)
Next, compounds 3eb and 3ec were subjected for further analysis of the progressive conversion

of LC3I to LC3II as a positive indicator of autophagy. Compounds 3eb and 3ec show GFP-LC3
Puncta formation and confirmed the induction of autophagy.

a
TR ") PR
‘._o\‘?’l’iﬂlﬂ 4,:{'

1%
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Figure 1: Morphological changes of SiHa cells treated with compounds 3eb and 3ec (a)
Control SiHa cell line. Presence of autophagic vacuoles in SiHa cell line at 24 h of treatment b)
with 3eb and c) with 3ec
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Figure 2: Representative of western blot, 3eb (30 pum) and 3ec (30 um) induces LC3I
to LC3II conversion. Similarly, p62 showed decreasing pattern of expression with time,

thereby confirming autophagy in the SiHa cell line and C33a cell line.

Chapter 2 (Part I): Design and Synthesis of Indene Fused Sugar Nucleosides as Potential
Antiviral Agents for COVID-19

Introduction: In 2019, when the COVID (Corona virus Disease) outbreak occurred, everyone
witnessed the huge disaster caused by a small virus, and ever since then the whole world is
fighting against this deadly virus. The corona virus has been continuously evolving over the past
two years, unleashing itself in mutated forms after certain intervals in the form of new variants,
which have higher transmission capabilities thus causing a large number of deaths. For the
treatment of these deadly viruses, various sugar nucleosides were tested which exhibited very
good results.®

Nucleosides are the structural subunits of nucleic acids such as DNA and RNA. A
nucleoside is composed of nucleobases which is either a pyrimidine base (cytosine, thymine or
uracil), or a purine base (adenine or guanine), and a five-carbon sugar which is either ribose or a
deoxyribose. The nucleoside analogues mimic natural nucleotides (fig. 3) to be incorporated into
nascent viral RNA chains and due to structural differences, nucleoside analogues block the
elongation of nascent RNA molecules by serving as chain terminators and thus inhibit virus

replication. In this context, Remdesivir, Ribavirin and EIDD-1931 are the representative antiviral
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nucleoside analogues that successfully crossed the clinical trials and entered into the market (fig.

3).

0
:>_/0 OH OH
. R EIDD-1931

Remdesivir Ribavirin

Figure 3. Antiviral nucleosides used for the treatment of COVID-19
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R
23 NN
PA(PPha)s, KOs N K:CO3 N
—_— I~ N R l\
cl . N P~N
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’\|‘|\)\/E\> (@) X 90% ko/\/OH
Z 26
N o 25
/\/O R
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! = I I
Pd(PPhs),, Cul N K,CO3
N'k > meoH NN
Et;N, DMF, 90 °C NN e (P
Lo ok W
0o ko/\/OH
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27 28

Acycllc Series 11 Series i
Baricitinib Ruxolitinib L,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,l R L EEE e
Scheme 3. Anti-viral agents
(HO),B—R R

Scheme 4: Synthetic strategy for the target compound

In the context of COVID-19, and as a part of the newly initiated antiviral drug discovery

program, we have come up with two different scaffolds. The first series is funded upon

integrating structural feature of the acyclovir and JAK-2 kinase inhibitors Ruxolitinib and

Baricitinib. As this series [Scheme 4 provides the details of synthesis] was found to be not

promising in terms of the anti-viral activity against SARS-CoV-2, we have come up with a new

design and strategy that provided a rapid access to the sugar-modified tricyclic nucleoside
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Scheme 5: Substrate Scope

derivatives. As shown in Scheme 6, we have employed cyclotrimerization of the diyne 17

(derived from D-glucose) as a key reaction at the penultimate stages to fuse the indene ring and

Br

o) O. o)
TBSCI, | COCl),, DMSO TBSO TBAF, THF
HO/\S_j 3< = TBSO/\S_j )<( 2. TBso/\g_j )< . )<
“ “0 Et;N, NH,C! Zn dust, NH,CI |

HG 0” \ DMAP, CH,Cl, Hd 0°Ctort, 6h,
7 rt, 0 °C to rt, overnight 8 CHyClp, 0°Ctort, 3 h THF, 0°Ctort, 1h, 90%
86% 91% 7%
Swern oxidation o “ N Barbier reaction, 10
O
N
-1OAc o -0
Ac,0, Et3N 70 % AcOH )< OB reagent IBX, EtOAc HO )<
D —— -~ - h
O
DMAP, CH,Cly, 110 °C, 5 h K,CO3, MeOH Reflux, 9 h
O °C to rt, overnight ” 79% 0°Ctort,9h ’

65% (2 steps) Bestmann-Ohira

reaction, 12

87% 14

16

YN

\_/)° Y _R=—R_ Y _laNHs : o ©
N —
BSA, TMSOTf & R' 10 mol% Rh(PPh ) ¢ R T8Con R —/ R

CH4CN, 75 °C Toluene: ethanol 4:1
overnight CO O 80°C, 10 h OACOAC 84% OH OH
78% Glycosidation reaction, 17 88% Cyclotrimerization reaction, 18 6 Derivatives, 19
R=H or CH,OH R=H or CH,OH
R4=H, CH3, F R4=H, CH3, F

arrive at the modified nucleosides 19a—19f.
Scheme 6: Synthesis of indene conjugated sugar nucleosides
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19a, 84% 19b, 83% 19c, 84%
OH H OH H OH H
O, O, O,
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HO, — HO, — HO, —
—/ —/ F ./ CHs
E)H OH E)H OH BH OH
19d, 78% 19e, 74% 19f, 81%

Scheme 7: Substrate scope
The synthesized compounds were tested for their anti-SARS-CoV-2 activity and found to

be moderately active.

Compounds| SARS-CoV-2 inactivation 10uM (%) [SARS-CoV-2 inactivation 1uM (%)
FAM HEX FAM HEX
6d N/A 0 99.99 0
6b 0 98 0 0
6e ND ND ND ND

Conclusions:

e Novel autophagy inducers in cervical cancer were synthesized successfully, which was
confirmed by progressive conversion of LC3I to LC3II and down regulation of p62 in
SiHa and C33a cells.

e Antiviral Modified sugar nucleosides were designed and synthesized.

e The library of pyrrolo[2,3-d]pyrimidine acyclic nucleoside analogues were synthesized

and screened for their biological activity.
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Future Directions:

e The synthesis of 3-(Benzofuran-2-ylmethyl)-1H-Indole was done in few steps and with

very good yield. So, in the future we will focus on the synthesis of natural products
having similar tricyclic system.

The synthesis of indene fused sugar nucleoside is quite impressive and future work will
focus on modifying the structure of sugar nucleosides to increase the antiviral activity.
New library of 7-[(2-Hydroxyethoxy)Methyl]Pyrrolo[2,3-d]Pyrimidine derivatives will
be designed to increase the biological activity.

Synthesized compound will be further screened for biological activities.
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INTRODUCTION

1.1 Introduction to Cancer

Cancer is a term used for a group of diseases that can affect any part of the body by
abnormal cell growth. It is renowned for its uncontrollable cell division and capacity to
infiltrate other tissues, either directly through invasion into nearby tissue or indirectly by
metastasis into distant places (Fig. F1.1). Human cells typically divide to create new cells
through a process known as cell growth and multiplication where the old or damaged cells
die, and new ones replace them. This methodical procedure can occasionally go wrong,
leading to the proliferation of damaged or abnormal cells against their planned course and
the formation of a tumor that may or may not be malignant. The body's ability to remove
cells with damaged DNA decreases as people age, which is another possible cause of

cancer. As a result, there is a higher chance of cancer as the person becomes older.

( )

Normal cells Tumour, rapidly
growing invading cells

through
the membrane
@
Basement Cancer cell detaches
membrane and can spread to
L other parts of the body)

Figure F1.1: Spreading of cancer (cancer Research UK)

According to Cancer Research UK, more than 200 types of cancers are reported
including breast, colorectal, lung, bronchus, and prostate. The most commonly found
cancers in women are cervical squamous cell carcinoma, breast invasive carcinoma,
uterine corpus endometrial carcinoma, endocervical adenocarcinoma, uterine
carcinosarcoma, and ovarian serous cystadenocarcinoma.! The main causes of cancer are

tobacco, low fruit, and vegetable intake, poor diet, obesity, excessive alcohol consumption,
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insufficient physical activity, ionization radiation, infections (such as human
papillomavirus infection), genetics, and environmental toxins.? Every individual's cancer
has a unique set of genetic mutations, and as the disease spreads, more changes will occur.
Different genetic changes can occur in different cells, even within the same tumor.

Cancer ranks as the second most common cause of mortality globally as a result of age,
population increase, and socioeconomic progress.® According to the International Agency
for Research on Cancer, 1 in 5 people worldwide will develop cancer during their lifetime
while 1 in 8 men and 1 in 11 women are estimated to die due to this disease. According to
GLOBOCAN 2020, around 9.9 million cancer-related deaths and 19 million new cancer
cases have been reported in 2020.* When compared to the numbers from 2018, this was
quite concerning, because 1.8 million people died and 9.5 million new cases were
documented.® According to the National Council of Medical Research (ICMR), the
estimated cases of cancer in 2020 were 1.3 million which increased to 1.42 million in 2021
followed by 1.465 million in 2022, and the estimated cancer-related deaths were 0.77
million in 2020,0.78 million in 2021 and 0.8 million in 2022.

According to WHO studies, worldwide 7.9 million people die due to cancer and among
them, 5.5 million i.e. 70% of deaths occur in developing countries. This indicates that the
costs of cancer treatment affect not just the wealthy but also the poor. Thus, there is a dire

need for novel, efficient, and affordable medication to treat deadly diseases.

Classification of cancer: Cells which experience uncontrolled growth damage the genes
which are responsible for cell division which in turn damage the DNA that eventually
causes mutations. There are four major types of genes that are responsible for the process
of cell division.

)] Oncogenes control the division of cells.

i) Tumor suppressor genes inform cells when to stop dividing.

iii)  Apoptosis is regulated by suicide genes, which instruct the cell to commit

suicide if something goes wrong.
iv) DNA-repair genes direct a cell to fix damaged DNA.
When the gene alterations in a cell prevent it from repairing the DNA damage or from

committing suicide, cancer starts developing. In the same way, mutations that prevent
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oncogene and tumor suppressor gene activity cause cancer, which results in an
uncontrollable cell growth.
The classification of cancer is divided into five major categories.
e Carcinoma: Cancers like lung, breast, and colon are examples of carcinomas, which
are characterized by cells that cover both internal and external body regions.
e Sarcoma: Cells found in cartilage, bone, connective tissue, fat, muscle, and other
supportive tissues are what define sarcomas.
e Lymphoma: Lymphomas are malignancies that start in the immune system's tissues
and lymph nodes.
e Leukemia: Cancers called leukemias usually start in the bone marrow and
frequently spread to the bloodstream.
e Adenoma: Adenomas are tumors that develop in the pituitary gland, thyroid,

adrenal gland, and other glandular tissues.

1.2. Treatment:

Chemotherapy and radiation therapy were used to treat cancer in the 19" century,
and after that various types of treatments were discovered. Depending on the patient's
condition and the type and stage of their cancer, they may receive just one treatment or
almost all types of treatments. Different types of cancer treatments are mentioned below.’

= Surgery

= Chemotherapy

= Radiation Therapy

= Targeted Therapy (small-molecule drugs or monoclonal antibodies)
= ImmunoTherapy

= Hyperthermia

= Stem cell transplant or bone marrow transplant

= Laser treatment

= Photodynamic Therapy

= Hormone Therapy
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According to Cancer Research UK, surgery, chemotherapy, and radiation therapy
have a variety of side effects, including bleeding and bruising, a decrease in bone density,
nerve problems, heart problems, hypertension, and lung issues (chemotherapy and
radiation therapy to the chest may result in lung failure), endocrine system issues, male
hormone issues, infertility in both men and women, bone, joint, and soft tissue issues,
dental and oral health issues, vision problems, digestion issues, and fatigue. Due to these
adverse side effects, there is an urgent need of target specific drugs for the treatment of
deep-seated malignancies in a consistent manner with the fewest possible adverse effects.’
As a result of this, targeted therapy has gained importance over the past few years, thus

pushing researchers to come up with better and more effective drugs.

With the exception of hormone therapies, almost all cancer treatments up to the late
1990s killed cancer cells that were in the process of splitting into two new cells by
replicating their DNA. Although some normal cells were also eliminated by these
chemotherapy drugs, they had a greater impact on cancer cells. In targeted therapy, the
drugs work by affecting the processes that govern the development, division, and spread of
cancer cells while also affecting the signals that lead to the natural death of cancer cells
(much like healthy cells do when they get damaged or old). Targeted therapy is divided

into the following types.

= Small molecule drugs

=  Monoclonal antibodies

Small compounds that enter the cytoplasm have an impact on DNA repair systems,
polymerase inhibitors (PARP), and tyrosine kinases (PI3K/AKT/mTOR pathways). On the
other hand, monoclonal antibodies specifically attach to ligands and receptors on the cell
surface without entering the cells themselves, thereby killing cancer cells via an effect
known as Antibody-Dependent Cellular Cytotoxicity (ADCC). Monoclonal antibody
therapy has various advantages such as target specific treatment, fast-acting, and potential
for long-term immunity. Despite these benefits, the monoclonal antibody therapy suffers
from the risk of side effects and limitations such as potential resistance and possible
mutation, insufficient accessibility and availability, the detection and intervention at an

early stage while also being expensive, which restricts the treatment to very few people.?
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Since past two decades we have seen a surge in the research carried out for the
development of small molecule drugs as they are much safer and effective than the
traditional chemotherapeutic drugs used for the treatment of cancer.® Targeted therapies
operate through various modes of operation such as apoptosis-inducing drugs,
angiogenesis inhibitors, and growth signal blockers just to name a few. In 2001, the first
tyrosine kinase inhibitor (TKI) imatinib was approved by the Food and Drug
Administration (FDA) which commenced the golden era of the targeted drug therapies.
Since then, more than 90 drugs have been approved as anti-cancer drugs and the scope of
these drugs covers a large area including epigenetic regulatory proteins, Kinases,
proteasomes, and DNA damage repair enzymes. As a result of these developments,
adjuvant therapies such as autophagy, that target the metabolic irregularities in cancer have

piqued the interest of researchers.®
1.3. Introduction to Autophagy:

The term Autophagy (derived from Greek meaning self-eating) was first coined by
Christian de Duve in 1963 on the occasion of the Siba Foundation Symposium, that took
place in London.!! The mechanism of Autophagy was discovered by Yoshinori Ohsumi
and for this contribution, he was awarded the Nobel Prize for Physiology and Medicine in
2016. Autophagy is a key physiological process that involves the degradation of cellular
constituents such as proteins, cytoplasmic organelles, and macromolecules, for energy and
building blocks as well as for recycling of the broken-down products.? Autophagy plays
an important role in maintaining cellular homeostasis, which, on disruption can cause
tumorigenesis or other clinical issues.*® Furthermore, it eliminates invasive bacteria to
shield our body against a range of infectious diseases as well as other conditions including

cancer.

There are three types of Autophagy. 1) Chaperone-mediated autophagy; 2)
Microautophagy and 3) Macroautophagy. Depending upon how and which target
(lysosome, RdRp, endosome etc) are subjected to lysosomal degradation, the type and
mode of action varies. In chaperone-mediated autophagy, the chaperone Hsc70 recognizes
the substrate with the targeting motif KFERQ and then lysosomal degradation of
individual protein substrate takes place.!* On the other hand in microautophagy, the
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cytoplasmic content degrades via via direct lysosome invagination.’® While in
macroautophagy (i.e. autophagy), the degradation and recycling process takes place in the

following four steps (Fig. F1.2).16:17

1. Initiation step

2. Nucleation step
3. Elongation step
4

Fusion and degradation step
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Figure F1.2: Process of Autophagy

. Initiation Step: In the first i.e. initiation step, a multi-protein complex known as
ULK complex governs the initiation of phagophore formation. The autophagic process is
then triggered by the integration of the ULK complex with the upstream nutritional and
energy status. Each ULK complex protein has a distinct function. Serine-threonine protein
kinase ULK1, for instance, is crucial to the scaffold assembly of the ULK1-ATG13-
FIP200 complex. ATG13 is an adaptor protein that mediates the connection between the
FIP200 and ULK1 complex and also directly binds to LC3. The ULK complex subunit

ATG101 is necessary for autophagy because it attracts downstream Atg proteins.

. Nucleation Step: Phagophore production in the nucleation step of autophagy
begins with the nucleation complex—a protein complex made up of Vps34, Beclinl,
ATG14, and p150—coordinating with one another. Other autophagy protein components
including WIPI-1, DFCP1, ATGS5, and LC3 are recruited during nucleation in part by
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vesicular sorting protein 34 and its enzymatic product, phosphatidylinositol-3-phosphate.
During this procedure, Vps34's interaction with the phagophore membrane is anchored by
myristic acid through p150. Numerous distinct binding partners have an impact on Beclin-
1's activity, which is the third crucial element for phospholipid kinase activity. Beclinl
separates from the anti-apoptotic factor Bcl2 in order to activate Vps34. The relationship
between Beclinl and Vps34 is stabilized by the UV radiation-associated resistance gene
and the beclin-1-associated autophagy-related essential regulator.
. Elongation Step: This stage involves the development of the autophagosome
through the assistance of two ubiquitin-like conjugation mechanisms. Initially, Atgl2 is
triggered by Atg7 and then moved to Atgl0, where it forms a covalent bond with Atg5.
Atgl2-Atg5 conjugate combines with Atgl6L to generate the autophagy elongation
complex. Apart from the thioester linkage formation with the active site Cys residues of
Atg5 and Atgl0, the amide linkage with the Lys residue of Atg5 is also facilitated by the
carboxy-terminal Gly residue of Atgl2. The elongation stage involves the creation of an
elongation complex in the form of a dimer, which serves as the location for LC3 lipidation,
an essential step for LC3's attachment to the autophagosome membrane. Atgl2 creates a
ubiquitin-like structure that is involved in the elongation stage, despite the fact that it
differs from ubiquitin. Lipidation of LC3 is critical for autophagosome maturation. There
are several steps involved in this LC3 lipidation, which functions as a second ubiquitin-like
conjugation.
. Fusion and Degradation: For the purpose of meeting their needs, all living cells
break down and recycle their constituent parts. Maturated autophagosomes fuse with
lysosomes and multivescular endosomes during the fusion process. Vps34/SKD1 and
Rab11 are two of the proteins required for the degradation of cytosolic components and the
achievement of autophagosome-lysosome fusion. Once the autophagosome's inner
membrane merges, the cargo is hydrolyzed to destruction, and the lysosomes acquire the
cytosolic proteins.
1.4. Autophagy Modulators for the Treatment of Cancer:

The use of pharmaceutical drugs to modulate autophagy in the treatment of cancer
has increased in recent years. Numerous small compounds, including as ULK kinase

inhibitors, Vps34 inhibitors, ATG4 inhibitors, elongation inhibitors, chloroquine, and
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hydroxyl chloroquine, etc., impede initiation, nucleation, elongation, and lysosome fusion,
according to pre-clinical and clinical research. Furthermore, it has been demonstrated that a
variety of tiny compounds, such as rapamycin analogs or adenosine 5'-monophosphate-
activated protein kinase (like sulforaphane), can induce autophagy.'”® Studies of the
literature indicate that there are still a number of druggable targets in the autophagy

pathway that may be utilized to create novel cancer treatments.

1.4.1: mTOR inhibitor: The catalytic subunit of two distinct protein complexes, mTOR
Complex 1 (MTORC1) and mTOR Complex 2 (mTORC?2), which are involved in multiple
oncogenic signaling pathways, is formed by the serine/threonine protein kinase mTOR
(mechanistic target of rapamycin), a member of the PI3K-related kinase (PIKK) family.
mTOR is a key player in the regulation of cell growth, proliferation, metabolism, and
survival.®® As mTOR is a common feature in many human malignancies, targeting or
blocking mTOR has emerged as a promising new avenue for cancer treatment. The
compound Rapamycin, which has two binding moieties—one that binds to FKBP12 and
the other that binds to mMTOR—is the first generation mTOR inhibitor. Temsirolimus, one
of the several rapamycin analogs created by substituting other moieties for C-40-O, was
approved by the FDA to treat cancer. (Fig. F1.3).

1 Rapamycin, R=H
OH OH
la Temsirolimus, R =

o
1b Everolimus, R = CH,CH,OH

H
OCH,

Figure F1.3: mTOR inhibitors

1.4.2: Pan-PI13K inhibitors: Phosphatidylinositol 3-kinases is a subunit of the PI3-AKT-
MTOR pathway and a family of enzymes involved in many cellular processes, including
cell growth, differentiation, proliferation, survival, motility, and intracellular trafficking,

these processes are all linked to cancer. Since activation of PI3BK-AKT-mTOR has been
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identified in a number of cancers, including glioblastoma, juvenile high-grade glioma,
diffused intrinsic pontine glioma, cutaneous melanoma, and breast cancer, PI3K inhibition
has become a major focus in these diseases. Pan-phosphoinositide 3-kinase (Pan-P13K)
inhibitors is a class of pharmaceuticals that are mainly used to treat advanced
malignancies. These inhibitors selectively target plI3K by blocking the activity of PI3K

which can help in decreasing the growth and spread of cancer cells (Fig. F1.4).Y

1.2 Introduction to Cancer

Cancer is a term used for a group of diseases that can affect any part of the body by
abnormal cell growth. It is renowned for its uncontrollable cell division and capacity to
infiltrate other tissues, either directly through invasion into nearby tissue or indirectly by
metastasis into distant places (Fig. F1.1). Human cells typically divide to create new cells
through a process known as cell growth and multiplication where the old or damaged cells
die, and new ones replace them. This methodical procedure can occasionally go wrong,
leading to the proliferation of damaged or abnormal cells against their planned course and
the formation of a tumor that may or may not be malignant. The body's ability to remove
cells with damaged DNA decreases as people age, which is another possible cause of

cancer. As a result, there is a higher chance of cancer as the person becomes older.
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Figure F1.1: Spreading of cancer (cancer Research UK)

11| Chapter 1



INTRODUCTION

According to Cancer Research UK, more than 200 types of cancers are reported
including breast, colorectal, lung, bronchus, and prostate. The most commonly found
cancers in women are cervical squamous cell carcinoma, breast invasive carcinoma,
uterine corpus endometrial carcinoma, endocervical adenocarcinoma, uterine
carcinosarcoma, and ovarian serous cystadenocarcinoma.! The main causes of cancer are
tobacco, low fruit, and vegetable intake, poor diet, obesity, excessive alcohol consumption,
insufficient physical activity, ionization radiation, infections (such as human
papillomavirus infection), genetics, and environmental toxins.? Every individual's cancer
has a unique set of genetic mutations, and as the disease spreads, more changes will occur.
Different genetic changes can occur in different cells, even within the same tumor.

Cancer ranks as the second most common cause of mortality globally as a result of age,
population increase, and socioeconomic progress.® According to the International Agency
for Research on Cancer, 1 in 5 people worldwide will develop cancer during their lifetime
while 1 in 8 men and 1 in 11 women are estimated to die due to this disease. According to
GLOBOCAN 2020, around 9.9 million cancer-related deaths and 19 million new cancer
cases have been reported in 2020.* When compared to the numbers from 2018, this was
quite concerning, because 1.8 million people died and 9.5 million new cases were
documented.® According to the National Council of Medical Research (ICMR), the
estimated cases of cancer in 2020 were 1.3 million which increased to 1.42 million in 2021
followed by 1.465 million in 2022, and the estimated cancer-related deaths were 0.77
million in 2020,0.78 million in 2021 and 0.8 million in 2022.

According to WHO studies, worldwide 7.9 million people die due to cancer and among
them, 5.5 million i.e. 70% of deaths occur in developing countries. This indicates that the
costs of cancer treatment affect not just the wealthy but also the poor. Thus, there is a dire

need for novel, efficient, and affordable medication to treat deadly diseases.

Classification of cancer: Cells which experience uncontrolled growth damage the genes
which are responsible for cell division which in turn damage the DNA that eventually
causes mutations. There are four major types of genes that are responsible for the process

of cell division.
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V) Oncogenes control the division of cells.

Vi) Tumor suppressor genes inform cells when to stop dividing.

vii)  Apoptosis is regulated by suicide genes, which instruct the cell to commit

suicide if something goes wrong.

viii)  DNA-repair genes direct a cell to fix damaged DNA.

When the gene alterations in a cell prevent it from repairing the DNA damage or from
committing suicide, cancer starts developing. In the same way, mutations that prevent
oncogene and tumor suppressor gene activity cause cancer, which results in an
uncontrollable cell growth.

The classification of cancer is divided into five major categories.

e Carcinoma: Cancers like lung, breast, and colon are examples of carcinomas, which

are characterized by cells that cover both internal and external body regions.

e Sarcoma: Cells found in cartilage, bone, connective tissue, fat, muscle, and other

supportive tissues are what define sarcomas.

e Lymphoma: Lymphomas are malignancies that start in the immune system's tissues

and lymph nodes.

e Leukemia: Cancers called leukemias usually start in the bone marrow and

frequently spread to the bloodstream.

e Adenoma: Adenomas are tumors that develop in the pituitary gland, thyroid,

adrenal gland, and other glandular tissues.

1.2. Treatment:

Chemotherapy and radiation therapy were used to treat cancer in the 19" century,
and after that various types of treatments were discovered. Depending on the patient's
condition and the type and stage of their cancer, they may receive just one treatment or

almost all types of treatments. Different types of cancer treatments are mentioned below.®

= Surgery
= Chemotherapy
= Radiation Therapy
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= Targeted Therapy (small-molecule drugs or monoclonal antibodies)
= ImmunoTherapy

= Hyperthermia

= Stem cell transplant or bone marrow transplant

= Laser treatment

= Photodynamic Therapy

= Hormone Therapy

According to Cancer Research UK, surgery, chemotherapy, and radiation therapy
have a variety of side effects, including bleeding and bruising, a decrease in bone density,
nerve problems, heart problems, hypertension, and lung issues (chemotherapy and
radiation therapy to the chest may result in lung failure), endocrine system issues, male
hormone issues, infertility in both men and women, bone, joint, and soft tissue issues,
dental and oral health issues, vision problems, digestion issues, and fatigue. Due to these
adverse side effects, there is an urgent need of target specific drugs for the treatment of
deep-seated malignancies in a consistent manner with the fewest possible adverse effects.’
As a result of this, targeted therapy has gained importance over the past few years, thus
pushing researchers to come up with better and more effective drugs.

With the exception of hormone therapies, almost all cancer treatments up to the late
1990s killed cancer cells that were in the process of splitting into two new cells by
replicating their DNA. Although some normal cells were also eliminated by these
chemotherapy drugs, they had a greater impact on cancer cells. In targeted therapy, the
drugs work by affecting the processes that govern the development, division, and spread of
cancer cells while also affecting the signals that lead to the natural death of cancer cells
(much like healthy cells do when they get damaged or old). Targeted therapy is divided

into the following types.

= Small molecule drugs

=  Monoclonal antibodies

Small compounds that enter the cytoplasm have an impact on DNA repair systems,
polymerase inhibitors (PARP), and tyrosine kinases (PI3K/AKT/mTOR pathways). On the
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other hand, monoclonal antibodies specifically attach to ligands and receptors on the cell
surface without entering the cells themselves, thereby killing cancer cells via an effect
known as Antibody-Dependent Cellular Cytotoxicity (ADCC). Monoclonal antibody
therapy has various advantages such as target specific treatment, fast-acting, and potential
for long-term immunity. Despite these benefits, the monoclonal antibody therapy suffers
from the risk of side effects and limitations such as potential resistance and possible
mutation, insufficient accessibility and availability, the detection and intervention at an
early stage while also being expensive, which restricts the treatment to very few people.®

Since past two decades we have seen a surge in the research carried out for the
development of small molecule drugs as they are much safer and effective than the
traditional chemotherapeutic drugs used for the treatment of cancer.® Targeted therapies
operate through various modes of operation such as apoptosis-inducing drugs,
angiogenesis inhibitors, and growth signal blockers just to name a few. In 2001, the first
tyrosine kinase inhibitor (TKI) imatinib was approved by the Food and Drug
Administration (FDA) which commenced the golden era of the targeted drug therapies.
Since then, more than 90 drugs have been approved as anti-cancer drugs and the scope of
these drugs covers a large area including epigenetic regulatory proteins, Kinases,
proteasomes, and DNA damage repair enzymes. As a result of these developments,
adjuvant therapies such as autophagy, that target the metabolic irregularities in cancer have

piqued the interest of researchers.*®
1.3. Introduction to Autophagy:

The term Autophagy (derived from Greek meaning self-eating) was first coined by
Christian de Duve in 1963 on the occasion of the Siba Foundation Symposium, that took
place in London.'* The mechanism of Autophagy was discovered by Yoshinori Ohsumi
and for this contribution, he was awarded the Nobel Prize for Physiology and Medicine in
2016. Autophagy is a key physiological process that involves the degradation of cellular
constituents such as proteins, cytoplasmic organelles, and macromolecules, for energy and
building blocks as well as for recycling of the broken-down products.'? Autophagy plays
an important role in maintaining cellular homeostasis, which, on disruption can cause

tumorigenesis or other clinical issues.™® Furthermore, it eliminates invasive bacteria to
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shield our body against a range of infectious diseases as well as other conditions including

cancer.

There are three types of Autophagy. 1) Chaperone-mediated autophagy; 2)
Microautophagy and 3) Macroautophagy. Depending upon how and which target
(lysosome, RdRp, endosome etc) are subjected to lysosomal degradation, the type and
mode of action varies. In chaperone-mediated autophagy, the chaperone Hsc70 recognizes
the substrate with the targeting motif KFERQ and then lysosomal degradation of
individual protein substrate takes place.!* On the other hand in microautophagy, the
cytoplasmic content degrades via via direct lysosome invagination.’® While in
macroautophagy (i.e. autophagy), the degradation and recycling process takes place in the

following four steps (Fig. F1.2).16 7
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Figure F1.2: Process of Autophagy

. Initiation Step: In the first i.e. initiation step, a multi-protein complex known as
ULK complex governs the initiation of phagophore formation. The autophagic process is
then triggered by the integration of the ULK complex with the upstream nutritional and

energy status. Each ULK complex protein has a distinct function. Serine-threonine protein
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kinase ULK1, for instance, is crucial to the scaffold assembly of the ULK1-ATG13-
FIP200 complex. ATG13 is an adaptor protein that mediates the connection between the
FIP200 and ULK1 complex and also directly binds to LC3. The ULK complex subunit
ATG101 is necessary for autophagy because it attracts downstream Atg proteins.

" Nucleation Step: Phagophore production in the nucleation step of autophagy
begins with the nucleation complex a protein complex made up of Vps34, Beclinl,
ATG14, and p150 coordinating with one another. Other autophagy protein components
including WIPI-1, DFCP1, ATG5, and LC3 are recruited during nucleation in part by
vesicular sorting protein 34 and its enzymatic product, phosphatidylinositol-3-phosphate.
During this procedure, Vps34's interaction with the phagophore membrane is anchored by
myristic acid through p150. Numerous distinct binding partners have an impact on Beclin-
1's activity, which is the third crucial element for phospholipid kinase activity. Beclinl
separates from the anti-apoptotic factor Bcl2 in order to activate Vps34. The relationship
between Beclinl and Vps34 is stabilized by the UV radiation-associated resistance gene
and the beclin-1-associated autophagy-related essential regulator.

. Elongation Step: This stage involves the development of the autophagosome
through the assistance of two ubiquitin-like conjugation mechanisms. Initially, Atgl2 is
triggered by Atg7 and then moved to Atgl0, where it forms a covalent bond with Atg5.
Atgl2-Atg5 conjugate combines with Atgl6L to generate the autophagy elongation
complex. Apart from the thioester linkage formation with the active site Cys residues of
Atg5 and Atgl0, the amide linkage with the Lys residue of Atg5 is also facilitated by the
carboxy-terminal Gly residue of Atgl2. The elongation stage involves the creation of an
elongation complex in the form of a dimer, which serves as the location for LC3 lipidation,
an essential step for LC3's attachment to the autophagosome membrane. Atgl2 creates a
ubiquitin-like structure that is involved in the elongation stage, despite the fact that it
differs from ubiquitin. Lipidation of LC3 is critical for autophagosome maturation. There
are several steps involved in this LC3 lipidation, which functions as a second ubiquitin-like
conjugation.

. Fusion and Degradation: For the purpose of meeting their needs, all living cells

break down and recycle their constituent parts. Maturated autophagosomes fuse with
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lysosomes and multivescular endosomes during the fusion process. Vps34/SKD1 and
Rab11 are two of the proteins required for the degradation of cytosolic components and the
achievement of autophagosome-lysosome fusion. Once the autophagosome's inner
membrane merges, the cargo is hydrolyzed to destruction, and the lysosomes acquire the
cytosolic proteins.

1.4. Autophagy Modulators for the Treatment of Cancer:

The use of pharmaceutical drugs to modulate autophagy in the treatment of cancer
has increased in recent years. Numerous small compounds, including as ULK kinase
inhibitors, Vps34 inhibitors, ATG4 inhibitors, elongation inhibitors, chloroquine, and
hydroxyl chloroquine, etc., impede initiation, nucleation, elongation, and lysosome fusion,
according to pre-clinical and clinical research. Furthermore, it has been demonstrated that a
variety of tiny compounds, such as rapamycin analogs or adenosine 5'-monophosphate-
activated protein kinase (like sulforaphane), can induce autophagy.'’!® Studies of the
literature indicate that there are still a number of druggable targets in the autophagy

pathway that may be utilized to create novel cancer treatments.

1.4.1: mTOR inhibitor: The catalytic subunit of two distinct protein complexes, mMTOR
Complex 1 (MTORC1) and mTOR Complex 2 (mTORC?2), which are involved in multiple
oncogenic signaling pathways, is formed by the serine/threonine protein kinase mTOR
(mechanistic target of rapamycin), a member of the PI3K-related kinase (PIKK) family.
MTOR is a key player in the regulation of cell growth, proliferation, metabolism, and
survival.®® As mTOR is a common feature in many human malignancies, targeting or
blocking mTOR has emerged as a promising new avenue for cancer treatment. The
compound Rapamycin, which has two binding moieties one that binds to FKBP12 and the
other that binds to mTOR is the first generation mTOR inhibitor. Temsirolimus, one of the
several rapamycin analogs created by substituting other moieties for C-40-O, was

approved by the FDA to treat cancer. (Fig. F1.3).
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Figure F1.3: mTOR inhibitors

1.4.2: Pan-PI3K inhibitors: Phosphatidylinositol 3-kinases is a subunit of the PI13-AKT-
MTOR pathway and a family of enzymes involved in many cellular processes, including
cell growth, differentiation, proliferation, survival, motility, and intracellular trafficking,
these processes are all linked to cancer. Since activation of PI3K-AKT-mTOR has been
identified in a number of cancers, including glioblastoma, juvenile high-grade glioma,
diffused intrinsic pontine glioma, cutaneous melanoma, and breast cancer, PI3K inhibition
has become a major focus in these diseases. Pan-phosphoinositide 3-kinase (Pan-P13K)
inhibitors is a class of pharmaceuticals that are mainly used to treat advanced
malignancies. These inhibitors selectively target pl3K by blocking the activity of PI3K
which can help in decreasing the growth and spread of cancer cells (Fig. F1.4).Y7
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Figure F1.4: Pan-PI3K inhibitors

1.4.3: Pan-mTORC inhibitors: In many cancers, mTORC1 and mTORC2 get activated

which regulate cell growth, proliferation, survival, apoptosis resistance and migration.
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Thus Pan-mTOR inhibitors target mTOR dysregulation and inhibit the kinase domain of
both mTORC1 and mTORC?2 and work better than rapalogs (Fig. F1.5).%
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Figure F1.5: Pan-mTORC inhibitors

1.4.4: PIBK/mTOR inhibitors: PI3K and mTOR belong to the same superfamily of
kinases i.e. PIKK in which mTOR and PI3K show homology in the hinge region. In order
to control autophagy, certain small drugs disrupt the PISBK/AKT/mTOR pathway and
simultaneously target mTOR and PI3K. In some cases, these inhibitors also affect other

kinases with similar structures (Fig. F1.6).17 18
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Figure F1.6: Dual PI3K/mTOR inhibitors
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1.4.5: Unc-51-like kinases inhibitor: ULK, a member of the serine/threonine kinase
family of proteins, is crucial in the regulation of autophagy. Among the four ULK kinases
(ULK1, ULK2, ULKS, and ULK4) present in humans, ULK1 is a thoroughly studied
kinase because it is essential for initiation of autophagy. In the process of autophagy
initiation, ULK1 gets activated by upstream signals such as AMPK, etc. and then various
proteins such as FIP200, ATG101, and ATG13 for the ULK complex get recruited. Under
nutrient deficiency, ULK1 and other proteins of the ULK complex play an important role
in cell survival mechanisms. As the process of autophagy helps in cell survival and tumor
progression by providing energy and nutrient to cancer cells, disruption of ULK1 and other
ULK protein complexes lead to inhibition of autophagy and death of cancer cell. Thus,
designing small molecules that can inhibit ULK protein kinase became an attractive
approach for the treatment of cancer (Fig. F1.7).2
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Figure F1.7: ULKL1 inhibitors

1.4.6: Vacuolar protein sorting (Vps) 34 inhibitors: The protein known as Vps34 was first
identified by Emr and co-workers in the year 1990, in Saccharomyces cerevisiae (budding yeast) as
a part of the screen for vacuolar protein sorting mutants. Vps34 is a member of the class 111 PI3K
family of lipid kinase protein. Depending on substrate and structure specificity Vps34 divided. Due
to its presence in multiple complexes, it is involved in various cellular functions, such as endocytic
traffic, phagocytosis, and autophagy. Vps43 forms Vps34 complex | (i.e., Vps34, Vpsis, Beclini,
and Atg14L) after interaction with a number of protein subunits, and catalyzes the PtdIns to
PtdIns3P phosphorylation and finally anchors with intracellular membrane.?? In the next step,

PtdIns3P with FYVE, PX, or WD40 domain-containing proteins gets involved in vesicle trafficking
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and autophagy system. Therefore during nutrient deprivation, Vps34 works as an essential protein
that initiates or induces autophagy through mTOR pathway regulation. Thus, to inhibit autophagy
and cell death, Vps34 has to be disrupted and thus inhibition of Vps34 has become an important
target for the treatment of cancer. There are various inhibitors reported in the literature and some of
them have reached the clinical studies stage (Fig. F1.8).%
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Figure F1.8: Representative Vps34 inhibitors

1.4.7: Lysosomotrophic agents: Lysosome is a membrane-bound cytoplasmic organelle
that is responsible for metabolic homeostasis, cell signal transduction, and the degradation
of protein, carbohydrates, lipids, and nucleic acids. Different autophagy-related diseases,
like Alzheimer's disease, can develop as a result of lysosomal dysfunction. The lysosome
has a dual function; in addition to being necessary for autophagy breakdown, it also affects
autophagy via the Rag/RRAG GTPase pathway. Thus, lysosome inhibitors not only
suppress autophagy but also inhibit autophagy. In addition to hydroxychloroquine, which
is being studied as an autophagy modulator in Stage II/II1 cancer therapy trials,

chloroquine is a commonly used drug to block the last step of autophagy.?
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1.5: Cervical Cancer:

Cervical cancer is one of the important types of cancer in which the abnormal cells
from the lining of the cervix grow uncontrollably. The cervix is situated in the bottom part
of the womb and it is a component of the female reproductive system. The Human
Papillomavirus (HPV), which can be spread through sexual relations, is the leading cause
of cervical cancer. Squamous cell carcinomas and adenocarcinomas are the two
predominant kinds of cervical cancer, accounting for roughly 80-90% and 10-20%,
respectively, of all cases. In the host cell, HPV infection establishes a viral life cycle, by
altering autophagy in keratinocytes. The phosphorylation of protein kinase B (Akt) and the
mammalian target of rapamycin (mTOR) is activated as a result of interactions between
HPV proteins and other cellular proteins.?® The process of inhibition of autophagy is self-
regulated by the mTOR complex by activation of mTOR. The resultant activation of the
aforementioned protein activates protein synthesis and, when combined with impaired
autophagy, it successfully infects keratinocytes by HPV, and ensures the onset and
development of cervical cancer.?® In order to suppress autophagy, the HPV viral proteins
E5, E6, and E7 either upregulate other important genes or transcriptionally repress genes
associated with autophagy.2®

One woman dies from cervical cancer every two minutes, making it the fourth most
prevalent cancer in women. In 2020, the estimated number of new cases was 6,04,127, and
3,41,831 deaths were reported worldwide.?” This number is probably going to increase,
especially in underprivileged and vulnerable populations. According to current data, 90%

of cervical cancer diagnoses and fatalities occur in low- and middle-income countries,
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mostly because of limited access to screening, early detection, and cancer and pre-cancer

therapy.?8

1.6: Treatment of cervical cancer:

ey

Chemoth
erapy

Targeted |
therapy

Surgery

‘ Radiation
| therapy

The treatment of cervical cancer includes surgery (hysterectomy, conization or

Immuno
therapy

LEEP, radical hysterectomy, pelvic exenteration), radiation therapy (brachytherapy,
external beam radiation), targeted therapy, and chemotherapy. Depending on the type of

cervical cancer, and cancer's stage, there are several different ways to treat cervical cancer.

