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ABSTRACT

Obesity is a chronic relapsing condition characterized by the excessive deposition of dietary
fat in the body and it is now considered as one of the most critical global health issues.
Surprisingly, the demography of obese and overweight population is higher as compared with
the malnutrition population. Its prevalence is increasing day by day at an alarming rate.
Looking at such a pandemic nature of obesity, a proper strategy is essential to combat the
current situation. Pharmacotherapy of obesity consists of drugs that act on various targets.
Majority of these drugs act on the central nervous system (CNS), resulting in numerous side
effects. Inhibition of fat digestion is one of the peripheral targets. For the digestion of dietary
fat, pancreatic lipase (PL) is the principal enzyme responsible for 56% of dietary fat
digestion. Thus, through inhibition of PL, obesity condition can be prevented by inhibiting
further fat deposition in the body.

For the development of small molecule inhibitors, natural products are always an inspiration
and numerous phytochemicals have been identified for their PL inhibitory potential. These
can be divided into various classes such as polyphenols, saponins, alkaloids, benzofurans, etc.
Among those chemical classes, majority of the PL inhibitors were found to be of
polyphenolic origin (42% of total natural PL inhibitors). Many of these polyphenolic PL
inhibitors are found to have a chromone ring as a bioactive heterocycle. While a vast amount
of literature is available on chromone-based natural PL inhibitors, there is no single report on
synthetic chromone-based PL inhibitors with a rational design approach. Also, looking at the
importance of heterocyclic scaffolds, many of the heterocycles, namely indole, carbazole,
thiazolidinedione, quinazolinone, and coumarin have been utilized for the development of
novel PL inhibitors. Looking at the potential of chromone heterocycle and to fill the gap in
PL inhibitory research, in this study we aimed to design and synthesize chromone-based PL
inhibitors, with their in vitro screening, followed by in vivo anti-obesity testing of the topmost

analogue.

For the design of novel PL inhibitors, chromone (being an electron-rich moiety) was fixed for
either interacting with lid domain or Arg256 amino acids. Further, the acrylate fragment was
utilized to interact with Ser152 (catalytic amino acid). Another aromatic or heteroaromatic
ring was attached with the spacer (linker length of 1/2/ 3 carbon atoms). Such designed
prototypes were docked in the PL active site (PDB ID: 1LPB). The results were encouraging

in terms of docking score and amino acid interactions for the prototypes with the 1 and 2



carbon atom linkers (n =1,2). The prototype with the linker length of 3 carbon atoms (n =3)
failed to exhibit significant interactions with active site amino acids. By considering such
observations, a series I of 24 analogues (with linker length of 1 carbon atom) was synthesized
through a suitable synthetic scheme. Among these analogues 5ad and 5am were the most
potent with ICsy values of 5.82 + 0.933, 5.16 + 0.287 uM, respectively. Through enzyme
kinetics study, the analogue Sam was found to exhibit a competitive mode of inhibition with
K; value of 2.003 uM. The fluorescence quenching study also confirmed the binding of
analogue Sam at a single binding site of PL enzyme. The analogue Sam was further subjected
to molecular dynamics simulation for 100 ns. It was found to be stable with RMSD value in

the range of 2.4-6.4 A.

Further, the series I analogues were optimized by increasing the linker length to 2carbon and
3carbon. It was hypothesized that increased spacer distance would lead to better opportunities
for both chromone and aromatic/heteroaromatic moieties for their respective interactions at
the PL active site. Through in vitro results the linker length of 2 carbon atoms was found to
be efficient with analogue 6aa (ICsy of 16.01 + 0.274 uM) being more potent as compared to
the analogues with linker length of 1 carbon atom (Saa; ICsy = 25.27 + 0.550 uM) and 3
carbon atom (8aa; ICso = 31.49 £+ 1.363 uM). Thus, series Il was synthesized by keeping the
linker length of 2 carbon atoms with various substituents on chromone and aromatic moieties.
Among the 29 analogues of series II, 6fj and 6gj were found to exhibit potential PL
inhibitory activities of 4.92 + 1.398, 4.23 £+ 0.747 uM, respectively. With K; value of 1.601
uM, the analogue 6gj was also inhibited PL with competitive mode. Through molecular
dynamics simulation study, the protein was found to deviate with maximum RMSD of 5 A
and ligand RMSD was found to deviate up to 6 A till 60 ns, that was found to elevate from
60-100 ns. Such results explain moderate stability of the complex and hence further

optimization will lead to better stability of the complex.