Precancerous lesions: Treatment options include thermal cryotherapy, LLETZ, and tissue-
removal therapy known as ablation.

Advanced cervical cancer: Radiotherapy, either in combination with or without
chemotherapy, is frequently used to treat cervical cancer when it has developed further.
Treatments can sometimes have long-lasting effects, such as removing the womb,

infertility, and premature menopause.

Early-stage cervical cancer: When cervical cancer is found and identified early, it is

frequently treated with radiation, surgery, or a combination of the two.

Palliating cervical cancer: There are treatments available to delay the spread of cervical
cancer, ease discomfort, lengthen life, and enhance the quality of life when it cannot be

cured.

1.7: Drugs used for the treatment of cervical cancer: Targeted drug therapy is an

important approach in the treatment of cervical cancer and various other cancers. These
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drugs are designed to specifically target and interfere with the mechanisms that cancer
cells use to grow and survive. They can work in several ways, including blocking specific
proteins or signaling pathways that promote cancer cell growth by enhancing the body's
immune response against cancer cells. Some targeted therapies, like monoclonal
antibodies, not only directly target cancer cells but also have immunomodulatory effects.
These medications can be considered a form of immunotherapy because they can stimulate
the immune system to recognize and attack cancer cells. Immunotherapy aims to enhance
the body's natural immune response against cancer, which can be particularly effective in
cases where the immune system needs a boost to recognize and attack cancer cells

effectively.

It's important to note that targeted therapies and immunotherapies often have
different side effect profiles compared to traditional chemotherapy. Since they are more
specific in their action, they may cause fewer side effects associated with non-specific
damage to healthy cells. However, they can still have side effects, which may vary
depending on the specific drug and individual patient factors. The development of targeted
therapies and immunotherapies has led to significant advancements in cancer treatment,
including cervical cancer, and they are often used in combination with other treatment
modalities to improve outcomes for patients. Treatment decisions are made based on the
type and stage of cancer, as well as individual patient characteristics, and are typically
determined by a medical oncologist in consultation with the patient. Cervical cancer can be

treated with a variety of targeted medication therapies.?®

Monoclonal
antibody

' v .......... Antigen—protein
on the cell that
can cause the

immune system
to respond.

The monoclonal
antibody locks
onto the antigen.
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the cancer cell.
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Figure F1.10: Working of monoclonal antibodies (cancer.gov)

1.7.1. Vascular Endothelial Growth Factor (VEGF/VEGFR) Directed Therapy:

A class of drugs known as angiogenesis inhibitors is created to obstruct this process by
selectively targeting VEGF and its receptors. These inhibitors function in a variety of
ways. Some medications prevent the generation of VEGF in the tumor cells, which lowers
the quantity of VEGF that is available to promote angiogenesis. Other medications bind
specifically to VEGF molecules in the blood, blocking them from binding to endothelial
cells' receptors. Endothelial cells are the cells that line blood vessels. As a result, the
signaling chain that triggers the growth of new blood vessels is inhibited. Some inhibitors
go after the endothelial cells' receptors that VEGF binds to. They obstruct the signal that
promotes the development of new blood vessels in this way.

Angiogenesis inhibitors can reduce or even stop the formation of blood vessels in the
tumor by inhibiting the activity of VEGF, potentially lowering the tumor's nutrition supply
and halting its growth. Particularly for malignancies known to be heavily dependent on
angiogenesis for their progression, these drugs are an essential component of cancer

treatment.

a) Alymsys (Bevacizumab, Avastin, Mvasi, Zirabev):

% Advanced cervical cancer can be treated with bevacizumab, an
O /’l, o - - - - - - - -
@ D angiogenesis inhibitor. It is a monoclonal antibody, or a synthetic
(0]
' variation of a certain immune system protein, that specifically targets

VEGF. Occasionally, this medication is used along with chemo. If the cancer responds, the
chemotherapy may be halted and bevacizumab is administered alone until the cancer
begins to recur.

It is used for the treatment of various types of cancers as first-line therapy including
cervical cancer, colorectal cancer, lung cancer, breast cancer, renal cancer, brain cancer,

ovarian cancer, and eye disease.*

b) Pazopanib (Votrient):
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0P Pazopanib is a multitargeted and broad-spectrum inhibitor

HN ;@/ Y\/T ©:< of receptor tyrosine kinases, including VEGFR-1, VEGFR-2,

VEGFR-3, PDGFR-a/h, and c-kit, which inhibit in a

powerful, and selective manner for decreasing the growth of tumor. It has been used for

the treatment of patients with cervical cancer, recurrent glioblastoma, soft tissue

sarcomas, ovarian cancer, breast cancer, nasopharyngeal carcinoma, and thyroid cancer.?!

C) Sunitinib (Sutent):

o - In January 2006, the FDA approved the use of sunitinib as a

F ) NN
J I
HN

N7O (RTK) inhibitor for the treatment of imatinib-resistant

H

gastrointestinal stromal tumor (GIST) and advanced renal cell carcinoma (RCC). Targeting

multiple-targeted, small-molecule receptor tyrosine Kkinase

a variety of receptor tyrosine kinases (RTKSs), sunitinib reduces cellular signaling, which
includes vascular endothelial growth factor receptors (VEGFRs) and platelet-derived
growth factor (PDGF-Rs). These two receptors are important for cell proliferation and
tumor angiogenesis. Therefore, by simultaneously inhibiting these targets, tumor
vascularization is decreased, induces cancer cell apoptosis, and consequently causes tumor
cell shrinkage. It stops cancer cells from spreading and, as a result, stops the proliferation
of cancer cells by blocking the aberrant protein from triggering the formation of cancer

cells.®2

d) Nintedanib (Ofev, Vargatef):

N© e Orally administered nintedanib is used to treat idiopathic
N
O LN\) pulmonary fibrosis; in some cases, it is used in combination

with other medications to treat non-small-cell lung cancer.

It received approval in the US in March 2020 for the
management of progressive phenotypic chronic fibrosing interstitial lung disease. It is the
first medication for this type of progressive fibrosing lung disorders that has been approved
by the U.S. Food and Drug Administration (FDA). Targets of this small molecule tyrosine
kinase inhibitor include the fibroblast growth factor receptor, platelet-derived growth

factor receptor, and vascular endothelial growth factor receptor. Nintedanib competitively
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inhibits receptor tyrosine kinases (RTKSs) as well as nonreceptor tyrosine kinases (nRTKSs).
Among the nRTK targets of neintedanib are Lyn, Src, and Lck. RTK targets of neintedanib
include fibroblast growth factor receptors (FGFR) 1, 2, and 3, platelet-derived growth
factor receptors (PDGFR) 1, 2, FLT3, and vascular endothelial growth factor receptors
(VEGFR) 1, 2, and 3. Because it inhibits PDGFR, FGFR, and VEGFR three proteins that
encourage fibroblast migration, proliferation, and transformation it is an effective treatment
for IPF.33

e) Brivanib:

It is an oral tyrosine kinase inhibitor that primarily targets vascular

HN F

endothelial growth factor (VEGF) receptors and fibroblast growth

O

% factor (FGFR). Cell signaling, cell proliferation, and angiogenesis
NZ =
S areall impacted by FGFRs. These pathways can be interfered with

by FGFR inhibition, which can therefore have anti-cancer effects. It was designed and
developed as a potential anti-cancer agent, primarily to treat solid tumors and cancers that
depend on angiogenesis (the creation and dissemination of new blood vessels) for growth

and progression.®*

f) Cediranib (AZD 2171, Recentin):

Vascular endothelial growth factor (VEGF) receptor

N
om tyrosine kinases are effectively inhibited by cediranib.
| ) AstraZeneca is working on the medication as a potential oral

C'\‘/\/\O N

forms a blockade at VEGF receptors, it restricts the development of new blood vessels,

chemotherapeutic agent for treating cancer. When cediranib

which are necessary for supporting tumor growth. Without enough blood supply, tumor
cells become starved for nutrients, which can slow or stop the growth of the tumor and

possibly increase the effectiveness of other treatments.®

1.7.2: Epidermal growth factor receptor (EGFR): The epidermal growth factor receptor
(EGFR), commonly referred to as ErbB1 or HER1 (human epidermal growth factor

receptor 1), is a cell surface receptor that is a member of the ErbB family of receptor
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tyrosine kinases. Controlling cell proliferation, growth, and differentiation in various
tissues, such as the gastrointestinal system, lungs, and skin, requires EGFR. The
extracellular ligand-binding domain, the transmembrane domain, and the intracellular
tyrosine kinase domain comprise the transmembrane protein structure of EGFR. Its
structure allows it to transmit messages from the extracellular environment to the cell's
interior. The EGFR can be activated by a number of ligands, such as transforming growth
factor alpha (TGF-alpha) and epidermal growth factor (EGF). Receptor dimerization, or
the pairing of two EGFR molecules, results from these ligands binding to the receptor and

activating the EGFR's intrinsic tyrosine kinase activity.

Tyrosine residues in the EGFR's intracellular domain are autophosphorylated as a
result of EGFR activation. A series of intracellular signaling processes are triggered by
these phosphorylated tyrosine residues, which act as docking sites for numerous
downstream signaling proteins. These pathways play a role in controlling cell migration,
differentiation, survival, and proliferation. EGFR signaling dysregulation is frequently
seen in cancer. A variety of malignancies, including non-small cell lung cancer, colorectal
cancer, and head and neck cancer, can arise and advance as a result of EGFR mutations or
overexpression, which can cause uncontrolled growth of cells. To stop EGFR signaling in
cancer cells, targeted medicines including EGFR inhibitors like gefitinib and erlotinib have
been developed. Certain tumors with EGFR mutations or overexpression have been treated
with EGFR inhibitors. These medications stop EGFR from functioning, which slows or
prevents the growth of cancer cells. The efficiency of these inhibitors, however, may differ
based on the particular cancer type and the presence of certain EGFR mutations. In-depth
research on EGFR and its function in cancer biology resulted in the creation of targeted

medicines, which have enhanced the therapy options for some cancer patients.
a) Gefitinib (lressa):

Gefitinib is a member of the class of drugs known as EGFR (epidermal growth factor
receptor) inhibitors. It is mostly employed to treat specific varieties of non-small cell lung
cancer (NSCLC), a prevalent sort of lung cancer. The EGFR pathway, which is frequently
dysregulated in NSCLC, is precisely the target of gefitinib. Similar to erlotinib, gefitinib is
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¢l an EGFR inhibitor that prevents signaling through EGFR in

target cells which affects the growth, proliferation, and

T )N survival of cancer cells. As a result, it is only beneficial in
o Nig

tumors with mutant and hyperactive EGFR, though
additional mutations can cause resistance to gefitinib. It is used to treat some forms of

breast, lung, and other malignancies.3®
b) Cetuximab (Erbitux):

A monoclonal antibody drug called cetuximab is used to treat cancer. It
[ : particularly targets and inhibits the EGFR protein, which is involved in

Zz-0

controlling cell growth and proliferation. Cetuximab disrupts the signaling

) pathways that support cancer cell proliferation by inhibiting EGFR. Most

commonly, metastatic colorectal cancer, head and neck cancer, and other
cancers are treated with cetuximab. cetuximab interacts with the EGFR protein found on
the surface of cancer cells which stops EGFR from being activated and interferes with the

signaling pathways that support the growth and survival of cancer cells.?’

c) Erlotinib (Tarceva): As a tyrosine kinase inhibitor, erlotinib is a medicine used to

H

JOO e
/O\/\o N

EGFR, a cell surface receptor that controls the development and proliferation of cells.

small cell lung cancer (NSCLC). The medicine erlotinib is a

treat cancer. It is mostly used to treat pancreatic cancer and non-
NO\
NJN member of the EGFR inhibitors subclass of medications.

Erlotinib disrupts the signaling pathways by inhibiting the

Erlotinib targets the epidermal growth factor receptor (EGFR) tyrosine kinase, which is
typically overexpressed and mutated in many forms of cancer. It attaches itself reversibly
to the adenosine triphosphate (ATP) binding site of the receptor. To transmit the signal,
two EGFR molecules must come together to form a homodimer. Using the ATP molecule
to trans-phosphorylate each other on tyrosine residues, these then enlist the
phosphotyrosine-binding proteins to EGFR to construct protein complexes that transduce

signal cascades to the nucleus or activate other cellular metabolic processes. Erlotinib stops
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phosphotyrosine residues in EGFR from being synthesized, which stops signal cascades

from starting.®

1.7.3: BCAR4 amplification/HER2: Breast cancer has been linked to the long non-coding
RNA (IncRNA) gene known as BCAR4 (Breast Cancer Anti-Estrogen Resistance 4). An
increase in the number of copies of the BCAR4 gene in cancer cells is referred to as
amplification. Gene amplification can result in the overexpression of a gene's RNA or
protein output, which could aid in the emergence and spread of cancer. Targeted
therapeutics that can inhibit BCAR4 action or its aftereffects are still being developed
through research. These treatments might enhance the prognosis for people with breast
cancers amplified by BCARA4.

a) Lapatinib (Tykerb and Tyverb):

o F Lapatinib is a drug that is used in the form of lapatinib
O/’L} OQ ditosylate used to treat cancer, notably some forms of breast
& HN/@CI cancer. As a tyrosine kinase inhibitor, it is primarily used to
//O 7N target particular proteins involved in the growth and spread of

cancer cells. Human epidermal growth factor receptor 2
(HER2) and epidermal growth factor receptor (EGFR) are two related proteins that
lapatinib inhibits in order to function. Cell surface receptors HER2 and EGFR are both
involved in the development and proliferation of cells. The proliferation of cancer cells that
rely on these pathways can be slowed or stopped by inhibiting their receptors.®

1.7.4. mTOR (mammalian target of rapamycin): A protein kinase known as the
mammalian target of rapamycin (MTOR) is essential for controlling cell growth,
proliferation, and survival. It is an essential part of signaling pathways that react to
numerous environmental and cellular inputs, including energy status, growth factor
signaling, and nutrition availability. Autophagy, which is the process of breaking down and
recycling cellular components, ribosome biogenesis, protein synthesis, and lipid
metabolism are all regulated by mTOR. It performs the function of a central regulator,

integrating information from many sources to decide whether the cell should divide,
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expand, or go through other cellular processes. mTOR is part of the mTOR Complex 1
(mTORC1) and mTOR Complex 2 (MTORC2) protein complexes, each of which has
unique roles and downstream targets. These complexes control various facets of cell
biology.

mTOR signaling dysregulation is frequently seen in cancer. Mutations in the genes
connected to this pathway can result in the uncontrolled proliferation of cells and support
the growth of cancer. Certain malignancies are treated with targeted treatments that block
MTOR or its upstream regulators. mTOR is very responsive to the availability of nutrients,
particularly glucose and amino acids. When nutrients are in plenty, mTOR signaling is
triggered, which promotes anabolic processes and cell development. On the other hand,
when nutrients are in short supply, mTOR signaling is suppressed, which promotes
catabolic activities like autophagy. Numerous studies have been conducted on mTOR in
the areas of cell biology, cancer biology, and aging. The development of targeted
therapeutics and insights into the molecular mechanisms underlying various diseases have

both been made possible by our growing understanding of their regulation and function.*
a) Temsirolimus (Torisel):

Temsirolimus belongs to the class of medications known

as mMTOR (mammalian target of rapamycin) inhibitors.
Temsirolimus is a drug used to treat cancer, specifically
as a targeted therapy for specific cancer types. The
protein kinase mTOR, which is essential for cell growth,

proliferation, and survival, is inhibited by temsirolimus.

Temsirolimus interferes with the signaling pathways that
support the development of cancer cells by inhibiting mTOR. Even though temsirolimus
exhibits activity on its own, it can also be transformed in vivo into sirolimus (rapamycin)
As a result, despite what the manufacturer may state, the prodrug's metabolite may really
be more responsible for its activity than the prodrug itself. Even though temsirolimus
exhibits activity on its own, it can also be transformed in vivo into sirolimus (rapamycin).

As a result, despite what the producer may state, the prodrug's metabolite may really be
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more responsible for its activity than the prodrug itself. Temsirolimus therapy causes cell
cycle arrest in the G1 phase and prevents tumor angiogenesis by lowering VEGF
production. For some cancer types, particularly renal cell carcinoma, temsirolimus is a

significant therapeutic option.*
1.7.5. Histone deacetylases (HDAC):

Histone deacetylase, often known as HDAC, is an enzyme that controls how genes
are expressed and how chromatin is organized in living cells. proteins, known as histones,
which assist in packing and compacting DNA into a structure within the cell nucleus, are
modified by these enzymes, and this alteration is critical. HDACs may be overactive in
cancer cells, which would silence tumor suppressor genes and encourage the proliferation
of cancer cells. HDAC inhibitors are a class of medications created to limit the function of
HDACS, increasing histone acetylation and perhaps reactivating tumor suppressor genes
that have been silenced. HDAC inhibitors are utilized in several cancer treatments and

have been investigated for their potential in cancer therapy.
a) Valproic acid (Valproate, VPA):

O OH Valproic acid is a drug primarily used to treat bipolar disorder and epilepsy.
/\j;/\ It is a mood stabilizer and an anticonvulsant. Valproic acid's precise mode of
action is unknown, however, it is believed to involve a number of processes. Gamma-
aminobutyric acid (GABA), a neurotransmitter that suppresses neuronal activity and can

help avoid seizures (partial seizures, absence seizures, and generalized seizures), is known

to rise in the body because of valproic acid. lon channels and other neurotransmitter
systems in the brain may potentially be impacted by valproic acid. Prophylaxis for
migraines is one of VPA's therapeutic applications.*

1.7.6. Poly (ADP-ribose) polymerase [PARP]:

A family of enzymes known as PARP is involved in a number of crucial biological
functions, such as DNA repair, genomic integrity, and cell death. These enzymes are

essential for preserving genomic integrity and are located in the nucleus of cells. The
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human body has many PARP enzymes, although PARP-1 and PARP-2 are the most
thoroughly researched. The primary function of PARP enzymes is the restoration of DNA
that has been damaged. The PARP proteins are activated and assist in recruiting repair
proteins to the location of DNA damage when a cell experiences environmental stressors

such as radiation, toxins, or other environmental stresses.

In recent years, a new family of anti-cancer medications called PARP inhibitors has
emerged. These inhibitors are made to prevent the PARP enzymes from working,
especially PARP-1 and PARP-2. Cancer cells with specific DNA repair deficiencies (such
as mutations in the BRCA genes) are less able to repair DNA damage when PARP is
inhibited, which causes DNA errors to accumulate and ultimately results in cell death.
Several cancers, including ovarian cancer, breast cancer, and prostate cancer, are treated
with PARP inhibitors.

a) Veliparib:

The drug Veliparib is categorized as a PARP (poly (ADP-ribose)

Oy NH

& >—(j polymerase) inhibitor. The drug Veliparib is categorized as a PARP (poly

H (ADP-ribose) polymerase) inhibitor. Veliparib and other PARP inhibitors
are used to treat cancer, particularly ovarian and breast malignancies. The PARP enzymes,
especially PARP-1 and PARP-2, are inhibited by Veliparib. In order to repair damaged
DNA in cells, PARP enzymes are necessary. Cancer cells with abnormalities in other DNA
repair mechanisms, such as those brought on by mutations in the BRCA genes, are less
able to repair DNA damage when PARP is blocked. As a result, DNA errors start to

accumulate, which ultimately causes cell death.*?

b) Olaparib (Lynparza):

H Adults with advanced BRCA-mutated ovarian cancer can use

OJW the drug Olaparib. It is a poly ADP ribose polymerase (PARP)
O ° inhibitor, that inhibits the poly ADP ribose polymerase
enzyme, preventing the enzyme from repairing DNA. It works against some ovarian,
breast, and prostate cancers in those with genetic BRCA1 or BRCA2 mutations. BRCA1/2
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mutations may be resistant to various cancer treatments and genetically predisposed to the
development of some cancers. These tumors do, however, occasionally have a special
susceptibility since the cancer cells rely more heavily on PARP to fix their DNA and keep
them dividing. This indicates that if the malignancies are responsive to this treatment, then

medications that specifically block PARP may be advantageous.*
1.7.7. Immune Checkpoint Inhibitor:

Immune checkpoint inhibitors are a type of therapy that uses the immune system's
power to combat cancer. To improve the body's immune response and control the
immunological responses against cancer cells, these inhibitors specifically target proteins
on immune cells known as checkpoints. The checkpoints, such as PD-1 and CTLA-4
operate as "brakes" on the immune system to avoid overactivation. These checkpoints can
be used by cancer cells to circumvent the immune system. Immune checkpoint drugs
disengage these brakes, allowing the immune system to more accurately identify and
combat cancer cells. These inhibitors are used to treat a number of cancers, including
Hodgkin lymphoma, lung cancer, melanoma, kidney cancer, bladder cancer, and more. In

certain cases, they have been approved for both advanced and early-stage malignancies.**

a) Pembrolizumab (Keytruda):

Pembrolizumab is an immune checkpoint inhibitor that is primarily used to treat different
tumors. An immune checkpoint inhibitor called pembrolizumab specifically targets the T
cell-surface PD-1/programmed cell death protein 1 (PD-1) receptor. Immune cells’ surface
protein called PD-1 is involved in controlling the immune response. The PD-1 pathway
can be used by some cancer cells as a means of immune system evasion. By blocking PD-
1, pembrolizumab stops cancer cells from avoiding immune identification and attack.

Pembrolizumab is a humanized antibody used to treat a number of malignancies, such as
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non-small cell lung cancer (NSCLC), cancer of head and neck squamous cell, melanoma,
Hodgkin lymphoma, Merkel cell tumor, kidney cancer, urethral cancer, gastric cancer, and
more. It uses the immune system's strength to target and attack. Pembrolizumab "releases
the brakes" by blocking PD-1 on the immune system, which allows it to effectively

identify and attack cancer cells.*®
1.7.8. Immune checkpoint Inhibitor in adjuvant treatment:

Immune checkpoint inhibitors are being researched extensively as adjuvant
therapies for specific forms, types, and stages of cancer. In order to lower the chance of
cancer recurrence, adjuvant therapy is a treatment provided after the initial treatment (such
as surgery or radiation therapy). Immune checkpoint inhibitors are used as adjuvant
therapy to help the body's immune system get rid of any cancer cells that the primary
therapy may not have entirely destroyed or in situations where the tumor has traits that

make it more amenable to immunotherapy.

Immune checkpoint inhibitors, including pembrolizumab and nivolumab, have
been authorized for use as adjuvant therapy for high-risk melanoma. After the main tumor
has been surgically removed, these treatments are used to lower the likelihood of
melanoma recurrence. Adjuvant therapy with checkpoint inhibitors like durvalumab may
be explored in some cases of early-stage non-small cell lung cancer (NSCLC), particularly
when the tumor has been entirely removed. In patients with renal cell carcinoma (kidney
cancer) who are at high risk of recurrence following surgery, adjuvant therapy with
immune checkpoint inhibitors, such as nivolumab, is being explored. Atezolizumab has
been investigated as adjuvant therapy for surgically treated individuals with muscle-
invasive bladder cancer. Immune checkpoint inhibitors may be used as adjuvant therapy
following initial therapy in select cases of Hodgkin lymphoma.

Investigations are continuing to determine if immune checkpoint inhibitors are
effective as adjuvant treatments for various cancer types. The effectiveness and safety of
these medicines in various patient populations are mostly determined by clinical trials.

Immune checkpoint inhibitors have the potential to lower the risk of cancer recurrence in

36| Chapter 1



INTRODUCTION

some patients, but they can also cause immune-related adverse events (irAEs), which may
need close observation and therapy. When choosing to use these medications as adjuvant

therapy, the possible advantages and hazards should be considered carefully.

a) Ipilimumab (Yervoy):

A drug called ipilimumab is used in cancer immunotherapy. Instead of directly attacking
the disease, it works by boosting the body's natural immune response to work against
cancer cells. It is primarily used to treat specific cancers and is categorized as a checkpoint
inhibitor. Ipilimumab targets the CTLA-4 protein receptor, which is present on the surface
of T cells, an immune cell subtype, which is known to produce cytotoxic T lymphocytes.
The immune response is downregulated by CTLA-4, which functions as a checkpoint
inhibitor to stop the immune system from becoming overactive. However, CTLA-4 can be
used by cancer cells as a means of immune system evasion. Ipilimumab inhibits CTLA-4,
enabling the immune system to react more robustly to cancer cells. Skin cancer called
melanoma is primarily treated with ipilimumab. It has received approval for the treatment
of advanced melanoma as well as for use as an adjuvant therapy in individuals who are at

high risk of developing the disease again after surgery.*®
1.7.9. Other drugs used for the treatment of cervical cancer:

a) Bleomycin Sulfate: A class of water-soluble basic glycopeptides antibiotics
derived from “Streptomyces verticillus” referred to as “bleomycin” is employed as both
antibiotics and cancer drugs®® All bleomycins share the same basic structure. The sole
structural difference among bleomycin is the functional group joined to the terminal amine.
It is supposed to degrade DNA by sequence selective DNA binding and cleavage.
Bleomycin also prevents thymidine from being incorporated into DNA. In vitro, Oxygen
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and metal ions, such as iron, are

required for bleomycin-induced DNA
breakdown. When iron is chelated by
bleomycin, a  pseudoenzyme s

produced that releases superoxide and

hydroxide free radicals, which then
break DNA. Oxygen and metal ions, such as iron, are required for bleomycin-induced
DNA breakdown in vitro. When iron is chelated by bleomycin, a pseudoenzyme is
produced that releases superoxide and hydroxide free radicals, which then break DNA.
Topoisomerase Il enzyme inhibition, lipid peroxidation, and oxidative RNA degradation
are other mechanisms that contribute to bleomycin-induced cytotoxicity. According to a
different theory, bleomycin can bind to specific DNA strand locations and cause scission
by removing the hydrogen atom from the base, leading to strand cleavage as the base goes
through a Criegee-type rearrangement or creates an alkali-labile lesion. Cancers of the
testicles, ovary, breast, and cervix are all treated with bleomycin. It is also used to treat
Hodgkin and non-Hodgkin lymphomas.*’

b)

called topotecan hydrochloride has anti-tumor properties as well as topoisomerase I-

Hycamtin (Topotecan Hydrochloride): A semi-synthetic camptothecin derivative

inhibitory activity. It is used to treat specific forms of cervical cancer, small-cell lung

cancer, and ovarian cancer.

By causing reversible single-strand breaks, topoisomerase | reduces torsional stress

in DNA. Topotecan blocks the religation of these single strand
breaks by attaching to the topoisomerase I-DNA complex.

Topotecan's cytotoxicity is hypothesized to be due to interactions

between replication enzymes and the ternary complex generated by

topotecan, topoisomerase I, and DNA, which results in double-strand DNA damage
produced during DNA synthesis.  These double strand breaks cannot be effectively

repaired by mammalian cells.*®

1.7.10. Future Treatment of Cervical Cancer using Autophagy: In order to combat

human diseases, such as cervical cancer, disregulation of autophagy is emerging as a
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crucial biological mechanism. Additionally, homeostasis has been linked to autophagy, a
process that involves the breakdown of cellular organelles and cytoplasm in lysosomes.
Depending on the type of cell or tissue, autophagic flux can change, which can change a
cell's fate under stress and cause it to either survive or die. In turn, autophagy may control
tumor spread and ensuing carcinogenesis. Cancer is noted for having an inflammatory
phenotype. Vascular insufficiency in malignancies, particularly cervical tissue, results in
the loss of glucose and/or oxygen, disrupting the osmotic gradient, and extracellular
acidosis in the tumor microenvironment, which may ultimately lead to autophagy.
Therefore, in the near future, selective modulation of complicated autophagic signals may
be a creative method for identifying clinically significant biomarkers for cervical cancer.*®
Autophagy modulation is a promising field of research that could lead to the development
of novel therapeutic modalities for the treatment of cervical cancer in the future.
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1.8 Present Work:

Heterocyclic compounds constitute an essential class of chemicals because they are
found in many pharmaceuticals, natural products, and other bioactive molecules.
Heterocyclic compounds contain at least one non-carbon element such as nitrogen, oxygen,
or sulfur which accounts for their biological activity and due to this, their wide range of
chemical and biological characteristics are well studied and in order to create novel
molecules with a variety of biological functions. One important aspect of the biological
activity of heterocyclic compounds is their reversible binding to proteins. Researchers have
taken the advantage of this feature while designing drugs since substances with the ability
to attach to target proteins both selectively and reversibly may be therapeutically useful.
Heterocyclic compounds are important in the treatment of cancer because they have been
used in the synthesis of several chemotherapy drugs. While designing specific cancer
medicines, heterocyclic chemicals are frequently employed. Targeting chemicals or
pathways that are essential to the development and spread of cancer cells is the specific
aim of these medications. These medications can hinder the growth of cancer cells while
causing the least amount of harm to healthy cells by blocking particular targets.

There are some heterocyclic compounds, like indoles, that can mimic the structure
of peptides, which are vital biomolecules. Because of their structural similarities, these
substances can interact with proteins and enzymes to produce specific biological effects.

Anti-inflammatory
and
analgesic
Antifungal Anticancer
Antimicrobial Antihypertensive
Antiviral \ é Antihistaminic
N\
idal activity ©\/l\> Anti HIV

/ H \
Antitubercular / \\ Antioxidant

Opiod antagonist Antidiabetic

Thrombin catalytic Photochemotherapeutic

Antidepressant,
tranquilizing,
anticonvulsant

Figure F1.11: Biological activities of indole
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In Medicinal Chemistry, indole is a commonly used pharmacophore - a component
of a molecule that is responsible for its biological activity. This versatile heterocyclic
molecule has a broad range of biological functions (Fig. F1.11) and is present in many
medications and natural products.®® Therapeutic applications are frequently linked to the
existence of an indole nucleus. Because of its potential applications in medicine, indoles
have sparked the curiosity of scientists who are interested in synthesizing novel
medications. To create molecules with better pharmacological qualities or to target
particular illnesses or conditions, researchers frequently modify the indole structure.

Several natural products, chemicals, and molecules that have shown anti-cancer
activities contain indole as a structural element. Known by several names, including DIM
or 3,3'-diindolyl methane, the bis-indolyl methane is a naturally occurring substance that is
simple one found in the indole class of natural products. During digestion, a variety of
plants and vegetables, including cabbage, broccoli, and Brussels sprouts, emit bis-indolyl
methane. When it comes to hormone-related diseases like breast, prostate, and cervical
cancer, DIM is a well-known anti-cancer agent®! that has drawn attention for its possible
health benefits, which include its application in cancer prevention and treatment (Fig.
F1.12).52 Through the STAT3 pathway, 3,3'-diindolylmethane increases chemotherapy

sensitivity and reduces the viability of ovarian cancer cells.>

s N%
HN O Hacogzy/N
g

1 2
(S5)-8-(3-(4-(di(1 H-indol-3-yl)methyl)phenoxy)propoxy)- 3-(di(1H-indol-3-yl)methyl)indolin-2-one
7-methoxy-1,2,3,11a-tetrahydro-5 H-benzo[e]pyrrolo (Anti-cancer)

[1,2-a][1,4]diazepin-5-one
(Anti-cancer)

NH, R
Br O O Br O O
T /-
HN NH HN NH
R =H, di(1H-indol-3-yl)methane, Anti-cancer

2,2-bis(6-bromo-1H-indol-3-yl)ethan-1-amine o .
R = CH3;, Vibrindole A, Anti-cancer

Marine natural product B . .
| (Anti-cancer) R = CH,0Ac, Streptindole, Anti-cancer J

Figure F1.12: Pharmacological importance of bioactive 3,3-BIMs based molecules, and natural products.
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As discussed in the introduction, among various types of cancer, the fourth most
commonly found cancer in women is cervical cancer, which affects the woman’s
reproductive system. Depending on the stage of the disease, there are several treatment
options for cervical cancer. When compared to chemotherapy or radiation therapy, targeted
therapy may have fewer adverse effects for certain patients, making it a better choice for
them. Treatment solutions that enable procedures that spare fertility should be taken into
consideration for younger individuals who want to maintain their fertility. In such

circumstances, targeted therapy might be useful.

Ferulic acid Tubeimoside I Chaetomorpha Linum
(Muller)

Figure F1.13: Process of Autophagy

With the help of targeted medications, cervical cancer management has progressed
into novel therapy methods; nonetheless, the clinical achievement of these contemporary
therapies has not demonstrated the anticipated effectiveness.>* Clonal/genetic heterogeneity
and the intricate network of related cell signaling pathways are frequently linked to this
slow growth in cervical cancer treatment (Fig. F1.13).%° These cervical cancer deficiencies
make it even more imperative to use chemicals that trigger cell death pathways, such as

autophagy, which is not as well studied in cervical cancer treatment.
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Figure F1.14: Representative examples of drugs containing benzofuran structural core
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3,3'-(phenylmethylene)bis(1 H-indole) i O / Ph
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3-(benzofuran-2-yl(phenyl)methyl)-1H-indole
Figure F1.15: Designing the targeted compounds by displacing one of the indoles from

bis indolyl methane and synthesis of two types of newly designed scaffolds

Motivated by the necessity to find new synthetic and natural medications that might
cause autophagy to be induced in cervical cancer cells, we describe here the discovery of
novel 3-(benzofuran-2-ylmethyl)-1H-indole derivatives as putative inducers of autophagy
in cervical cancer cells. These compounds were designed by integrating the
bisindolylmethane®® and benzofuran scaffolds®”®* found in natural products, which have a
variety of biological activities, including antimicrobial, antibacterial, and anticancer (Fig.
F1.14), anti-inflammatory, antidiabetic, antineophobic, and anticonvulsant properties.
These compounds were designed based on the notion that combining two distinct
heterocyclic scaffolds can be a useful strategy for discovering novel small molecule
probes. In this context, we designed the compounds in such a way that in type I, the
indolyly unit is substituted at C3 position, where as in type Il, substitution is at the C2
position. These two classes of compounds have been designed as potential candidates for
anti-cancer screenings (Fig. F1.15).

1.9. Chemistry:

1.9.1 Synthesis of 3-(benzofuran-2-yl(phenyl)methyl)-1H-indole derivatives:

The adopted approach employs a simple Friedel-Crafts-like alkylation of indole
(2a) with benzofuran-2-yl(phenyl)methanol (1a), which is made by reducing the

corresponding 2-aroyl benzofurans with NaBH4+.% The structures of the resulting
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compounds was confirmed by using spectral and analytical data (*H, 3C, and HRMS). In
the 'H NMR spectrum of 1a, the characteristic peak of OH appeared at 6 5.91 ppm as a
broad singlet and in the product, the OH peak disappeared and the C2-H proton from the
indole group resonated at ¢ 5.73 ppm. The four benzene protons were seen to resonate at o
6.73 ppm as a doublet with J = 0.8 Hz and another one at 6 6.96 ppm as a triplet with J =
7.3 Hz. The remaining two benzene protons appear to have fused with other aromatic
protons and the NH proton resonated at 0 7.95 ppm as a singlet. In the 13C NMR spectrum
of the 1a, CH-OH carbon appeared at 0 70 ppm, whereas in the 3aa, it resonated at 6 43
ppm, and in the NMR of 3aa, C2 carbon from indole appeared at 6 136.5 ppm and the 6
benzene carbons were seen to resonate at ¢ 120.6, 119.6, 119.5, 116.7, 113.5, 111.1 ppm.
Thus, satisfying the alkylation product (3aa) formation. In the HRMS, the exact mass
calculated for the product 3aa was C19H160sNa [M+H]": 324.1383, and it was found to be
324.1380. Thus, from 'H, 3C, and the HRMS spectrum, the formation of the alkylation

product 3aa was confirmed.

Subsequently experiments were performed to check the feasibility of the proposed
alkylation which then led to the identification of the compatible solvents and Lewis acids
for the alkylation. For the optimization studies the experiments were divided into two
parts, in the first part, the solvent, i.e. dichloromethane was kept constant because starting
materials were easily soluble in dichloromethane and most of the Lewis acids are soluble
in this solvent. Whereas, in the second part, the reagent was kept constant. In the case of
AICIs (Table T1.1, entry 1) and Sc(OTf)s (Table T1.1, entry 2), the product 3aa was
isolated in more than 40% yield. When the Cu(OTf)2 (Table T1.1, entry 3) was employed
as catalysts, no product was isolated from the reaction mixture. In the presence of ZnCl,
(Table T1.1, entry 4) 42% of product was observed. In the case of BF3.OEt, (Table T1.1,
entry 5) complex mixture was formed. The increase in the product formation was observed
in the case of PTSA (Table T1.1, entry 6), where the product 3aa formed in 83% vyield.

Table T1. 1. Optimization Studies
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H
N

me indole (2a) O \ \ O
O Ph d  Pn

1a 3aa
Sr. No. | Lewis acid Solvent Yield % (3aa)

1 AICl; CH:Cl; 41%

2 Sc(0Tf)s CHCI; 45%

3 Cu(OTf), CH.Cl, °No reaction
4 ZnCl; CHCl, 42%

5 BF3.0Et, CH.Cl, | “Complex mixture
6 PTSA CH.CI; 83%

7 PTSA DCE 71%

8 PTSA Toluene 68%

9 PTSA DMF 69%

10 PTSA THF 54%

11 PTSA Chloroform 56%

12 PTSA Methanol 59%

13 PTSA Acetone 69%

14 PTSA Acetonitrile 71%

aReaction Conditions: 1a (1 equi), 2a (1.5 equi), (1.2 equi), at rt for 2 h. Pisolated yield after chromatographic

purification. °no reaction, unreacted starting material recovered. Yformation of complex mixture. éclean reaction.

For the next series of compounds, catalytic (PTSA) was kept constant and different
solvents were screened for the optimization studies. As shown in Table T1.1, when DCE
(Table T1.1, entry 7) was used, 71% of the product was obtained. In the presence of
toluene (Table T1.1, entry 8) and DMF (Table T1.1, entry 9), the product 3aa was isolated
in more than 65% of yield. When THF (Table T1.1, entry 10), Chloroform (Table T1.1,
entry 11), and methanol (Table T1.1, entry 12) were employed as solvents, more than 50%
of the product was isolated. However, in the presence of Acetone (Table T1.1, entry 13),
the alkylated product 3aa was obtained in more than 65% vyield, whereas solvent CH3CN
(Table T1.1, entry 14) gave the final product 3aa in more than 70% yield. Optimization
studies reveal that PTSA and CH2Cl. gave the best results.
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After getting the best results in hand, the amount of reagent was optimized using

different equivalents of the PTSA. When 0.1 equivalents of PTSA was used, only small

amount of product, i.e. 10% of the product was observed (Table T1.2, entry 1). Then 0.5

equivalents of reagent were used, but only 54% of the product was observed (Table T1.2,
entry 2). At the 0.7 equivalent, 60% of the product was isolated (Table T1.2, entry 3).

Results were satisfying at 1 equivalent, where 74% of the product was obtained (Table

T1.2, entry 4) and after that we thought about further increasing the equivalents of the

PTSA. And for our delight we got good results i.e. 83% of yield at 1.2 equivalents (Table

T1.2, entry 5). When the equivalents of the reagent were increased further to 1.5

equivalents, no remarkable difference was observed and the product was isolated in 83.2%

(Table T1.2, entry 6). So, we further moved with the 1.2 equivalents of the PTSA for scope

of reaction.

Sr.No. | Amount (inequi.) | Time | Yield (%)
(h)
1 0.1 3 10
2 0.5 3 54
3 1 2 74
4 1.2 2 83
5 15 2 83.2

Table T1.2: Optimization of the weight of the reagent

1.9.2 Exploring the scope of reaction:

Once the ideal conditions were reached, the three aryl rings' substituents were

changed to investigate the reaction's scope. Different electron donating and withdrawing

groups were used for the substitution. Overall, the reactions went effectively and produced
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good to excellent yields of the corresponding 3-(benzofuran-2-ylmethyl)-1H-indole

derivatives. C3 alkylation products were isolated in good to excellent yields. Along with

simple indoles, 3 substituted indoles were also used for C2 alkylation.

NO,

3aa, 83% (R = H) 3ab, 87% (R = H) 3ac, 73% (R = H)
3ba, 84% (R = Cl) 3bb, 84% (R = Cl) 3bc, 90% (R = Cl) 3da, 95% (R = H)
3ca, 87% (R = OMe) 3cb, 86% (R = OMe) 3cc, 87% (R = OMe) 3db, 89% (R = Me)

R OMe
3ea, 77% (R = H) 3ec, 91% (R = Cl) 3fa, 84% (R = H)
3eb, 83% (R = Me) 3fc, 58% (R = OMe) 3fb, 91% (R = Me)

Scheme S1.1: C3 alkylation products

Furthermore, we have investigated the possibility of C2 alkylation of 3-methyl
indole, which results in the 2-(benzofuran-2-ylmethyl)-3-methyl-1H-indole derivatives

(4aa-4fa). To our delight, the C2-alkylated product also was formed in good to excellent

o5 el ol off

4aa, 79% (
4ba, 86% ( R CI 4da,93% 4ea, 93% 4fa, 88%
4ca, 91% (R OMe)

yield.

Scheme S1.2: C2 alkylation products
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1.10 Biology:

Since most of the compounds examined formed vacuoles in the treated SiHa cell

line, screening all of the synthesized compounds for biological activity and morphological

changes with the treatment suggested the induction of autophagy. It's crucial to remember

that earlier research linked certain cell morphological characteristics to the start of

autophagy in response to outside stimulation.®®"® Five compounds, from the panel of

compounds were selected, which showcased the lowest 1C50 on treatment with Siha and

were eventually tested in another cervical cancer cell line, C33a (Table T1.3). It's

interesting to note that the isomeric series' compounds 4aa—4fa were determined to be

inert, and the biological screening of 5aa to 6c¢c is going on.

Table T1.3: ICso values of 3aa to 4fa

Entry | Compound I1Cs0 (UM=SE)
SiHa C33a

1 3aa 71.12+5.95

2 3ba 58.01+1.24

3 3ca >100

4 3ab 56.47+6.44

5 3bb 47.5241.92 | 38.74+6.12

6 3cb >100

7 3ac 40.434£3.17 | 35.17+4.88

8 3bc >100

9 3cb >100

10 3da 61.58+2.15

11 3db 72.00+5.22

12 3dc 48.214+6.15

13 3ea 49.81+2.95 | 34.21+6.53

14 3eb 35.85+3.23 | 31.23+£3.31

15 3ec 36.87+3.85 | 29.44+1.66

16 3fa >100

17 3fb >100

18 3fc >100

19 4aa >100

20 4ba 77.87+£3.22

21 4ca >100

22 4da >100

23 4ea 72.49+2.50
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| 24 | 4fa >100 |

1.10.1 % Viability Assay:

Compounds 3eb and 3ec were then examined for the % viability assay, which is performed
by using a MTT assay. Interestingly, the (Fig. F1.17) graphs illustrate that the compounds
3eb and 3ec are highly viable on squamous cell carcinoma and cervical carcinoma cell
lines at a concentration of 10 pg. As a result, these results motivated more studies into

these two chemicals.
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Figure F1.17: @compounds 3eb and 3ec were tested for % viability using two different cell lines.

O Cell Lines screened
SiHa (ATCC® HTB-35™) squamous cell carcinoma

C33a (ATCC® HTB-31™) cervical carcinoma

U Performed by MTT Assay
Blue Graph indicates activity against C33a

Red Graph indicates activity against SiHa
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1.10.2 Evidence of Autophagy: Confirming Cellular Self-Digestion in SiHa cell line:

The process of autophagy has been studied in this experiment using two

commonly employed methods: (1) cell staining, and (2) morphological changes.

(1) Cell Staining: Compounds 3eb and 3ec were then examined in more detail in order to
determine whether the increasing conversion of LC3I to LC3II is a sign of autophagy.’* A
ubiquitin-like protein linked to autophagosomes that leads to selective autophagy is called
LC3 (microtubule-associated protein 1 light chain 3). LC3 is cleaved at its carboxy-
terminal to generate the cytosolic variation known as LC3I during the autophagic process.
The glycine at the carboxy-terminus region then associates with phosphatidylethanolamine
to form an LC3-phosphatidylethanolamine complex, also referred to as LC3I1.25. Since
both cell lines treated with compounds 3eb and 3ec showed a progressive conversion of
LC3I to LC3II, this suggests that autophagy is occurring (Figures F1.18 and F1.19). An
additional protein linked to autophagy, p62 is a ubiquitin-binding scaffold protein with an
LC3 binding region. The protein declines with increasing autophagy and accumulates upon
autophagic inhibition.”? Autophagy induction was further validated by the timely reduction
of p62 expression observed with increased incubation with the compounds (Figures F1.18
and F1.19). As a result of the autophagosome and lysosome fusion during the autophagy
process, LC3 becomes degraded or dissociated and is reduced in quantity in the

autolysosome membrane (Fig. F1.19).
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Vehicle 3eb Vehicle 3ec
42 42 42 42 hours
LC3B -1 (16kDa)
LC3B - 11 (14kDa)
o -
Heat Shock Cognate 70
(70kDa) — . B

Figure F1.18: Induction of Autophagy by 3eb (30 uM) and 3ec (30 uM) was also observed in C33a cell line
by LC31 to LC311 cleavage and reduction in p62 levels.

3eb 3ec
Vehicle Vehicle

42 24 36 42 hours 42 24 36 42  hours

Figure F1.19: Representative of western blot, 3eb (30 um) and 3ec (30 um) induces LC3I to LC3II
conversion. Similarly, p62 showed decreasing pattern of expression with time, thereby confirming

LC3B-1 (16kDa)
LC3B-11 (14kDa)

p62 (62kDa)

Heat Shock
Cognate 70 (70kDa)

autophagy in the SiHa cell line.
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(2) Morphological Changes: Light microscopy observation exhibits that compounds 3eb
and 3ec induced morphological changes in the Siha cell line viz., rounding up of cells and
seem to be detached from the surface of the culture plate as shown in Figure F1.20b and
Figure F1.20c. The morphology of compounds 3eb and 3ec treated Siha cells are
completely different from the control Siha cells as shown in Figure F1.20a-c. The presence
of autophagic vacuoles is clearly seen in treated cells that are not observed in the control
group. Further, the treated cells show a significant amount of membrane blebs, which are
unable to be seen from untreated cells demonstrating the significance of Autophagy in a
cellular pathway. Moreover, promising blisters are clearly seen from 3ec compounds
treated cells as compared to 3eb treated cells indicating the significant impact of
compound 3ec on the Autophagy pathway as shown in Figure F1.20. Interestingly, blisters
are unable to be observed from untreated cells. Overall, the observation of autophagic
vacuoles, membrane blebs, blisters, and morphological changes demonstrated cell
apoptosis. Especially, vacuole formation inside the cytoplasm indicates the possibility of

autophagy.

Figure F1.20: Morphological changes of SiHa cells treated with compounds 3eb and 3ec (a) Control SiHa

cell line. Presence of autophagic vacuoles in SiHa cell line at 24 h of treatment b) with 3eb and c¢) with 3ec

LC3 protein staining is a well-known analysis for oxygen deficiency that stimulates
autophagy to confirm cell apoptosis via visualizing the intracellular distribution of LC3
using a GFP-LC3 fusion protein. Using fluorescence microscopy to capture punctate
signals was made easier by the use of a green fluorescent protein (GFP). Oxygen
deprivation caused a decrease in the presence of LC3 form indicating the stimulation of
autophagy. These punctate marks clearly indicated the presence of autophagosomes and
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isolation membranes, which is indicative of autophagy.”>"* 3eb compounds treated cells
show maximum appearance of LC3 as compared to 3ec compound treated cells that is
further higher than the control cells representing the promising effect of 3eb compounds on
autophagy that causes the oxygen deficiency cell apoptosis (see Figure F1.21), these GFP-
LC3 Puncta formation, which is demonstrated in Figure, validate the induction of

autophagy.

Figure F1.21: Detection of GFP-LC3 puncta in SiHa cells. (a) control cells (b) treated with 3eb and (c)
treated with 3ec.

After having identified potential autophagy inhibitors, we intended to incorporate
the F and CF3 groups in the designed molecule considering its ability to improve a variety
of pharmacokinetic and physicochemical properties, including enhanced metabolic
stability and membrane permeation.” Nearly 40% of drugs consist of fluorine as a
substitute because it forms strong hydrogen bonds with enzymes and bio-molecules. There
are couple of investigational drugs having benzofuran and fluorine in their core exhibiting

very good anticancer activity (Fig. F1. 16).65¢7

Following the similar protocols that we have established earliers, about 22
compounds having CFs and F groups at different positions of three aryl rings in
combination with other electron donating and withdrawing substituents have been
synthesized and subjected for the preliminary screening for the formation of vacuoles in
the treated SiHa cell lines keeping 3eb and 3ec as control substrates. However, as none of
these compounds were found to be as good as the control substrates. Hence, the further

evaluation of these compounds has been not pursued.
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Figure F1.16: Fluorine and benzofuran containing anticancer agents
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1.11 Conclusions:

In conclusion, novel small molecule scaffolds were identified that effectively induce
autophagy in cervical cancer cell lines, resulting in programmed cell death. A total of 46
novel conjugates were synthesized and tested for cytotoxicity against two cervical cancer
cell lines, SiHa and C33a. Five of them had ICso values less than 40 M, with compounds
3eb and 3ec being the most effective. The compound efficiently induced autophagy in
SiHa and C33a cells, as evidenced by the progressive conversion of LC31 to LC3I1 and the
downregulation of p62. The accessibility of obtaining these compounds from simple
building blocks, as well as the therapeutic potential of autophagy inducers in the treatment
of cervical cancer, open new avenues for expanding the scope of identifying the potential
therapeutic candidates. Future research will concentrate on this topic, alongside

determining the precise mechanism of cytotoxicity generated by these compounds.
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Materials and Methods

Cell cultures: The cell lines used in the study were human origin cervical cancer cell lines.
Siha is human papillomavirus (HPV) positive while C33a is negative for HPV DNA. The
cell lines were procured from ATCC, work were carried out within 3—4 passage numbers
after revival. Cells were grown and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) added with 10% fetal bovine serum (Pan life sciences, USA) and antibiotics
(Streptomycin 0.1 mg/ml).

Proliferation assay

The 1Cso of the panel of compounds were determined employing the method by
Edmondson et al.! 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
was used at a final concentration of 0.5 mg/mL. The absorbance was taken at 570nm.

Western blot analysis

Total protein was isolated from control and treated cancer cell lines after different
incubation periods (24 h, 36 h and 42 h). RIPA buffer(50 mM Tris-HCL, pH 8.0, with
150 mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxychlorate, and
0.1% sodium dodecyl sulfate) with combination of protease inhibitor (500 mM
phenylmethylsulfonyl fluoride) was employed for protein isolation. Bradford reagent was
used for finding protein concentration. Protein obtained further denatured and ran in SDS-
PAGE and transferred to PVDF membrane. To avoid nonspecific binding of antibodies on
membrane, blocking was done with 5% skim milk powder dissolved in Tris buffer saline
containing Tween 20. The blocked membrane was probed against specific antibodies for
12 hours in cold condition and then washed thrice for 10 min in appropriate buffer.
Secondary antibody was probed for 2 h in ambient conditions. The membrane was washed

and developed in dark room.
Antibodies

The antibodies for LC3, p62 and Beclin 1 were procured from Cell Signalling Technology.
HSC70 from Santacruz
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General Experimental Procedure:

In general, all reactions are carried out employing respective benzofuran-2-
yl(phenyl)methanol 1 (100 mg) and the product yields provided are with respect to the
substrate. Representative procedure was given below.

3-(Benzofuran-2-yl(phenyl)methyl)-1H-indole (3aa):

To a solution of benzofuran-2-yl(phenyl)methanol 1a (100 mg, 0.45 mmol) and indole 2a
(78 mg, 0.67 mmol) in CH2Cl> (5 ml) was added PTSA (101 mg, 0.53 mmol) and stirred at
rt. After completion of the reaction (2 h) as indicated by TLC, the reaction mixture was
diluted with CH2Cl, (25 ml) and washed with water, dried (Na.SOs) and concentrated
under reduced pressure. The residue was purified by column chromatography (petroleum

ether/ethyl acetate = 85:15, Rt = 0.5) to obtain compound 3aa (121 mg,
83%) as a brown solid. MP: 143-145 °C; *H NMR (500 MHz, CDCls):
§7.95 (br. s., 1H), 7.37 (d, J = 7.5 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H),
7.23-7.30 (m, 5H), 7.09-7.19 (m, 4H), 6.96 (t, J = 7.3 Hz, 1H), 6.73 (d, 322

J = 0.8 Hz, 1H), 6.27 (s, 1H), 5.73 (s, 1H); 1°C NMR (125 MHz, CDCls): ¢ 160.0, 155.0,
141.0, 136.5, 128.6 (2C), 128.5 (2C), 126.9, 126.6, 123.5 (2C), 122.5, 122.2, 120.6, 119.6,
119.5, 116.7, 113.5, 111.2, 111.1, 104.6, 43.0; HRMS (ESI) calcd for C23H1sNO [M+H]":
324.1383; found: 324.1380.

3—(Benzofuran-2-yl(phenyl)methyl)-2—methyl-1H—-indole (3ab): Yield: 132 mg, 87%;
Rt = 0.4 (petroleum ether/ethyl acetate = 90:10); Brown solid; MP: 63—
65 °C; 'H NMR (500 MHz, CDCls): 6 7.76 (br. s., 1H), 7.36-7.38 (m,
1H), 7.31-7.33 (m, 1H), 7.22 (s, 1H), 7.22 (s, 1H), 7.21 (s, 1H), 7.18-
7.19 (m, 1H), 7.13-7.16 (m, 3H), 7.11 (d, 1H), 7.09 (d, 1H), 6.98-7.02
(ddd, J = 7.7, 6.9, 1.0 Hz, 1H), 6.83-6.87 (ddd, J = 7.0, 0.9, 8.0 Hz, 1H), 6.24 (m, 1H),
5.74 (s, 1H), 2.21 (s, 3H); ®C NMR (125 MHz, CDCl3): ¢ 160.1, 155.0, 141.2, 135.1,
132.2, 128.6, 128.5 (2C), 128.4 (2C), 128.1, 126.6, 123.5, 122.5, 121.0, 120.5, 119.5,
119.1, 111.1, 111.1, 110.2, 105.1, 42.3,12.2; HRMS (ESI) calcd for C2sH19ONNa
[M+Na]": 360.1359; found: 360.1352.
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3-(Benzofuran-2-yl(phenyl)methyl)-5-nitro-1H-indole (3ac): Yield: 120 mg, 73%; Rt =
0.5 (petroleum ether/ethyl acetate = 90:10); Yellow solid; MP: 210— H

212 °C; 'H NMR (500 MHz, CDCls): J 8.46 (br. s., 1H), 8.41 (s,
1H), 8.12 (br. d, J = 9.0 Hz, 1H), 7.48 (d, J = 7.6 Hz, 1H), 7.43 (dd, J
=5.7, 8.4 Hz, 2H), 7.35-7.36 (m, 4H), 7.31-7.33 (m, 1H), 7.19-7.25 3ac

(m, 2H), 7.05 (s, 1H), 6.37 (s, 1H), 5.85 (s, 1H); *C NMR (125 MHz, CDCls): 6 158.9,
155.0, 141.8, 140.1, 139.4, 128.8 (2C), 128.4 (2C), 128.3, 127.4, 126.5, 126.1, 123.9,
122.7, 120.8, 119.3, 118.1, 116.8, 111.2 (2C), 104.9, 42.7; HRMS (ESI) calcd for
C23H1603N2Na [M+Na]*: 391.1053; found: 391.1047.

3-((5-Chlorobenzofuran-2-yl)(phenyl)methyl)-1H-indole (3ba): Yield: 117 mg, 84%; Rs
= 0.4 (petroleum ether/ethyl acetate = 85:15); Brown solid; MP: 74— H

76 °C; 'H NMR (400 MHz, CDCls) 6 7.88 (br. s., 1H), 7.29-7.31 (m,
2H), 7.23-7.25 (m, 5H), 7.18-7.21 (m, 2H), 7.10-7.13 (m, 1H), 7.06
(dd, J = 2.2, 8.7, 1H), 6.93-6.97 (m, 1H), 6.65 (d, J = 2.4 Hz, 1H),
6.19 (s, 1H), 5.68 (s, 1H); *C NMR (125 MHz, CDCls): 6 161.7, 153.4, 140.6, 136.5,
130.0, 128.6 (2C), 128.5 (2C), 128.1, 127.0, 126.5, 123.7, 123.5, 122.3, 120.2, 119.7,
119.4, 116.3, 112.0, 111.2, 104.3, 43.1; HRMS (ESI) calcd for Ca3Hi7ONCI[M+H]*:
358.0993; found: 358.0987.

3-((5-Chlorobenzofuran-2-yl)(phenyl)methyl)-2-methyl-1H-indole (3bb): Yield: 122
mg 84%,; Rt = 0.25 (petroleum ether/ethyl acetate = 90:10); Brown
solid, MP: 55-57 °C; 'H NMR (500 MHz, CDCls) § 7.71 (br. s., 1H),
7.30 (d, J = 2.0 Hz, 1H), 7.19 (s, 1H), 7.19 (s, 2H), 7.15-7.17 (m, 3H),
7.07-7.11 (m, 2H), 7.05 (dd, J = 8.7, 2.0 Hz, 1H), 6.97 (d, J = 7.7 Hz,
1H), 6.82-6.85(m, 1H), 6.17 (s, 1H), 5.69 (s, 1H), 2.16 (s, 3H); *C NMR (125 MHz,
CDCl3) 0 161.8, 153.3, 140.8, 135.1, 132.2, 130.0, 128.5 (2C), 128.4 (2C), 128.0, 127.9,
126.8, 123.6, 121.1, 120.1, 119.6, 118.9, 112.1, 110.7, 110.3, 104.7, 42.3, 12.1; HRMS
(ESI) calcd for C2sH190ONCI [M+H]*: 372.1150; found: 372.1144.

3-((5-Chlorobenzofuran-2-yl)(phenyl)methyl)-5-nitro-1H-indole (3bc): Yield: 141 mg,
90%; Rt = 0.4 (petroleum ether/ethyl acetate = 85:15); Yellow solid, MP: 180-182 °C; H
NMR (400 MHz, DMSO-dg) 0 11.68 (br. s., 1H), 8.29 (s, 1H), 7.94 (d, J = 8.9 Hz, 1H),
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7.48-7.51 (m, 2H), 7.40 (d, J = 8.7 Hz, 1H), 7.28-7.34 (m, 4H),
7.23 (d, J =6.8 Hz, 1H), 7.14-7.17 (m, 2H), 6.43 (s, 1H), 5.95 (s, |“
1H); 3C NMR (100 MHz, DMSO-ds) ¢ 161.2, 153.0, 140.6,
140.4, 139.7, 129.7, 128.5 (2C), 128.2 (2C), 127.7, 127.4, 127.0,
125.5, 123.7, 120.2, 117.1, 116.8, 115.9, 112.2, 112.1, 104.1, 41.9; HRMS (ESI) calcd for
C23H1503N2CINa [M+Na]*: 425.0663; found: 425.0660.

3-((5-Methoxybenzofuran-2-yl)(phenyl)methyl)-1H-indole (3ca): Yield: 121 mg, 87%;
Rt = 0.6 (petroleum ether/ethyl acetate = 90:10); Brown solid; MP:
108-110 °C; 'H NMR (400 MHz, CDCls) § 7.97 (br. s., 1H), 7.48
(d, J=7.7 Hz, 1H), 7.39-7.41 (m, 3H), 7.35-7.37 (m, 2H), 7.33 (d,
J=7.7Hz 2H), 7.23 (t, J = 7.1 Hz, 1H), 7.10 (t, J = 7.3 Hz, 1H), 3ca

6.96 (d, J = 2.5 Hz, 1H), 6.88 (m, 1H), 6.75 (s, 1H), 6.33 (s, 1H), 5.83 (s, 1H), 3.84 (s,
3H); 1*C NMR (100 MHz, CDCls) ¢ 160.9, 155.8, 150.0, 141.0, 136.5, 129.2, 128.6 (2C),
128.5 (2C), 126.9, 126.7, 123.5, 122.2, 119.6, 119.5, 116.7, 111.9, 111.5, 111.2, 104.8,
103.5, 55.9, 43.2; HRMS (ESI) calcd for C2H190.NNa [M+Na]*: 376.1308; found:
376.1306.

3-((5-Methoxybenzofuran-2-yl)(phenyl)methyl)-2-methyl-1H-indole (3cb): Yield: 125
mg, 86%; Rt = 0.4 (petroleum ether/ethyl acetate = 90:10); Brown
solid; MP: 146-148 °C; 'H NMR (400 MHz, CDCls) 6 7.78 (br. s.,
1H), 7.31-7.39 (m, 2H), 7.13-7.21 (m, 5H), 7.10-7.12 (m, 1H),
7.00 (m, 1H), 6.84-6.88 (m, 1H), 6.75-6.77 (m, 2H), 6.24 (s, 1H), 3¢b

5.69 (s, 1H), 3.71 (s, 3H), 2.21 (s, 3H); 3C NMR (125 MHz, CDCls) ¢ 161.0, 155.8, 150.0,
141.3, 135.2, 132.2, 129.2, 128.6 (2C), 128.3 (2C), 128.1, 126.6, 121.1, 119.5, 119.1,
1119, 1115, 111.1, 110.2, 105.3, 103.4, 55.9, 42.4, 12.1; HRMS (ESI) calcd for
CasH2102NNa [M+Na]*: 390.1465; found: 390.1463.

3-((5-Methoxybenzofuran-2-yl)(phenyl)methyl)-5-nitro-1H-indole (3cc): Yield: 137
mg, 87%; Rt = 0.4 (petroleum ether/ethyl acetate = 90:10); Yellow solid; mp: 172-174 °C,;
'H NMR (400 MHz, DMSO-ds) ¢ 8.66 (br. s., 1H), 8.41 (s, 1H), 8.12 (dd, J = 8.9, 2.0 Hz,
1H), 7.42 (d, J = 9.1 Hz, 1H), 7.36-7.37 (m, 4H), 7.33 (d, J = 8.7 Hz, 2H), 7.05 (s, 1H),
6.97 (d, J = 2.4 Hz, 1H), 6.87 (dd, J = 8.8, 2.5 Hz, 1H), 6.33 (s, 1H), 5.82 (s, 1H), 3.83 (s,
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3H); *C NMR (101 MHz, DMSO-dg) J 159.8, 155.9, 150.0,
141.7, 140.1, 139.4, 128.9, 128.7 (2C), 128.4 (2C), 127.3, 126.6, |Ve°
126.1, 119.2, 118.0, 116.7, 112.3, 111.5, 111.3, 105.0, 103.5,
55.9, 42.8; HRMS (ESI) calcd for C24H180sN2Na [M+Na]*:
421.1159; found: 421.1156.

((5,7-Di-tert-butylbenzofuran-2-yl)(phenyl)methyl)-1H-indole (3da): Yield: 111 mg,
85%; Rt = 0.5 (petroleum ether/ethyl acetate = 90:10); Brown solid;
MP: 68-70 °C; 'H NMR (500 MHz, CDCls) ¢ 7.91 (br. s., 1H),
7.29-7.31 (m, 2H), 7.27-7.28 (m, 2H), 7.24 (d, J = 1.9 Hz, 1H),
7.19-7.22 (m, 2H), 7.15-7.17 (m, 1H), 7.11 (d, J = 2.0 Hz, 1H), 3da
7.08-7.09 (m, 1H), 6.92-6.95 (m, 1H), 6.80 (d, J = 2.1 Hz, 1H), 6.23 (s, 1H), 5.71 (s, 1H),
1.35 (s, 9H), 1.27 (s, 9H); °C NMR (126 MHz, CDCls): § 159.0, 151.3, 145.2, 141.5,
136.4, 133.6, 128.6 (2C), 128.3 (2C), 126.7, 126.7, 123.3, 122.1, 120.7, 119.7, 119.5,
118.1, 117.1, 114.7, 111.0, 104.3, 43.2, 34.8, 34.4, 31.9 (3C), 29.9 (3C); HRMS (ESI)
calcd for Cs1H3zsONNa [M+Na]*: 458.2454; found: 458.2449.

3-((5,7-Di-tert-butylbenzofuran-2-yl)(phenyl)methyl)-2-methyl-1H-indole (3db):
Yield: 119 mg, 89%; R¢ = 0.5 (petroleum ether/ethyl acetate = 90:10);
Brown solid, MP: 7274 °C; 'H NMR (400 MHz, CDCl3) & 7.84 (br.
s., 1H), 1.37 (s, 9H), 7.32 (d, J = 1.9 Hz, 1H), 7.30-7.31 (m, 3H),
7.28-7.28 (m, 2H), 7.26-7.27 (m, 1H), 7.25 (s, 1H), 7.22 (d, J = 3db

4.4Hz, 1H), 7.20 (d, J = 2 Hz, 1H), 7.07-7.11 (m, 1H), 6.93-6.97 (m, 1H), 6.33 (s, 1H),
5.85 (s, 1H), 2.30 (s, 3H), 1.42 (s, 9H); ¥C NMR (101 MHz, CDCls): § 158.6, 151.3,
145.1, 141.7, 137.4, 135.1, 133.6, 132.1, 128.6, 128.5 (2C), 128.1 (2C), 126.4, 120.9,
119.4, 119.3, 118.1, 114.6, 111.6, 110.0, 104.8, 42.0, 34.8, 34.4, 31.9 (3C), 29.8 (3C),
12.2; HRMS (ESI) calcd for C32H3sONNa [M+Na]*: 472.2611; found: 472.2605.

3-((5,7-Di-tert-butylbenzofuran-2-yl)(phenyl)methyl)-5-nitro-1H-indole (3dc): Yield
131 mg, 91%; R = 0.5 (petroleum ether/ethyl acetate = 90:10); Yellow solid; MP: 194—
196 °C; *H NMR (500 MHz, DMSO-ds) ¢ 11.78 (br. s., 1H), 8.34 (d, J = 2.3 Hz, 1H), 7.98
(dd, J =9.0, 2.2 Hz, 1H), 7.55 (d, J = 8.9 Hz, 1H), 7.38-7.40 (m, 4H), 7.33-7.36 (m, 2H),
7.24-7.27 (m, 1H), 7.12 (d, J = 1.7 Hz, 1H), 6.54 (s, 1H), 6.10 (s, 1H), 1.34 (s, 9H), 1.30
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(s, 9H); °C NMR (101 MHz, CDCls) § 157.8, 151.4, 145.5, 141.8,
140.5, 139.3, 133.7, 128.6 (2C), 128.4 (2C), 127.2 (2C), 126.2,
119.7, 1185 (2C), 118.0, 117.0, 114.8, 111.1, 104.6, 42.9, 34.8,
34.4, 31.9 (3C), 29.8 (3C); HRMS (ESI) calcd for C31H3203N2Na
[M+Na]*: 503.2305; found: 503.2299.

3-(Benzofuran-2-yl(4-chlorophenyl)methyl)-1H-indole (3ea):

Yield: 107 mg. 77%; Rt = 0.4 (petroleum ether/ethyl acetate = 90:10);
MP: 58-60 °C; Brown solid; *H NMR (500 MHz, CDCls): 6 7.84 (br. s.,
1 H), 7.34 (d, J = 7.4 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 7.28 (d, J = 8.0
Hz, 1H), 7.23 (d, J = 8.2 Hz, 1H), 7.14-7.19 (m, 4H), 7.07-7.12 (m, 3ea  ©l
3H), 6.93-6.96 (m, 1H), 6.65 (d, J = 2.3 Hz, 1H), 6.24 (s, 1H), 5.66 (s, 1H); 1*C NMR (125
MHz, CDCls): ¢ 159.4, 155.0, 139.5, 136.5, 132.7, 129.9 (2C), 128.6 (2C), 128.5, 126.4,
123.7, 1235, 122.6, 122.4, 120.7, 119.7, 119.4, 116.1, 111.3, 111.1, 104.8, 42.5; HRMS
(ESI) calcd for C23H17CION [M+H]": 356.0837; found: 356.0834.

3-(Benzofuran-2-yl(4-chlorophenyl)methyl)-2-methyl-1H-indole(3eb): Yield: 120 mg
83%; Rf = 0.2 (petroleum ether/ethyl acetate = 90:10); Brown solid;
MP: 70-72 °C; *H NMR (400 MHz, CDCls) 6 7.79 (br. s., 1H), 7.36—
7.38 (m, 1H), 7.31-7.33 (m, 1H), 7.10-7.21 (m, 8H), 6.99-7.03 (m,
1H), 6.84-6.88 (m, 1H), 6.24 (s, 1H), 5.69 (s, 1H), 2.21 (s, 3H); 3C 3eb  C
NMR (100 MHz, CDCls): ¢ 159.4, 155.0, 139.8, 135.1, 132.4, 132.2, 130.0, 129.9 (2C),
128.5 (2C), 127.8, 123.7, 122.6, 121.2, 120.6, 119.6, 119.0, 111.1, 110.6, 110.3, 105.2,
41.6, 12.1; HRMS (ESI) calcd for C24H1sONCI [M+H]*: 372.1150; found: 372.1149.

3-(Benzofuran-2-yl(4-chlorophenyl)methyl)-5-nitro-1H-indole (3ec): Yield: 142 mg,
91%; Rf = 0.3 (petroleum ether/ethyl acetate = 90:10); Yellow solid;
MP: 118-220 °C; *H NMR (400 MHz, DMSO-dg) & 11.85 (br. s.,
1H), 8.40 (d, J = 2.3 Hz, 1H), 7.98-8.01 (m, 1H), 7.55-7.58 (m, 2H),
7.50 (d, J =8.2 Hz, 1H), 7.42 (s, 4H), 7.35 (d, J = 2.2 Hz, 1H), 7.18-
7.26 (m, 2H), 6.55 (s, 1H), 6.17 (s, 1H); 3C NMR (101 MHz, DMSO-ds) 6 159.2, 154.4,
140.5, 140.1, 139.6, 131.6, 130.1 (2C), 128.6 (2C), 128.0, 124.0, 122.9, 121.0, 117.1,

NO,
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116.8, 115.9, 112.3, 111.8, 111.0, 104.4, 103.9, 40.7; HRMS (ESI) calcd for
C23H15ClO3N2Na [M+Na]*: 425.0663; found: 425.0663.

3-(Benzofuran-2-yl(4-methoxyphenyl)methyl)-1H-indole (3fa): Yield: 117 mg, 84%; Rs
= 0.3 (petroleum ether/ethyl acetate = 90:10); Brown solid; MP: 90-92
°C:H NMR (400 MHz, CDCls) 6 8.03 (br. s., 1H), 7.39-7.43 (m, 3H),
7.37 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 8.3 Hz, 2H), 7.20-7.23 (m, 1H),
7.18-7.19 (m, 1H), 7.15-7.17 (m, 1H), 7.01-7.05 (m, 1H), 6.84-6.87
(m, 2H), 6.81 (d, J = 2.4 Hz, 1H), 6.32 (s, 1H), 5.75 (s, 1H), 3.79 (s, 3fa  OMe
3H); *C NMR (101 MHz, CDCls) 6 160.4, 158.5, 155.0, 136.5, 133.1, 129.5 (2C), 128.6,
126.6, 123.4 (2C), 122.5, 122.2, 120.6, 119.6 (2C), 117.0, 113.9 (2C), 111.1, 111.1, 104.5,
55.2, 42.2; HRMS (ESI) calcd for C2aH1902NNa [M+Na]*: 376.1308; found: 376.1306

3-(Benzofuran-2-yl(4-methoxyphenyl)methyl)-2-methyl-1H-indole (3fb): Yield 91%,
132 mg; Rs = 0.5 (petroleum ether/ethyl acetate = 90:10); Brown gum;
'H NMR (500 MHz, CDCls) 6 7.87 (br. s., 1H), 7.48(d , J = 7.5 Hz,
1H), 7.42(d, J = 7.8 Hz, 1H), 7.29-7.31 (m, 1H), 7.24-7.26 (m, 3H),
7.19-7.23 (m, 2H), 7.09-7.12 (m, 1H), 6.95-6.98 (m, 1H), 6.86 (d, J = b OMe
8.8 Hz, 2H), 6.34 (s, 1H), 5.79 (s, 1H), 3.81 (s, 3H), 2.31 (s, 3H); *C NMR (126 MHz,
CDCl3) ¢ 160.5, 158.3, 155.0, 135.2, 133.4, 132.1, 129.5 (2C), 128.7, 128.1, 123.4, 122.5,
121.0, 120.5, 119.5, 119.1, 113.7 (2C), 111.3, 111.1, 110.2, 104.9, 55.2, 41.5, 12.1; HRMS
(ESI) calcd for C2sH2102NNa [M+Na]*: 390.1465; found: 390.1462.

3-(Benzofuran-2-yl(4-methoxyphenyl)methyl)-5-nitro-1H-indole (3fc): Yield: 91 mg,
58%; Rt = 0.36 (petroleum ether/ethyl acetate = 90:10); Yellow
solid; MP: 218-220 °C;'H NMR (400 MHz, DMSO ds) J 11.68 (s,
1H), 8.32 (d, J = 2.3 Hz, 1H), 7.95 (dd, J = 9.0, 2.3 Hz, 1H), 7.48—
7.52 (m, 2H), 7.42 (d, J = 7.8 Hz, 1H), 7.27 (d, J = 8.4 Hz, 2H),
7.13-7.21 (m, 3H), 6.87 (d, J = 8.5 Hz, 2H), 6.43 (s, 1H), 5.94 (s, 1H), 3.72 (s, 3H); **C
NMR (101 MHz, DMSO-d6) ¢ 158.1, 156.3, 152.6, 138.6, 137.8, 130.9, 127.4 (2C),
126.3, 125.7, 123.7, 121.8, 120.7, 118.8, 116.0, 114.8, 114.1, 112.0 (2C), 110.2, 109.0,
102.1, 53.1, 39.1; HRMS (ESI) calcd for C24H1804N2Na [M+Na]*: 421.1159; found:
421.1157.

NO,

3fc
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2—(Benzofuran-2-yl(phenyl)methyl)-3—-methyl-1H—-indole (4aa): Yield: 121 mg, 79%;
Rr = 0.5 (petroleum ether/ethyl acetate = 90:10); Brown solid; MP: 68-70 °C; *H NMR
(500 MHz, CDCl3): 6 7.93 (br. s., 1H), 7.63 (d, J = 7.7 Hz, 1H), 7.57 (d,

J = 7.8Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.34-7.41 (m, 3H), 7.31 (d, " )
2H), 7.28-7.29 (m, 3H), 7.18-7.23 (m, 2H), 6.54 (s, 1H), 5.93 (s, 1H), | > e
2.35 (s, 3H); 13C NMR (125 MHz, CDCls): 6 157.5, 155.2, 139.3, " -

135.4, 132.2, 129.1, 128.2, 128.8 (2C), 128.2 (2C), 127.3, 124.0, 122.9, 121.8, 120.8,
119.3, 118.6, 111.3, 110.7, 108.7, 105.5, 42.8, 8.5; HRMS (ESI) calcd for C2sH200N
[M+H]": 338.1539; found: 338.1535.

2-((5-Chlorobenzofuran-2-yl)(phenyl)methyl)-3-methyl-1H-indole (4ba): Yield: 124
mg, 86%; Rt = 0.45 (petroleum ether/ethyl acetate = 90:10); Brown

solid, MP: 53-55 °C; *H NMR (400 MHz, CDCls): 6 7.71 (br. s., 1H), HN O
Cl —

7.46 (d, J = 7.3 Hz, 1H), 7.34 (s, 1H), 7.18-7.24 (m, 4H), 7.07-7.14 O C} Me

(m, 4H), 7.01-7.05 (m, 2H), 6.30 (s, 1H), 5.74 (s, 1H), 2.18 (s, 3H); Q

13C NMR (100 MHz, CDCls) & 159.1, 153.5, 138.9, 135.4, 131.7,

129.6, 129.0, 128.9 (2C), 128.4, 128.2 (2C), 127.5, 124.2, 121.9, 120.4, 119.3, 118.6,
112.2, 110.7, 108.9, 105.1, 42.8, 8.5; HRMS (ESI) calcd for CasHigONCI [M+H]*:
372.1150; found: 372.1144.

2-((5-Methoxybenzofuran-2-yl)(phenyl)methyl)-3-methyl-1H-indole (4ca): Yield: 132
mg, 91%; Rf = 0.4 (petroleum ether/ethyl acetate = 90:10); Brown

gum; 'H NMR (400 MHz, CDCls) 6 7.79 (br. s., 1H), 7.45-7.46 (m, 2]
HN

1H), 7.15-7.21 (m, 4H), 7.08-7.12 (m, 3H), 6.98-7.05 (m, 2H), 6.83 |Ve° o0 =\,

(d, 3= 2.5 Hz, 1H), 6.73 (dd, J = 9, 2.4 Hz, 1H), 6.29 (s, 1H), 5.72 (s, _a

1H), 3.68 (s, 3H), 2.17 (s, 3H): 3C NMR (101 MHz, CDCls) 6 158.3,
156.0, 150.1, 139.3, 135.4, 132.2, 128.8 (2C), 128.2 (2C), 121.7, 119.2, 119.0, 118.7,
118.6, 112.5, 111.6, 110.9, 110.7, 108.6, 105.6, 103.5, 55.9, 42.9, 8.5; HRMS (ESI) calcd
for CasH2202N [M+H]*: 368.1645; found: 368.1642.

2-((5,7-Di-tert-butylbenzofuran-2-yl)(phenyl)methyl)-3-methyl-1H-indole (4da): Yield:
187 mg, 93%; Rf = 0.45 (petroleum ether/ethyl acetate = 90:10); Brown solid, MP: 123—
125 °C;*H NMR (400 MHz, CDCl3) 6 7.87 (br. s., 1H), 7.54-7.58 (m, 1H), 7.37 (d, J = 2.1

62 | Chapter 1



EXPERIMENTAL DATA

O

Hz, 1H), 7.31-7.33 (m, 1H), 7.29-7.30 (m, 1H), 7.27-7.28 (m, 1H),

7.25 (d, J = 2.4 Hz, 2H), 7.21-7.24 (m, 2H), 7.11-7.16 (m, 2H), 6.44 e

(s, 1H), 5.86 (s, 1H), 2.27 (s, 3H), 1.45 (s, 9H), 1.37 (s, 9H); 3C O / A
4da

NMR (101 MHz, CDCls) § 156.4, 151.5, 145.7, 139.8, 135.3, 133.7,
132.7, 129.1, 128.6 (2C), 128.3, 128.3 (2C), 127.1, 121.6, 119.2, 118.7, 118.5, 114.9,
110.6, 108.5, 105.4, 42.9, 34.8, 34.4, 31.9 (3C), 29.9 (3C), 8.6; HRMS (ESI) calcd for
CaH3s0N [M+H]*: 450.2791; found: 450.2787.

2-(Benzofuran-2-yl(4-chlorophenyl)methyl)-3-methyl-1H-indole (4ea): Yield: 135 mg,

93%; Rf = 0.4 (petroleum ether/ethyl acetate = 90:10); Brown solid; O
MP: 50-52 °C; *H NMR (400 MHz, CDCls): § 7.72 (br. s., 1H), 7.29— AN
A\ Me
7.44 (m, 3H), 6.98-7.06 (m, 9H), 6.32 (s, 1H), 5.68 (s, 1H), 2.13 (s, O d Q
Cl

3H); 23C NMR (100 MHz, CDCl3): 6 156.9, 155.1, 137.8, 135.4, 133.2,
131.6, 129.5 (2C), 129.0, 128.9 (2C), 128.1, 124.2, 123.0, 121.9, 120.9,
119.4, 118.6, 111.2, 110.8, 108.9, 105.6, 42.2, 8.50; HRMS (ESI) calcd for C2sH1sONCI
[M+H]*: 372.1150; found: 372.1148.

4ea

2-(Benzofuran-2-yl(4-methoxyphenyl)methyl)-3-methyl-1H-indole (4fa): Yield: 128

mg, 88%; Rt = 0.5 (petroleum ether/ethyl acetate = 90:10); Brown oil;

IH NMR (400 MHz, CDCls) § 7.75 (br. s., 1H), 7.46 (d, J = 7.4 Hz, 1H), o )

7.38(d, J = 7.2 Hz, 1H), 7.33 (d, J = 7.9 Hz, 1H), 7.13 (d, = 8.2 Hz, | 3 Me

2H), 7.08-7.10 (m, 1H), 6.99-7.03 (m, 4H), 6.73-6.79 (m, 2H), 6.33 (s, -
4fa

1H), 5.70 (s, 1H), 3.66 (s, 3H), 2.17 (s, 3H); *C NMR (101 MHz, i~
CDCl3) ¢ 158.8, 157.9, 155.1, 135.3, 132.5, 131.3, 129.3 (2C), 128.3, 124.0, 122.8, 121.8,
120.8, 119.2, 119.0, 118.5, 114.2 (2C), 111.2, 110.7, 108.5, 105.3, 55.2, 42.1, 8.5; HRMS
(ESI) calcd for CosH2202N [M+H]*: 368.1645; found: 368.1642.