Finally, the optimized III series was developed by modifying the 2-carbon atom linker (n =2)
of series Il analogues (6aa-6gj). The linker was modified by the substitution of an aromatic
moiety and a keto substituent. Such optimization was performed to maximize the interactions
(aromatic and H-bonding) and binding of inhibitors at the PL active site. Delightedly, the
proposed prototype analogue 10aa was found to bind at the active site more efficiently, as
evidenced by the good MolDock score of -168.33 kcal/mol. With such positive results, we
have synthesized a series of 18 analogues with EDG, EWG and bulkier substituents. A total
of 6 analogues were found to exhibit ICsy values in the range of 1.24 - 2.76 uM. The

vi



analogue 10gb was the most potent among all the series of analogues with ICsy of 1.24 +
0.296 uM. The analogue 10gb also exhibited fluorescence quenching with a static
mechanism and was capable of binding PL at one binding site. Through enzyme kinetics
studies, analogue 10gb was found to exhibit K; value of 0.554 uM with a competitive nature
of inhibition. In molecular dynamics simulation of 100 ns, the ligand RMSD was found to
deviate from 5-8 A. Also, the protein molecule exhibited the RMSD value less than 4.5 A.
Such RMSD values are within the range, that proves the stability of the ligand-protein

complex.

Finally, a total of 6 best potent PL inhibitory analogues from all three series were screened
for in silico ADMET prediction using Swiss ADME and ProTox-2 web servers. Many of the
analogues including topmost analogue 10gb were found to be metabolically stable and devoid
of any toxicities. Further, the analogue 10gb was tested for in vivo anti-obesity activity,
utilizing HFD-induced obesity model in mice. The model was developed by feeding HFD to
Swiss albino mice and the induction of obesity was checked by weekly body weight and
serum triglyceride, cholesterol, HDL cholesterol measurement. Through OTTT analysis,
doses of 10 mg/kg (LD) and 20 mg/kg (HD) of 10gb were selected for the treatment of HFD-
induced obese mice. After the induction of obesity, 4-week treatment of 10gb (HD, LD) and
orlistat (10 mg/kg) was initiated. After the 4-week treatment, the weight of treatment groups
(orlistat and 10gb) was found to be lower than the DC group. Also, there was a
normalization of spiked levels of triglycerides, total cholesterol and LDL cholesterol in the
case of treatment groups. In addition to it, the triglyceride excretion caused by 10gb was also
proved through faecal triglyceride measurement, confirming its PL inhibitory action. After
the histopathological examination of liver and adipose tissue, hepatic fibrosis and lipid
accumulation with the increase in size of adipocytes were observed for DC group (HFD
without treatment). Such changes were found to normalized in case of orlistat and 10gb (HD)
treatment groups. Such results proves equal effectivity of analogue 10gb (10 mg/kg, 20
mg/kg) as orlistat (10 mg/kg) in the management of the obesity condition.
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CHAPTER 1
INTRODUCTION




CHAPTER 1

1. Introduction

1.1. Obesity

Obesity is a condition in which there is fat deposition to such an extent that it can have
potential effects on health. According to the National Institute of Health (NIH), overweight
and obesity is an excessive accumulation of fat (globally, regionally and in organs) that
increases risk for adverse health outcomes. It has grown up to epidemic proportions, as over 4
million people die each year because of being obese. Out of the global population, more than
1.9 billion adults are overweight and 650 million are obese. As per the reports of the year
2020, 39 million children under the age group of 5 were either overweight or obese. As per
WHO European Regional Obesity Report 2022, almost 60% of adults and one in three
children are affected by overweight and obesity in the European region.' More than 135
million Indians are affected by obesity and related complications. According to ICMR-
INDIAB study in 2015, the prevalence rate of obesity varies from 11.8% to 31.3%.” It is also
forecasted that the prevalence of obesity in India will triple from 2010 to 2040.°