3-(benzofuran-2-yl(phenyl)methyl)-5-fluoro-1H-indole (5aa): Yield: 120 mg, 78%; Rt =
0.6 (petroleum ether/ethyl acetate = 80:20); Brown solid; MP: 129-
131 °C; 'H NMR (400 MHz, CDCl3) §7.75 (br. s., 1H), 7.31-7.33 (m,
1H), 7.26-7.28 (m, 1H), 7.17-7.19 (m, 3H), 7.12-7.16 (m, 1H), 7.01—
7.12 (m, 4H), 6.92 (dd, J = 9.6, 2.4 Hz, 1H), 6.77 (td, J = 9.1, 2.5 Hz,
1H), 6.63 (d, J = 2.3 Hz, 1H), 6.21 (s, 1 H), 5.58 (s, 1 H); 1*C NMR (101 MHz, CDCl3) &
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159.6 (s), 157.6 (d, Jcr = 234.7 Hz), 155.0 (s), 140.6 (s), 132.9 (s), 128.5 (d, 2C), 128.5
(d, 3C), 127.0 (d),126.9 (d, Jc_r = 9.4 Hz), 125.2 (d), 123.6 (d), 122.6 (d), 120.7 (d), 116.6
(d, Jc F = 5.1 Hz), 111.9 (d, Jc r = 9.4 Hz), 111.1 (d), 110.5 (d, Jc F = 26.1 Hz), 104.6 (d),
104.3 (d, Jcr = 24 Hz), 43.0 (q); HRMS (ESI) calcd for Ca3sHisNOFNa [M+Na]™:
364.1108; found: 364.1108.

3-(benzofuran-2-yl(4-methoxyphenyl)methyl)-5-fluoro-1H-indole (5ab): Yield: 96 mg,
66%; Rt = 0.3 (petroleum ether/ethyl acetate = 80:20); Reddish
brown semi solid; *H NMR (400 MHz, CDCl3) 6 8.05 (br. s., 1H),
7.42-7.48 (m, 2H), 7.28-7.30 (m, 1H), 7.25-7.27 (m, 2H), 7.17—
7.24 (m, 2H), 7.03 (dd, J = 9.6, 2.5 Hz, 1H), 6.94 (td, J = 9.1, 2.5
Hz, 1H), 6.88-6.89 (m, 2H), 6.86-6.87 (m, 1H), 6.34 (t, J = 0.9 Hz,
1H), 5.69 (s, 1H), 3.81 (s, 3H); 3C NMR (101 MHz, CDCls) §160.0 (s), 157.6 (d, Jc-r =
235.0 Hz), 158.6 (s), 155.0 (s), 133.0 (d), 132.8 (d), 129.5 (d, 2C), 128.5 (s), 127 (d, Jc-r =
9.9 Hz), 125.1 (d), 123.6 (d), 122.5 (d), 120.6 (d),117.2 (d, Jc-r = 4.6 Hz), 113.9 (d, 2C),
111.7 (d, Jcr = 9.2 Hz), 111.1 (d), 110.6 (d, Jc r = 27 Hz), 104.7 (d, Jc r = 23.7 Hz),
104.5 (d), 55.3 (d), 42.2 (q); HRMS (ESI) calcd for C24H1sNO2FNa [M+Na]*: 394.1214;
found: 394.1217.

3-((4-chlorophenyl)(5-methoxybenzofuran-2-yl)methyl)-5-fluoro-1H-indole (5ac):
Yield: 126 mg, 90%; Rs = 0.4 (petroleum ether/ethyl acetate = 85:15); White solid; MP:
95-97 °C; H NMR (400 MHz, CDCls) & 8.00 (br. s., 1H), [
7.14-7.21 (m, 6H), 6.91 (dd, J = 9.6, 2.5 Hz, 1H), 6.81-6.86 (m,
2H), 6.73-6.76 (m, 2H), 6.19 (s, 1H), 5.57 (s, 1H), 3.71 (s, 3H);
13C NMR (101 MHz, CDCl3) §159.8 (s), 157.6 (d, Jc-r = 235.4 k Sac
Hz), 155.8 (s), 150.0 (s), 139.2 (s), 133.0 (d), 132.8 (d), 129.8 (d, 2C), 128.9 (s), 128.7 (d,
2C), 126.8 (d, Jc-r = 9.5 Hz), 125.2 (d), 116.2 (d, Jcr = 5.1 HZz), 112.3 (d), 111.9 (d, Jc r =
9.5 Hz), 111.5 (d), 110.9 (d, Jcr = 26.9 Hz), 105.0 (d), 104.5 (d, Jc-r = 24 Hz), 103.5 (d),
55.9 (d), 42.5 (g); HRMS (ESI) calcd for CasH1sNO2FCI [M+H]": 406.1005; found:
406.1004.

Cl
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5-fluoro-3-((7-methoxybenzofuran-2-yl)(phenyl)methyl)-1H-indole (5ad): Yield: 120
mg, 82%; Rt = 0.4 (petroleum ether/ethyl acetate = 90:10); White solid; MP: 116-118 °C;
'H NMR (400 MHz, CDCl3) & 8.18 (br. s., 1H), 7.43-7.46 (m, 4H), 7.38-7.40 (m, 1H),
7.34 (dd, J = 8.8, 4.3 Hz, 1H), 7.24 (d, J = 7.8 Hz, 1H), 7.18-7.21
(m, 1H), 7.14 (dd, J = 9.6, 2.4 Hz, 1H), 7.03 (td, J = 9, 2.4 Hz 1H),
6.92 (d, J = 2.5 Hz, 1H), 6.89 (dd, J = 7.8, 0.9 Hz, 1H), 6.45 (s, 1H),
5.88 (s, 1H), 4.08 (s, 3H); 3C NMR (101 MHz, CDCls) 6 159.9 (s),
157.6 (d, Jc—r = 234.7 Hz), 145.1 (s), 144.1 (s), 140.6 (s), 133.0 (s), 130.2 (s), 128.5 (d,
2C), 128.5 (d, 2C), 127.0 (s), 126.9 (d), 125.3 (d), 123.2 (d), 116.8 (d, Jcr = 4.4 Hz),
113.1 (d), 111.8 (d, Jcr = 10.2 Hz), 110.5 (d, Jcr = 26.2 Hz), 106.0 (d), 105.1 (d), 104.3
(d, Jcr = 24 Hz), 55.9 (q), 43.0 (d); HRMS (ESI) calcd for CaHi1sNOF [M+H]™:
372.1394; found: 372.1396.

S5ad

3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-1H-indole (6aa) : Yield: 52 mg, 37%; Rt =
0.4 (petroleum ether/ethyl acetate = 85:15); Yellowish brown semi
solid; *H NMR (400 MHz, CDCl3) &8.02 (br. s., 1H), 7.45 (d, J =
8.0 Hz, 1H), 7.37-7.40 (m, 5H), 7.31-7.35 (m, 2H), 7.24 (t, J = 7.6
Hz, 1H), 7.07-7.15 (m, 2H), 6.96 (td, J = 9.1, 2.6 Hz, 1H), 6.81 (d, J 6aa

= 2.4 Hz, 1H), 6.36 (s, 1H), 5.82 (s, 1H); 13C NMR (101 MHz, CDCl3) §162.0 (s), 159.2
(d, Jc-r = 237.6 Hz), 151.2 (s), 140.7 (s), 136.5 (s), 129.4 (d, Jcr = 10.9 Hz), 128.5 (d,
2C), 128.5 (d, 2C), 127.0 (d), 126.6 (s), 123.5 (d), 122.3 (d), 119.7 (d), 119.4 (d), 116.4 (s),
111.6 (d, Jcr = 9.4 Hz), 111.2 (d), 111.2 (d, Jcr = 26.2 Hz), 106.2 (d, Jc-F = 24.7 Hz),
104.9 (d, Jcr = 3.6 Hz), 43.2 (s); HRMS (ESI) calcd for Cz3sHisNOFNa [M+Na]™:
364.1108; found: 3364.1098.

3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-2-methyl-1H-indole (6ab): Yield: 64 mg,
46%; Rf = 0.4 (petroleum ether/ethyl acetate = 90:10); Reddish
brown semi solid; *H NMR (400 MHz, CDCl3) § 7.86 (br. s., 1H),
7.28-7.32 (m, 6H), 7.22-7.26 (m, 2H), 7.09-7.13 (m, 2H), 6.91-6.98
(m, 2H), 6.31 (s, 1H), 5.81 (s, 1H), 2.31 (s, 3H); 3C NMR (101
MHz, CDCls) §162.1 (s), 159.2 (d, Jc—r = 236.9 Hz), 151.2 (s), 140.9 (s), 135.1 (s), 132.2
(s), 129.4 (d, Jcr = 10.9 Hz), 128.6 (d), 128.5 (d, 2C), 128.4 (d, 2C), 128.0 (s), 126.8 (d),
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121.1 (d), 119.5 (d), 119.0 (d), 111.6 (d, Jo_r = 9.4 Hz), 110.9 (d, Jo_r = 25.9 Hz), 110.3
(d), 106.1 (d, Jc_r = 25.4 Hz), 105.3 (d, Jc.r = 4.4 Hz), 42.3 (d), 12.1 (q); HRMS (ESI)
calcd for CosH1sNOF [M+H]*: 356.1445; found: 356.1444.

2-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-3-methyl-1H-indole (6ac): Yield: 116 mg,
79%; Rt = 0.6 (petroleum ether/ethyl acetate = 85:15); Red semi solid; *H NMR (400
MHz, CDClI3) 67.85 (br. s., 1H), 7.57—7.59 (m, 1H), 7.34-7.38 (m,

3H), 7.31-7.34 (m, 1H), 7.27-7.31 (m, 1H), 7.22-7.24 (m, 2H), N O
7.11-7.19 (m, 3H), 6.99 (td, J = 9.1, 2.6 Hz, 1 H), 6.46 (s, 1H), 5.87 O ) Me
F
(s, 1H), 2.30 (g, 3H); *C NMR (101 MHz, CDCl3) §159.2 (d, Jc.F = Q
6ac

238.0 Hz), 159.5 (s), 151.4 (s), 139.0 (s), 135.4 (s), 131.9 (s), 129.1
(d, JcF = 10.7 Hz), 129.1 (s), 128.9 (d, 2C), 128.2 (d, 2C), 127.5 (d), 121.9 (d), 119.4 (d),
118.6 (d), 111.9 (d, Jc¢ = 9.2 Hz), 111.5 (d, Jc ¢ = 25.9 Hz), 110.7 (d), 108.9 (s), 106.5 (d,
Jor = 25.2 Hz), 105.7 (d, Jcr = 3.8 Hz), 42.9 (d), 8.5 (q); HRMS (ESI) calcd for
CasH1sNOF [M+H]*: 356.1445; found: 356.1438.

3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-5-nitro-1H-indole (6ad): Yield: 137 mg,
86%; Rt = 0.4 (petroleum ether/ethyl acetate = 80:20); Yellow T

solid; MP: 154-156 °C; 'H NMR (400 MHz, CDCl3) & 8.49 (br.
s., 1H), 8.30 (d, J = 2.3 Hz, 1H), 8.02 (dd, J = 8.9, 2.3 Hz, 1H),
7.34 (d, J = 9.0 Hz, 1H), 7.21-7.30 (m, 6H), 7.04 (dd, J = 8.5,
2.6 Hz, 1H), 6.96 (dd, J = 2.4, 0.8 Hz, 1H), 6.87 (td, J = 9.1, 2.6 Hz, 1H), 6.26 (t, J = 0.8
Hz, 1H), 5.73 (s, 1H); *C NMR (101 MHz, CDCls) §160.9 (s), 159.1 (d, Jc_r = 237.3 Hz),
151.3 (s), 141.8 (s), 139.8 (s), 139.4 (s), 129.2 (d, Jc-F = 10.7 Hz), 128.8 (d, 2C), 128.4 (d,
2C), 127.4 (d), 126.6 (d), 126.0 (s), 119.0 (s), 118.1 (d), 116.7 (d), 111.7 (d, Jc-r = 9.9 Hz),
111.6 (d), 111.3 (d), 106.4 (d, Jc—r = 25.2 Hz), 105.1 (d, Jc—r = 3.8 Hz), 42.8 (d); HRMS
(ESI) calcd for C23H16N203F [M+H]™: 387.1139; found: 387.1143.

NO,

3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-5-methoxy-1H-indole (6ae) : Yield: 105
mg, 68%; Rr = 0.6 (petroleum ether/ethyl acetate = 80:20); Yellow semi solid; *H NMR
(400 MHz, CDCl3) 57.96 (br. s., 1H), 7.28-7.34 (m, 6H), 7.25 (d, J = 2.3 Hz 1H), 7.10
(dd, J = 8.6, 2.6 Hz 1H), 6.93 (td, J = 9.1, 2.6 Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 6.78
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(t, J = 2.3 Hz, 2H), 6.33 (s, 1H), 5.73 (s, 1H), 3.70 (s, 3H); 1°C
NMR (101 MHz, CDCls) & 161.9 (s), 159.1 (d, Jc_r = 237.6 Hz),
154.0 (s), 151.3 (s), 140.7 (s), 131.6 (s), 129.4 (d, Jecr = 10.2 Hz),
128.7 (d), 128.6 (d, 2C), 128.5 (d, 2C), 127.0 (d, Jc.r = 2.2 Hz),
124.3 (d), 116.1 (s), 112.4 (d), 111.9 (d), 111.6 (d, Jc.r = 9.5 Hz), 111.1 (d, Jc ¢ = 26.2
Hz), 106.3 (d, Jc.r = 25.4 Hz), 104.9 (d, Jc r = 3.6 Hz), 101.3 (s), 55.8 (q), 43.2 (d);
HRMS (ESI) calcd for CasHioNOoF [M+H]*: 372.1394; found: 372.1396.

6ae

3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-2-methyl-5-nitro-1H-indole (6af): Yield:
96 mg, 58%; Rs = 0.3 (petroleum ether/ethyl acetate = 80:20); Yellow solid; MP: 154-156
°C; 'H NMR (400 MHz, CDCls) 68.27 (br. s., 1H), 8.08 (d, J =
2.1 Hz, 1H), 7.90 (dd, J = 8.9, 2.2 Hz, 1H), 7.15-7.23 (m, 7H),
7.02 (dd, J = 8.6, 2.6 Hz, 1H), 6.83 (td, J = 9.1, 2.7 Hz, 1H), 6.23
(t, J = 0.9 Hz, 1H), 5.72 (s, 1H), 2.22 (s, 3H); *C NMR (101
MHz, CDCls3) 6 160.8 (s), 159.2 (d, Jc-r = 238 Hz), 151.2 (s), 141.7 (s), 139.9 (s), 138.3
(s), 135.9 (s), 129.1 (d, Jcr = 10.7 Hz), 128.7 (d, 2C), 128.3 (d, 2C), 127.5 (s), 127.2 (d),
117.1 (d), 116.1 (d), 113.2 (s), 111.7 (d, Jcr = 9.9 Hz), 111.4 (d, Jc r = 26.7 Hz), 110.2
(d), 106.3 (d, JcF = 25.2 Hz), 105.6 (d, Jc F = 3.8 Hz), 42.1 (q), 12.3 (d); HRMS (ESI)
calcd for C24H1sN203F [M+H]™: 401.1296; found: 401.1300.

NO,

6-fluoro-3-((5-fluorobenzofuran-2-yl)(phenyl)methyl)-1H-indole (6ag): Yield: 130 mg,
87%; R = 0.3 (petroleum ether/ethyl acetate = 85:15); White
solid; MP: 130-132 °C; 'H NMR (400 MHz, CDClz) §7.91 (br.
s., 1H), 7.16-7.25 (m, 7H), 7.02 (dt, J = 8.5, 2.7 Hz, 1H), 6.95 (d,
J = 9.6 Hz, 1H), 6.82-6.87 (m, 1H), 6.69-6.74 (m, 2H), 6.23 (s,
1H), 5.65 (s, 1H); 3C NMR (101 MHz, CDCl3) 6 161.7 (s), 160.2 (d, Jc-r = 238.3 Hz),
159.1 (d, Jc—r = 237.6 Hz), 151.2 (s), 140.5 (s), 136.5 (d, Jcr = 12.4 Hz), 129.3 (d, Jcr =
10.9 Hz), 128.6 (d, 2C), 128.5 (d, 2C), 127.1 (d), 123.8 (d), 123.2 (s), 120.3 (d, Jcr =10.2
Hz), 116.5 (d), 111.7 (d, Jc r = 9.5 Hz), 111.3 (d, Jc-r = 26.2 HZz), 108.5 (d, Jc-r = 24 Hz),
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106.3 (d, Jo_r = 24.7 Hz), 104.9 (d, Jer = 2.9 Hz), 97.6 (d, Jor = 26.2 Hz), 43.1 (d);
HRMS (ESI) calcd for CasHisNOF, [M+H]*: 358.1038; found: 358.1052.

3-((5-fluorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-1H-indole (6ba): Yield: 132
mg, 97%; Rt = 0.4 (petroleum ether/ethyl acetate = 75:25); White solid; MP: 110-112 °C;
'H NMR (400 MHz, CDCl3) §8.06 (br. s., 1H), 7.38-7.41 (m, 2H), 7.33 (dd, J = 8.9, 4.1
Hz, 1H), 7.26-7.27 (m, 1H), 7.25-7.26 (m, 1H), 7.20 (ddd, J = 8.2,
7.2, 1.1 Hz, 1H), 7.10 (dd, J = 8.6, 2.6 Hz, 1H), 7.05 (ddd, J = 8.1,
7.1, 0.9 Hz, 1H), 6.93 (td, J = 9.1, 2.6 Hz, 1H), 6.86-6.89 (m, 2H),
6.83 (dd, J = 2.4, 0.9 Hz, 1H), 6.32 (t, J = 0.8 Hz, 1H), 5.74 (s, 1H), 6ba  OMe
3.81 (s, 3H); 1*C NMR (101 MHz, CDCl3) 6 162.4 (s), 160.3 (d, Jc_r = 237.3 Hz), 158.6
(s), 151.2 (s), 136.5 (s), 132.9 (s), 129.5 (d, 2C), 129.4 (s), 126.6 (s), 123.4 (d), 122.3 (d),
119.7 (d), 119.5 (d), 116.8 (s), 113.9 (d, 2C), 111.6 (d, Jc-Fr = 9.9 Hz), 111.2 (d), 110.9 (d,
JcF = 25.9 Hz), 106.1 (d, Jc-r = 25.2 Hz), 104.6 (d, Jcr = 3.8 Hz), 55.3 (q), 42.4 (d);
HRMS (ESI) calcd for C2sH1sNO2FNa [M+Na]*: 394.1214; found: 394.1217.

3-((5-fluorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-2-methyl-1H-indole (6bb):
Yield: 112 mg, 79%; Rt = 0.6 (petroleum ether/ethyl acetate = 80:20);
White solid; MP: 152-154 °C; 'H NMR (400 MHz, CDCl3) & 7.87
(br. s., 1H), 7.28-7.32 (m, 2H), 7.20-7.23 (m, 3H), 7.07-7.11 (m,
2H), 6.92-6.97 (m, 2H), 6.83-6.86 (m, 2H), 6.30 (s, 1H), 5.75 (s, 1H), ebp  OMe
3.80 (s, 3H), 2.30 (s, 3H); *C NMR (101 MHz, CDCls) §161.5 (d, Jc_r = 220.5 Hz), 158.4
(s), 151.2 (s), 135.1 (s), 133.0 (s), 132.1 (s), 129.5 (d, 2C), 129.3 (s), 128.0 (s), 121.9 (8),
121.1 (d), 120.4 (s), 119.5 (d), 119.0 (d), 113.8 (d, 2C), 111.6 (d, Jc-r = 9.9 Hz), 110.9 (d,
Jor = 25.9 Hz), 110.2 (d), 106.1 (d, Jc-r = 25.2 Hz), 105.2 (d, Jc-r = 3.8 Hz), 55.2 (q),
41.6 (d), 12.1 (q); HRMS (ESI) calcd for CasH2oNO2FNa [M+Na]*: 408.1370; found:
408.1375

2-((5-fluorobenzofuran-2-yl)(p-tolyl)methyl)-3-methyl-1H-indole O
(6bc): Yield: 108 mg, 76%; Rr = 0.8 (petroleum ether/ethyl acetate = o N=

80:20); Orange semi solid; *H NMR (400 MHz, CDCls) §7.73 (br. s., |F O / Me
1H), 7.48 (d, J = 7.8 Hz, 1H), 7.24-7.27 (m, 1H), 7.17 (d, J = 8.4 Hz, e Me
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1H), 7.02-7.08 (m, 5H), 6.85-6.90 (m, 1H), 6.79 (dd, J = 8.6, 1.7 Hz, 2H), 6.34 (s, 1H),
5.71 (s, 1H), 3.71 (s, 3H), 2.19 (s, 3H); 3C NMR (101 MHz, CDCls) & 159.2 (d, Jcr =
238.0 Hz), 159.8 (s), 158.9 (s), 151.3 (s), 135.3 (s), 132.2 (s), 131.0 (s), 129.2 (d, 2C),
121.8 (d), 119.31 (d), 118.9 (d, Jor = 28.2 Hz), 118.6 (d), 114.25 (d, 2C), 111.8 (d, Jc.r =
9.2 Hz), 111.75 (d, Je_r = 26.2 Hz), 110.89 (d), 110.71 (d), 108.67 (s), 106.3 (d, Jo_r =
25.2 Hz), 105.5 (d, Jcr = 3.8 Hz), 55.3 (d), 42.1 (g), 8.5 (q); HRMS (ESI) calcd for
CasH21NO2F [M+H]*: 386.1551; found: 386.1549.

3-((5-fluorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-5-nitro-1H-indole (6bd):
Yield: 124 mg, 81%; Rt = 0.4 (petroleum ether/ethyl acetate =
85:15); Yellow solid; MP: 200-202 °C; 'H NMR (400 MHz,
CDCl3) 68.44 (br. s., 1H), 8.30 (d, J = 2.1 Hz, 1H), 8.03 (dd, J =
9.0, 2.3 Hz, 1H), 7.34 (d, J = 9.0 Hz, 1H), 7.25 (dd, J = 9.0, 4.1 wa OV
Hz, 1H), 7.15-7.19 (m, 2H), 7.04 (dd, J = 8.6, 2.6 Hz, 1H), 6.95 (dd, J = 2.4, 0.8 Hz, 1H),
6.87 (td, J=9.1, 2.7 Hz, 1H), 6.78-6.83 (m, 2H), 6.24 (s, 1H), 5.68 (s, 1H), 3.73 (s, 3H);
13C NMR (101 MHz, CDCls) §160.4 (s), 160.1 (d, Jc ¢ = 241.8 Hz), 151.3 (s), 141.9 (s),
139.5 (s), 131.9 (s), 129.4 (d, 2C), 129.2 (s), 129.1 (s), 126.4 (d), 126.0 (s), 119.4 (s), 118.1
(d), 116.7 (d), 114.2 (d, 2C), 111.7 (d, Jc-F = 9.9 Hz), 111.5 (d), 111.3 (d), 106.2 (d, Jc-F =
24.4 Hz), 104.9 (d, Jcr = 3.8 Hz), 55.3 (q), 42.1 (d); HRMS (ESI) calcd for C24H1gN204F
[M+H]*: 417.1245; found: 417.1239.

NO,

3-((5-fluorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-5-methoxy-1H-indole  (6be):
Yield: 78 mg, 53%; Rt = 0.3 (petroleum ether/ethyl acetate = 80:20);
Brown semi solid; *H NMR (400 MHz, CDCls) §7.86 (br. s., 1H), 7.23
(dd, J = 8.9, 4.1 Hz, 1H), 7.14-7.18 (m, 3H), 7.01 (dd, J = 8.6, 2.6 Hz,
1H), 6.83 (td, J = 9.1, 2.7 Hz, 1H), 6.74-6.81 (m, 3H), 6.72 (d, J = 2.4
Hz, 1H), 6.70 (d, J = 2.3 Hz, 1H), 6.23 (s, 1H), 5.59 (s, 1H), 3.71 (s,
3H), 3.62 (s, 3H); °C NMR (101 MHz, CDCls) & 162.3 (s), 158.8 (d, Jcr = 237.3 Hz),
158.5 (s), 154.0 (s), 151.2 (s), 132.9 (s), 131.7 (s), 129.5 (d, 2C), 129.4 (d, Jc-r = 10.7 Hz),
127.0 (s), 124.2 (d), 116.4 (s), 113.9 (d, 2C), 112.3 (d), 111.9 (d), 111.6 (d, Jc.r = 9.9 Hz),
111.1 (d, Jcr = 25.9 Hz), 106.2 (d, Jc_r = 25.2 Hz), 104.7 (d, Jcr = 3.8 Hz), 101.4 (d),
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55.8 (q), 55.2 (q), 42.4 (d); HRMS (ESI) calcd for C2sH21NOsF [M+H]*: 402.1500; found:
402.1502.

3-((5-fluorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-2-methyl-5-nitro-1H-indole
(6bf): Yield: 120 mg, 76%; Rf = 0.3 (petroleum ether/ethyl acetate =
75:25); Yellow solid; MP: 183-185 °C; *H NMR (400 MHz, CDCls) &
8.37 (s, 1H), 8.20 (d, J = 2.1 Hz, 1H), 8.02 (dd, J = 8.9, 2.1 Hz, 1H),
7.29-7.34 (m, 2H), 7.18-7.21 (m, 2H), 7.13 (dd, J = 8.6, 2.6 Hz, 1H),
6.94 (td, J = 9.1, 2.6 Hz, 1H), 6.86-6.89 (m, 2H), 6.34 (s, 1H), 5.79 (s,
1H), 3.81 (s, 3H), 2.33 (s, 3H); *C NMR (101 MHz, CDCls) §161.2 (s), 159.1 (d, Jc_r =
238.0 Hz), 158.7 (s), 151.2 (s), 141.7 (s), 138.3 (s), 135.7 (s), 131.9 (s), 129.4 (d, 2C),
129.1 (d, Jc F = 10.7 Hz), 127.5 (s), 117.1 (d), 116.1 (d), 114.1 (d, 2C), 113.5 (s), 111.7 (d,
Jcr=9.9 Hz), 111.3 (d, Jcr = 25.9 Hz), 110.2 (d), 106.2 (d, Jc_r = 25.2 Hz), 105.5 (d,
Jcr = 3.8 Hz), 55.3 (d), 41.3 (q), 12.3 (q); HRMS (ESI) calcd for Co5H20N204F [M+H]":
431.1402; found: 431.1408.

3-(benzofuran-2-yl(4-(trifluoromethyl)phenyl)methyl)-1H-indole (6ca): Yield: 110 mg,
82%; Rf = 0.2 (petroleum ether/ethyl acetate = 85:15); Yellowish brown
semi solid; *H NMR (400 MHz, CDCls) & 7.99 (br. s., 1H), 7.49 (d, J =
8.1 Hz, 2H), 7.38 (d, J = 8.1 Hz, 3H), 7.34 (d, J = 8.3 Hz, 1H), 7.30 (dd, J
=8.2, 2.7 Hz, 2H), 7.10-7.17 (m, 3H), 6.95-7.00 (m, 1H), 6.74 (d, J = 1.8
Hz, 1H), 6.29 (s, 1H), 5.77 (s, 1H); 3C NMR (101 MHz, CDCls) & 158.9 (s), 155.1 (s),
145.1 (s), 136.5 (s), 129.4 (s), 129.0 (d), 128.9 (d, 2C), 128.4 (s), 126.4 (s), 125.5 (q),
123.8 (d), 123.5 (d), 122.8 (d), 122.7 (d), 122.5 (d), 120.7 (d), 119.8 (d), 119.3 (d), 115.8
(s), 111.3 (d), 111.1 (d), 105.0 (d), 42.9 (d); HRMS (ESI) calcd for C2sH17NOF3 [M+H]":
390.1100; found: 390.1116.

3-(benzofuran-2-yl(4-(trifluoromethyl)phenyl)methyl)-2-methyl-1H-indole (6¢b):
Yield: 122 mg, 88%; Rt = 0.5 (petroleum ether/ethyl acetate = 80:20); Yellowish brown
semi solid; *H NMR (400 MHz, CDCls) §7.91 (br. s., 1H), 7.56 (d, J = 8.3 Hz, 2H), 7.48
(d, J = 6.9 Hz, 1H), 7.43 (d, J = 8.5 Hz, 3H), 7.31 (d, J = 8.0 Hz, 1H), 7.19-7.25 (m, 3H),
7.12 (t, J = 7.6 Hz, 1H), 6.97 (t, J = 7.9 Hz, 1H), 6.36 (s, 1H), 5.87 (s, 1H), 2.33 (s, 3H);
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13C NMR (101 MHz, CDCls) & 158.8 (s), 155.0 (s), 145.4 (s), 135.2 (s),
132.3 (s), 129.1 (s), 128.9 (d, 2C), 128.7 (d), 128.4 (s), 127.7 (s), 125.4
(q), 123.8 (d), 122.9 (d), 122.7 (d), 121.3 (d), 120.7 (d), 119.7 (d), 118.9
(d), 111.2 (d), 110.4 (d), 110.3 (s), 105.4 (d), 42.1 (d), 12.2 (q); HRMS
(ESI) calcd for CosH19NOF3 [M+H]*: 406.1413; found: 406.1407.

2-(benzofuran-2-yl(4-(trifluoromethyl)phenyl)methyl)-3-methyl-1H-indole (6cc):
Yield: 84 mg, 60%; Ri = 0.3 (petroleum ether/ethyl acetate = 80:20); Red semi solid; H

NMR (400 MHz, CDCls) §7.93 (br. s., 1H), 7.61 (d, J = 7.4 Hz, 3H), <
7.56 (d, J = 7.3 Hz, 1H), 7.49 (d, J = 7.9 Hz, 1H), 7.29-7.37 (m, 5H), J M

7.16-7.23 (m, 2H), 6.55 (s, 1H), 5.94 (s, 1H), 2.33 (s, 3H); *C NMR (L Me
(101 MHz, CDCl3) & 156.4 (s), 155.2 (s), 143.4 (s), 135.5 (s), 131.2 (s), b R,

129.8 (s), 129.5 (s), 129.0 (s), 128.6 (d, 2C), 128.0 (s), 125.7 (q), 125.4 (d), 124.4 (d),
123.1 (d), 122.1 (d), 121.0 (d), 119.5 (d), 118.7 (d), 111.3 (d), 110.8 (d), 109.2 (s), 105.8
(d), 42.6 (d), 8.5 (g); HRMS (ESI) calcd for CasHi1sNOFz [M+H]*: 406.1413; found:
406.1401.

3-(benzofuran-2-yl(4-(trifluoromethyl)phenyl)methyl)-2-methyl-5-nitro-1H-indole
(6cd): Yield: 130 mg, 87%; Rt = 0.4 (petroleum ether/ethyl acetate =
70:30); Yellow solid; MP: 170-172 °C; *H NMR (400 MHz, CDCls) &
8.32 (br. s., 1H), 8.14 (d, J = 2.1 Hz, 1H), 7.95 (dd, J = 8.9, 2.2 Hz, 1H),
7.51 (d, J = 8.3 Hz, 2H), 7.40-7.43 (m, 1H), 7.31-7.34 (m, 3H), 7.24 (d,
J = 8.9 Hz, 1H), 7.12-7.19 (m, 2H), 6.32 (s, 1H), 5.82 (s, 1H), 2.26 (s,
3H); 3C NMR (101 MHz, CDCls) & 157.6 (s), 155.0 (s), 144.3 (s), 141.8 (s), 138.3 (s),
136.0 (s), 128.9 (d), 128.7 (d, 2C), 128.1 (s), 127.3 (s), 125.7 (q), 125.4 (d), 124.2 (d),
123.0 (d), 122.7 (s), 120.9 (d), 117.3 (d), 115.9 (d), 112.6 (s), 111.2 (d), 110.3 (d), 105.7
(d), 41.8 (d), 12.3 (q); HRMS (ESI) calcd for CasH1gN20sFsNa [M+H]*: 459.0927; found:
459.0918.

6¢cd
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INTRODUCTION

2.1.1 Introduction

In 2019, when the SARS-COVID (Novel Severe Acute Respiratory Syndrome
Corona Virus Disease) outbreak occurred, everyone witnessed the huge disaster caused by
a small virus, and ever since then, the whole world has been fighting against this deadly
virus. The first case of COVID-19 was reported in China in December 2019 and after that,
the Chinese government and researchers acted quickly to control the pandemic and
conducted etiological studies.! On 31% December, China informed World Health
Organization (WHQO) about the cases of unknown etiology pneumonia discovered in
Wuhan, Hubei Province, China. Then, on 23" January 2020, the Chinese government
announced a lockdown in Wuhan city (Fig. F2.1). After that, the World Health
Organization (WHO) declared the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) epidemic a public health emergency of international concern (PHEIC) on
January 30, 2020. On February 11, 2020, the WHO formally designated the current
coronavirus disease outbreak as Coronavirus Disease-2019 (COVID-19) and on the same
day, COVID-19 was named as severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) by the international committee on taxonomy of viruses.? According to World
Health Organization, as of 25" October 2023, there have been 771,549,718 confirmed
cases of COVID-19, with 6,974,473 cumulative deaths. According to Gralinski and
Menachery, SARS-COVID-19 is the third zoonotic human coronavirus of the century.?

8 December 2019 28 February 2020
Onset of the first recorded case in WHQ risk assessment increased to
Wuhan very high on the global level
I I
31 December 2019 11 February 2020 2 October 2020
First report of 27 cases of pneumonia ICTV named virus SARS-CoV-2 and =34.000,000 cases and
with unknown cause in Wuhan, China WHO named disease COVID-19 >1,000,000 deaths
o
9 January 2020 11 March 2020
China announced the identification of WHO defined COVID-19
anovel coronavirus as the causative as a pandemic
agent of the pneumoenia outbreak
[ 29 January 2020
13 January 2020 20 January 2020 The coronavirus
Case of a raveler from Human-to-human 23 January 2020 5Pfe?d toall 34 30 January 2020
Wuhan was confirmed [ trensmissionwas [— Wuhancity was |4 provincesacross 4 WHO declered a
in Thailand confirmed locked down China PHEIC alert

Figure F2.1: A timeline of the important events in the COVID-19 epidemic?
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2.1.2 Origin of SARS-CoV-2

The origin of SARS-CoV-2, the virus that causes COVID-19, has been the focus of
intense scientific investigation and studies. In order to identify the virus's origin, surveys
and studies were carried out in China. Various techniques employed in the research are
listed below.*3

1) Sample collection

a) Environmental samples
b) Animal samples
c) Sewage (silt) samples

2) Nucleic acid extraction

3) SARS-CoV-2 real-time PCR assay

4) Animal coronavirus test

5) Metagenomic sequencing of positive samples

6) Serological testing

a) SARS-CoV-2-specific antibody screening
b) SARS-CoV-2-specific antibody confirmation

Depending upon the results, the most accepted concept for SARS-Cov-2 origin is
zoonotic spillover (natural origin). It's well-established that many emerging human
infectious diseases have animal reservoirs, both in the wild and among domesticated
animals. These diseases, known as zoonoses, are transmitted from animals to humans and
can lead to significant public health challenges. Pathogens such as bacteria, viruses,
parasites, and fungi that can move from animals to humans cause zoonotic diseases.
Wildlife such as monkeys, bats, birds, and rodents can act as natural reservoirs for a variety
of zoonotic diseases.® These pathogens can also be found in domesticated animals such as
chickens, camels, and others.® Direct contact with infected animals or their body fluids,
intake of contaminated animal products, or transmission via intermediary hosts are all
possible modes of transmission.

In recent years, for example, A/H7N9, A/H5N6, A/H5N1, and other avian
influenza viruses (bird flu) have infected humans following cross-species transmission

from live birds, particularly from poultry to humans and according to recent publications,
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the henipa viruses have emerged in humans via domesticated intermediate hosts (horses)
after being transmitted from bat reservoir hosts. Rabies is frequently spread through the
bite of an infected animal. Lyme disease is carried by ticks that prey on mammals such as
deer. Some of the most serious emerging disease threats to human health and economic
growth have been caused by these and other zoonotic viruses.

According to reports, it is possible that SARS-CoV-2 began in bats and spread to
humans via an intermediate host species. It is believed that the virus spread from bats to
another animal species, which then passed it on to humans, probably in China’s seafood
market in Wuhan. The intermediate host has not been discovered definitively, however, it
could include species like pangolins. In the past, this zoonotic spillover scenario has been
the source of other coronaviruses such as SARS and MERS (Fig. F2.2).4

Spillover(via the bat Susceptible host +

hunting Kolonok?) /d adaptive fine-tuning:
/ successful infection
(2)
R

Transmission

()
(1)

Circulation of
% coronavirus and 3) @ ::i:\:é:!:?s ot | ot
accumulation of indirect) ot | o
new mutations Unadapted > 4
host : virus j (6) Viral
]

T

?ﬂﬂﬂ Social grooming
behavior

clearance / amplification

Figure F2.2 Overall schema for various emergence paths, giving a conceptual framework for SARS-CoV-2

Spatial
aggregation

emergence route. The animals illustrated are animal species that have been addressed in regard to potential

infection, but other species can be substituted.*

While it is unknown how precisely individuals were exposed to the hypothesized
wildlife reservoir or possible intermediary hosts of SARS-CoV-2, there are a number of
plausible spillover paths that appear to be supported by circumstantial evidence. It's
possible that bats directly transmitted the virus to people, or, as in the cases of MERS-CoV
and probably SARS-CoV, there may have been an intermediary host involved.
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domesticated cats, rabbits, pangolins, Mink, and raccoon dogs are examples of candidate
intermediate host species that may harbor the SARS-CoV-2 virus & as well as species like
civets, ferret badgers, and related musselids that have been shown to harbor the virus
during the Guangdong Province, China outbreak.” Animal products, excrement, or
intermediary hosts can all operate as direct or indirect vectors for the spread of viruses

from infected animals to people.’

As a result, the research that has been done thus far has been limited to the Huanan
market and has included a thorough sample plan that takes these transmission channels into
consideration. These scientific tenets served as the foundation for the Huanan Market
investigation. This describes the emphasis on animals and animal-derived products. The
introduction of the virus by sick individuals elsewhere or exposure to tainted animal meat
or food products that are refrigerated or frozen are two more possible pathways for the
establishment of SARS-CoV-2 in individuals connected to the Huanan market in late 20109.
Imported frozen or refrigerated fish products have been connected to three recent COVID-

19 outbreaks in China.>13
2.1.3 The structure of COVID-19

Coronaviruses are members of subfamily Coronavirinae. The four genera that make
up the subfamily Coronavirinae of the Coronaviridae family are Deltacoronavirus,
Gammacoronavirus, Betacoronavirus, and Alphacoronavirus. Compared to other RNA
viruses, the genome of CoVs is the largest, measuring 27-32 kb. It is a singles-tranded
positive-sense RNA (+ssRNA). According to Brian and Baric (2005), the nucleocapsid
protein (N) forms the capsid outside the genome, and the envelope that surrounds it is
packed with three structural proteins: envelope protein (E), spike protein (S), and
membrane protein (M) (Fig. F2.3).}* SARS-CoV-2 is composed of sixteen nonstructural

proteins (nsp1-16) and four structural proteins (S, E, M, and N).
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Small envelope protein (E

Nucleocapsid protein (N)

Genomic +ssRNA

Figure F2.3: Structure of Corona virus'*

a) Spike Proteins (S): Under electron microscopy, these are the noticeable
projections on the virus's surface that give it the appearance of a "crown" or "corona"”. For
the virus to bind to and penetrate host cells,! the spike proteins are necessary. Neutralizing
antibodies primarily target them, and the COVID-19 vaccine is based on them.

b) Envelope (E) Proteins: Essential membrane proteins involved in viral
assembly and release are called envelope proteins.

C) Membrane (M) proteins: These are an additional class of structural
proteins that are involved in the assembly and shape of the virus.

d) Nucleocapsid (N) proteins: The nucleocapsid (N) proteins are responsible
for binding to the viral RNA and forming the genetic material-protein complex that forms
the virus's core.

e) Single-stranded RNA: It is one strand of RNA that makes up the
coronavirus genome, which contains all of the genetic information required for the virus to
multiply and make viral proteins.

f) Lipid Envelope: The host cell membrane serves as the basis for the lipid
bilayer that envelops the virus. The spike, envelope, and membrane proteins are embedded
in this envelope.

)] Genome: The genes encoding different structural and non-structural
proteins, such as those involved in transcription and replication, are found in the

coronavirus genome.
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Spike proteins are especially important because they form the crown-like structure
on the surface of the virus. They engage with receptors on the host cell membrane to let the
virus enter the cell more easily. For the antiviral therapies and development of vaccines, it

is necessary to understand the nature and structure of spike proteins.

2.1.4 Mechanism of Infection of SARS-CoV-2:

Currently, the processes underlying the infection caused by SARS-CoV-2 remain
unclear. However, they appear to resemble those put forth for other coronaviruses.!®
According to one concept, the virus attaches its S proteins to the host receptor ACE2, a
membrane protein that is primarily expressed in the cells of the small intestine and lung.
There are multiple phases in the mechanism of infection of SARS-CoV-2, which enable
the virus to enter and multiply within host cells. The main steps in the infection process are
summarized as follows:

1) Binding and entry:

a) Interaction with spike protein: The angiotensin-converting enzyme 2 (ACE2)
receptor on the surface of host cells, especially respiratory epithelial cells in the
lungs and cells in the small intestine, is bound by the spike proteins (S proteins)
on the surface of the virus.®

b) Activation of TMPRSS2 Protease: Following binding, the virus can fuse with
the host cell membrane and enter the cell for releasing viral gRNA into the
cytoplasm and this process occurs due to cellular protease called TMPRSS2
(transmembrane serine protease 2) which cleaves the spike protein. Two
different pathways are suggested for this process to occur: the early pathway
through the plasma membrane or the late pathway through endosomes. S
protein undergoes breakdown by endosomal proteases (e.g., cathepsin L) in the
late path and by host plasma membrane proteases (e.g., TMPRSS2) in the early
pathway. Availability of these proteases decides the route taken by the virus to
enter the cell.

2) Endocytosis or membrane fusion: Using Direct Fusion with the host cell

membrane (Endocytosis) or cellular absorption, the virus can enter the host cell.
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Figure F2.4: The schematic illustration illustrating the process of COVID-19 entrance, replication, and
packaging of viral RNA within the human cell and potential therapeutic targets.

ACE?2, angiotensin- converting enzyme 2; 3CLpro, 3C- like protease; CR3022, a SARS- CoV- specific human
monoclonal antibody; E, envelope protein; EK1C4, lipopeptide derived from EK1 which is a pan-
coronavirus fusion inhibitor targeting the HR1 domain of the spike protein; HR2P, heptad repeat 2- derived
peptides of SARS- CoV-2 spike protein; IL-6, interleukin-6; ISG, interferon- stimulated gene; M, membrane
protein; ER, endoplasmic reticulum; gRNA, genomic RNA; TMPRSS2, transmembrane protease serine

protease 2; RdRp, RNA- dependent RNA polymerases; sgRNA, subgenomic RNA; S, spike protein.
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3) RNA release: Once the virus enters the cytoplasm, it releases single-stranded
gRNA (genome RNA).

4) Translation and replication: The viral polyproteins (ppla/pplab) that are created
when gRNA enters the cytoplasm are easily translated into individual Nsps that
make up the RTCs (Fig. 2). When these complexes find transcriptional regulator
sequences in gRNA, they start to transcribe a number of subgenomic RNAs that
code for accessory and structural proteins; if they don't, the entire gRNA is
duplicated.

5) Assembly: The structural proteins S, E, and M are transported to the ER-Golgi
intermediate compartment (ERGIC) during translation, where they undergo post-
translational changes such as proteolysis and N-glycosylation. A copy of the N
proteins and gRNA bind in the cytoplasm simultaneously to form the nucleocapsid
and transfer into the ERGIC. Within this compartment, the nucleocapsid and other
viral proteins come together to form a virion.

6) Release: The virion then passes through the cytoplasm inside a vesicle and is

released from the infected cell by exocytosis through cell lysis or cell bursting.

2.2 Various drugs explored for repurposing or the treatment of COVID-19:

The assessment of currently available medications for new therapeutic uses is
known as "drug repurposing, repositioning, retasking, or reprofiling.}” An existing drug
(either investigational or approved), for repurposing efforts already has a safety and
toxicity profile that is well-established, due to at least a few fruitful Phase | or Phase II
clinical trials.® When taking into account the entire process, it has been calculated that the
costs and time to bring a repurposed drug to market are ten times lower than those of a new
drug, with the time being cut in half.!® drug repurposing has many benefits over creating a
new drug from scratch, even though the clinical phase 11l and regulatory requirements are
still the same. These benefits include a shorter development period and lower development
costs, a lower failure rate, and a centralized pharmaceutical supply chain for the production

and delivery of effective drugs to the patients who actually need them.*®
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The coronavirus has been continuously evolving over the past three years,
unleashing itself in mutated forms after certain intervals in the form of new variants, which
have higher transmission capabilities thus causing a large number of deaths. The variants
of COVID-19 include alpha, beta, gamma, delta, and omicron etc.22 Many medications
were investigated for possible repurposing in the treatment of the COVID-19 pandemic as
it developed and Several host and viral molecular proteins have been investigated as
possible therapeutic targets in the COVID-19 treatment search. Together with host
metabolic pathways and the immunological response, they are involved in all major stages
of the viral infection cycle, including cell entry and replication.?! Here are some targeted
drugs, that are under investigation for blocking the main steps of the SARS-Cov-2 virus

replication cycle.

1) Viral entry inhibitors:

. Angiotensin-converting enzyme 2 (ACE2) receptor inhibitor: The enzyme
ACE2 is a type | membrane protein. It is a functional receptor on cell surfaces by which
SARS-CoV-2 penetrates host cells and is abundantly expressed in the Kidneys, intestine,
heart, and lungs before being shed into the bloodstream. It plays a crucial role in the
prevention of the development of SARS in the SARS-CoV infection. ACE2 is a component
of the renin-angiotensin-aldosterone system (RAAS), which controls blood pressure and
fluid balance. The interaction between SARS-CoV-2 and ACE2 has the potential to disturb
the regular operation of this system. Furthermore, viral internalization of ACE2 can
reduce the availability of functional ACE2 on the cell surface, which may contribute to

COVID-19 pathogenesis.
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Figure F2.5: ACE2 and spike binding complex, Endosomal acidification inhibitors
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There is no licensed medication for targeting the ACE2 receptor. Azithromycin,
Chloroquine, and Hydroxychloroquine are among the medications that inhibit both ACE2

and the spike binding complex, as well as endosomal acidification.??
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Figure F2.6: 3CLpro inhibitors

2) Protease inhibitors:
. 3-chymotrypsin-like protease (3CLpro):
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One of the key enzymes in coronaviruses, such as SARS-CoV-2 (the virus that
causes COVID-19), is 3-chymotrypsin-like protease (3CLpro), often referred to as the
main protease (Mpro). It is a cysteine protease which has a three-domain structure. It has
an active site that cleaves polyproteins made from the viral RNA, this protease contributes
significantly to the viral life cycle by producing functional viral proteins. In the process of
developing antiviral medications, it is important to comprehend and target 3CLpro.
Targeting 3CLpro, a number of therapeutic candidates have been studied or are in
development. These include novel medications that are made expressly to target the
protease, as well as substances like lopinavir and ritonavir, which are protease inhibitors

originally developed for the treatment of HIV.%

3) RNA-dependent RNA polymerases (RdRp) inhibitors: RNA-dependent RNA
polymerase (RdRp) is an RNA viral enzyme that is required for both genome replication
and transcription. Despite the variance in their sequences, the basic structural elements of
RdRps are maintained. In the presence of divalent metal ions, they catalyze the formation

of phosphodiester bonds between ribonucleotides using an RNA template.
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Figure F2.7: RdRp inhibitors
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The therapeutic importance of inhibiting RdRp activity has led to the development
of numerous inhibitors that have been used to treat a variety of RNA viruses, including
Ebola, HIV, and the Zika virus. Although RdRp inhibitors can exert antiviral effects in a
variety of ways, one significant manner in which these medicines impede RNA viral
genome replication is by competing with adenosine triphosphate. When these RdRp
inhibitors are metabolized, they compete with viral ATP molecules for inclusion into the
nascent RNA strand. The RNA synthesis process is interrupted after the RdARp medication
replaces ATP in the new strand, halting further virus multiplication. Tocilizumab,
Remdesivir, Ribavirin, Galidesivir, Triazavirin, and Favipiravir are some well-known
RdRp inhibitors.?*

4) Helicase inhibitors: Helicases are enzymes that help unwind viral RNA during
replication. Inhibiting helicase activity can disrupt viral propagation. Small compounds
that serve as helicase inhibitors to impair the replication of RNA viruses, including
coronaviruses like SARS-CoV-2, have been investigated by researchers. Preclinical
research has found some substances with helicase inhibitory action. These include both

synthetic and natural substances.?®
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Figure F2.8: Inhibitors of helicase-catalyzed DNA unwinding

5) Endosome: Endosomes are important for the infection and growth of some viruses,
such as the COVID-19-causing SARS-CoV-2 virus. The binding of the virus to the surface
receptors of the host cell, specifically the angiotensin-converting enzyme 2 (ACEZ2)
receptor, is the first stage of a SARS-CoV-2 infection. Following this binding, the virus
can enter the host cell by invagining the cell's plasma membrane to generate vesicles
known as endocytic vesicles, a process known as endocytosis. The virus is encased within
these membrane-bound structures, referred to as early endosomes, once it has entered the

endocytic vesicles. Thus, the virus enters the cell through these endosomes. MVBs, or
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Figure F2.9: Endosome inhibitors

multivesicular bodies are late endosomes that develop from early endosomes during the
endocytic process. The virus is further sorted and trafficked by these late endosomes. The
fate of a virus within an endosome might change based on the type of virus and the cellular
environment. Sometimes the virus-containing late endosomes might combine with
lysosomes, which are organelles that have different enzymes for breakdown. The virus
may be destroyed as a result of this fusion, stopping its spread. Alternatively, the virus can
manage to break free from the endosome and evade destruction. SARS-CoV-2 is one of the
viruses that can exit the endosome and enter the cytoplasm of the host cell, where it can
multiply. For the infection process to continue, the virus can encourage its escape from the
endosome. Research on possible antiviral medications that target the endocytic pathway
and endosomal functions has been prompted by our growing understanding of the role of
endosomes in viral infection, especially COVID-19. Potential treatment techniques that
aim to limit viral entrance, restrict endosomal escape, or enhance viral breakdown in

endosomes have been investigated by researchers.?*
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Substances and medications known as endosome inhibitors obstruct endosome
functions, specifically endosomal trafficking, maturation, and endocytosis. These
inhibitors have the potential to be applied in therapeutic or research settings, as they can

interfere with endosomes' normal functioning.

6) Lysosome inhibitors: Lysosomes are membrane-bound organelles within cells that
contain enzymes that break down and digest cellular trash, foreign particles, and infections.
They are essential in cellular processes such as autophagy and cellular debris cleaning. The
SARS-CoV-2 virus has been seen to interact with lysosomes during its life cycle in the
context of COVID-19.

Endocytosed vesicles harboring the virus may then combine with lysosomes after
the endocytosis process. Once the virus-containing endocytic vesicles merge with
lysosomes, lysosomal enzymes have the potential to destroy the viral components. This
fusion with lysosomes is part of the host cell's defense response to destroy and eradicate
the invading virus. Autophagy is a cellular process that degrades and recycles cellular
components. It can also help the host cell respond to viral infections. According to some
research, SARS-CoV-2 infection may have an impact on autophagic processes, and the
virus may utilize or modulate autophagy for its own reproduction. During COVID-19, the
contact between the virus and lysosomes is a complicated part of the host-viral
relationship. Understanding these pathways could help in the development of antiviral
therapies. The precise mechanisms and consequences of lysosomal involvement in SARS-
CoV-2 infection, however, remain a work in progress.

Lysosome inhibitors are compounds that prevent lysosomes, the cellular organelles
responsible for breaking down and digesting cellular waste, foreign particles, and
numerous cellular components, from working normally. In the case of virus infections such
as COVID-19, lysosome inhibition may impair the virus's capacity to multiply or interact
with host cells. It is crucial to highlight, however, that modifying lysosomal activity can
have widespread effects on cellular processes, and the use of lysosome inhibitors in a
medical context requires careful evaluation due to potential side effects and consequences

on normal cellular function.?*
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Figure F2.10: Lysosome inhibitors

7) Host immune response modulators: Host immune response modulators are a
family of medications that try to modify the activity of the immune system. Modulation of
the host immune response is a critical field of research in the context of viral infections
such as COVID-19. The goal is to balance the immunological response, boosting the
ability to combat the virus while limiting excessive inflammation and immune-mediated
harm. Here are some techniques and drugs that come into the area of host immune
response modulators:

o Cytokine Inhibitors:

They target pro-inflammatory cytokines such as tumor necrosis factor-alpha - TNF-, and
interleukin-6 - 1L-6. To minimize excessive inflammation, it inhibits the activity of
particular cytokines. Tocilizumab and sarilumab, for example, target IL-6 and are used to
treat severe COVID-19 instances.

o Interferons:

They target interferon-alpha and interferon-beta and promote the antiviral response by
increasing the synthesis of interferons, which play an important role in the body's fight
against viruses. Interferon-based therapy has been investigated in the context of COVID-
19.

o Janus Kinase (JAK) Inhibitors: They inhibit Janus Kinase enzymes, which are
important in cytokine signaling. JAK inhibitors such as baricitinib and tofacitinib have

been studied for their ability to reduce the inflammatory response to COVID-19.

147 | Chapter 2



INTRODUCTION

o Modulators of the Bradykinin Receptor:

They target bradykinin receptors and modulate the bradykinin pathway, which has been
linked to inflammation and increased vascular permeability. Drugs such as icatibant have
been investigated for their ability to manage the immune response to COVID-19.

o Complement System Inhibitors:
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Figure F2.11: Host immune response modulators

They specifically target complement system components by inhibiting the complement
system, which is involved in the immunological response. Complement inhibitors may be
useful in preventing excessive inflammation. In COVID-19, research is being conducted to

investigate their potential 28

8) Anti-inflammatory Agents:
Anti-inflammatory drugs have been the subject of substantial study and clinical trials in the
context of COVID-19. The idea behind utilizing these medications is to control the
immune response and lessen the excessive inflammation associated with severe forms of
the condition. The following anti-inflammatory medications have been researched or used
to treat COVID-109:
Corticosteroids:

Corticosteroids, such as Dexamethasone, are potent anti-inflammatory medications

that inhibit the immune system. Which has been demonstrated to decrease mortality in
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severe COVID-19 cases. It is advised to use it in hospitalized patients who require
supplementary oxygen or mechanical breathing.
Inhibitors of Interleukin-6:

IL-6 is a cytokine that promotes inflammation. To combat the effects of high IL-6
activity, IL-6 inhibitors such as tocilizumab and sarilumab are utilized. They have been
used in some cases with severe COVID-19, particularly when a cytokine storm is present.
Inhibitors of JAK:

Cytokine signaling is disrupted by Janus Kinase (JAK) inhibitors such as
baricitinib. Baricitinib has been approved for use in specific situations after being studied
for its possible anti-inflammatory properties in COVID-19.

Colchicine:

Colchicine is an anti-inflammatory medication that prevents microtubule
polymerization. In COVID-19, it was evaluated for its prospective advantages and
demonstrated some efficacy in lowering the risk of severe outcomes in some populations.
Non-steroidal anti-inflammatory Drugs (NSAIDs):

Ibuprofen and aspirin are examples of nonsteroidal anti-inflammatory drugs
(NSAIDs). NSAIDs act by blocking enzymes that are involved in the generation of
inflammatory mediators. Individuals are encouraged to follow healthcare instructions when
using NSAIDs in COVID-19.%’

9) Cellular Protease Inhibitors:

. Transmembrane serine protease 2 (TMPRSS2) inhibitors:

(TMPRSS2) is a cell surface protein that is mostly expressed throughout the
respiratory and digestive systems by endothelial cells. A serine protease called TMPRSS2
is essential to the entry of some viruses such as SARS-CoV-2, the virus that causes
COVID-19 into host cells. Reducing viral replication and infection may be possible by
blocking TMPRSS2 entrance. TMPRSS2 participates in the proteolytic cleavage of some
viruses' spike proteins, such as SARS-CoV-2. This cleavage is required for the virus to
fuse with the membrane of the host cell and enter the cell. One possible COVID-19
therapy approach is the suppression of TMPRSS2. The degree of the infection can be
decreased by preventing the virus from entering host cells by inhibiting TMPRSS2.
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Numerous medications and substances have been studied for their potential to inhibit
TMPRSS2. Nafamostat, gabexate, bromhexine, and camostat mesylate are a few of them.?®
Clinical investigations have evaluated the effectiveness of these medicines in lessening the
severity of COVID-19. To increase the efficacy of COVID-19 treatment, some treatment
approaches entail combining TMPRSS2 inhibitors with additional medications, such as
remdesivir or monoclonal antibodies. To ascertain the safety and effectiveness of
TMPRSS2 inhibitors in the context of COVID-19, investigations and clinical trials are

being conducted.
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Figure F2.12: TMPRSS2 inhibitors

10)  Papain-like protease (PLpro) Inhibitors: SARS-CoV-2, the virus that causes
COVID-19, is one of the coronaviruses that encodes the papain-like protease (PLpro). One
key enzyme in the digestion and replication of viral polyproteins is called PLpro. The
PLpro is responsible for cleaving viral polyproteins at specific sites in coronaviruses like
SARS-CoV-2. These huge precursor molecules, known as polyproteins, are first translated
from the viral RNA and have several different functional domains. The release of specific
functional viral proteins, including those required for viral replication, depends on the
cleavage by PLpro. Viral transcription and replication depend on non-structural proteins
that are released when PLpro cleaves polyproteins. The replication-transcription complex
(RTC) and other viral processes are mediated by these proteins. The host immune response

may be evaded in part via PLpro. As a component of the innate immune system's defense
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against viral infections, it has the ability to cleave specific host cell proteins implicated in
the interferon response.

Antiviral medication development may aim to target the papain-like protease. A
method to impede the viral life cycle and possibly treat COVID-19 is the use of inhibitors
that target the PLpro specifically. The purpose of these inhibitors is to prevent the protease
from doing its job and hinder the spread of viruses. The papain-like protease's three-
dimensional structure has been thoroughly defined, which has made it easier to design and
create possible inhibitors. Targeting PLpro, inhibitors seek to obstruct this enzyme activity,
which in turn prevents the spread of the virus. Chemical library screens have discovered
certain natural products or chemicals, such as famotidine, GL0617, and ebselen are PLpro

inhibitors.?
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Figure F2.13: Papain-like protease inhibitors

11)  Nucleocapsid N protein inhibitors: The key structural protein with multiple
critical roles in the life cycle of the SARS-CoV-2 virus that causes COVID-19 is the

nucleocapsid (N) protein. The complex of the N protein attached to the viral genomic RNA
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is called a nucleocapsid, and it is formed by the N protein. The virus's nucleocapsid
structure gives it structural stability. The N protein encloses and shields the viral genome
by binding to the SARS-CoV-2 viral RNA. The integrity of the viral RNA depends on this
interaction. Both viral genome transcription and replication involve the N protein. In the
course of the virus's replication cycle, it contributes to the production of new viral RNA.

During the construction of the virus, the N protein helps pack the viral RNA into newly
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formed virus particles. Infectious virus particles need this in order to be produced. The
host's immune system may be triggered by the N protein, which could result in the
development of antibodies. Because of this, the host's immune system targets the N
protein, and COVID-19 diagnostic tests can identify antibodies directed against the N
protein.

In order to comprehend the structure, reproduction, and immunological response of
the virus, researchers are studying its N protein. It has also been investigated as a possible
element in the creation of COVID-19 vaccinations. Compared to inhibitors that target other
viral proteins like proteases or polymerases, those that target the nucleocapsid (N) protein
of viruses are less frequent. The N protein lacks enzymatic activity that small compounds
can directly target; instead, it functions primarily as a structural protein that encapsulates
the viral DNA e.g. Nitazoxanide. Nonetheless, research is still being done to discover

antiviral tactics that can subtly affect N protein functions or sabotage the viral life cycle.*°

12)  Monoclonal Antibodies:
" Spike glycoprotein inhibitors: Spike glycoprotein, also known as the spike
protein, is an essential structural protein present on the surface of a variety of enveloped
viruses, including as coronaviruses as the COVID-19-causing SARS-CoV-2. The
characteristic spike-like projections on the viral surface are where the word "spike"
originates. The immune system, the creation of vaccinations, and the development of
antiviral treatments all target the spike protein, which is essential to viral infection.
Facilitating the attachment of the virus to host cells is the primary function of the spike
protein. The virus is capable of penetrating host cells and infecting them thanks to its
receptor-binding domain (RBD), which binds to particular receptors on the cell's surface.
The spike protein helps the viral envelope and host cell membrane fuse together, releasing
the genetic material of the virus into the cytoplasm of the host cell, after it has bound to the
host cell receptor.

The host immune system's response mostly targets the spike protein. The immune
system interprets it as foreign, which triggers the creation of antibodies and T-cell
reactions. The development of viral immunity depends on this immunological recognition.

Distinct coronaviruses have distinct spike proteins, and research has focused on spike
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protein alterations, especially during the COVID-19 pandemic. SARS-CoV-2 variants with
particular mutations in the spike protein have been found such as fuzheng huayu tablet, n
acetyl cysteine, and nitric oxide and their possible effects on transmissibility, vaccination

effectiveness, and illness severity have been investigated.3!
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Figure F2.14: Spike glycoprotein inhibitors

13)  Serotonin-reuptake inhibitors: Neurotransmitters are chemicals that act as
messengers between nerve cells in the brain, and serotonin is one such molecule. It is
believed to positively impact emotion, mood, and sleep. Serotonin is typically reabsorbed
by the nerve cells after conveying a message (referred to as "reuptake™).Serotonin

transporters and o-1 receptors are the sites of binding for SSRIs, which reduce
inflammation and have anti-COVID actions. Viral entrance and virion assembly may be
disrupted by SSRIs through their interaction with -1 and acid sphingomyelinase receptors.
When compared to other SSRIs, fluvoxamine has a higher binding affinity to s-1 receptors,

which has attracted significant scientific interest among the SSRIs under investigation.?332
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Figure F2.15: Serotonin-reuptake inhibitors
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2.3 Approved Drugs For COVID-19:

In the COVID-19 drug development program, different preventative therapeutic
drugs are being developed to reduce the intensity of COVID-19. Since the start of COVID-
19, a number of biotechnology firms, pharmaceutical companies, and health organizations,
and along with these, various academic research groups have been doing research to
develop possible treatments for COVID-19. They conducted a preclinical and clinical
evaluation of 506 candidates in April 2021, employing 419 possible COVID-19 medicines

that were in clinical trials.

The process of drug development is a multistep process that normally takes more
than five years to check the effectiveness and safety of a new compound. Several national
regulatory authorities, including the EMA and the FDA, have approved protocols that
accelerate clinical testing, and as a result, a number of medications are now in the third
stage of clinical trials. To manage and treat COVID-19, the FDA has approved several
drugs and therapeutics which are as follows.

Actemra (Tocilizumab): Tocilizumab is a cytokine inhibitor that targets IL-6 and is

intended to reduce chronic inflammation. This drug has been authorized by the FDA for
the treatment of COVID-19. It is used in hospitalized patients who are receiving systemic
corticosteroids and require non-invasive or invasive mechanical breathing, extracorporeal

membrane oxygenation (ECMO), or supplemental oxygen.

Veklury (Remdesivir): Gilead Sciences is a biopharmaceutical company, which

developed Remdesivir as an antiviral agent. It is used to treat broad-spectrum antiviral
diseases. After the outbreak of the COVID-19 pandemic, the FDA approved it for the
treatment of COVID-19 adult patients and pediatric patients (infants 28 days of age and
older with a weight of at least 3 kg) who may or may not be hospitalized and have mild
COVID-19, as well as those patients who are at high risk of progression to severe COVID-
19, which includes hospitalization or death.

Olumiant (baricitinib): It is used to treat rheumatoid arthritis, and the FDA approved it for

the treatment of COVID adult patients who require extracorporeal membrane oxygenation
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(ECMO), non-invasive or invasive mechanical ventilation, or supplemental oxygen following

the COVID outbreak.

Paxlovid (nirmatrelvir_and ritonavir): It works as a protease inhibitor. Ritonavir was

approved by the FDA to treat mild-to-moderate COVID-19 in people who are at high risk of
progressing to severe COVID 19, including hospitalization or death. It is not licensed for use as

pre- or post-exposure prophylaxis for COVID-19 prevention.

N
sl
‘, S\
N_ N0 o N
\:.—-M‘ Oy .
[e] OV N
- \IFI,, \:)LO
HO o £
Remdesivir
HN
[e] N\ H
4 Y
N ~#
=N
HN 7
F. i H Q \?O N—r{l
RN W \/O\\S’N/JL\
0 _3 \
/'\ b \N
Nirmatrelvir Baricitinib

Figure F2.16: Drugs approved for the treatment of COVID-19

Even if various medications have been approved, there is still a need for new drugs
due to limitations or adverse effects The coronavirus is constantly evolving with new
variants. Thus, research in this field should be continued in order to identify a medicine

with minimum side effects.
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2.6 Results and discussion

In the initial phases of the COVID-19 pandemic, a lot of efforts have been focused
on the development or the deployment of new and known nucleoside-based small
molecules for identifying potential small molecules to target SARS-CoV-2. Nucleoside
analogs are structural mimics of naturally occurring nucleosides and can interfere with
viral replication by inhibiting the activity of viral polymerases. Remdesivir, a nucleoside
analog, is one of the first drugs to be approved for the treatment of COVID-19 patients in
some countries, but its efficacy and side effects warrant further investigation. Apart from
this rapid evolution of SARS-CoV-2 mutants posed a significant challenge to the
vaccination programs though they played a major role in containing this pandemic. Thus,
the development of novel nucleoside analogs tailored specifically to target SARS-CoV-2
presents a significant opportunity to enhance antiviral therapy for COVID-19 and this

constitutes as the second objective of this thesis.
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Figure F2.17: Design of various acyclic pyrrolo(2,3-d)pyrimidine analogues

In the context of COVID-19, and as a part of the newly initiated antiviral drug
discovery program, we have come up with two different scaffolds (Series 1 and Series 2).
The first series is funded upon integrating structural features of the acyclovir and JAK-2
kinase inhibitors Ruxolitinib and Baricitinib (Fig. F2.17). The basic structural core of
baricitinib is pyrrolo[2,3-d] pyrimidine (7-deazapurine), which is a heterocyclic structure
generated by the fusing of pyrrole and pyrimidine at the ortho position. The skeleton of
Pyrrolo[2,3-d]pyrimidine is quite similar to that of purine. Thus, they are being used as
substitutes for the canonical constituents of DNA and RNA and also engaged in nucleic

acid sequencing. Pyrrolo[2,3-d]pyrimidine is also an important part of various biocides,

156 | Chapter 2



RESULTS AND DISCUSSION

receptor antagonists, enzyme inhibitors, and antiviral nucleosides.®® Recently various
kinase inhibitors have appeared in literature with pyrrrolo[2,3-d]pyrimidine as a privileged
scaffold.3* Among them, Janus kinase inhibitors oclacitinib,® tofacitinib,®® ruxolitinib®
AZD5363,%® and baricitinib® are mainly used for the treatment of myelofibrosis,
Rheumatoid arthritis, psoriasis, atopic dermatitis and itchiness (Fig. F2.18). Similarly, the
pyrrolo[2,3-d]pyrimidine acyclic nucleoside analogues exhibit antiviral efficacy against
human cytomegalovirus which is the same or better than that of ganciclovir.*> Especially
the discovery of acyclovir®! and (S)-DHPA* as anti-herpetic drugs, opened new avenues in
the area of non-nucleosidic pyrrolopyrimidines. Thus, after taking inspiration from all of
the preceding compounds, new small molecules containing pyrrole(2,3-d)pyrimidine have
been designed by modifying substituents at the C4 position, and by keeping the acyclic
nucleoside fixed at the nitrogen atom of the pyrrole ring. A number of antiviral analogues

of 7-deazapurine acyclic nucleosides were produced and evaluated.
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Figure F2.18: JAK inhibitors composed of pyrrolo[2,3-d]pyrimidine as the primary structural core

As this series was found to be not promising in terms of the anti-viral activity
against SARS-CoV-2, we have come up with a new design and strategy that provided rapid
access to the sugar-modified tricyclic nucleoside derivatives. For designing such
molecules, we took the help of approved drugs, which are being used to treat COVID-19
with excellent outcomes.*® These drugs mainly consist of sugar nucleosides, which are the
structural subunits of nucleic acids such as DNA and RNA. A nucleoside is composed of
nucleobases which is either a pyrimidine base (cytosine, thymine or uracil), a purine base
(adenine or guanine), and a five-carbon sugar which is either ribose or a deoxyribose. The

nucleoside analogues mimic natural nucleotides (Fig. F2.19) to be incorporated into
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nascent viral RNA chains and due to structural differences, nucleoside analogues block the
elongation of nascent RNA molecules by serving as chain terminators and thus inhibit
virus replication. Due to their widespread applications, impressive potency and high barrier
to resistance, some antiviral nucleoside analogues are under clinical trials such as
remdesivir,* Ribavirin* and EIDD-1931 (Fig. F2.19). 46
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Figure F2.19. Antiviral nucleosides used for the treatment of COVID-19

The nucleosides which comprise modified structures, constitute an important class
of therapeutic agents,*” Especially, when we talk about anticancer and antiviral drugs,
where the sugar-modified nucleosides are the point of attraction. So, with this frame of
reference, certain compounds were designed with a modified carbohydrate part, where the
furan ring is conjugated with the indene moiety because there are various Indene
conjugated furan molecules that play an important role by exhibiting diverse biological

activities such as antibacterial, antiviral, and anti-apoptotic. (Fig. F2.20).4

Uracil has also been frequently employed as a pyrimidine nucleobase since it is a
distinctive component found in a wide range of commercial medications (Fig. F2.19 and
F2.20). The natural products having uridine scaffold show a number of biological
activities such as antibiotic, antifungal, antiviral, and anticancer.*® Also the derivatives of
uracil, such as thymine and 5-fluoro uracil (5-FU) are broadly used as antiviral® and

anticancer®® agents in cytotoxic chemotherapy medication.
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Figure F2.20. Biologically active Indene and uracil based compounds

When we compare the designed compound and remdesivir, the common thing is

hydroxyl group present at the carbon 3 and according to theory, Remdesivir belongs to the

class of non-obligate chain terminators since it should be possible to add more nucleotides

to an RNA strand after remdesivir has been introduced because of the presence of the

hydroxyl group that is located at the 3™ carbon in the sugar. This idea emphasizes the

significance of the targeted molecule (Fig. F2.21).
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Figure F2.21: Replacement of phosphate with indene moiety to synthesize new analogues of nucleoside

2.7 Synthesis of Acyclovir Analogues

The key reactions for the synthesis of pyrrole[2,3-d]pyrimidin derivatives are

Suzuki coupling for placing an aryl group and a Sonogashira coupling for placing an

alkynyl group at the C4 position of pyrrolopyrimidine unit. The synthesis of coupling
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partner 9 was carried out by the alkylation of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine 7 with
2-(chloromethoxy)ethyl benzoate 8 employing NaH in DMF as a solvent (Scheme S2.1).
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Scheme S2.1. Synthesis of 2-((4-chloro-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate

As shown in Scheme 2.2, two distinct sets of analogs can be obtained by altering
the substituents on the C4 position of pyrrole(2,3-d)pyrimidine. The general approach for
the synthesis of compounds 13 and 15 is revealed in Scheme 2.2. In the first case,
arylboronoic acids were intended for C4 coupling. Whereas in the second case,
Sonogashira coupling of alkynes has been proposed. After getting the coupling partner 9 in
hand, multiple conditions were tested for the Suzuki coupling, and the most favorable
condition was utilized for the library synthesis. For the first step i.e. Suzuki coupling,
boronic acid 10, K2COs, and Pd(PPhs)s were added to a solution of 2-((4-chloro-1H-indol-
1-yl)methoxy)ethyl benzoate 9 and toluene and the resulting reaction mixture was heated at
100 °C for 18 h to furnish the product 12 in good yields. For the confirmation of the
product, *H, *C, and HRMS spectroscopic techniques were used. In the proton and carbon
NMR of compound 12, five aromatic protons and carbons appeared in the aromatic region.
In the HRMS, the exact mass calculated for product 12 was C22H2203N3 [M+H]*:
374.1499, and it was found to be 374.1499. Thus, from H, 3C, and the HRMS spectrum,
the formation of Suzuki coupling product 12 was confirmed. The compound 12 was then
subjected to benzoyl deprotection by using K2COs in methanol to procure alcohol 13 in
good yield. The structure of the final product was confirmed by *H, *3C, and HRMS. In the
proton spectroscopy, five protons were missing in the aromatic region, and in carbon
spectroscopy, six carbons were missing in the aromatic region and one carbonyl carbon
which appeared at 6 166 in compound 12 was missing. In the HRMS, the exact mass
calculated for product 13 was CisH1602Ns [M+H]": 270.1237, and it was found to be
270.1236. Thus, from *H, 3C, and the HRMS spectrum, the formation of 2-((4-phenyl-7H-
pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol 13 was confirmed.

160 | Chapter 2



RESULTS AND DISCUSSION

(HO),B—Ph
10
X
Pd(PPhg)s, K,CO3 "|‘|\ A KOs NN
—_— > PN - = k Z~N
% Toluene, 100 °C, 18 h L o MeOH L o
N/%(% Category 1 0N 90% 0N
| o)
13
kN Nk 12
O/\/O
o
9
=—Ph || ”
1
Pd(PPhg), Cul K2CO3
e e e —— NN
EtzN, DMF, 90 °C PN MeOH L N
Category 2 N k 90% N |\
o™ o~OH
o
14 15

Scheme S2.2. Synthesis of C4 substituted 2-((7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol

In the second category, alkynyl derivatives were used as substituents at the C4
position. As shown in the Scheme S2.2, the first step is the Sonogashira coupling between
halide 9 and alkyne 11. Initial exploration of various conditions led to identify the
optimized conditions that are given in Scheme 2.2. The employed conditions comprises of
carrying the coupling with Pd(PPhs)s complex as a catalyst in the presence of Cul as an
additive and EtsN as a base and in anhyd. DMF at 80 °C for 5-24 h depending upon
substrate. The resulting compound 14 was then deprotected with K.COs3 in methanol to

give alcohol 15. The final product's structure was validated using H, $3C, and HRMS.
2.7.2 Exploring the scope of reaction:

As intended, collections of two categories of the molecules have been synthesized
by exploring the scope of these reactions, employing different aryl boronic acids for the
Suzuki coupling and alkynes for the Sonogashira coupling and subjecting the resulting

coupled products for debenzoylation.

161 | Chapter 2



RESULTS AND DISCUSSION

0o R
MeO. OMe
T T T
k\N N OH k\N N OH k\N N OH
13a, 94% 13c, 95% 13e,R=H, 71%
13f, R = OMe, 84%
13g, R = NO,, 93%
13h, R=Ph, 81%
T T
k\N N OH k\N N OH
13b, 83% 13d, 88%

Figure F2.24: Series 1: 7-[(2-Hydroxyethoxy)methyl]pyrrolo[2,3-d]pyrimidine Nucleosides with
aryl substitution at C4 position

Furthermore, in Category 2, we have investigated the possibility of pendant alkyl
and aryl one the coupling alkyne (Fig. F2.25). To our delight, the reactions went
effectively and the products were obtained in good to excellent yields of corresponding 7-
[(2-Hydroxyethoxy)methyl]pyrrolo[2,3-d]pyrimidine nucleosides derivatives.
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Figure F2.25: Series 2: 7-[(2-Hydroxyethoxy)methyl]pyrrolo[2,3-d]pyrimidine Nucleosides with alkynyl or

alkyno aryl substitution at C4 position

2.8 Biology - Series 1

The antiviral screening has been carried out at CSIR-IMTech (Chandigarh) employing
both RT-PCR Based and Cell Based ELISA for Screening in BSL-3 facility (see the
experimental for complete details). Initial antiviral screening of the two series of
compounds synthesized revealed they are not active and are non-cytotoxic. These results
discouraged us from further exploring these series. However, in search of finding their
utility, a brief literature study conducted revealed that the 7H-pyrrolo[2,3-d]pyrimidine
analogues have been previously explored as potential candidates for antibacterial and

antimicrobial activities (Fig. F2.26).>*
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Figure F2.26: Derivatives of pyrrolo[2,3-d]pyrimidine having antibacterial activity

This prompted us to screen some of the selected compounds of these two series for
their antibacterial activity. Amongst these, three compounds showed good antimicrobial
activity against Staphylococcus aureus (gram positive bacteria), and the same compounds
were not active against Escherichia coli (gram negative bacteria). The figures (F2.27 and
Fig. F2.28) shows the antimicrobial activity at 100 pug/ml against S. aureus and

Escherichia coli.
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Figure F2.27. Selected compounds for the antimicrobial screening

S. aureus S. aureus

Test compound used: 100ul Test compound used: 50ul

Figure F2.27: Antimicrobial Activity of 5 test compounds against S. aureus at 100ug/ ml

Test Zone of Inhibition

Compound | in mm against S.
aureus

13h

13c 13

15b 14

13b 10

13e NA

Table T2.1: Antimicrobial activity of five synthesized compounds
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E.coli

Test compound used: 100ul

E.coli

Test compound used: 50ul

Figure F2.28: Antimicrobial Activity of 5 test compounds against E.coli

Test Compoud

13h

13c

15b

13b
13e

Zone of
Inhibition in mm

against E.coli

NA

NA

NA
NA

Table T2.2: Antimicrobial activity five synthesized compounds against E.Coli

2.8.1 Minimum Inhibitory Concentration of Compounds:

For the further study, we have chosen compound 13b for the MIC. In this MIC

study, Resorufin, a pink and highly red fluorescent substance, is used, that produced when

oxidoreductase in active bacteria irreversibly reduces the blue dye resazurin (7-Hydroxy-

3H-phenoxazin-3-one 10-oxide). Resorufin can then be further reduced to hydroresorufin,

providing a direct and quantifiable indication of bacterial metabolic activity. (Figure

F2.29) represents the conversion of Rosazurin to Resorufin.
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N

/G:@m Dﬁ; )@
HO o o NADH;H+7NAD+;H10 0 07 o

Resazurin \J Resorufin
Blue and low . N and
fluorescence Viable cell < fluorescence
Figure F2.30: Conversion of Rosazurin to Resorufin
Observation:
Well 3 1 2 | 3| a | s | 6| 7 | 8| 9 |10/ 11|12
No
Conc.
(ug/ml | 1363 | 681 | 340 | 170 | 85 | 42 21 10 | GC | sC | NC | PC
)
Ag;';t 0.11 | 0.11 | 0.12 | 0.37 | 0.36 | 0.35 | 0.32 | 0.47 | 0.98 | 0.10 | 0.35 | 0.12
2 1 0 4 4 5 6 6 3 8 7 0
nm
' ¥

Table T2.3: MIC study for verifying the bacterial metabolic activity

Pink Colour Indicate Presence of growth while blue colour indicates absence of growth GC: Growth
Control, SC: Sterility Control, NC: Negative Control, PC: Positive Control

Percent Growth Inhibition:

Percent growth inhibition was found out using the formula, growth inhibition (%) =

Ac— At/Acx100, where Ac and At represent the absorbance of the control and test sample

(compound or standard, respectively). Growth control: 0.983

1) S.aureus Growth control: 0.983

Absorbance at Growth
Con. (ug/ml) 600nm Formula inhibition (%)
0.112 = 0983
1363 0.112/0.983x100 88.6
681 0.111 = 0.983-0.111/0.983x100 88.7
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0.120 =0.983
340 -0.120/0.983x100 or7
170 0.374 =0.983-0.374/0.983x100 61.9
85 0.364 =0.983-0.364/0.983x100 62.9
42 0.355 =0.983 63.8
-0.355/0.983x100 '
51 =0.983
0.326 -0.326/0.983x100 068
0 =0.983
0.476 -0.476/0.983%100 oL
2.8.2 Results:

Based on the absorbance and change in the color of the media it can be concluded
that entry no.3 in Table T2.3 shows 340 pg/ml minimal inhibitory conc. against S. aureus.
Though the MIC is moderate, however, this provides a good starting point to further
explore this scaffold by expanding the library and understand the SAR. Work in this

direction is currently in progress.
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2.9 Synthesis of Modified Sugar Nucleosides

Previously, our group published a modular strategy for the synthesis of a targeted
collection of 4,56-trinems® and C3 isobenzfuran-spiroannulatedribo-configured
nucleosides in furanose or pyranose forms.>® As shown in the (Figure F2.22), the synthesis
of the tricyclic core was done by using (2+2+2) cyclotrimerization as a key step.

After taking inspiration from these cyclotrimerization reactions, we intended to
synthesize a group of novel modified sugar nucleoside compounds. In the synthesis of
modified nucleosides, the (2+2+2) cyclotrimerization was taken as a key step, which forms

a tricyclic ring system in a single step (Fig. F2.23).

OH
2‘+2+_2 ) HO N R'
. R cyclotrimerization P == R
. R — { +||
N o \/§ R"

H
O, N
0. O
Y 24242 Y\I
HO o N~ R cyclotrimerizaton ~ HQ 0N ~” R

. e =T
. R=F = "on

5 ‘OH R = CHj, Jo}
R R=H §/
H
O N._O
cyclotrimerization O Z R
) HOw- .
R=F, <, "OH
R = CHj, 9
R=H
o H o) H
, N N
R (0] (0]
o ?/ =_0 ?f
— —) —
R / R = _+ R
T (2+2+2) > OH
HO OH cyclotrimerization HO
R=H, F, CH;

R'=H or CH,OH

Figure F2.22: (2+2+2) cyclotrimerization & Synthesis of modified nucleoside
2.10 Retrosynthetic Strategy:

Our initial focus was on establishing a simple approach for the primary tricyclic
core of nucleoside analogs. As shown in Scheme S2.3, we have employed

cyclotrimerization of the diyne 22 as a key reaction at the penultimate stages to fuse the
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indene ring and arrive at the modified nucleosides 24a—24f. This type of reaction is a
useful technique in organic synthesis since it allows for the production of complex
molecules with specified structures. As shown in Scheme S2.3, to install the base unit in
20, we decided to employ the glycosidation reaction of the corresponding diyne
intermediate, which in turn, was planned from aldehyde 17 via the Ohira-bestmann
reaction. Compound 17 was then planned to be synthesized by following the known

literature condition.