There is a high risk of obesity and its associated comorbidities, including type 2 diabetes,
hypertension, ischemic heart disease, fatty liver disease, cancer, etc.*> Such problems are
more in developing countries due to the consumption of food with high calorific value (i.e.
unhealthy food habits), sedentary lifestyle, lack of financial and health care support, etc.®’
Various risk issues associated with obesity are outlined in Figure 1.1. Also, the impact of
obesity on non-communicable diseases like viral infection has been identified. Recently, in
the case of obese population, the rate of patients hospitalised and ill due to COVID-19 was
found to be significantly high.*® Overweight and obesity are determined using body mass
index (BMI), independent of the stature of the population. Globally, a BMI > 30 kg/m2

defines generalized obesity, BMI > 40 kg/m” denotes extreme obesity.

Mental Cardiovascular Coagulation Skin Musculoskeletal Pulmonary
_Attention deficit -Hypertension -Thrombosis -Psoriasis -Osteoarthritis -Sleep Apnoea
diseases -Heart failure -Fatigue -Asthma
-Depression -COPD
-Anxiety

Several Cancers Metabolic Reproduction

-Colon -Type 2 diabetes -Hypogonadism

-Breast -Fatty liver disease -PCOS

-Pancreatic -Dyslipidemia

-Gallstones
-Gout

Figure 1.1. Risk factors associated with obesity
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1.1.1. Causes of Obesity

It is a known fact that obesity is caused due to an imbalance between energy consumption
and energy expenditure, but the etiology of obesity is highly complex with genetic,
physiological, environmental, psychological, socio-economic factors involved.'™"" As
detailed in Figure 1.2, there are many causes of obesity including food environment,
decreased physical activity, infection, endocrine disruptors, drug-induced weight gain, sleep
debt, etc. Consumption of diet enriched in fat is the main cause of obesity, along with

decreased physical activities.

Apart from energy intake and expenditure, the weight gain is also contributed by several
commonly used medications including psychotropic medications, diabetic treatments,
antihypertensives, steroid hormones & contraceptives, antihistamines, protease inhibitors,

etc.'” There is no underlying mechanism proven for drug-induced obesity.

é Affordability and accessibility E E -Less access to physical activities and
+ of fat-laden foods; ' 1 physical education :
i leading to increased caloric . i -Increased engagement in television, internet :
1 intake than expenditure. : | surfing and video games H
e e e e ———————
Food Environment Decreaset‘i !)hyswal
Activity
i -Increased sleeping hours is : pTTTIT T e
1 negatively proportional to BMI | ) 3 i Adenovirus-36 (Ad-36) infection |
i -Sleep restriction leads to : Sleep Debt Causes of Obesity Infections ' leads to obesity in animals :
i increased hunger & appetite : e !
Drug-induced Endocrine Disruptors
Weight Gain
E Induced weight gain due to following . : Substances, affecting endocrine functions, :
1 drug classes: : i leads to disturbance in endogenous
: -Psychotropic medications ' : hormonal regulation. :
i+ -Diabetic treatments H + Such industrially produced substances are: .
i -Antihypertensives : i -Dichlorodiphenyltrichloroethane
i -Steroid hormones and contraceptives : i -Polychlorinated biphenols
i -Antihistamines H + -Alkylphenols
i

-Protease inhibitors L e '

Figure 1.2. Various factors responsible for obesity

It is only an observation that the long-term treatment of above-mentioned classes of drugs

lead to obesity. Sleep debt is also associated with weight gain, as studies have shown the
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negative correlation of extended sleep on BML"*!'* Some industrially produced substances
such as dichlorodiphenyltrichloroethane, some polychlorinated bisphenols, etc. can affect the
endocrine function, leading to hormonal imbalance can also cause obesity.'® The studies on

animals, has proven that the Adenovirus-36 (Ad-36) infection leads to obesity. '°

1.1.2.Prevention and Treatment of Obesity

As the obesity condition is so prevalent and difficult to treat, it is important to prevent the
condition rather than treatment. For the prevention of overweight and obesity, one should eat
according to their nutritional needs with regular physical exercise and check weight regularly.
For nutrition, the consumption of low energy density food (food with high water and fibre
content) should be more as compared with high energy density ones (food with high fat and
sugar). For subjects, who are unable to control their weight through diet and exercise solely,

various treatment options are available that are listed below:

A) Dietary Therapy

It is a long-term therapy, carried out by the counselling of nutritional specialist. The main aim
of the programme is to reduce fat and carbohydrate consumption, while providing with
necessary nutritional supply. For body weight reduction, the energy deficit of around 500-600
kcal/day is required, that will result in 0.5 Kg/week of weight loss.