(0] [¢]
R R
I /"i" Glycosidation | NH
R' N“ o R—=— R \\N 0
O. _ 30}*\
R —, [2+2+2] =,
OH OH Cyclotrimerization AcO OAc o
2
24 R
‘e
0~ 'N
21 H

Ohira-bestmann OAc

reaction

(0]
O .\\O>< &-IIO
HO/_SJ'”O = s o e
HO HO
16 17

Scheme S2.3: Retrosynthetic approach for indene conjugated nucleosides

2.11 Synthesis of indene conjugated nucleoside derivatives:

Our work in this direction started with the synthesis of aldehyde 17 from D-Xylose
16 by following the reported literature procedure.® Compound 17 was then exposed to
Ohira-Bestman reagent using K-COs in methanol solvent at 0 °C — rt for 9 h to afford 18 in
65% yield. Next, the acetonide group in compound 18 was subjected to deprotection in the
presence of 70% AcOH at 110 °C for 5 h to give triol 19 in 79% of yield. The protection of
1,2,3 triol was carried out with Ac,O, DMAP, and EtsN in dichloromethane solvent at 0 °C
— rt over night to afford triacetyl compound 20 in 87% yield. The *H NMR spectrum of
diyne 20 exhibits a triplet at & 2.99 (t, J = 2.7 Hz) and a doublet at 6 3.87 (J = 2.3 Hz),
corresponding to two terminal alkyne groups. The acetyl protons appeared at 6 2.09, 2.07,
2.05. The 3C NMR spectrum displayed three methyl groups from acetyl at & 20.9 (q), 20.6
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(9), and 20.2 (q) and the three carbonyls resonated at 6 169.1, 169.0, and 168.9. The exact
mass calculated for product 20 in the HRMS was Ci1sH1607Na [M+Na]+: 331.0788, and it
was determined to be 331.0782.

o O

PO~
o
N
o} N
OO, = O
? < L °N.0 OBreagent -Q
[ A > —— =
a: d s o S X
HO =S S K,CO3, MeOH he ©
HO 0°Ctort,9h
16 17 86% 18

= O —
—
70 % AcOH J_J’OH Ac,0, Et;N Jjwom
—_— == q ~, B —— = q R
" "OH TS~ "0Ac

110 °C, 5 h HO DMAP, CH,Cl,, OAc
79% 1 O °C to rt, overnight
9 87%

Scheme S2.4: Synthesis of key diyne 20

The modified Vorburggen condition was employed for the glycosidation of
compound 20 in the presence of BSA and TMSOTf and acetonitrile solvent,®” in which
uracil, fluoro uracil, and thymine act as glycosyl acceptors to afford nucleosides 22a-22c
in 78% vyield, it comprises the diyne required for the key step i.e. the (2+2+2)
cyclotrimerization reaction. The structure of 22a was confirmed by !H and 3C
spectrometry along with HRMS. In the proton NMR of 22a, single corresponding to one of
acetyl group was missing. The doublets corresponding to the two C—H of uracil unit were
appeared at 6 6.34 (d, J = 7.8 Hz) and 5.54 (d, J = 7.8 Hz) and of N-H was seen to
resonate at § 9.40 as a singlet. In the 3C NMR, two carbonyl carbons from uracil appeared
at & 162.8, 150.7. The exact mass calculated for product 22a in the HRMS was
C17H1607N2Na [M+Na]+: 383.0850, and it was determined to be 383.0840.

A similar spectral data pattern was observed for the compounds 22b and 22c. In the
case of 22b, in the *H NMR, one doublet corresponding to one C-H of fluorouracil was
observed at & 7.83, and in the *3C, along with the disappearance of one acetyl carbon, two
carbonyl carbons resonated at 6 171 and 6 171.2. Further confirmation of the compound
was done by HRMS, in which the data acquired matched the exact mass of the
compound. The exact mass calculated for product 22b in the HRMS was C17H15FO7N2Na
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[M+H]+: 401.0756, and it was determined to be 401.0746. Thus, confirming the structure
of 22b. In the *H NMR spectrum of 22c, three CHs protons from thymine appeared at &
1.93 and one C-H proton was observed at § 7.47 and in the case of *C, two carbonyl
carbons were resonated at 6 170.2 and 6 163.3 and one CH3s carbon appeared at 12.8 as a
quartet. The structure was further confirmed by HRMS data. The exact mass calculated
for product 22c in the HRMS was CisH1s07N2Na [M+Na]+: 397.1006, and it was
determined to be 397.0997.

0 0]
R
HN)‘j/ (‘LNH
= o) I '
SO A oy
z OAc -
OAc BSA, TMSOTf = __
CH4CN, 75 °C AcO  OAc
20 overnight
o . 22a,R=H, 78%
Glycosidation reaction, 22b,R =F, 74%
22c, R = Me, 86%

Scheme S2.5: Glycosidation of Diyne 20 with Uracil, Flurouracil and Thymine

Having the diynes 22a—22c, our next concern was about the key cyclotrimerization.
In this context, we have employed acetylene and 2-butyne-1,4-diol as the substrates along
with the diynes. The trimerization reactions employing  our previously established
conditions [Wilkinson’s catalyst [Rh(PPhs)3] in 4:1 toluene/ethanol solvents at 80 °C for
10 h] proceeded smoothly and provided the corresponding to give acetyl protected
nucleosides 23aa—23ca (with acetylene) and 23ab-23cb (with butynediol) in very good
yields.®® Finally, the deacetylation of these compounds using liquid ammonia at —78 °C to
completed the synthesis of the planned tricyclic nucleoside derivatives 24aa—24ca (with
acetylene) and 24ab-24cb (with butynediol). The structural characterization of all these
compounds was carried out with the help of extensive NMR spectral data analysis and was
further established with the help of single crystal X-ray diffraction studies of compound
24aa.

171 | Chapter 2



RESULTS AND DISCUSSION

3—7' o) liq NH3
E 10 mol% Rh( PPh3)3CI — 78 °Ctort Q g—\/: {

AcO  OAc  Toluene:ethanol = 4:1 AcO OAc

HO OH
80°C,10h
22a,R=H 23aa,R=H, 82% 24aa,R =H, 84%
22b,R=F 23ba,R=F, 76% 24ba, R =F, 83%
22c, R = Me 23ca, R = Me, 82% 24ca, R = Me, 84%
(0] (0]
R
HO R NH
/&O
liq NH3
10 mol% Rh(PPh3)3CI Qj_‘\ 78 ‘Ctort Qj‘\_ :
Toluene:ethanol = AcO OAc HO OH
80°C,10h
23ab,R=H, 87%
23bb, R = F, 72% 24ab, R =H, 78%
23Cb, R= Me, 78% 24bb, R= F, 78%

24cb, R = Me, 83%

Scheme S2.6: Synthesis of tricycic nucleosides

Figure F2.26: Crystal structure of nucleoside analogue 24aa
2.12 Biology

The nucleoside analogs, as mentioned in the introduction, act as antiviral drugs
because they mimic natural nucleotides and can be incorporated into nascent viral RNA
chains. Nucleoside analogs function as chain terminators to stop the elongation of
nascent RNA molecules due to structural differences, which inhibits viral replication. As
shown in Fig. F2.28, the nucleoside analogs were designed to terminate the viral

replication by incorporating it into nascent viral RNA. The working of the designed

molecule is shown in the following figure.
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Impaired Viral Replication

Viral RNA

RO20
L)
§W®

Viral RNA inhibition

o
R - -,

on OH
R =H or CH,0H
R'=HorF or CH;

- alclslalsulclclala]su

Figure F2.28. Working of Antiviral Drugs

2.12.1. Antiviral Activity

The antiviral screening has been carried out at CSIR-IMTech (Chandigarh) employing
both RT-PCR Based and Cell Based ELISA for Screening in BSL-3 facility (see the

experimental for complete details). To our delight, the synthesized compounds exhibit

good to excellent results for % inactivation, % inhibition, and cytotoxicity when evaluated

for antiviral activity.

S. No. 1 2 3

Sample 24ab 24bb 24cb

Number

24aa 24ba 24ca

ACt
(10uM)

Primary
screening
(RT-PCR)

%
inactivatio
n (10uM)

N/S 75 N/S

75 N/S N/A
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ACt (1uM)
% <90 <90 N/S N/S <90 <90
Inactivatio
n (LuM)
Cytotoxicit Non- cytotoxi | cytotoxi | cytotoxi | Non- Non-
y cytotoxi | C C C cytotoxi | cytotoxi
C C C
Dose 0.15uM N/S
Response
(RT-PCR) r5310Mm <90
0.62uM <90
1.25uM <90
2.5uM <90
5uM <90
EC50 (uM)
(ELISA
BASED)
C-CAMP, | % Cell
Bengalore | Viability
(Vero E6
monolayer
rescue) at
20uM
Assay Virus -10.95 |-13.34 | -9.75 -5.89 -63.20 | -6.07
Results @ | RBD
10 uM Spike
protein-
human
ACE2

174 | Chapter 2




RESULTS AND DISCUSSION

assay (%
Inhibition)

Table T2.1: Antiviral Activity of six synthesized compounds

2.12.2: % inactivation of SARS-CoV-2

The synthesized compounds were tested for their anti-SARS-CoV-2 activity and as

per our consideration, the tested compounds have proven to show moderate activity.

Compounds|SARS-CoV-2 inactivation 10uM (%)|SARS-CoV-2 inactivation 1uM (%)
FAM HEX FAM HEX
24ab N/A 0 99.99 0
24ba 0 98 0 0
24bb ND ND ND ND

Table T2.2: % inactivation of SARS-CoV-2 using FAM and HEX fluorescent dyes
2.12.3: Cell viability assay

Four sugar nucleoside derivatives were investigated for cell viability at 50 and 20
uM on Vero cells. The cell viability was evaluated using the WST-1 reagent 48 hours after
the chemical treatment. At 450 nm, the absorbance was measured, and the result was
standardized against a blank that contained just the media and the WST-1 reagent. In
addition to the single cell (positive control) and the cell treated with Triton X (negative
control), various chemicals were also evaluated. Samples that were tested in triplicate are

shown by the error bar.
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140%
120%
100%
80%
60%
40%
20%
0%

Average viability %

B Average viability %

Figure F2.29. Average % viability of 4 compounds

Result: All the compounds were viable at 50 uM.

2.12.4: 1) Anti SARS-CoV-2 assay

Following the viability testing of the compounds, the antiviral activity of the viable

compounds was evaluated. For one hour, VeroE6 cells were treated with 20 uM of each

compound. Then, for an additional one hour, the plates were incubated at 37 °C with 5%
CO: and infected with SARS-CoV-2 at 0.1 MOI. The infection was eradicated after one

hour, and new media containing the compounds was added to each well. The plate was

incubated in an incubator with 5% CO> for 48 h at 37 °C. The antiviral activity was

evaluated using two readouts: (i) To ensure that CPE decreased, microscopic pictures were

taken. (ii) The Cell Titer Glo technique was used to carry out the cell viability experiment.
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Figure F2.30: Microscopic images showing cytopathic effect (CPE) of SARS-CoV-2 infection on VeroE6
under treatment conditions for compounds A1=24ab, A2= 24bb, A3= 24ba, A5=24aa. Images were captured

at 10 X magnification after 48 hours post infection.

(2) Cell viability assay under compound treatment and virus infection

To evaluate the antiviral activity, all drugs were evaluated at a concentration of 20 uM.
After 48 hours of infection, the Cell Titer Glo technique was used to assess the cell

viability of VeroE®6.

120%

100% -

80% -

60% -

% Viability

40% -

20% -

0% -
cells RDV 1% 24233
DMSC
INF

Compounds
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120%

100% -

80% -

60% -

% Viability

40% -

20% -

0% -
cells RDV 1% 24ba 24ab 24bb
DMSO
INF

Compounds

Result: Under a microscope, treatment with four compounds demonstrated the moderate

viability of cells after the Cell Titer Glo assay.

2.13 Conclusions:

1) Six derivatives of Uracil, Fluoro uracil, and thymine with indeno-furan were

designed and synthesized.

2) The cell viability assay of these compounds followed by anti-SARS-CoV-2 activity
of compounds against Italian variant was performed by assessing the CPE by

microscopic imaging and by cell viability test

3) 3 compounds (24ba, 24ab, 24bb) showed moderate activity under the microscope

as well as cell viability after Cell Titer Glo assay.
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Synthesis and Anmicrobial Activity of 7-[(2-Hydroxyethoxy)Methyl]Pyrrolo[2,3-

dlPyrimidine Nucleoside Derivatives:

2.14 Antimicrobial activity testing of compounds against S. aureus, and E.coli:
2.14.1 Materials and Methods:
A total of five samples were tested against two bacterial species viz.
1. Staphylococcus aureus
2. Escherichia coli
2.14.2 Inoculum Preparation:
1. Nutrient broth tubes were prepared.

2. Nutrient broth was inoculated using the bacterial cultures and were incubated
overnight at 37 °C.

2.14.3 Well Diffusion Method:
a. Sterile Nutrient Agar plates were used for spread plate technique

b. 100 pl cultures having 0.1 O.D. which corresponds to 10° cfu/ml was inoculated

and spread on the sterile plates.
c. Wells were created in the nutrient agar plates by using sterile borer.
d. 50 pl of each test samples were added in the well separately.

e. DMSO was used as a Negative control and for positive control streptomycin

(100pg/ml) was used.

f. All the plates were incubated in Incubator at 37 °C overnight.
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g.

Antimicrobial activity was detected by measuring the zone of inhibition (including

the wells diameter) appeared after the incubation period.

2.14.4 Protocol to perform MIC experiment:

1)
2)

3)

4)
5)
6)

7)

8)
9)

Before performing MIC experiment, check the antimicrobial activity
(Qualitatively) of test compound by well diffusion assay.
Take sterile 96 well plate, add 200 pl of Mueller hinton broth in the each wells
Add testing compound in the wells in the decreasing conc., keep one well as
sterility control (No addition) and one as a growth control (Without addition of any
compound)

Take testing culture, set their O.D. to 0.1 which corresponds to 1 x 108 CFU mL-1
Add 20 pl of these cultures to each well except sterility control.

Incubate the plate at 37 "C at 90 rpm shaking condition. After the completion of

18 h, OD was taken at 600 nm using a multimode plate reader

Afterword’s, add Resazurin dye (2.5 mg/ml) in well in the dark condition as
resazurin dye is light sensitive

Keep the plate in dark condition for 3-5 h

Observe the change in the colour

2.15 General Experimental procedure for Suzuki coupling:

100 °C, 18 h

cl
PPh:¢)4
’ /
NS
N~ N O cho3 Toluene
\\o/\/ \
9

All reactions were conducted employing 100 mg of compound 9. To a solution of

2-((4-chloro-1H-indol-1-yl)methoxy)ethyl benzoate 9 (1 eq.) in toluene (2 mL) in screw

cap pressure tube was evacuated and back filled with argon. To this solution, boronic acid
10 (1.2 eq.), K2CO3 (2 eq.) and Pd(PPh3)s (5 mol%) were added. The resulting reaction
mixture was heated at 100 °C for 18 h. The tube was then cooled to room temperature and

concentrated under reduced pressure. The resulting crude was purified by column

chromatography to obtain the product 12.
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Experimental Data:

2-((4-(3,5-Dimethoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin -7-yl)methoxy)ethyl
benzoate (12a): Yield: 60 mg (46%); Rr = 0.19 ( 30% EtOAc
in petroleum ether); dark yellow semi solid; 'H NMR (400
MHz, CDCIs) 6 8.98 (s, 1H), 8.00 (dd, J = 8.3, 1.3 Hz, 2H), NS {Q
7.54-7.58 (m, 1H), 7.40-7.44 (m, 3H), 7.25 (d, J = 2.4 Hz, 2H), v N\\o/\/o 0
6.88 (d, J = 3.6 Hz, 1H), 6.64 (t, J = 2.3 Hz, 1H), 5.80 (s, 2H), 4.45 (dd, J = 5.9, 4.6 Hz,
2H), 3.90 (s, 6H), 3.87 (dd, J = 5.9, 4.6 Hz, 2H); 1*C NMR (101 MHz, CDCl3) § 166.4 (s),
161.0 (s), 157.7 (s), 151.8 (d), 139.8 (s), 133.1 (d), 129.8 (s), 129.6 (d, 2C), 128.6 (d),
128.3 (d, 2C), 115.8 (s), 106.8 (d, 2C), 102.5 (d), 102.1 (d), 77.3 (s), 77.2 (s), 73.5 (1), 67.1
(), 63.5 (t), 55.6 (q, 2C); HRMS (ESI) calcd. for C24H24N30s [M + H]*: 434.1710; found:
434.1706.

MeO. OMe

2-((4-(Naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate
(12b): Yield: 110 mg (86%); Rt = 0.25 ( 20% EtOAc in petroleum

ether); brown liquid; *H NMR (400 MHz, CDCls) 6 9.09 (s, 1H), QO

8.12 (d, J = 85 Hz, 1H), 8.00-8.04 (m, 3H), 7.96 (d, J = 7.8 Hz, |L “\L No@
1H), 7.77 (dd, J = 7.1, 1.1 Hz, 1H), 7.62 (dd, J = 8.1, 7.2 Hz, 1H), : >
7.52-7.57 (m, 2H), 7.46-7.50 (m, 1H), 7.40-7.4 (m, 2H), 7.37 (d, J = 3.6 Hz, 1H), 6.46 (d,
J = 3.6 Hz, 1H), 5.84 (s, 2H), 4.48-4.50 (m, 2H), 3.92 (m, 2H); *C NMR (101 MHz,
CDCl3) 6 166.4 (s), 159.2 (s), 152.2 (s), 151.9 (d), 135.0 (s), 134.0 (s), 133.0 (d), 130.9
(s), 129.9 (d), 129.8 (s), 129.6 (d, 2C), 128.4 (d), 128.3 (d), 128.3 (d, 2C), 128.1 (d), 126.6
(d), 126.1 (d), 125.7 (d), 125.1 (d), 118.3 (s), 102.2 (d), 73.5 (t), 67.1 (1), 63.5 (t); HRMS
(ESI) calcd. for C26H22N303[M + H]*: 424.1661; found: 424.1662.

2-((4-(3-Acetylphenyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate
(12c): Yield: 57 mg (45%); Rr = 0.25 ( 40% EtOAc in petroleum 0

ether); brown solid; mp = 111 °C; *H NMR (400 MHz, CDCls) 6

9.00 (s, 1H), 8.70 (t, J = 1.6 Hz, 1H), 8.31 (dt, J = 7.8, 1.3 Hz, 1H), O p

=

8.12 (dt, J = 7.8, 1.3 Hz, 1H), 7.97-8.0 (m, 2H), 7.67 (t, I=7.8 1H), | ¥ " ~"%
7,53 (tt, J = 7.0, 1.4 Hz, 1H), 7.46 (d, J = 3.6 Hz, 1H), 7.37-7.43 (m, 2H), 6.87 (d, J = 3.8
Hz, 1H), 5.81 (s, 2H), 4.41-4.46 (m, 2H), 3.84-3.89 (m, 2H), 2.71 (s, 3H); 13C NMR (101
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MHz, CDCls) 6 197.7 (s), 166.4 (s), 156.6 (s), 152.6 (), 152.0 (d), 138.5 (s), 137.6 (S),
133.2 (d), 133.1 (d), 129.8 (s), 129.7 (d), 129.6 (d, 2C), 129.2 (d), 129.0 (d), 128.8 (d),
128.3 (d, 2C), 115.8 (), 101.6 (d), 73.6 (t), 67.2 (t), 63.5 (1), 26.8 (q); HRMS (ESI) calcd.
for C2aH2:NsO4 [M + H]*: 416.1605; found: 416.1603.

2-((4-(Naphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate

(12d): Yield: 105 mg (82%); Rr = 0.25 ( 20% EtOAc in petroleum

ether); brown solid; mp = 116 °C; *H NMR (400 MHz, CDCls) 6 O‘
9.08 (s, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.99-8.03 (m, 3H), 7.95 (d, J

e w(Q

N NLO/\/O ( |

= 7.8 Hz, 1H), 7.76 (dd, J = 7.1, 1.1 Hz, 1H), 7.61 (dd, J = 8.1, 7.2 (DS
Hz, 1H), 7.51-7.56 (m, 2H), 7.45-7.49 (m, 1H), 7.39-7.43 (m, 2H),
7.36 (d, J = 3.6 Hz, 1H), 6.45 (d, J = 3.6 Hz, 1H), 5.83 (s, 2H), 4.48 (M, 2H), 3.91 (M, 2H);
13C NMR (101 MHz, CDCls) 6 166.4 (s), 159.2 (s), 152.2 (s), 151.9 (d), 135.0 (s), 134.0
(s), 133.0 (d), 130.9 (s), 129.9 (d), 129.8 (s), 129.6 (d, 2C), 128.4 (d), 128.3 (d), 128.3 (d,
2C), 128.1 (d), 126.6 (d), 126.1 (d), 125.7 (d), 125.1 (d), 118.3 (s), 102.2 (d), 73.5 (t), 67.1
(t), 63.5 (t); HRMS (ESI) calcd. for CosHz2N303 [M + H]*: 424.1661 found: 424.1660.

.

2-((4-Phenyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate (12¢):

Yield: 71 mg (63%); Rs = 0.25 ( 20% EtOAc in petroleum ether);

dark yellow semi solid; *H NMR (400 MHz, CDCls) § 8.99 (s, 1H), Nl: A p
8.09-8.12 (m, 2H), 7.98-8.00 (m, 2H), 7.52-7.59 (m, 4H), 7.39— | " NLO/\/O 0
7.43 (m, 3H), 6.87 (d, J = 3.8 Hz, 1H), 5.80 (s, 2H), 4.44-4.46 (m, 2H), 3.86-3.88 (m,
2H); 3C NMR (101 MHz, CDCls) 6 166.4 (s), 157.9 (s), 152.6 (s), 152.1 (d), 138.0 (s),
133.1 (d), 130.2 (d), 129.8 (s), 129.7 (d, 2C), 128.9 (d, 2C), 128.8 (d, 2C), 128.6 (d), 128.3
(d, 2C), 115.8 (s), 102.0 (d), 73.6 (1), 67.2 (t), 63.6 (t); HRMS (ESI) calcd. for C22H20N303

[M + H]": 374.1499; found: 374.1499.
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Vs

2-((4-(4-Methoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-7- OMe )
yl)methoxy)ethyl benzoate (12f): Yield: 105 mg (86%); Rt =

0.71 ( 40% EtOAc in petroleum ether); yellow semi solid; *H NMR le\ A {Q
(400 MHz, CDCls) ¢ 8.93 (s, 1H), 8.08-8.11 (m, 2H), 7.98 (d, J = v N\\O/\/O 0
7.9 Hz, 2H), 7.53 (t, J = 7.5 Hz, 1H), 7.37-7.41 (m, 3H), 7.07 (d, J = 8.6 Hz, 2H), 6.85 (d,
J = 3.6 Hz, 1H), 5.78 (s, 2H), 4.42-4.45 (m, 2H), 3.89 (s, 3H), 3.84-3.87 (m, 2H); 1°C
NMR (101 MHz, CDCIs) ¢ 166.3 (s), 161.3 (s), 157.4 (s), 152.4 (s), 151.9 (d), 133.0 (d),
130.5 (s), 130.3 (d, 2C), 129.8 (s), 129.6 (d, 2C), 128.3 (d, 2C), 128.1 (d), 115.1 (s), 114.2

(d, 2C), 102.0 (d), 73.5 (1), 67.1 (t), 63.5 (1), 55.4 (q); HRMS (ESI) calcd. for C2sH22N3O4
[M + H]*: 404.1610; found: 404.1603.

J

2-((4-(4-Nitrophenyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate (12g):

Yield: 108 mg (86%); Rt = 0.31 ( 40% EtOAc in petroleum ether); [ o )
brown liquid; *H NMR (400 MHz, CDCls) ¢ 9.01 (s, 1H), 8.39— %
NN
L {Q
N\\ /\/O {

8.42 (m, 2H), 8.26-8.29 (M, 2H), 7.96-7.99 (m, 2H), 7.51-7.56 (m,
2H), 7.38-7.42 (m, 2H), 6.83 (d, J = 3.8 Hz, 1H), 5.82 (s, 2H),
4.43-4.46 (m, 2H), 3.86-3.89 (m, 2H); 3C NMR (101 MHz, CDCls) & 166.3 (), 154.9 (s),
152.8 (s), 152.0 (d), 148.7 (s), 144.0 (s), 133.1 (d), 129.8 (s), 129.8 (s), 129.7 (d, 2C),
129.6 (d, 2C), 128.3 (d, 2C), 124.0 (d, 2C), 116.1 (s), 101.2 (d), 73.6 (), 67.4 (t), 63.5 (t);
HRMS (ESI) calcd. for C22H19N4Os [M + H]*: 419.1355; found: 419.1358.

N

2-((4-([1,1'-Biphenyl]-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate
(12h): Yield: 69 mg (51%); Ry = 0.22 ( 25% EtOAc in petroleum O
ether); yellow solid; mp = 165 °C; *H NMR (400 MHz, CDCls) ¢
9.01 (s, 1H), 8.19-8.22 (m, 2H), 8.00 (dd, J = 8.4, 1.3 Hz, 2H), O
7.80-7.82 (m, 2H), 7.70-7.72 (m, 2H), 7.48-7.55 (m, 3H), 7.39- Nle N\ Op
7.45 (m, 4H), 6.92 (d, J = 3.8 Hz, 1H), 5.82 (s, 2H), 4.46 (dd, J = S
5.3, 4.1 Hz, 2H), 3.89 (dd, J = 5.4, 4.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) § 166.4 (s),
157.4 (s), 152.6 (s), 152.0 (d), 142.9 (s), 140.3 (s), 136.8 (s), 133.1 (d), 129.8 (s), 129.6 (d,
2C), 129.3 (d, 2C), 128.9 (d, 2C), 128.6 (d), 128.3 (d, 2C), 127.8 (d) 127.5 (d, 2C), 127.2

(0]

183 | Chapter 2



EXPERIMENTAL DATA

(d, 2C), 115.7 (), 102.0 (d), 73.5 (t), 67.1 (1), 63.5 (t); HRMS (ESI) calcd. for C2sH24N303
[M + H]*: 450.1812: found: 450.1809.

General procedure for Sonogoshira coupling with 2-((4-chloro-1H-indol-1-
yl)methoxy)ethyl benzoate (9) :

R4
o \|
N/\\ Cul, Pd(PPh N/\\
N , N
k\N o . ||| u (PPh3)q, <\ o
\—\ R DMF, Et;N \—\
oLt oK
0 0
9 1 14

All reactions were carried out by employing 100 mg of substrate 9. At rt, a
degassed solution of compound 9 (1 eq.), terminal alkyne 11 (1.2 eq.) Pd(PPhs)4 (1 mol%)
and Cul (2 mol%) in anhydrous DMF (1 mL) was treated with EtsN (2 eq.). The reaction
was heated to 80 °C for 5-24 h depending upon substrate. After the completion of reaction
(as indicated by TLC), the solvent was evaporated under reduced presdsure and the residue
was purified by flash silica gel column chromatography (ethyl acetate/petroleum ether) to
afford the desired product 14.

2-((4-(Cyclohexylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl  benzoate

(14a): Yield: 39 mg (32%); Rr = 0.55 (5% EtOAc in DCM); - N
yellow liquid;'H NMR (400 MHz, CDCls) 6 8.81 (s, 1H), 7.95-

7.97 (m, 2H), 7.54-7.58 (m, 1H), 7.41-7.45 (m, 2H), 7.35 (d, J = |

3.6 Hz, 1H), 6.65 (d, J = 3.6 Hz, 1H), 5.73 (s, 2H), 4.40-4.42 (m, \Nle ’\?\\o/\/O\Op,

2H), 3.80-3.82 (m, 2H), 2.73-2.79 (m, 1H), 1.94— 1.97(m, 2H),
1.79-1.83 (m, 2H), 1.70-1.62 (m, 4H), 1.38-1.44 (m, 2H); 3C NMR (101 MHz, CDCl3) &
166.4 (s), 152.0 (d), 151.5 (s), 143.4 (s), 133.0 (d), 129.8 (s), 129.6 (d, 2C), 128.5 (d),
128.3 (d, 2C), 120.1 (s), 102.3 (s), 101.5 (d), 77.7 (s), 73.5 (t), 67.1 (t), 63.5 (1), 32.1 (t,
3C), 29.8 (d), 25.8 (t), 24.8 (t); HRMS (ESI) calcd. for C24H26N303 [M + H]": 404.1974;
found: 404.1611.
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2-((4-(Phenylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-

yl)methoxy)ethyl benzoate (14b) : Yield: 24 mg (20%); Rs = 0.23 Il
( 20% EtOAc in petroleum ether); green semi solid; *H NMR (400 Nl\/ N\ op
MHz, CDClz) ¢ 8.90 (s, 1H), 7.98-7.96 (m, 2H), 7.69 (dd, J = 7.8, ATl

2.2 Hz, 2H), 7.54-7.58 (m, 1H), 7.40-7.45 (m, 6H), 6.76 (d, J = 3.6 Hz, 1H), 5.76 (s, 2H),
4.43 (dd, J = 4.7, 3.5 Hz, 2H), 3.84 (dd, J = 4.7, 3.3 Hz, 2H); 3C NMR (101 MHz, CDCls)
0 166.3 (s), 152.0 (d), 151.6 (s), 142.4 (s), 133.1 (d), 132.4 (d, 2C), 129.7 (d), 129.6 (d,
2C), 129.1 (s), 128.5 (d, 2C), 128.4 (s), 128.3 (d, 2C), 121.5 (s), 120.0 (s), 101.4 (d), 95.8
(s), 85.6 (s), 73.5 (d), 67.2 (d), 63.4 (d); HRMS (ESI) calcd. for C2sH20N303 [M + H]":
398.1499; found: 398.1497.

2-((4-(p-tolylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate (14c):

Yield: 51 mg (41%); Rf = 0.6 ( 20% EtOAc in petroleum ether); g, \
brown solid; mp = 65 °C; 'H NMR (400 MHz, CDCl3) § 8.88 (s,
1H), 7.94-7.98 (m, 2H), 7.52-7.59 (m, 3H), 7.40-7.44 (m, 3H), 7.22 | ||

(d, J=7.9 Hz, 2H), 6.74 (d, J = 3.6 Hz, 1H), 5.75 (s, 2H), 4.40-4.44 | v N p
(M, 2H), 3.82-3.85 (m, 2H), 2.40 (s, 3H); °C NMR (101 MHz, | " v~—%
CDCls) 6 166.3 (s), 152.0 (d), 151.5 (s), 142.7 (s), 140.1 (s), 133.0 (d), 132.3 (d, 2C),
129.7 (s), 129.6 (d, 2C), 129.3 (d, 2C), 128.8 (d), 128.3 (d, 2C), 119.9 (s), 118.5 (s), 101.4
(d), 96.1 (s), 85.3 (s), 73.4 (1), 67.2 (t), 63.4 (t), 21.6 (q); HRMS (ESI) calcd. for
C2sH22N303 [M + H]*: 412.1661; found: 412.1667.

2-((4-((4-Fluorophenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl
benzoate (14d): Yield: 43 mg (34%); Rs = 0.6 ( 20% EtOAc in ( * )
petroleum ether); dark brown solid; mp = 96 °C; 'H NMR (400
MHz, CDCls) 6 8.88 (s, 1H), 7.96-7.98 (m, 2H), 7.65-7.70 (m, | ||

2H), 7.53-7.57 (m, 1H), 7.41-7.45 (m, 3H), 7.08-7.14 (M, 2H), |\~

6.73 (d, J = 3.6 Hz, 1H), 5.76 (s, 2H), 4.43 (dd, J = 5.3, 4.1 Hz, \ W N\\O/\/OWgQ
2H), 3.84 (dd, J = 5.3, 4.1 Hz, 2H); 13C NMR (101 MHz, CDCl3) & 166.3 (s), 164.6 (5),
162.1 (s), 152.0 (d), 151.6 (s), 142.3 (s), 134.5 (d, Jcr = 9.2 Hz), 133.0 (d), 129.8 (s),

129.6 (d, 2C), 129.0 (d), 128.3 (d, 2C), 120.0 (s), 117.7 (d, Jc_r = 3.8 Hz), 116.1 (d), 115.9

J

185 | Chapter 2



EXPERIMENTAL DATA

(d), 101.3 (d), 94.5 (), 85.6 (s), 73.5 (t), 67.2 (1), 63.4 (); HRMS (ESI) calcd. for
CasH19N3OsF [M + H]*: 416.1410; found: 416.1404.

2-((4-((4-Methoxyphenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin- QMe
7-yl)methoxy)ethyl benzoate(14e): Yield: 33 mg (26%); Rf = 0.14
(30% EtOAc in petroleum ether); turmeric color solid; mp =70 °C; | ||

'H NMR (400 MHz, CDCls) ¢ 8.86 (s, 1H), 7.87-8.02 (m, 2H), ij > p
7.59-7.67 (m, 2H), 7.51-7.57 (m, 1H), 7.43 (d, J = 7.9 Hz, 2H), ° °
7.38-7.41 (m, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 3.6 Hz, 1H), 5.75 (s, 2H), 4.40—
4.44 (m, 2H), 3.81-3.86 (m, 5H); *C NMR (101 MHz, CDCls) ¢ 166.3 (s), 160.8 (s),
152.0 (d), 151.5 (s), 142.9 (s), 134.0 (d, 2C), 133.0 (d), 129.8 (s), 129.6 (d, 2C), 128.7 (d),
128.3 (d, 2C), 119.8 (s), 114.2 (d, 2C), 113.6 (s), 101.4 (d), 96.3 (s), 85.0 (s), 73.4 (), 67.2
(), 63.4 (1), 55.3 (q); HRMS (ESI) calcd. for C2sH22N304 [M + H]™: 428.1610; found:
428.1606.

-
.

2-((4-((3-Aminophenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl
benzoate (14f): Yield: 38 mg (31%); Rr = 0.2 ( 40% EtOAc in [ NH, )
petroleum ether); green semi solid; *H NMR (400 MHz, CDCls) ¢
8.88 (s, 1H), 7.95- 7.98 (m, 2H), 7.53-7.57 (m, 1H), 7.39-7.44 (m, | I

3H), 7.18 (t, J = 7.8 Hz, 1H), 7.08 (dt, J = 7.6, 1.2 Hz, 1H), 6.99 (t, Nl\/ 2 op
J=2.3Hz, 1H), 6.73-6.76 (m, 2H), 5.75 (s, 2H), 4.42 (dd, J = 5.3, \ ° y
4.1 Hz, 2H), 3.84 (dd, J = 5.4, 4.1 Hz, 4H); 3C NMR (101 MHz, CDCl3) § 166.3 (s), 152.0
(d), 151.6 (s), 146.4 (s), 142.6 (s), 133.0 (d), 129.7 (s), 129.6 (d, 2C), 129.4 (d), 128.9 (d),
128.3 (d, 2C), 122.7 (d), 122.2 (s), 120.0 (s), 118.3 (d), 116.7 (d), 101.4 (d), 96.2 (s), 85.1
(s), 73.5 (t), 67.2 (t), 63.5 (t); HRMS (ESI) calcd. for C24H21N4O3[M + H]": 413.1614;
found: 413.2612.

2-((4-(Cyclohex-1-en-1-ylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl
benzoate (149): Yield: 48 mg (40%); Rt = 0.6 ( 20% EtOAc in | )
petroleum ether); pale yellow semi solid; *H NMR (400 MHz,
CDCls) 0 8.83 (s,1H), 7.96—7.98 (m, 2H), 7.56 (it, J=7.4, 1.3 Hz, | A \

1H), 7.41-7.45 (m, 2H), 7.36 (d, J = 3.6 Hz, 1H), 6.66 (d, J = 3.6 \QN/ NL /\/OW(Q
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Hz, 1H), 6.48 (tt, J = 4.0, 1.9 Hz, 1H), 5.74 (s, 2H), 4.41-4.43 (m, 2H), 3.81-3.83 (m, 2H),
2.30-2.34 (m, 2H), 2.19-2.24 (m, 2H), 1.64-1.75 (m, 4H); 3C NMR (101 MHz, CDCls) J
166.4 (), 152.0 (d), 151.5 (s), 143.4 (s), 133.0 (d), 129.8 (s), 129.6 (d, 2C), 128.5 (d),
128.3 (d, 2C), 120.1 (s), 102.3 (s), 101.5 (d), 77.7 (s), 77.3 (s), 73.5 (1), 67.1 (1), 63.5 (1),
32.1 (t, 2C), 29.8 (d), 25.8 (t), 24.8 (t); HRMS (ESI) calcd. for C2sH24NsO3 [M + HJ*:
402.1817; found: 402.1820.

2-((4-(Pent-1-yn-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate (14h)

Yield: 35 mg (32%); Rs = 0.65 ( 20% EtOAc in petroleum ether);

brown semi solid; *H NMR (400 MHz, CDCls) ¢ 8.82 (s, 1H), | ||

7.94-8.00 (m, 2H), 7.56 (tt, J = 7.4, 1.3 Hz, 1H), 7.41-7.45 (m, Nle 3 Op
2H), 7.36 (d, J = 3.6 Hz, 1H), 6.66 (d, J = 3.6 Hz, 1H), 5.73 (s, 2H), St
4.40-4.43 (m, 2H), 3.81-3.83 (m, 2H), 2.55 (t, J = 7.0 Hz, 2H), 1.72-1.78 (m, 2H), 1.12 (¢,
J = 7.4 Hz, 3H); *C NMR (101 MHz, CDCl3) 6 166.3 (s), 151.9 (d), 151.5 (s), 143.3 (s),
133.0 (d), 129.8 (s), 129.6 (d, 2C), 128.5 (d), 128.3 (d, 2C), 120.0 (s), 101.4 (d), 98.2 (s),
77.9 (s), 73.4 (t), 67.1 (1), 63.5 (1), 21.7 (t), 21.6 (t), 13.6 (q); HRMS (ESI) calcd. for
Ca1H22N303 [M + H]*: .364.1661; found: 364.1654.

(0]

2-((4-(Cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethyl benzoate
(141): Yield: 42 mg (39%); Rt = 0.11 ( 20% EtOAc in petroleum

ether); green solid; mp = 65 °C; 'H NMR (400 MHz, CDCl3) 6 8.78 | ||

(s,1H), 7.94-7.96 (m, 2H), 7.52-7.57 (m, 1H), 7.39-7.43 (m, 2H), NLN? 3 Op
7.33 (d, J = 3.6 Hz, 1H), 6.62 (d, J = 3.6 Hz, 1H), 5.71 (s, 2H), o
4.38-4.41 (m, 2H), 3.78-3.80 (m, 2H), 1.54-1.62 (m, 1H), 0.96-1.01 (m, 4H); 3C NMR
(101 MHz, CDCIs3) ¢ 166.3 (s), 151.9 (d), 151.4 (s), 143.1 (s), 133.0 (d), 129.8 (s), 129.6
(d, 2C), 128.5 (d), 128.3 (d, 2C), 119.9 (s), 101.7 (s), 101.4 (d), 73.4 (t), 73.0 (5), 67.1 (1),
63.4 (d), 9.4 (t, 2C), 0.4 (d); HRMS (ESI) calcd. for C21H20N303 [M + H]": 362.1505;
found: 362.1500.

(0]
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Benzoyl deprotection (13):

R MeOH, K,COj3 R
_—
9o JIUC A ¢ o
X, o) N OH
N N N N
Lo/\/ o) LO/\/
12 13

All reactions were conducted employing 50 mg of benzoate. In a typical reaction, aryl ester
12 (1.0 eq.), KoCO3 (1.2 eq.) methanol was stirred at room temperature until the complete
consumption of starting material was noticed on TLC. After completion, the reaction
mixture was concentrated under reduced pressure and the resulting crude was purified by
flash silica gel column chromatography (ethyl acetate/petroleum ether) to afford the

desired product 13.