B) Increased Exercise
For effective weight loss, more than 150 min/week of exercise is required with energy

consumption of 1200-1800 kcal/week. '’

C) Behaviour Modification
Behaviour modification may help the obese and overweight individual through counselling,
self-monitoring, stress management, stimulus control, reinforcement techniques, rewarding

changes in behaviour, social support and relapse prevention training. '*

D) Anti-Obesity Medications

Anti-Obesity medications (AOMs) are required for those subjects who are unable to manage
the weight using lifestyle modifications such as exercise, diet, behaviour modification or
combination of all. There are limited number of drugs that are in clinical use and many of the
AOMs are withdrawn due to life threatening adverse effects. Currently, Phentermine,
Semaglutide, Liraglutide, Phentermine-Topiramate combination, Naltrexone-Bupropion

combination and Orlistat are the drugs that are clinically available as AOM. Except Orlistat,
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all the listed drugs target the CNS pathways. The AOMs and lifestyle modification should be

combined to experience increased efficacy of the treatment.

E) Surgical Intervention
In case of extremely obese patients, the surgical intervention is more effective for body fat
reduction, improvement in obesity related disease and reduction in mortality rate. Surgical

treatment is indicated according to BMI of patients, that is as follows:

e Grade III obesity: BMI > 40 kg/m®
e Grade II obesity: BMI > 35 kg/m? and with significant co-morbidities
e Grade I obesity: BMI in between 30-35 kg/m?, in patients with Type-2 diabetes

(Special case)

1.1.3. Pharmacotherapeutic Targets for Treatment of Obesity
Obesity condition is associated with the feedback system in the body. Hence, the individual

sites in such feedback system serves as a target for obesity treatment. Medicinal agents that

19,20 21,22

, mitochondrial uncouplers,
24,25

have been investigated, constitutes lipase inhibitors

sympathomimetics, seretonergic agonists °, and cannabinoid receptor agonists.
The investigational anti-obesity agents are divided into following categories*® namely,

A) CNS agents (Affecting neurotransmitters and neural ion channels)
e Antidepressants: Bupropion
e Selective 5-HT,¢ agonist: Lorcaserin
e antiseizure agents: Topiramate
e Dopamine antagonists: Ecopipam
e (Cannabinoid receptor-1 (CB-1) antagonists: Rimonabant
B) Agents affecting leptin/insulin/central nervous system pathways
e Leptin analogues
e Leptin transport and/or Leptin receptor promoters
e (iliary neurotrophic factor, neuropeptide Y and agouti-related peptide antagonists
e Pro-opiomelanocortin and cocaine & amphetamine regulated transcript promoters
e o-melanocyte-stimulating hormone analogues: MC4-NN2-0453
e Melanocortin-4 receptor agonists: Setmelanotide

e Agents that affect insulin metabolism/activity: PPAR- y antagonists
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C) Gastrointestinal-neural pathway agents

Agents that increase cholecystokinin activity

Agents increasing glucagon-like peptide-1 (GLP-1) activity
Agents increasing protein YY3-36 activity

Ghrelin antagonists

Amylin analogues: Cagrilintide

D) Agents increasing resting metabolic rate

Selective -3 stimulators/agonist
Uncoupling protein homologues

Thyroid receptor agonists

E) Agents blocking nutrient absorption

Pancreatic Lipase inhibitors: Orlistat

F) Other agents

Melanin concentrating hormone receptor (MChR) antagonists
Phytostanol analogues

Amylase inhibitors

Corticotropin releasing hormone agonists

Fatty acid synthesis inhibitors

1.1.4. Anti-obesity Medications: Approval and Current Status

Pharmacotherapy of obesity has a very long history, as many of the promising drugs were

withdrawn due to adverse effects. Various anti-obesity medications (AOMs) such as,

amphetamines, thyroid hormones, dinitrophenol (DNP) and rainbow pills were withdrawn

due to serious adverse effects, shortly after their approval. Table 1.1 highlights the list of

approved AOMs along with their adverse effects, structure, category and approval period.
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Table 1.1 List of approved AOMs with their structures and adverse effects 27

individuals with

pre-existing CVD)

Drug Structure Approval Side effects
Mitochondrial uncoupler
1933-1938
(USA)
|o|+ |o|+ Hyperthermia,
N
DNP ‘0” \@ ho) tachycardia, fever,
tachypnoea, death
OH yp
Sympathomimetics
High risk for
1947-1979 .
Methamphetamine ~ abusiveness and
N (USA) -
H addiction
H
N
1956—present Nausea, diarrhoea,
Phenmetrazine
(0] (USA) dry mouth
OH
1960-2000 Haemorrhagic
Phenylpropanolamine
NH (USA) stroke
2
Non-fatal
| myocardial
N . .
Sibutramine (10mg, ~ 19972010 infarction and
oD) ci (USA, EU) stroke (in
zw

_ 1959—present Palpitations,
Phentermine (15-30mg,
H (USA, only for elevated blood
OD, oral)
short-term use) pressure
Polypharmacy
Insomnia,
Amphetamines, Diuretics, Laxatives, palpitations,

Rainbow pills

Thyroid hormones
Digitalis, Benzodiazepines, Barbiturates,

Potassium, Corticosteroids, Antidepressants

1940-1960
(USA)

anxiety, increase in
heart rate and
blood pressure,

death
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CBI1 receptor blocker

Cl
Rimonabant (20mg, Depression,
=\ HN-N'" ) 2006-2009 (EU) o
OD) N..% suicidal ideation
OO
Cl (o]
Pancreatic lipase inhibitor
% _o
. /Ef Liver injury,
Orlistat (120mg TID, o o 1999—present . .
o. H \)L B gastrointestinal
oral) N o (USA, EU)
H symptoms
5-HT,C serotonin agonist
Depression,
suicidal ideation,
. palpitations,
Lorcaserin (10mg, BID, Cl 2012-2020
gastrointestinal
oral) NH (USA)
symptoms,

increased cancer

risk
Sympathomimetic/anticonvulsant
OJ(
o © o8
. ><o o § NH; Depression,
Phentermine / R -
Topiramate suicidal ideation,

topiramate ER (with
titration) (15mg/92mg,
OD, oral)

H2N)|\/©

Phentermine

2012—present
(USA)

cardiovascular
events, memory

loss, birth defects
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Opioid receptor antagonist/dopamine and noradrenaline reuptake inhibitor

Naltrexone SR / Seizures,
bupropion SR (with 2014—present alpitations,
prop 0 H p palp

titration) (32mg/360mg, Cl N USA, EU transient blood

g g
BID, oral) pressure elevations

Bupropion
Naltrexone
GLPIR agonists
Gl ,,,s@,m,,,ﬁ,\ ) ,;n’h,\(;, () Nausea/vomiting,
Liraglutide (with — o DG R ‘>'<“ diarrhoea,
exadecanoic acid (palmitic acid) N o PR (ser) 2014_ resent

titration) (3.0mg, OD, V\/\/\N\/\/TNH “‘@i’i‘f'f@ ol )oe ) P constipation,

L Albunia v ‘;'1‘“ (USA, EU) .
subcutaneous injection) fn.e;n R R, ¥ pancreatitis,

Tl \3:1\1 iTlplLﬂl H\al Aig \A
RHI % gallstones
DPP-4
{
. Glutamate ; # AAAAAAA o
Semaglutide (2.4mg, - ""'“'—“j""'ﬂ o\, ‘i"‘w Nausea/vomiting,
0, 0 — .
once weekly, W"/\’ ‘/\‘Q( ‘/\°/\’ \)L"" nnnnnnnn (s« 2021 (USA) diarrhoea,
N | Ala f Ala | Gln ) Gly Gl | Leu | Tyr Ser 3
subcutaneous injection) M" @ T constipation
Albumin th HHHHH .