2-((4-(3,5-Dimethoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol
(13a) : Yield: 36 mg (94%); R = 0.1 ( 60% EtOAcC in petroleum
ether); brown solid; mp: 94 °C; H NMR (400 MHz, CDCls) 6 8.97
(s, 1H), 7.40 (d, J = 3.6 Hz, 1H), 7.25 (d, J = 1.6 Hz, 2H), 6.89 (d, J Nk: B

= 3.5 Hz, 1H), 6.63 (s, 1H), 5.78 (s, 2H), 3.89 (s, 6H), 3.73-3.75 (m, " N‘\o/\/OH
2H), 3.64-3.66 (m, 2H); *C NMR (101 MHz, CDCls) 6 161.1 (s, 2C), 157.8 (s), 152.4 (s),
151.8 (d), 139.8 (s), 128.7 (d), 116.0 (s), 106.8 (d, 2C), 102.6 (d), 101.9 (d), 74.0 (t), 70.3
(1), 61.8 (t), 55.5 (g, 2C); HRMS (ESI) calcd. for C17H20N304 [M + H]*: 330.1448; found:
330.1447.

MeO OMe

2-((4-(Naphthalen-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (13b):
Yield: 31 mg (83%); Rr= 0.1 ( 50% EtOAc in petroleum ether); yellow
semi solid; *H NMR (400 MHz, CDCls) § 9.1 (s, 1H), 8.10 (d, J = 8.4 OO

Hz, 1H), 8.01 (d, J =8.3 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.77 (dd, J = Nk:N | ,{\ o
7.1, 1.1 Hz, 1H), 7.62 (dd, J = 8.1, 7.3 Hz, 1H), 7.54 (ddd, J = 8.4, 6.7, ©

1.3 Hz, 1H), 7.48 (ddd, J = 8.4, 6.7, 1.3 Hz, 1H), 7.36 (d, J = 3.6 Hz, 1H), 6.47 (d, J = 3.6
Hz, 1H), 5.8 (s, 2H), 3.76-3.79 (m, 2H), 3.70-3.73 (m, 2H), 2.78 (br. s., 1H); 3C NMR
(101 MHz, CDCls) 6 159.4 (s), 152.0 (s), 151.8 (d), 135.0 (s), 134.0 (s), 130.9 (s), 130.0
(d), 128.6 (d), 128.4 (d), 128.2 (d), 126.7 (d), 126.1 (d), 125.7 (d), 125.1 (d), 118.6 (s),
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102.1 (d), 74.1 (t), 70.4 (1), 61.8 (t); HRMS (ESI) calcd. for C1oH1sN302 [M + H]*:
320.1399; found: 320.1388.

1-(3-(7-((2-Hydroxyethoxy)methyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)phenyl)ethan-1-
one (13c): Yield: 36 mg (95%); R = 0.15 ( 60% EtOAc in petroleum [ o
ether); pink brown solid; mp: 107 °C; *H NMR (400 MHz, CDCls) §
9.01 (s, 1H), 8.71 (t, J = 1.6 Hz, 1H), 8.33 (dt, J = 7.9, 1.4 Hz, 1H), I
8.12 (dt, J=7.9, 1.4 Hz, 1H ), 7.67 (t, J = 7.8 Hz, 1H), 7.45 (d, J =38 | " ‘g~
Hz, 1H), 6.90 (d, J = 3.8 Hz, 1H), 5.80 (s, 2H), 3.74-3.77 (m, 2H), 3.66-3.68 (m, 2H),
2.71 (s, 3H); 13C NMR (101 MHz, CDCls) 6 197.7 (s), 156.8 (s), 152.5 (s), 151.9 (d),
138.4 (s), 137.7 (s), 133.2 (d), 129.8 (d), 129.2 (d, 2C), 128.8 (d), 116.0 (s), 101.5 (d), 74.0
(t), 70.4 (t), 61.8 (t), 26.8 (q); HRMS (ESI) calcd. for C17H18N3O3 [M + H]*: 312.1343;

found: 312.1342.

2-((4-(Naphthalen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (13d) :
Yield: 33 mg (88%); Rf = 0.1 ( 50% EtOAc in petroleum ether); white
solid; mp: 117 °C; *H NMR (400 MHz, CDCls) 6 9.04 (s, 1H), 8.62 (s, O

1H), 8.24 (dd, J = 85, 1.8 Hz, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.92-8.0 | A\~

(m, 2H), 7.56-7.59 (m, 2H), 7.45 (d, J = 3.6 Hz, 1H), 7.0 (d, J =36 Hz, | ™ "~
1H), 5.8 (s, 2H), 3.74-3.78 (m, 2H), 3.67-3.69 (m, 2H), 2.73 (br.s. 1H); 3C NMR (101
MHz, CDCls) § 158.0 (s), 152.5 (s), 152.0 (d), 135.3 (s), 134.2 (s), 133.24 (s), 129.1 (d),
128.9 (d), 128.8 (d), 128.6 (d), 127.8 (d), 127.2 (d), 126.5 (d), 125.8 (d), 116.2 (s), 101.9
(d), 74.0 (t), 70.4 (t), 61.9 (t); HRMS (ESI) calcd. For C1gH1gN3O2 [M + H]*: 320.1378;
found: 320.1387.

2-((4-Phenyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (13e) : Yield: 27 mg
(71%); R = 0.2 ( 60% EtOAc in petroleum ether); yellow semi solid; *H
NMR (400 MHz, CDCls) ¢ 8.99 (s, 1H), 8.11 (d, J = 7.3 Hz, 2H), 7.53—
7.58 (m, 3H), 7.41 (d, J = 3.5 Hz, 1H), 6.89 (d, J = 3.5 Hz, 1H), 5.79 (s,
2H), 3.74-3.75 (m, 2H), 3.65-3.67 (m, 2H), 2.77 (br. s, 1H); 3C NMR
(101 MHz, CDClIs) ¢ 158.0 (s), 152.3 (s), 151.9 (d), 137.9 (s), 130.2 (d), 128.8 (d, 2C),
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128.8 (d, 2C), 128.7 (d), 116.0 (s) 101.8 (d), 74.0 (t), 70.3 (t), 61.8 (t); HRMS (ESI) calcd.
for C15H16N3O2 [M + H]": 270.1237; found: 270.1236.

2-((4-(4-Methoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-7-

yl)methoxy)ethan-1-ol (13f): Yield: 32 mg (85%); Rf = 0.25 ( 60% | owme
EtOAc in petroleum ether); light yellow solid; mp: 98 °C; *H NMR (400
MHz, CDCl3) 6 8.94 (s, 1H), 8.12 (dt, J = 8.9, 2.1 Hz, 2H), 7.39 (d, J = Nk/ R
3.8 Hz, 1H), 7.08 (dt, J = 8.9, 2.1 Hz, 2H), 6.89 (d, J = 3.8 Hz, 1H), 5.78 N NLO/\/OH
(s, 2H), 3.91 (s, 3H), 3.74-3.76 (m, 2H), 3.65-3.67 (m, 2H), 2.74 (br. s. 1H); 3C NMR
(101 MHz, CDCls) 6 161.4 (s), 157.6 (s), 152.3 (s), 151.9 (d), 130.5 (s), 130.4 (d, 2C),
128.3 (d), 115.4 (s), 114.2 (d, 2C), 101.9 (d), 74.0 (t), 70.3 (t), 61.9 (1), 55.4 (q); HRMS

(ESI) calcd. for C16H1sN303[M + H]*:300.1348; found: 300.1345.

2-((4-(4-Nitrophenyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (139):
Yield: 35 mg (93%); Rr = 0.2 ( 70% EtOAc in petroleum ether); dark [ o,
yellow solid; mp: 105 °C; *H NMR (400 MHz, CDClIs) 6 9.04 (s, 1H),
8.43 (d, J = 8.6 Hz, 2H), 8.31 (d, J = 8.9 Hz, 2H), 7.51 (d, J = 3.7 Hz, |/
1H), 6.88 (d, J = 3.7 Hz, 1H), 5.8 (s, 2H), 3.75-3.77 (m, 2H), 3.67-3.68 | N "\_ ~
(m, 2H), 2.41 (b.s, 1H): 3C NMR (101 MHz, CDCls) 6 155.1 (s), 1527
(s), 152.0 (d), 148.7 (s), 144.0 (s), 129.9 (d), 129.7 (d, 2C), 124.0 (d, 2C), 116.3 (s), 101.1
(d), 74.1 (t), 70.5 (t), 61.8 (t); HRMS (ESI) calcd. for C15H15sN4O4 [M + H]*: 315.1093;
found: 315.1082.

2-((4-([1,1'-Biphenyl]-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol
(13h): Yield: 31 mg (81%); Rf = 0.2 ( 50% EtOAc in petroleum ether); O
yellow solid; mp: 165 °C; *H NMR (400 MHz, CDCls) 6 9.01 (s, 1H),
8.21 (d, J = 8.3 Hz, 2H), 7.80 (d, J = 8.1 Hz, 2H), 7.69 (d, J = 7.6 Hz, O
2H), 7.50 (t, J = 7.4 Hz, 2H), 7.39-7.43 (m, 2H), 6.93 (d, J = 3.5 Hz, ,\t\/Nl ; on
1H), 5.8 (s, 2H), 3.75-3.76 (m, 2H), 3.67-3.69 (m, 2H), 2.78 (br. s. o
1H); 3C NMR (101 MHz, CDCl3) ¢ 157.5 (s), 152.4 (s), 151.9 (d), 143.0 (s), 140.3 (s),
136.8 (s), 129.3 (d, 2C), 128.9 (d, 2C), 128.7 (d), 127.8 (d), 127.5 (d, 2C), 127.2 (d, 2C),
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115.9 (s), 101.8 (d), 74.0 (t), 70.3 (t), 61.8 (t); HRMS (ESI) calcd. for C21H20N302 [M +
H]*: 346.1550; found: 346.1548.

Benzoyl deprotection (15):

R

R
ﬂlb I
B — e
NZIr N C) i, 2 h NS AN
‘\\ l N O k\ | N OH
W and

N L/\/ Y N 5

(¢}
14 15

All reactions were conducted employing 50 mg of 14. In a typical reaction, aryl ester (14)
(1.0 equiv.), KoCO3z (1.2 equiv.), and the solvent methanol were charged in a 25 mL oven
dried reaction tube. Reaction was carried out at room temperature under air condition.
After, the reaction solution was evaporated in vacuo. The residue was purified by flash
column chromatography (silica gel, ethyl acetate/petroleum ether) to afford the desired

product 15.

2-((4-(Cyclohexylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (15a)
- Yield: 33 mg (90%); Rf = 0.3 ( 60% EtOAc in petroleum ether);
yellow colour semisolid; *H NMR (500 MHz, CDCls) ¢ 8.83 (s, 1H),
7.35 (d, J = 3.4 Hz, 1H), 6.68 (d, J = 3.7 Hz, 1H), 5.73 (s, 2H), 3.71- I
3.73 (m, 2H), 3.59-3.61 (m, 2H), 2.77-2.79 (m, 1H), 2.48 (br. s, 1H), |~
1.95-1.97 (m, 2H), 1.80-1.82 (m, 2H), 1.65-1.69 (m, 2H), 157-1.58 | N \_~""
(m, 2H), 1.41-1.43 (m, 2H); 3C NMR (126 MHz, CDCls) 6 151.9 (d), 151.4 (s), 143.5
(s), 128.7 (d), 120.3 (s), 102.4 (s), 101.4 (d), 77.7 (s), 73.9 (1), 70.3 (t), 61.8 (1), 32.1 (t,
3C), 29.8 (d), 25.8 (t), 24.8 (t); HRMS (ESI) calcd. for C17H22N302 [M + H]*: 300.1712,;
found: 300.1705.

2-((4-(Phenylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (15b):
Yield: 20 mg (54%); Rs = 0.2 (60% EtOAcC in petroleum ether); green
semi solid; *H NMR (400 MHz, CDCls) ¢ 8.90 (s, 1H), 7.68-7.70 (m,
2H), 7.41-7.45 (m, 4H), 6.80 (d, J = 3.8 Hz, 1H), 5.8 (s, 2H), 3.73-3.75
(m, 2H), 3.62-3.64 (m, 2H), 2.55 (br. s, 1H); 13C NMR (101 MHz, | 5
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CDCls) ¢ 151.9 (d), 151.5 (s), 142.6 (s), 132.4 (d, 2C), 129.8 (d), 129.2 (d), 128.5 (d, 2C),
121.6 (s), 120.3 (s), 101.3 (d), 95.9 (s), 85.7 (s), 73.9 (1), 70.4 (t), 61.7 (t); HRMS (ESI)
calcd. for C17H16N302 [M + H]": 294.1237; found: 294.1236.

2-((4-(p-tolylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (15¢):
Yield: 34 mg (90%); Rs = 0.2 ( 50% EtOACc in petroleum ether); yellow Me
solid; mp: 117 °C; 1H NMR (400 MHz, CDCl3) 6 8.89 (s, 1H) 7.58 (d,
J=8Hz, 2H) 7.40 (d, J = 3.6 Hz, 1H) 7.22 (d, J =8 Hz, 2H) 6.8 (d, J = | ||
3.6 Hz, 1H), 5.8 (s, 2H) 3.73-3.75 (t, J = 4.7 Hz, 2H) 3.6 (t, J= 4.1 Hz, [N\
2H) 2.41 (s, 3H), 1.76 (br. s, 1H); **C NMR (101 MHz, CDCls) § 151.9 " N‘\o/\/OH
(d), 151.4 (s), 142.8 (s), 140.3 (s), 140.2 (s), 132.3 (d, 2C), 129.3 (d, 2C), 129.0 (d), 120.2
(s), 118.5 (s), 101.3 (d), 85.2 (s), 73.9 (1), 70.4 (1), 61.7 (t), 21.7 (q); HRMS (ESI) calcd.
for C1gH18N302 [M + H]": 308.1378; found: 308.1392.

2-((4-((4-Fluorophenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol
(15d): Yield: 18 mg (49%); R:= 0.2 ( 60% EtOAc in petroleum ether); F
yellow semi solid; *H NMR (500 MHz, CDCls) 6 8.9 (s, 1H), 7.68 (dd,
J=8.9,52Hz, 2H), 7.42 (d, J = 3.4 Hz, 1H), 7.12 (t, J = 8.8 Hz, 2H), | ||
6.78 (d, J = 3.7 Hz, 1H), 5.76 (s, 2H), 3.73-3.75 (m, 2H), 3.63-3.64 (m, | Y~ T

2H) 2.45 (br. s, 1H); *C NMR (126 MHz, CDCls) § 164.4 (s), 162.4 (s), " N‘\o/\/OH
152.0 (d), 151.6 (s), 142.5 (s), 134.5 (d, JcFr = 8.5Hz), 129.2 (d), 120.2 (s), 116.1 (d),
115.9 (d), 101.2 (d), 94.6 (s), 85.5 (s), 77.2 (d), 74.0 (t), 70.4 (t), 61.8 (t); HRMS (ESI)
calcd. for C17H15FN302[M + H]*: 312.1070; found: 312.1138.

2-((4-((4-Methoxyphenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-
ol (15e): Yield: 35mg (94%); Rt = 0.2 ( 60% EtOAcC in petroleum ether); brown semisolid,;
'H NMR (400 MHz, CDCls) § 8.87 (s, 1H), 7.63 (dt, J = 9.0, 21 Hz, [ ome
2H), 7.4 (d, J = 3.6 Hz, 1H), 6.93 (dt, J = 9.0, 2.1 Hz, 2H), 6.76 (d, J =
3.6 Hz, 1H), 5.74 (s, 2H), 3.85 (s, 3H), 3.73-3.75 (m, 2H), 3.61-3.63 | ||
(m, 2H), 2.67 (s, 1H); *C NMR (101 MHz, CDCl3) ¢ 160.8 (s), 151.9 |n*
(d), 151.4 (s), 143.0 (s), 134.1 (d, 2C), 128.9 (d), 120.0 (s), 114.2 (d,
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2C), 113.5 (s), 101.3 (d), 96.5 (s), 84.9 (s), 73.9 (1), 70.4 (t), 61.7 (t), 55.4 (q); HRMS
(ESI) calcd. for C1gH1sN303[M + H]*: 324.1348; found: 324.1355.

2-((4-((3-Aminophenyl)ethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol
(15f) : Yield: 19 mg (53%); Rf = 0.2 ( 60% EtOAc in petroleum ether); NH,
yellow semisolid; *H NMR (400 MHz, CDCl3) ¢ 8.89 (s, 1H), 7.4 (d, J

= 3.6 Hz, 2H), 7.19 (t, J = 7.8 Hz 1H), 7.07-7.10 (m, 1H), 6.99 (t, J = I
1.5 Hz, 1H), 6.77 (d, J = 3.6 Hz, 2H), 6.74-6.76 (m, 1H), 5.75 (s, 2H), Nk:N |
3.73-3.75 (m, 2H), 3.62-3.64 (m, 2H), 1.77 (br. s, 1H); 1°C NMR (101
MHz, CDCls) ¢ 151.9 (d), 151.5 (s), 146.4 (s), 142.8 (s), 129.5 (d), 129.1 (d), 122.8 (d),
122.2 (s), 120.3 (s), 118.3 (d), 116.7 (d), 101.3 (d), 96.3 (s), 85.1 (s), 73.9 (t), 70.4 (1), 61.7
(t); HRMS (ESI) calcd. for C17H17N4O2 [M + H]™: 309.1351; found: 309.1342.

AN
N OH
g

2-((4-(Cyclohex-1-en-1-ylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-
ol (15g): Yield: 30 mg (81%); R = 0.1 ( 50% EtOAc in petroleum [~
ether); dark brown semisolid; *H NMR (400 MHz, CDCIs) & 8.85 (s,
1H), 7.35 (d, J = 3.6 Hz, 1H), 6.69 (d, J = 3.6 Hz, 1H), 6. 47-6.50 (m,
1H), 5.74 (s, 2H), 3.72-3.74 (m, 2H), 3.61-3.63 (m, 2H), 2.44 (br. s. S (
1H) 2.30-2.34 (m, 2H), 2.19-2.24 (m, 2H), 1.65-1.74 (m, 4H); ¥c
NMR (101 MHz, CDCls) 6 151.9 (d), 151.4 (s), 143.3 (s), 139.4 (d), 128.7 (d), 120.0 (s),
101.3 (d), 98.3 (s), 83.5 (s), 73.9 (t), 70.3 (t), 61.8 (t), 29.7 (d), 28.8 (t), 26.0 (t), 22.1 (t),
21.3 (t); HRMS (ESI) calcd. for C17H20N302 [M + H]*: 298.1555; found: 298.1552.

2-((4-(Pent-1-yn-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol  (15h) :
Yield: 28 mg (79%); Rr = 0.1 ( 50% EtOAc in petroleum ether); dirty (|
white semisolid; "H NMR (400 MHz, CDCls) 68.83 (s, 1H), 7.3 (d, J = | ||
3.6 Hz, 1H), 6.68 (d, J = 3.6 Hz, 1H), 5.73 (s, 2H), 3.71-3.73 (m, 2H), |[n* Ny
3.60-3.62 (m, 2H), 2.55 (t, J = 7.1 Hz, 2H), 1.69-1.78 (m, 3H), 1.1 (t, J | " NLO/\’OH
= 7.4 Hz, 3H); 3C NMR (101 MHz, CDCls) § 151.9 (d), 151.4 (s), 143.4 (s), 128.7 (d),
120.3 (s), 101.3 (d), 98.4 (s), 77.9 (s), 73.9 (1), 70.3 (t), 61.8 (1), 21.7 (t), 21.6 (t), 13.6 (q);
HRMS (ESI) calcd. for C14H1sN302 [M + H]*": 260.1399; found: 260.1382.
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2-((4-(Cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methoxy)ethan-1-ol (15i)
> Yield: 30 mg (83%); Rf= 0.1 ( 50% EtOAc in petroleum ether); brown
solid; mp: 71 °C; *H NMR (400 MHz, CDClIs) ¢ 8.80 (s, 1H), 7.34 (d, J
= 3.6 Hz, 1H), 6.67 (d, J = 3.6 Hz, 1H), 5.72 (s, 2H) 3.71-3.75 (m, 2H)
3.60-3.62 (m, 2H), 2.43 (br. s, 1H), 1.57-1.64 (m, 2H) 1.26-1.31 (m,
2H), 1.01-1.03 (m, 1H); *C NMR (101 MHz, CDClIs) § 151.9 (d), 151.3 (s), 143.3 (s),
128.6 (d), 120.1 (s), 101.9 (s), 101.3 (d), 73.9 (t), 73.0 (s), 70.3 (t), 61.8 (1), 9.4 (t, 2C), 0.5
(d); HRMS (ESI) calcd. for C1aH16N3O2 [M + H]*: 258.1243; found: 258.1227.
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Design and Synthesis of Indene Fused Sugar Nucleosides as Potential Antiviral
Agents for Covid-19:

Methodology for screening antiviral compounds:

RT-PCR Based method for Screening Antiviral Compounds

Vero EG6 cells were seeded at a density of 50,000 cells/well in the 48-well plate. After ~ 16
h, cells were incubated in the presence of 2X concentrations of all compound dilutions at
37°C, 5% CO; for 15 min. After 15 min media with compounds was discarded and cells
were incubated in the presence of the virus for 1.0 h. The virus culture being used (0.01
MOI) was diluted in the ratio of 1:1000 in DMEM + 5 % FBS media. After 1.0 h, the virus
culture was discarded and cells were allowed to grow in the presence of 1X concentration
of all the compound dilutions in 200 L DMEM+ 5 % FBS media at 37 °C, 5% CO- for 48
h. After 48 h, the supernatant was collected and processed further for RNA extraction and
RT-PCR.

Steps for RNA extraction and RT-gPCR

RNA extraction was done using a Gsure RNA isolation kit and RT-gPCR was further
performed with GCC Diagsure RT-qPCR kit according to kit manufacturer’s protocol. The
test included Niclosamide at 1 uM and 5 uM concentrations as positive control and cells
alone control besides positive and negative controls provided along with the kit. The

experiments were performed twice in duplicates.
Analysis of RT-PCR data

ACt for all the samples was calculated using the Ct value difference between Virus

control and test samples for the respective fluorophores used.
ACt = Ct (Virus Control) — Ct (Test Sample)

Cell Based ELISA for Screening Antiviral Compounds

The antiviral activity of compounds was evaluated using cell-based ELISA. Briefly, Vero
E6 cells seeded at a density of 1.2 x 10* cells/well in 96-well plate were incubated for 16 h,

at 37 °C with 5% CO.. Then, cell monolayers were pretreated with serial double dilutions
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of compounds from 0.001 to 10 uM (50 pL/well) for 15 min. After pretreatment, the
compound-containing medium was aspirated from cell monolayers, and the virus was
added at 0.01 MOI (multiplicity of infection) in 50 uL of DMEM supplemented with 2%
FBS. After 1 h of viral adsorption at 37 °C, the inoculum was removed and replaced by 50
pL/well of the same pre-treatment dilutions and 50 pL/well of DMEM supplemented with
2% FBS. Finally, the plates were incubated at 37 °C, 5% CO; for 24 h. After 24 h, media
with compounds was discarded, cells were fixed with formalin for 40 min, and further

processed for cell-based ELISA.

For cell-based ELISA, cells were washed thrice with 1X PBS and blocked with 5 %
BSA for 1 h. After washing thrice with 1X PBS, permeabilization of cells was done with 1
% wi/v saponin for 30 min. The cells were then washed thrice with 1X PBS and incubated
with HRP-Conjugated Nanobody against spike protein for 1 h, followed by washing thrice
with 1X PBST. Thereafter, TMB substrate solution was added and incubated for 5 mins

and the reaction was stopped by adding 2N H_SO,. The yellow color so obtained was

quantified by taking absorbance at 450 nm and viral content (percentage of antigen) was
calculated by following formula: Percent antigen = [(A) / (B) x 100], where A and B
indicates the absorption of virus infected cells incubated with compound and virus infected
cells, respectively. The test included Niclosamide at 1 uM and 5 pM concentrations as
positive control and cells alone control besides positive and negative controls provided

along with the kit. The experiments were performed twice in duplicates.
Controls used in cell-based ELISA

The validation of the antiviral efficacy of tested compounds was done by comparing the
ECso of test compounds concerning the ECso of reported compounds being used against
SARS CoV in Vero E6 cells. The ECso obtained for Niclosamide and Remdesvir using

ELISA-based assays were comparable to the reported studies.>®
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Compound | Reported ECso in VERO E6 Cells against ECso from cell-based
SARS CoV-2 ELISA Assay

Niclosamide <0.1 uM (Wen et al., 2007) 0.12 +£0.03

PMID: 17663539

Remdesivir 0.77 uM (Wang et al., 2020) 0.87+0.41

PMID: 32020029

(3aR,5R,6R,6aR)-5-Ethynyl-2,2-dimethyl-6-(prop-2-yn-1-yl)tetrahydrofuro [2,3-
d][1,3] dioxol-6-0l (18).

ONuo 2 Q _ome con S~Nuo
?Jx A reowoy ?Jx
I, t o,
OB reagent
At 0 °C, to a solution of 17 (250 mg, 1.1 mmol) in MeOH (5 mL) was added K>CO3z (458
mg, 3.3 mmol) and Ohira Bestmann reagent (254 mg, 1.3 mmol) under an argon
atmosphere and the resulting mixture was then stirred at room temperature for 9 h. After
completion of reaction as indicated by TLC, MeOH was evaporated under reduced
pressure followed by extraction using ethyl acetate (3x10 mL). The combined organic
layer was dried (Na:SO4) and concentrated in vacuo. The residue was then purified by

silica gel column chromatography (5—10% ethyl acetate in petroleum ether) to afford

compound 18 (210 mg, 86%).

Rr = 0.8 (30% EtOAc in petroleum ether), white solid; mp: 84-86 °C; *H NMR (400 MHz,
CDCls) 55.84 (d, J = 4.0 Hz, 1H),4.62 (d, J = 4.0 Hz, 1H), 4.56 (d, J = 2.1 Hz, 1H), 2.96
(d, J = 1.4 Hz, 1H), 2.92 (dd, J = 17.4, 2.7 Hz, 1H), 2.61 (d, J = 2.2 Hz, 1H), 2.47 (ddd, J =
1.1, 1.5, 17.4 Hz, 1H), 2.12 (t, J = 2.7 Hz, 1H), 1.60 (s, 3H), 1.40 (s, 3H); 13C NMR (101
MHz, CDCls) §112.9 (s), 103.8 (d), 80.1 (d, 2C), 79.1 (s), 77.5 (5), 73.1 (d, 2C), 71.5 (s),
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26.5 (g, 2C), 23.6 (t); HRMS (ESI) calcd. for C12H14NaO4 [M + Na]*: 245.0784; found:
245.0784.

(2R,3R,4R,5R)-5-Ethynyl-4-(prop-2-yn-1-yl)tetrahydrofuran-2,3,4-triy| triacetate (20)

=~ Nuo i) 70 % AOH =~ ONwonc
?—7@0& — reflux 51 2 OAcC
Il s " DA, ChaCly Il 20
83%

A solution of acetonide 18 (500 mg, 2.2 mmol) in 70% AcOH (5 mL) was refluxed at 110
°C for 5 h. After the completion of reaction (as indicated by TLC), acetic acid and water
were evaporated under reduced pressure and the resulting crude residue (400 mg) was
dissolved in CH2Cl, (4 mL) and and treated with EtsN (1.5 mL, 10.9 mmol) and DMAP
(26.8 mg, 219 umol) and cooled to 0 °C. To this mixture Ac20 (2.1 mL, 21.9 mmol) was
added slowly and the reaction mixture was allowed to warm to room temperature and
stirring was continued for additional 8 h. The reaction mixture was diluted with CHCl;
(50 mL) and washed with water, brine, dried (Na2SO4) and concentrated under reduced
pressure. The resulting crude was purified by silica gel column chromatography (5—10%

ethyl acetate in petroleum ether) to afford compound 20 (603 mg, 87%).

Rr = 0.2 (30% EtOAc in petroleum ether); white solid; mp: 92-95 °C; *H NMR (500 MHz,
DMSO-ds) §6.30 (d, J = 4.6 Hz, 1H), 5.42 (d, J = 5.0 Hz, 1H), 4.98 (d, J = 2.3 Hz, 1H),
3.87 (d, J = 2.3 Hz, 1H), 3.1 (dd, J = 2.7, 17.2 Hz, 1H), 3.05 (dd, J = 2.7, 17.2 Hz, 1H),
2.99 (t, J = 2.7 Hz, 1H), 2.09 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H); *C NMR (126 MHz,
DMSO-ds) & 169.1 (s), 169.0 (s), 168.9 (s), 92.6 (d), 81.7 (s), 81.2 (d), 77.6 (), 76.7 (),
74.2 (d), 74.0 (d), 72.9 (d), 23.5 (1), 20.9 (q), 20.6 (q), 20.2 (q); HRMS (ESI) calcd. for
CisH16NaO7 [M + Na]*: 331.0788; found: 331.0782.

General procedure for glycosidation of diyne 20 to afford 22a, 22b and 22c.

o}
N—nH
HN o
= Nuoac \=2= OYH o
/ 21 R =_._o \I
:  “OAc N=
OAc BSA, TMSOTf g—f R

Il CH4CN, 0 °C to 1t 5 OAc
20 2aR=H)
22b (R =F)

22¢ (R = CHy)
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To a solution of 20 (500 mg, 1.6 mmol) in dry CH3CN (5 ml) was added pyrimidine 21
(3.2 mmol) and BSA (8.1 mmol) at room temperature and then refluxed at 60 °C for 30
min. TMSOTT (3.2 mmol) was introduced at 0 °C and again refluxed overnight at 75 °C.
After completion of reaction (as indicated by TLC), the reaction mixture was extracted
using ethyl acetate (3 x15 mL). The combined organic layer was dried (Na;SO4) and then
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography (ethyl acetate and petroleum ether) to afford glycosidation products 22a,
22b and 22c.

(2R,3R,4R,5R)-5-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2-ethynyl-3-(prop-2-yn-
1-yl) tetrahydrofuran-3,4-diyl diacetate (22a): Rf = 0.8 ( in EtOAC); o
yield: 456 mg (78%); white solid; mp: 107-110 °C; *H NMR (400 |__ o Tj"
MHz, CDCI3) §9.40 (s, 1H), 7.65 (d, J = 8.2 Hz, 1H), 6.34 (d, J = 7.8 ?)Aj;\

Hz, 1H), 5.84 (dd, J = 8.2, 1.8 Hz, 1H), 5.54 (d, J = 7.8 Hz, 1H), 5.29 I
(d, J=2.3 Hz, 1H), 3.41 (dd, J =17.4, 2.7 Hz, 1H),3.13 (dd, J = 17.9, 2.7 Hz, 1H), 2.95 (d,
J = 2.3 Hz, 1H), 2.21 (s, 3H), 2.11 (s, 3H), 2.02 (t, J = 2.7 Hz, 1H); ¥C NMR (101 MHz,
CDCl3) 6170.2 (s), 169.9 (s), 162.8 (s), 150.7 (s), 139.1 (d), 103.9 (d), 85.7 (d), 84.7 (s),
80.5 (s), 77.5 (d), 76.7 (d), 76.6 (s), 73.7 (d), 71.6 (d), 22.6 (t), 21.6 (q), 20.6 (q); HRMS
(ESI) calcd. for C17H16N20O7Na [M + Na]* : 383.0850; found: 383.0840.

(2R,3R,4R,5R)-2-Ethynyl-5-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-
(prop-2-yn-1-yhtetrahydrofuran-3,4-diyl diacetate (22b): Yield: 454
mg (74%); Rt = 0.6 (20% EtOAc in petroleum ether); yellowish brown
solid; mp: 137-139 °C; *H NMR (500 MHz, CD3;0D) 67.83 (d, J = 6.1
Hz, 1H), 6.29 (dd, J = 1.5, 7.6 Hz, 1H), 5.57 (d, J = 7.6 Hz, 1H), 5.31 (d,
J=1.9Hz, 1H), 4.23 (b. 5., 1H), 3.340-3.44 (m, 2H), 3.18 (dd, J = 17.5, 2.3 Hz, 1H), 2.26
(s, 1H), 2.20 (s, 3H), 2.11 (s, 3H); *C NMR (126 MHz, CD30D) & 171.3 (s), 171.0 (s),
150.4 (s), 148.8 (s), 140.9 (s), 124.3 (d, Jc—r = 34.3 Hz), 87.0 (d), 85.7 (s, 2C), 82.3 (d),
77.6 (s), 77.3 (d), 74.7 (d), 72.7 (d), 23.4 (t), 21.8 (q), 20.9 (q); HRMS (ESI) calcd. for
C17H15FN207 [M + H]*: 401.0756; found: 401.0746.
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(3R,4R,5R)-2-Ethynyl-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3-(prop-
2-yn-1-yl)tetrahydrofuran-3,4-diyl diacetate (22c): Yield: 522 mg

Y (0]
(86%); Rs = 0.6 (65% EtOAC in petroleum ether); white solid; mp: 188— | =~_° NVTMQ
191 °C; 'H NMR (500 MHz, CDCls) §9.04 (s, 1H), 7.47 (s, 1H), 6.35 \”ﬁ;t’*

(d, J = 8.0 Hz, 1H), 5.55 (d, J = 7.6 Hz, 1H), 5.27 (d, J = 1.9 Hz, 1H),
3.42 (dd, J = 17.5, 2.7 Hz, 1H), 3.16 (dd, J = 17.5, 2.7 Hz, 1H), 2.96 (d, J = 1.9 Hz, 1H),
2.20 (s, 3H), 2.10 (s, 3H), 2.01-2.03 (m, 1H), 1.93 (s, 3H); 3C NMR (126 MHz, CDCl3) &
170.2 (s), 169.9 (s), 163.3 (s), 150.8 (s), 134.8 (d, 2C), 112.4 (s), 85.5 (d), 84.8 (s), 80.3
(s), 77.8 (s), 76.5 (d), 73.8 (d), 71.5 (d), 22.7 (), 21.6 (q), 20.7 (q), 12.8 (q); HRMS (ESI)
calcd. for C1gH1sN207Na [M + Na]*: 397.1006; found: 397.0997.

General procedure for (2+2+2) cyclotrimerization reactions of diyne 22 using

acetylene gas:
o) H
N
TI HC CH }:Io

O N

—

3—7’ 10 mol% Rh(PPh;);Cl / R
DAc Toluene:ethanol = 4:1 2 Ac
AcO 80°C, 8 h OACO
22a (R = H) 23an (R - 1)
22b (R =F) 23ba (R = F)
22¢ (R = CHy) 23ca (R = CH;)

A solution of diyne (500mg, 1.4 mmol) in 4:1 toluene/ethanol (5 mL) in a screw cap
pressure tube was evacuated and back filled with argon. To this solution Wilkinson’s
catalyst [Rh(PPh3)sCl] (139umol) was added. The resulting mixture was sealed with
septum and copper wire and cooled to -78 °C. Acetylene gas was then condensed in
reaction mixture by continuous bubbling for 25 min. The reaction mixture was stirred at 80
°C for 8 h and the screw cap pressure tube was cooled to room temperature. The resulting
mixture was transferred to round bottom flask and solvents were evaporated under reduced
pressure. The residue was purified by column chromatography using silica gel (ethyl

acetate in petroleum ether) to afford cyclotrimerized products 23aa, 23ba and 23ca.

(2R,3R,3aR)-2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,3,4,8b-tetrahydro-3aH-
indeno [1,2-b]furan-3,3a-diyl diacetate (23aa): Yield: 440 mg
(82%); Rf = 0.3 (50% EtOAC in petroleum ether); white solid; mp: 77—

O

OAc
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80 °C; 'H NMR (500 MHz, CDCl3) §9.24 (s, 1H), 7.36-7.45 (m, 3H), 7.29 (d, J = 6.7 Hz,
1H), 6.88 (d, J = 8.2 Hz, 1H), 6.48 (d, J = 7.9 Hz, 1H), 5.80 (s, 1H), 5.65 (dd, J = 8.2, 1.8
Hz, 1H),5.23 (d, J = 7.9 Hz, 1H), 3.81 (d, J = 17.4 Hz, 1H), 3.47 (d, J = 17.4 Hz, 1H), 2.22
(s, 3H), 2.12 (s, 3H); 3C NMR (126 MHz, CDCl3s) 6170.2 (s), 169.8 (s), 162.6 (s), 150.5
(s), 139.1 (s), 138.6 (d), 137.9 (s), 130.1 (d), 128.2 (d), 125.9 (d), 124.9 (d), 103.6 (d), 90.3
(s), 90.1 (d), 86.4 (d),77.0 (d), 39.7 (t), 21.4 (q), 20.5 (q); HRMS (ESI) calcd. for
C19H1sN207Na[M + Na]*: 409.1006; found:409.0998.

(2R,3R,3aR)-2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,3,4,8b-
tetrahydro-3aH-indeno[1,2-b]furan-3,3a-diyl diacetate (23ba): OYH 5
Yield: 406 mg (76%); Rs = 0.3 (80% EtOAc in petroleum ether); pale o N\/IF
yellow solid; mp: 82-85 °C; *H NMR (500 MHz, CDCls) & 9.07 (b. %AC

s., 1H), 7.35-7.43 (m, 3H), 7.27 (d, J = 6.9 Hz, 1H), 6.86 (d, J = 5.7 Hz, 1H), 6.42 (d, J =
7.2 Hz, 1H), 5.79 (s, 1H), 5.15 (d, J = 7.2 Hz, 1H), 3.75 (d, J = 17.2 Hz, 1H), 3.45 (d, J =
17.2 Hz, 1H), 2.19 (s, 3 H), 2.08 (s, 3H); *C NMR (126 MHz, CDCl3) §170.1 (s), 169.8
(s), 149.1(s), 141.8(s), 139.0 (s, 2C), 137.7 (s, 2C), 130.4 (d), 128.4 (d), 126.0 (d), 124.9
(d), 122.8 (d, Jc-r = 34.3Hz), 90.4 (d), 87.2 (d), 77.3(d), 39.7 (t), 21.4 (q), 20.5 (g); HRMS
(ESI) calcd. for C1gH17FN2O7Na [M + Na]*: 427.0912; found: 427.0904.

2-(5-Methoxy-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,3,8,8a-tetrahydro-3aH-

indeno[2,1-b]furan-3,3a-diyl diacetate (23ca): Yield: 438 mg OYH

(0]
(82%); Rs = 0.5 (65% EtOAC in petroleum ether); white solid; mp: 63— © N\;(;e
66 °C; 'H NMR (400 MHz, CDCls) §8.77 (b. s., 1H), 7.33-7.43 (m, ondoAe

3H), 7.28 (d, J =7.3 Hz, 1H), 6.58 (s, 1H), 6.45 (d, J = 7.3 Hz, 1H), 5.76 (s, 1H), 5.23 (d, J
= 7.3 Hz, 1H), 3.81 (d, J = 17.7 Hz, 1H), 3.44 (d, J = 17.7 Hz, 1H), 2.18 (s, 3H), 2.08 (s,
3H), 1.71 (s, 3H); 3C NMR (101 MHz, CDCls) 5170.1 (s), 169.8 (s), 163.2 (s), 150.6 (s),
139.3 (s), 138.0 (s), 134.4 (d), 130.1 (d), 128.0 (d), 126.0 (d), 125.0 (d), 112.0 (s), 90.5 (5),
90.2 (d), 86.5 (d), 76.9 (d), 39.8 (1), 21.4 (q), 20.5 (q), 12.6 (q); HRMS (ESI) calcd. for
CaoH20N207Na : 423.1163 [M + NaJ*; found: 423.1153.

General procedure for (2+2+2) cyclotrimerization reactions of diyne 4-6 using but-2-
yne-1,4-diol:
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o. H OH o. H
N HO, OH N
S Yo = o T
N __ —— > HO N =
=_ R 10 mol% Rh(PPhs);Cl — R
AcO OAc Toluene:ethanol = 4:1 bAchC
80°C,8h
22d (R = H) 23ab (R = H)
22¢ (R=F) 23bb (R =F)
22f (R = CH3) 23¢b (R = CH;)

A solution of diyne (1.4 mmol) and 4:1 toluene/ethanol (5 mL) in screw cap pressure tube
was evacuated and back filled with argon. To this solution Wilkinson’s catalyst
[Rh(PPhz3)sClI] (139umol) and but-2-yne-1,4-diol (4.2 mmol) were added. The solution was
then stirred at 80 °C for 8 h. The screw cap pressure tube was cooled to room temperature
and the completion of reaction was confirmed by TLC. The solvents were evaporated
under reduced pressure and the resulting residue was purified by column chromatography

using silica gel (50—60 % ethyl acetate in petroleum ether) to afford 23d, 23e and 23f.