Semaglutide "~~~ = =t

1.2. Targeting Pancreatic Lipase for Obesity Treatment

1.2.1. Role of PL in Lipid Digestion

In the western world, dietary fat is an important energy source, constituting about 30-40% of
daily caloric intake.”® Almost 90% of the dietary fat comprises of TAG that get digested into
monoacylglycerol and free fatty acids, followed by its absorption into the systemic
circulation (Figure 1.3). In 1849, it was proved that the pancreas is responsible for the
digestion of fats due to its ability to hydrolyze the ester of long chains of fatty acid,
chemically known as triacylglycerol (TAG). It was also discovered that to get absorbed into
the systemic circulation (through penetration of the intestinal barrier) and to be used as an

energy source, TAG should get hydrolyzed into free fatty acids.” Lipases are a group of
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enzymes from the carboxylesterase class, responsible for TAG hydrolysis. PL also known as
TAG acyl hydrolase is an important fat-digesting enzyme, responsible for almost 56% of
dietary fat digestion.’® PL is stored in zymogen granules, present in the apical pole of acinar

cells and gets secreted based on the body’s demand along with pro-colipase.

The effective digestion of dietary lipids starts in the stomach where the preduodenal lipases
play a role. The amount of lipids digested by preduodenal lipases is less. Such partially
digested emulsion form is then emptied in the duodenum, where it is mixed with the
pancreatic juice having PL enzyme. In the duodenum, the PL hydrolyzes the ester linkage
present in the TAG, leading to the formation of monoacylglycerol and free fatty acid
molecules.’’ The bile salts are then secreted by the gall bladder, that helps in the
emulsification of digested fatty acids following which the digested fatty acids gets transferred
into the small intestine followed by its systemic absorption.’* After the resynthesis into TAG,
it will get deposited in the form of adipose tissue. For energy expenditure, the deposited TAG
will then hydrolyze and the obtained fatty acid molecule will be utilized for ATP generation.
The excessive deposition of TAG will lead to overweight and obesity. The detailed

mechanism of TAG digestion is described in Figure 1.3.

g " Dietary fats
Mouth Triglycerides (90%)
\ P AAAS A

boanne Chnnane VYV
Lingual lipase Dannr  Connne  Connne

Obesity
(50-70%) ~—__

Excess fat
deposition

- Gastric lipase

—  (10-30%)

Stomach
i T SR
, WA T WA SAAS
SN
MG +FA
TEnergy storage
W WV
oflo ¥
Cholesterol B e TG

-1
ao o
o 2,

“a #° % &7 Bile acids
Mixed ;3 Resynthesis

g, — % Micelles
% %, & Absorption o
LPA 2000

0©%%0,

Figure 1.3. Mechanism of pancreatic lipase inhibition for obesity treatment
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1.2.2. Structure of Human Pancreatic Lipase (HPL)

The structure of HPL was first solved by Winkler et al., with the observation that the HPL
consists of a large N-terminal domain with 1-336 amino acid residues and smaller C-terminal
domain with 337-449 amino acids. ** The primary structure was determined by the analysis
of cDNA clones, isolated from human pancreas cDNA library. The human protein showed
86% and 68% homology with porcine and canine PL, respectively. For the determination of
X-ray structure of HPL, crystallization was performed using the hanging-drop vapour-

diffusion method.

It is proven from the studies that the catalytic Serine is prevented from reaching the solvent
surface by one or more loops that should be rearranged for an easy access to the substrate
molecule. To study the catalytic site of PL enzyme, a phosphonate inhibitor with C11 alkyl

chain was synthesized by Tilbeurgh et al.**

It was then followed by the formation of single
crystal of PL-colipase complex, that inhibited by C11 alkyl phosphonate. The crystals were
found to diffract X-rays with 2.46 A resolution. After final refinement to the structure, the
protein was found to be surrounded by 1 covalent inhibitor (two enantiomers), 1 Ca™ ion,
293 water molecules and 5 detergent molecules. The PL enzyme was found to exist in two

conformations, i.e., open and closed form (Figure 1.4) and for the catalytic action, the open

conformation is required. The mechanism of opening and closing is still unknown.