(2R,3R,3aR)-2-(2,4-Dioxo-3,4-dihydropyrimidin-1(2H)-y1)-6,7-bis(hydroxymethyl)-

2,3,4,8b-tetrahydro-3aH-indeno[1,2-b]furan-3,3a-diyl oH o H

N
diacetate (23ab): Yield: 539 mg (87%); Rt = 0.3 (in EtOAc); Ho\}%bj:j °
white solid; mp: 82-84 °C; *H NMR (500 MHz, CDsOD) &7.49 badone

(s, 1H), 7.37 (s, 1H), 7.03 (d, J = 8.0 Hz, 1H), 6.39 (d, J = 7.6 Hz, 1H), 5.79 (s, 1H), 5.60
(d, J=8.0 Hz, 1H), 5.28 (d, J = 7.2 Hz, 1H), 4.73 (s, 5H), 3.78 (d, J = 17.2 Hz, 1H), 3.44—
3.48 (m, 1H), 3.19-3.23 (m, 1H), 2.19 (s, 3H), 2.09 (s, 3H); 3C NMR (126 MHz, CD3s0D)
0171.2 (s), 171.2 (s), 165.2 (s), 151.9 (s), 142.4 (s), 140.4 (d), 140.3 (s), 139.9 (s), 138.3
(s), 126.0 (d), 125.4 (d), 103.9 (d), 91.5 (s), 91.0 (d), 88.0 (d), 78.2 (d), 62.7 (t, 2C), 40.8
(1), 21.6 (q), 20.7 (q); HRMS (ESI) calcd. for C2:H22N209Na [M + Na]*: 469.1218; found:
469.1210.

(2R,3R,3aR)-2-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-6,7-
bis(hydroxymethyl) -2,3,4,8b-tetrahydro-3aH-indeno[1,2-b]furan-3,3a-diyl diacetate

(23bb): Yield: 441 mg (72%); Rs = 0.3 (in EtOAC); yellow liquid; OH OYH

(0]
mp: 84-86 °C; H NMR (200 MHz, DMSO-dg) 6 7.49 (s, 1H), |[+o 0 N\;C
7.36 (s, 1H), 7.09 (d, J = 6.1 Hz, 1H), 6.35 (dd, J = 7.5, 1.6 Hz, baddAe

1H), 5.77 (s, 1H), 5.25 (d, J = 7.5 Hz, 1H), 4.78 (s, 4H), 4.71 (s, 3H), 3.77 (d, J = 17.6 1H),
3.40-3.48 (m, 1H), 2.17 (s, 3H), 2.07 (s, 3H); 3C NMR (126 MHz, DMSO-ds) & 161.7 (),
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161.6 (s), 141.0 (s), 149.0 (s), 132.9 (5), 131.3 (5), 130.8 (5), 130.5 (5), 128.6 (5), 116.3 (d),
115.7 (d), 114.7 (d, Jc_r = 34.33 Hz), 81.8 (s), 81.6 (d), 78.8 (d), 68.6 (d), 53.0 (1), 53.0 (1),
315 (1), 11.9 (q), 11.0 (q); HRMS (ESI) calcd. for Cz1H21FN20sNa [M + Na]*: 487.1123;
found: 487.1114.

5,6-Bis(hydroxymethyl)-2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-

2,3,8,8a-tetrahydro-3aH-indeno[2,1-b]furan-3,3a-diyl OH o !
(0]
diacetate (23cb): Yield: 480 mg (78%); R = 0.4 (50% EtOAc in |uo 0 T\I
—, Me
petroleum ether); yellow liquid; *H NMR (500 MHz, CD3s0D) & 0AcDAC

7.46 (s, 1H), 7.33 (s, 1H), 6.71 (s, 1H), 6.36 (d, J = 7.6 Hz, 1H), 5.74 (s, 1H), 5.24 (d, J =
7.6 Hz, 1H), 4.69 (d, J = 2.3 Hz, 4H), 3.78 (d, J = 17.5 Hz, 1H), 3.43 (d, J = 17.5 Hz, 1H),
2.16 (s, 3H), 2.06 (s, 3H), 1.68 (s, 3H); 13C NMR (126 MHz, CDz0OD) & 171.0 (s), 171.0
(s), 165.1 (s), 151.8 (s), 142.2 (s), 140.1 (s), 139.8 (s), 138.1 (s), 135.5 (d), 126.1 (d), 125.6
(d), 112.5 (s), 91.2 (s), 90.8 (d), 87.4 (d), 77.8 (d), 62.8 (1), 62.7 (t), 40.7 (t), 21.6 (q), 20.8
(@), 12.6 (q); HRMS (ESI) calcd. for C22H2aN209Na [M + Na]*: 483.1374; found:
483.1365.

General procedure for acetyl deprotection.

\I lig. NH3 Y\i\fo
O N
—
%_7‘ 78 °Ctort R' mj‘ R
OADAC OH OH
23aa, R=H,R' = H, 24aa,R=H,R' = H,
23ba,R=F, R = H, 24ba,R=F, R'= H,
23ca,R=CHs, R'=H, 24ca,R=CHs, R'=H,
23ab, R = H, R' = CH,OH 24ab, R = H, R' = CH,0H
23bb, R = F, R' = CH,OH 24bb, R = F, R' = CH,OH
23cb, R = CH3, R' = CH,OH 24c¢b, R = CH3, R' = CH,OH

Acetyl protected compound 23 (500 mg) was taken in two-neck flask and cooled to —78 °C
followed by condensation of ammonia. After the condensation of ammonia, the solution
was stirred overnight and the temperature increased from —78 °C to rt. After completion of
reaction (as indicated by TLC), Ethyl acetate was added to the solution and the solvent was
evaporated on rota vapour at reduced pressure for complete removal of ammonia gas. The
residue was then washed with diethyl ether and purified by column chromatography using
silica gel (MeOH in DCM) to afford acetyl deprotection product 24.
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1-((2R,3R,3aS)-3,3a-Dihydroxy-3,3a,4,8b-tetrahydro-2H-indeno[1,2-b]furan-2-yl)
pyrimidine-2,4(1H,3H)-dione (24aa): Yield: 328 mg (84%); Rt = o H

o
0.4 (in EtOAc); white solid; mp: 245-247 °C; [a]37: +37.3 (c = 0.22, %)‘N\j
MeOH):'H NMR (400 MHz, CDsOD) & 7.37 (d, J = 8 Hz, 1H), ou'on
7.27-7.34 (m, 2H), 7.23 (d, J = 7 Hz, 1H), 6.93 (d, J = 8.1 Hz, 1H), 6.22 (d, J = 7.5 Hz,
1H), 5.55 (d, J = 8.1 Hz, 1H), 5.35 (s, 1H), 3.80 (d, J = 7.5 Hz, 1H), 3.25 (d, J = 16.3 Hz,
1H), 3.03 (d, J = 16.4 Hz, 1H); *C NMR (101 MHz, CD30D) §152.3 (s), 141.4 (s), 140.8
(s, 2C), 140.8 (d), 130.4 (d), 128.6 (d), 126.7 (d), 126.0 (d), 103.4 (d), 91.9 (d), 89.9 (d),
85.6 (s), 79.1 (d), 41.8 (t); HRMS (ESI) calcd. for C1sH14N2OsNa [M + Na]*: 325.0795;
found: 325.0786.

1-((2R,3R,3aS)-3,3a-Dihydroxy-3,3a,4,8b-tetrahydro-2H-indeno[1,2-b]furan-2-yl)-5-
fluoropyrimidine-2,4(1H,3H)-dione (24ba): Yield: 328 mg (83%); oK
Rt = 0.4 (EtOAc); white solid; mp: 125-127 °C; [a]3”: +99.59 (c ° TW\CO
0.31, MeOH); *H NMR (400 MHz, DMSO-ds) & 7.75 (s, 1H), 7.74— onor
7.75 (m, 2H), 7.23-7.30 (m, 3H), 7.17 (d, J = 6.4 Hz, 1H), 6.76 (d, J = 4.9 Hz, 1H), 5.26
(s, 1H), 3.72 (d, J = 7.5 Hz, 1H), 3.21 (d, J = 16.5 Hz, 1H), 2.97 (d, J = 16.4 Hz, 1H); 13C
NMR (101 MHz, DMSO-ds) 6 140.1 (s, 2C), 139.6 (s, 2C), 128.8 (d), 127.0 (d), 125.3 (d),
124.5 (d), 90.2 (d), 88.2 (d, Jc ¢ = 2.2 Hz) 84.1 (s, 2C), 77.9 (d), 77.2 (d), 40.8 (t); HRMS
(ESI) calcd. for C15sH13FN2OsNa [M + Na]*: 343.0701; found: 343.0692.

1-(3,3a-Dihydroxy-3,3a,8,8a-tetrahydro-2H-indeno[2,1-b]furan-2-yl)-5-
methylpyrimidine-2,4(1H,3H)-dione (24ca): Yield: 332 mg (84%);
Rr = 0.4 (80% EtOAc); white solid; mp: 260-262 °C; [a]3’: +45.61
(c 0.94, MeOH); *H NMR (400 MHz, CD3OD) & 7.39-7.41 (m, 1H),
7.35 (td, J = 1.6, 7 Hz, 2H), 7.28 (d, J = 7Hz, 1H), 6.75 (d, J = 1.1 Hz, 1H), 6.21 (d, = 7.5
Hz, 1H), 5.34 (s, 1H), 3.87 (d, J = 7.5 Hz, 1H), 3.27 (d, J = 16.5Hz, 1H), 3.04 (d, J = 16.4
Hz, 1H), 1.65 (s, 3H); 1*C NMR (101 MHz, CDsOD) & 166.2 (), 153.0 (s), 142.2 (s),
141.7 (s), 137.1 (d), 130.8 (d), 128.8 (d), 127.1 (d), 126.5 (d), 112.1 (s), 92.5 (d), 90.4 (d),
86.1 (s), 79.2 (d), 42.4 (t), 12.5 (q); HRMS (ESI) calcd. for C16H1sN20sNa [M + Na]*:
339.0951,; found: 339.0941.

o H
oY
N =
/. Me

OH OH
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1-((2R,3R,3aS)-3,3a-Dihydroxy-6,7-bis(hydroxymethyl)-3,3a,4,8b-tetrahydro-2H-
indeno[1,2 -b]furan-2-yl)pyrimidine-2,4(1H,3H)-dione (24ab):

Yield: 317 mg (78%); Rt = 0.7 (in EtOAC); white solid; mp: 216— " 0\\’,H o
218 °C; [a]%: +139.89 (c = 0.09, MeOH); 'H NMR (500 MHz, | _‘_o,,, T
DMSO-de) 511.37 (s, 1H), 7.30 (s, 1H), 7.26 (s, 1H), 7.00 (d, J = -

8.0 Hz, 1H), 6.02 (d, J = 8.0 Hz, 1H), 5.69 (b.s, 1H), 5.64 (s, 1H), 5.56 (d, J = 8.4 Hz, 1H),
5.15-5.17 (m, 3H), 4.48-4.54 (m, 4H), 3.72 (d, J = 7.6 Hz, 1H), 3.19 (d, J = 16.4 Hz, 1H),
2.88 (d, J = 16.4 Hz, 1H); 3C NMR (126 MHz, DMSO-dg) &5 166.3 (s), 152.7 (s), 142.2
(d), 141.5 (s), 140.8 (s), 140.2 (s), 139.5 (s), 126.5 (d), 125.8 (d), 104.0 (d), 91.9 (d), 89.7
(d), 85.9 (s), 78.1 (d), 62.1 (t, 2C), 42.0 (t); HRMS (ESI) calcd. for C17H1gN207 [M + H]":
363.1187; found: 363.1176.

1-((2R,3R,3aS,8bR)-3,3a-Dihydroxy-6,7-bis(hydroxymethyl)-3,3a,4,8b-tetrahydro-2H-
indeno [1,2-b]furan-2-yl)-5-fluoropyrimidine-2,4(1H,3H)-dione (24bb): Yield: 318 mg
(78%); Rt = 0.3 (10% MeOH in DCM); white  solid; mp: 188— on o H
190 °C; [a]¥: +104.23 (c = 0.15, MeOH); 'H NMR (400 MHz, |, oL
CDOD) 5 7.46 (s, 1H), 7.34 (s, 1H), 7.07 (d, J = 6.5 Hz, 1H), o
6.20 (dd, J = 7.7, 1.8 Hz, 1H), 5.32 (s, 1H), 4.71 (s, 4H), 3.83 (d, J = 7.6 Hz, 1H), 3.26 (d,
J = 5.3 Hz, 1H), 3.02 (d, J = 16.6 Hz, 1H); 3C NMR (101 MHz, CD30D) & 142.2 (s),
141.1 (s), 140.9 (s, 2C), 140.4 (s, 2C), 126.5 (d), 125.8 (d), 125.1 (d, Jc_r = 33.6 Hz), 92.4
(d), 90.5 (d), 86.1 (s, 2C), 79.0 (d), 62.9 (t), 62.8 (t), 42.3 (t); HRMS (ESI) calcd. for
C17H17FN207Na [M + Na]*: 403.0912; found: 403.0912.

1-(3,3a-Dihydroxy-5,6-bis(hydroxymethyl)-3,3a,8,8a-tetrahydro-2H-indeno[2,1-

b]furan-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione  (24chb): OH o

Yield: 339 mg (83%); Rf = 0.4 (10% MeOH in DCM); white | o ° TTJO
—, Me

solid; mp: 126-128 °C; [a]37: +71.83 (c 0.24, MeOH); 'H NMR OH OH

(400 MHz, CDsOD) 57.44 (s, 1H), 7.31 (s, 1H), 6.74 (d, J = 1.1Hz, 1H), 6.19 (d, J = 7.5
Hz, 1H), 5.34 (s, 1H), 4.70(d, J = 1.5, 4H), 3.82 (d, J = 7.5 Hz, 1H), 3.25 (d, J = 16.5 Hz,
1H), 3.03 (d, J = 16.5 Hz, 1H), 1.67 (s, 3H); *C NMR (101 MHz, CDsOD) §5165.8 (s),
152.6 (s), 141.8 (s), 140.8 (s), 140.5 (), 139.9 (s), 136.6 (d), 126.4 (d), 125.9 (d), 112.0 (s),
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EXPERIMENTAL DATA

91.9 (d), 89.9 (d), 85.9 (s), 79.0 (d), 62.8 (t), 62.8 (t), 41.9 (t), 12.6 (q); HRMS (ESI) calcd.
for C1sH20N207Na [M + Na]*: 399.1163; found: 399.1160.

206 | Chapter 2



INPROTICSTAV NED 400-26220321-194849-2955.00T001. 1r.esp

3.90]

CHLOROFPRM-d

MeO. OMe
P
S
NN 0o
\\O/\/ Y
12a

Chemical Shift (ppm)

L S
Chemical Shift (ppm)
CHLOROFORM-d
8
& o 3
3§ ' 7
8 T"%’.
[+ -} o TS 2w ©
> ® [Te) © @ 1
o2 33 66 S e g3F 258
5 P‘)ﬁ < ¥ ¢
i
) . ) !
— — O —
0.87 1.710.95 2.681.631.160.89  1.76 1.77 6.222.17
[ T TR N R 1 oo
e e e e B e e = T,
10 9 8 7 6 5 4 3 2 1 0

INPROTICS-AV NEO 400-20220321-194849-2255.003.001.1r.esp

CHLOROFORM-d

MeO. OMe
DS
—Z
N7 N 0
LO/\/ Y
12a

'H /BC NMR Spectrum of 12a in CDCls

Chemical Shift (ppm)

207 | Chapter 2

©
™~
2 :
b ~ < ©
Y 75 o 8 13
© ~ 9 3 a9
Q o i
‘l" T | I [
i
B B B I B T L B B B e B I B L B B
200 180 160 140 120 100 80 60 40 20 0




INPROTICS-AV NEO 400-20220730-163818-2255.001.001.1r.esp

INPROTICS-AV NEO 400-20220730-163818-2255.001.001.1r.esp

(D6
~Z
8 N N O
7 \\o/\/ o
ge 12b
=3
iy pu s B ey ﬂ‘
0.87 1.013.001.09 1.041.082.101.082.090.98 0.98
H | | e e e H
i 910 i 815 i SYO i 715 i 7!0 i 615 i
Chemical Shift (ppm)
D
o
o
o
I
99 gi2g By
2 q_qﬁ'm |) o
[ . l
—F —_— =
0.871.013.001.091.041.082.101.082.090.980.982.00 2.01 201
1 1] u U U u u u u I I I U ]
R R B A B o o B o R A e R o
10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

INPROTICS-AV NEO 400-20220730-163818-2255.003.001.1r.esp CHLOROFORM-d

129.62

77.32
—77.00

76.68

g
N
— ||\ \
oo}
;F\,' Ly~ %
12b
e}
@ =} <
g ||92g 9 o
~ a8y N © @
& N (55 S L g
— [32] ©
o 1 |
@
o |
> 2
g 89 %8 8
o By )
g w a5 S
N = T
J v ) ) " "
I L e T i T o S i I o T e I
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

IH /BC NMR Spectrum of 12b in CDCl3

208 | Chapter 2



INRROTY NEO400-20220326-100846-2255.001-001-1

INPROTICS-AV NEO 400-20220326-100846-2255.001.001.1r.esp

Chemical Shift (ppm)

o
8
L0
~Z
NZ TN o
. \\o/\/ 4
12c
812 5
N
o
‘JL A \
0.91 0.97 1.02 1.051.012.09 0.98
— — | — _
9‘0 i 515 i 8! i 7!5 i 7!0
Chemical Shift (ppm)
—
e}
o
CHLOROFORM-d | !
o
o -
% )
| =)
2 _J3_98 &y
33356580 e
A A .l A ,
— — /N e
0.910.971.000.971.921.021.051.012.090.98 2.00 1.99 1.92 2.96
T T T T T R ¥ R VR TR TR TR TR I
S N B B A ML S MMM NN
10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (oppm)
INPROTICS-AV NEO 400-20220326-100846-2255.003.001.1r.esp CHLOROFORM-d
S&
NN
S'\l N
I A\
|
— l\/ o
NN
[ O
12c
T 5
8y
|
o B R
H o~ e <
2 o ©© I
2 8 Tl
3 8
| —
J |
o |
T T T T T T T[T T
200 180 160 140 120 100 80 60 40 20 0

'H /BC NMR Spectrum of 12¢ in CDCls

209 | Chapter 2



INPROTICS-AV NEO W08 73021838822 P58 51 601X r %85 p"oP

g
|
CHLOROFORM-d
o)
@
iy
H VS
0.97 | 1.11 3.111.07 1.04 1.122.161.132.120.99
I | — I | | S ——
! 910 ! 815 ! 810 ! 715 !
8 Chemical Shift (ppm)
o
10
23 b
© © s 82 K
- STS T
' 3
(=}
|
J A |
——— — S
0.971.113.111.071.041.122.161.132.120.990.992.00 2.09 1.99
] M ] ] Ll 1] Ll Ll ] ] ] 1} ]

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

s N
INPROTICS-AV NEO 400-20220730-163818-2255.003.001.1r.esp CHLOROFORM-d ‘
S 8 ‘
2 88
~ y':|fg N
~ L N
NN P
o o o
[oe)
g L 12d y
/
o
a o <
IR 9 -
Q ﬁg\—i oi © M
& Nl S =
— H ™ ©
n e} I
T il g
o |
» 2
8 88 28 3
«© (o2 3N ™ .
g o i S\ ]
AN ~ T
1 L 1 o e
e L T o . o oL o o I o T o ot L o o = o o T
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

IH /BC NMR Spectrum of 12d in CDCl3

210 | Chapter 2




INPROTICS-AV NEO 400-20220416-153517-2255.001.001.1r.esp

INPROTICS-AV NEO 400-20220416-153517-2255.001.001.1r.esp

| 2
Nl\ A o &g
Z e3 @j
N N O ol
O/\/ Y
12e g X
5T
Q
@
| [Te]
-
0.90 | 1.94 1.87 3.88 2.86 0.97
| S— | S——— — | —
VVQTOVVVVVV"VBYSVVVVVVVVVSTOVV"""'7T5'""""710""'""615""'
o CHLOROrUrmi-u Chemical Shift (ppm)
3 ()
o N
Tuo &
©
© o
£ ¢9e IBL g
ff Sf8 @ 5
LTS g
o
|
‘)k‘ )|\| L i ~ A
0.90 1.941.873.882.86 0.97 1.97 1.99 1.99
5] | I R I N 1] ] - -
T T T T T T T T T T T T T T T T e e e
9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
INPROTICS-AV NEO 400-20220416-153517-2255.003.001.1r.esp 55 8_
W
=
—
DS
—
NZ TN 0
LO/\/ W
12e
o 38
O N3
o ©
T
L e o o o e e L o o e e B B i i e e e
180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

'H /BC NMR Spectrum of 12e in CDCls

211 | Chapter 2




INNRIRCSTACE AN M E26204 007 202208081 1657 44-2255.001.001. 1r.esp

'd ~\
OMe
3 N"\ A\
~
NT TN O
\\o/\/ \
L 12f )

\
0.77 1.781.77 0.912.84 195 0.94 1.88
1 HoH == Ll H H
T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55

Chemical Shift ppm) ..., .

[}
e}
© [+]
83 Saon~ 23 © © ; l
CHE9BEBO R B 228Y | 399 |83 o
R ’P\’\w l IYY |9 g
l TR T . T L N !
— — L L —
0.77 1.781.770.912.841.950.94 1.88 1.87 3.001.81
1 [ T TR TR TR | Il [T T
T P e e e e T
10 9 8 7 6 5 4 3 2 1

Chemical Shift (ppm)

INPROTICS-AV NEO 400-20220803-165744-2255.003.001.1r.esp

4 N\
OMe
G
Z
NZ TN 0
Lo/\/ y
L 12f J

Y 9 CHLOROFORM-d
gﬁoo' <
\—coiN —
l\'NH -
o O o
g 2 [l 5 FEe 5y 8
H [} wn wn
o @ B S - 8ga 8
™ — 8] —~ =1 < © |
(] [sr) — ~ ~ )
©g8I/ S = S
[ IR INGEN] 7o)
[Te} n —
H\ﬂr{ —
| I\'\. N
I I I I. 1 1 ]
T T T T T T T T e T e e e e
200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

'H /**C NMR Spectrum of 12f in CDCl3

212 | Chapter 2



'H /B3C NMR Spectrum of 12g in CDCl3
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Cervical cancer is a leading cause of cancer-related deaths in women and is one of the global health
concerns. Amongst the various cellular processes of the cervical cancer cells, the autophagy has been
shown to play a crucial role in cervical cancer cell survival and resistance to therapy. Thus, in this
context, we document the design and development of 3-(benzofuran-2-ylmethyl)-1H-indole derivatives
as potential autophagy inducers in cervical cancer cells. The design of targeted compounds was based on
the natural products having bisindolylmethane and benzofuran scaffolds with diverse biological
activities. A focused small molecule library designed around this scaffold has been synthesized and
screening against various cancer cells led to the identification of 2 synthesized molecules with a
promising inhibition against the Siha cell line.

In the initial phases of COVID-19 pandemic, lot of efforts have been focused on the
development or the deployment of new and known nucleoside based small molecules for identifying
potential small molecules to target SARS-CoV-2. Remdesivir, a nucleoside analogue, is one of the first
drugs to be approved for the treatment of COVID-19 patients in some countries, but its efficacy and side
effects warrant further investigation. Thus, the development of novel nucleoside analogues tailored
specifically to target SARS-CoV-2 presents a significant opportunity to enhance antiviral therapy for
COVID-19 and this constitutes as the second objective of this thesis. In the context of Covid-19, we
have come up with two different scaffolds. The first series is funded upon integrating structural feature
of the acyclovir and JAK-2 kinase inhibitors Ruxolitinib and Baricitinib. As this series was found to be
not promising in terms of the anti-viral activity against SARS-CoV-2, we have come up with a new
design and strategy that provided a rapid access to the sugar-modified tricyclic nucleoside derivatives in

which, cyclotrimerization was employed as a key reaction.
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Crystal structure of 1-(4-bromophenyl)but-3-yn-1-

one
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The title compound, 1-(4-bromophenyl)but-3-yn-1-one, C,(H,BrO, crystallizes
in the monoclinic space group P2,/n with one molecule in the asymmetric unit.
The structure displays a planar geometry. The crystal structure is consolidated
by C—H- - -O hydrogen bonding and a short C=0- - -C=C (acetylene) contacts.
Hirshfeld surface analysis indicates that H---H, C---H/H---C and H---Br/
Br- - -H interactions play a more important role in consolidating the crystal
structure compared to H---O/O- - -H and C. - -C contacts.

1. Chemical context

The title compound 1-(4-bromophenyl)but-3-yn-1-one (1) was
obtained as a side product during the synthesis of 5-(4-
bromophenyl)isoxazole-3-carboxylic acid (2) from the NaOH-
mediated hydrolysis of ethyl 5-(4-bromophenyl)isoxazole-3-
carboxylate (3). These arylisoxazole carboxylic acids have
been identified as potential isosteres of aryl diketo acid in the
design of novel HIV-1 integrase inhibitors (Zeng et al., 2008).
The presence of three distinct functional groups, viz. alkyne,
bromo, and carbonyl, offers an intriguing opportunity to
explore how intermolecular interactions contribute to the
cohesion of the crystal structure.

OEt

=]

Br

2. Structural commentary

The title compound crystallizes in the monoclinic P2,/n
centrosymmetric space group with one molecule of 1 in the
asymmetric unit (Fig. 1). The structure displays a planar
geometry [torsion angle C5—C1—C8—C9 = 175.4 (3)°, only
the C5 atom of phenyl ring is considered and not the full
fragment]. The phenyl ring makes a dihedral angle of 5.4 (2)°
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Figure 1
The asymmetric unit of 1 with the atom labelling. Displacement ellipsoids
represent 30% probability levels.

with the least-squares plane through the O1/C1/C8-C10
fragment.

3. Supramolecular features

In the crystal, the closely associated molecules of 1 generate
two different helical assemblies across the crystallographic
2;-screw axis (b-axis). The helical assembly generated using
C1=01---C9=C10"  (acetylene, C=O---w) contacts
[symmetry code: (i) —x + 1, y + 1, —z + 3] (Li et al, 2019;
Mooibroek, et al., 2008) has a sheet structure (Fig. 2, Table 1),
while the helical assembly created using C—H---O (C8—
HS8A- - -O1%) contacts [symmetry code: (i) —x + 2y—3—z+3]
(Desiraju & Steiner, 2001) has a proper helical structure
(Fig. 3, Table 1). The helical assembly created using the short
C1=01. - -C9=C10 contacts is further supported by marginal
C—H- - -7 [symmetry code: (iii) —x + 1, y — 1, —z + 3] contacts
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Figure 2

A view of the molecular packing of 1 along the helical b-axis showing the
association of closely linked molecules by C=O0.--C=C (acetylene,
C=O0---7) and marginal C—H- .- (;-cloud of acetylene molecules)
contacts. Neighbouring helices along the longer ¢ axis are linked by C—
H- - -Br contacts. Symmetry codes as in Table 1.

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H--A DA D—H---A
C1-01---C9" 3.13 (1) 154 (1)
C8—HB8A.--01" 1.02 (4) 231 (4) 3259 (5) 156 (3)
C7—H7---C10% 1.06 (3) 271 (4) 3.626 (5) 144 (3)
C10—H10- - -Br1" 0.93 2.68 3.305 (5) 126

Symmetry codes: (i) —x+3y+i-—z+3% (i)
1

—x+3y—L —z4+% (i)
—x+iy—-L-—z+3Gv)x—-3—y+iz-1L

involving the phenyl ring (C7—H?7) and the 7 cloud of the
acetylene moiety. Both helices are intertwined and form a two-
dimensional sheet structure roughly along the a-axis direction.
Along the longer c-axis, molecules are loosely connected using
weak C—H---Br (ClO H10---Br1" contacts [symmetry
code: (iv) x — 3, —y + 1, z — 1] (van den Berg & Seddon, 2003),
generating the extended assembly (Figs. 2 and 3, Table 1).

In order to visualize and quantify intermolecular inter-
actions in 1, a Hirshfeld surface analysis (Spackman & Jaya-
tilaka, 2009) was performed using Crystal Explorer 21.5
(Spackman et al., 2021), and the associated two-dimensional
fingerprint plots (McKinnon et al., 2007) were generated. The
Hirshfeld surfaces for the molecule in 1 are shown in Fig. 4 in
which the two-dimensional fingerprint plots of the most
dominant contacts are also presented. H- - -H (27.4%), H- - -C/
C---H (22.3%) and H---Br/Br---H (22.0%) contacts are
responsible for the largest contributions to the Hirshfeld
surface. Besides these contacts, H---O/O---H (11.8%) and
C.--C (7.8%) interactions contribute significantly to the total
Hirshfeld surface. The contributions of further contacts are
only minor and amount to C- - -Br/Br---C (4.5%) and C---O/
O---C (3.6%).

'y » | ° 2
“y | i r*\:\/ b ouil
‘ .‘"\: 0o ) = "W \
- 1 ] b >
Lo B W
| Xy g
L "y, [

Figure 3

A view of the molecular packing of 1 along the helical b-axis showing the
association of closely linked molecules by C—H---O contacts. Neigh-
bouring helices along the longer c axis are linked by C—H- - -Br contacts.
Symmetry codes as in Table 1.
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Figure 4

Three-dimensional Hirshfeld surfaces of compound 1 plotted over d;,om
in the range —0.2760 to 0.9829 a.u., and Hirshfeld fingerprint plots for all
contacts and those decomposed into H---H, H.--C/C---H, H---Br/
Br---H, H---O0/O---H, C---C and C---Brt/Br---C contacts. d; and d.
denote the closest internal and external distances (in A) from a point on
the surface.

4. Database survey

A survey of the Cambridge Structural Database (version 5.43,
update 4, November 2022; Groom et al., 2016) revealed that no
crystal structure of compound 1 has been reported. Moreover,
no crystal structure similar to that of compound 1 has been
reported. However, focusing only on the 1-phenylbut-3-yn-1-
one unit yielded 24 hits with not much similarity with the title
compound. The most similar structure with respect to
compound 1 is 3-phenyl-2-(phenylethynyl)-1H-inden-1-one
(FEGDOO; Kumar et al., 2022).

5. Synthesis and crystallization

A solution of methyl ester 3 (100 mg, 0.35 mmol) and 1N
NaOH (3 mL) and methanol (3 mL) was heated to reflux for
3 h. After completion of the reaction as indicated by TLC, the
reaction mixture was cooled to room temperature and
neutralized with a solution of 3N HCI and then extracted with
dichloromethane (3 x 10 mL). The combined organic layer
was washed with brine and concentrated. The resulting crude
was purified by column chromatography (30% ethyl acetate in
petroleum ether) to afford the acid 2 (70 mg, 74% yield) and
an alkyne, the title compound 1 (8 mg, 11% yield) as colour-
less solids. Colourless crystals of the title compound 1 suitable
for single crystal X-ray diffraction analysis were obtained by
slow evaporation of an ethanol solution.

Table 2
Experimental details.

Crystal data
Chemical formula
M,

Crystal system, space group
Temperature (K)
a, b, c(A)

B()

V(AY)

V4

Radiation type

p (mm™")

Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tmin’ Tmax

No. of measured, independent and
observed [I > 20([)] reflections

Rim

(sin /M) max (A7)

Refinement

R[F? > 20(F%)], wR(F?), §
No. of reflections

No. of parameters

H-atom treatment

APmaxs APmin (€ A73)

C;oH;BrO

223.07
Monoclinic, P2,/n
297

4.471 (2), 9.032 (4), 21.652 (11)
92.252 (8)

873.7 (7)

4

Mo Ka

4.65

0.35 x 0.28 x 0.13

Bruker SMART APEX

Multi-scan (SADABS; Bruker
2016)

0.293, 0.583

4994, 1965, 1397

0.043
0.664

0.048, 0.140, 1.02

1965

133

H atoms treated by a mixture of
independent and constrained
refinement

0.40, —0.62

Computer programs: APEX3 and SAINT-Plus (Bruker, 2016), SHELXS97 (Sheldrick,
2008), SHELXL2014/7 (Sheldrick, 2015), ORTEP-3 for Windows (Farrugia, 2012),
Mercury (Macrae et al., 2020), SHELXTL (Sheldrick, 2008), PLATON (Spek, 2020) and

pubICIF (Westrip, 2010).

6. Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2. All H atoms (except the acetylene
H atom) were located in difference-Fourier map and refined
isotropically. The acetylene (—C=C—H) H atom was placed
in a geometrically idealized position using HFIX 163. It was
constrained to ride on its parent atom, with U,(H) =
12U4(C) for acetylene. The long C8—H8A distance
[1.02 (4) A] could be the result of its involvement in the
directional C— H- - -O hydrogen-bond formation with O1.
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Crystal structure of 1-(4-bromophenyl)but-3-yn-1-one

Shaziyaparveen K. Siddiqui, C. V. Ramana and Rajesh G. Gonnade

Computing details

Data collection: APEX3 (Bruker, 2016); cell refinement: SAINT-Plus (Bruker, 2016); data reduction: SAINT-Plus
(Bruker, 2016); program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure:
SHELXL2014/7 (Sheldrick, 2015); molecular graphics: ORTEP-3 for Windows (Farrugia, 2012), Mercury (Macrae et al.,
2020); software used to prepare material for publication: SHELXTL (Sheldrick, 2008), PLATON (Spek, 2020) and

publCIF (Westrip, 2010).
1-(4-Bromophenyl)but-3-yn-1-one

Crystal data

C10H7BI'O

M, =223.07
Monoclinic, P2,/n
a=4471(2)A
b=9.032(4H A
c=21.652(11) A
p=92.252 (8)°
V=2873.7(7) A’
Z=4

Data collection

Bruker SMART APEX
diffractometer

Radiation source: fine-focus sealed tube

Graphite monochromator

Phi and @ Scan scans

Absorption correction: multi-scan
(SADABS; Bruker 2016)

Tnin = 0.293, T = 0.583

Refinement

Refinement on F?
Least-squares matrix: full
R[F?>20(F?)] = 0.048
WwR(F?)=0.140

§=1.02

1965 reflections

133 parameters

0 restraints

F(000) =440

D,=1.696 Mg m>

Mo Ko radiation, A = 0.71073 A

Cell parameters from 1876 reflections
6=2.4-24.9°

4 =4.65mm™

T=297K

Block, colourless

0.35 x 0.28 x 0.13 mm

4994 measured reflections
1965 independent reflections
1397 reflections with /> 2a([)
R = 0.043

Omax = 28.2°, Opin = 2.4°
h=-4-5

k=-11-11

[=-27-27

Primary atom site location: structure-invariant
direct methods

Hydrogen site location: mixed

H atoms treated by a mixture of independent
and constrained refinement

w = 1/[c*(F,?) + (0.0812P)* + 0.1069P]
where P = (F,2 + 2F2)/3

(A/0)max = 0.002

Apmax =0.40 ¢ A7

Apmin = —0.62 ¢ A
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Special details

Geometry. All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Uiso*/Ueq

Cl 0.5990 (7) 0.3666 (3) 0.79382 (16) 0.0508 (8)
Brl 1.37959 (10) 0.22006 (5) 1.02549 (2) 0.0743 (2)
C2 0.7972 (7) 0.3261 (3) 0.84766 (16) 0.0488 (7)
C3 0.9384 (9) 0.4391 (4) 0.88181 (17) 0.0581 (9)
H3 0.887 (9) 0.545 (5) 0.8679 (19) 0.080 (12)*
C4 1.1186 (9) 0.4079 (4) 0.93323 (18) 0.0615 (9)
H4 1.217 (9) 0.494 (5) 0.9555 (19) 0.077 (11)*
C5 1.1578 (9) 0.2628 (4) 0.95122 (18) 0.0556 (8)
Cé6 1.0233 (9) 0.1475 (4) 0.91808 (18) 0.0609 (9)
H6 1.065 (9) 0.051 (5) 0.9319 (19) 0.070 (11)*
C7 0.8439 (9) 0.1783 (4) 0.86619 (17) 0.0560 (8)
H7 0.752 (8) 0.096 (4) 0.8364 (15) 0.054 (9)*
C8 0.4544 (9) 0.2439 (4) 0.7551 (2) 0.0555 (9)
H8B 0.342 (9) 0.184 (4) 0.7824 (18) 0.056 (10)*
C9 0.2564 (10) 0.3048 (4) 0.7064 (2) 0.0666 (11)
H8A 0.617 (10) 0.187 (5) 0.734 (2) 0.068 (12)*
C10 0.1011 (10) 0.3516 (5) 0.6698 (2) 0.0783 (12)
H10 —0.0283 0.3905 0.6393 0.094*
01 0.5514 (7) 0.4954 (2) 0.77985 (13) 0.0718 (8)
Atomic displacement parameters (42)

Ull []22 l].’r} UIZ U13 []23
Cl 0.0553 (18) 0.0353 (15) 0.0622 (19) —0.0025 (13) 0.0097 (15) —0.0018 (14)
Brl 0.0827 (4) 0.0702 (3) 0.0688 (3) —0.00322 (18) —0.0116 (2) —0.00504 (18)
C2 0.0542 (18) 0.0368 (14) 0.0563 (18) —0.0031 (13) 0.0125 (15) —0.0051 (14)
C3 0.076 (2) 0.0382 (16) 0.061 (2) —0.0070 (15) 0.0057 (18) —0.0033 (15)
C4 0.074 (2) 0.0484 (19) 0.062 (2) —0.0152 (17) 0.0072 (18) —0.0110 (17)
C5 0.060 (2) 0.0547 (19) 0.0524 (19) —0.0042 (15) 0.0068 (15) —0.0065 (16)
Cé6 0.077 (2) 0.0415 (18) 0.064 (2) —0.0030 (17) 0.0016 (18) —0.0003 (16)
C7 0.069 (2) 0.0386 (15) 0.060 (2) —0.0030 (15) 0.0009 (17) —0.0053 (15)
C8 0.057 (2) 0.0396 (15) 0.069 (2) 0.0016 (15) —0.0034 (19) —0.0029 (16)
C9 0.067 (2) 0.0464 (18) 0.087 (3) —0.0048 (17) 0.002 (2) —0.0019 (19)
C10 0.084 (3) 0.060 (2) 0.088 (3) 0.005 (2) —0.032 (2) 0.017 (2)
01 0.0875 (18) 0.0377 (12) 0.0895 (19) 0.0002 (12) —0.0066 (16) 0.0024 (13)
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Geometric parameters (4, )

C1—01 1.218 (4) C5—C6 1.388 (5)
Cl1—C2 1.482 (5) Cc6—C7 1.383 (5)
C1—C8 1.518 (5) C6—H6 0.93 (4)
Br1—C5 1.895 (4) C7—H7 1.06 (3)
C2—C3 1.397 (5) C8—C9 1.458 (7)
Cc2—C7 1.407 (5) C8—HS8B 0.96 (4)
C3—C4 1.378 (6) C8—HSA 1.02 (4)
C3—H3 1.03 (5) C9—Cl10 1.117 (6)
C4—C5s 1.377 (5) C10—H10 0.9300
C4—H4 1.01 (5)

01—C1—C2 121.6 (3) C7—C6—C5 119.7 (3)
01—C1—C8 119.6 (3) C7—C6—H6 123 (3)
C2—C1—C8 118.8 (3) C5—C6—H6 117 (3)
C3—C2—C7 118.9 (3) C6—C7—C2 119.8 (3)
C3—C2—Cl1 118.7 (3) C6—C7—H7 123.5 (18)
C7—C2—Cl1 122.4 (3) C2—C7—H7 116.4 (18)
C4—C3—C2 121.1 (3) C9—C8—Cl 110.9 (3)
C4—C3—H3 123 (2) C9—C8—HS8B 110 (2)
C2—C3—H3 116 (2) C1—C8—HS8B 107 (2)
C5—C4—C3 119.2 (3) C9—C8—HS8A 107 (2)
C5—C4—H4 123 (2) C1—C8—HSA 109 (2)
C3—C4—H4 117 (3) H8B—C8—HS8A 113 (3)
C4—C5—C6 121.3 (4) C10—C9—C8 178.8 (6)
C4—C5—Brl 119.4 (3) C9—C10—HI10 180.0
C6—C5—Brl 119.2 (3)

01—C1—C2—C3 -1.9(5) C3—C4—C5—Brl -175.1 (3)
C8—Cl1—C2—C3 177.7 (3) C4—C5—C6—C7 —0.6 (6)
o1—C1—C2—C7 177.0 (3) Br1—C5—C6—C7 175.5 (3)
C8—Cl1—C2—C7 -3.4(5) C5—C6—C7—C2 —-0.5 (6)
C7—C2—C3—C4 -0.7 (5) C3—C2—C7—C6 1.1 (6)
Cl1—C2—C3—C4 178.3 (3) Cl1—C2—C7—C6 -177.8 (3)
C2—C3—C4—C5 —0.4 (6) 01—C1—C8—C9 -3.3(6)
C3—C4—C5—C6 1.0 (6) C2—C1—C8—C9 177.1 (3)
Hydrogen-bond geometry (4, )

D—H--A4 D—H H---A4 DA D—H-A
C1—O1---C9! 3.13 (1) 154 (1)
C8—Hg4---0Ol 1.02 (4) 2.31(4) 3.259 (5) 156 (3)
C7—H7---C10i 1.06 (3) 2.71 (4) 3.626 (5) 144 (3)
C10—H10---Brl" 0.93 2.68 3.305 (5) 126

Symmetry codes: (i) —x-+1/2, y+1/2, —z+3/2; (i) —x+3/2, y—1/2, —z+3/2; (iii) —x+1/2, y—1/2, —2+3/2; (iv) x=3/2, —p+1/2, z—-1/2.
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