Open conformation

Figure 1.4. Representation of open and closed lid forms of human PL. A — hydrophobic surface
representing the open and closed lid conformations (in brown); B — Amino acid alignment in the
active site; C-ligand present in the active site, yellow represents the ligand in active site (represent the
steric hindrance by closed conformation)

11
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The structure of TAG consists of a glycerol molecule on which 3 fatty acid molecules forms
an ester linkage. The PL enzyme catalyses the breakdown of such ester linkage, leading to the
generation of fatty acids. For such catalytic function, the PL consists of catalytic triad with
Serinel52—Histidine263—Aspartatel76 amino acids. This triad is conserved throughout the
lipase family and it is same as that present in other serine proteases. As the endogenous

substrate (TAG) reaches PL enzyme, following changes appears *°:

A) Without the presence of any substrate, the PL enzyme will be in closed conformation. In
such conformation the N-terminal domain (commonly known as Lid domain) covers the
active site of an enzyme. The 5 domain helps in maintaining the loop to be closed, via
van der Waal’s interactions.

B) After the contact of TAG molecule, the B5S domain moves away from the lid domain,
leading to its opening (open conformation).

C) As B5 domain moves, it will create the oxyanion hole, that helps in the stabilization of an
intermediate formed during the reaction. It is constituted by aromatic (Phe77, Tyr114 and
Phe215) and aliphatic amino acids (Prol80, Leu202, Ile209), thereby making it
hydrophobic.

D) The carbonyl carbon is then facilitated by two acyl-binding sites in B9 domain to react
with Ser152 amino acid. One acyl side chain will interact with the oxyanion hole and the
other side chain with the hydrophobic groove formed by lid domain amino acids
(residues 251-259) and Ile78 of B5 domain. Such domino process results in the
hydrolysis of triacylglycerol moiety. It was observed that the contact of Leu213 and
Phe215 of B9 domain increases the stabilization of lipid-hydrolysis product.

1.2.3. PL Inhibition in the Treatment of Obesity

PL is the principal enzyme responsible for fat digestion. Thus, by its inhibition, TAG will
remain intact and will not get absorbed through small intestine due to its larger size. The
unabsorbed TAGs will then get excreted through feces. Hence, through the use of PL
inhibitors, there will not be any build-up of TAG, and subsequent obesity condition. The PL
inhibitor treatment along with physical exercise may lead to combustion of deposited fat and

further complete cure from the obesity condition.

Orlistat is the only drug approved by US-FDA for the management of obesity, that acts via
PL inhibitory mechanism. ***” As shown in Figure 1.5, the structure of orlistat consists of a

lactone ring, attached with two long chain alkyl groups. The highly strained lactone ring

12
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helps in covalent modification of catalytic Ser152 amino acid residue, present at the active
site of PL enzyme. Orlistat is available with brand names of ALLI and XENICAL as 60 mg
or 120 mg capsule, that needs to be taken three times a day, after meal. It is advised to take
the drug along with multivitamins and fish oil, as orlistat tend to inhibit the absorption of

certain fats and fat soluble vitamins.*®

Another molecule, having benzoxazinone scaffold has completed its phase III clinical trial
and has been approved by Japanese Ministry of Health, Family and Welfare in year 2013.%%*

Till now there are no reports available on its US-FDA approval.

Orlistat
(o)
L
7
N)\o/\/\/\/\/\/\/\/\
Cetilistat

Figure 1.5. Structure of orlistat and cetilistat
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CHAPTER 2

2. Literature Review & Gaps in Existing Research
2.1. Importance of Heterocyclic Scaffolds in Drug Discovery

In the field of medicinal chemistry, heteroatoms play a vital role as they constitute several
pharmaceutical drugs and excipients. Heterocyclic compounds are the cyclic system with at
least one heteroatom in it. The compounds containing various heteroatoms, such as nitrogen,
oxygen, sulfur, phosphorus, iron, magnesium, selenium etc. are reported.'> Heterocycles are
the most important division of organic chemistry with an ever growing research interest due
to their medicinal and industrial applications.> According to various reports, more than 85%
of active pharmaceutical ingredients contain heterocyclic motifs, reflecting their critical role
in the process of drug design.* In the case of biological systems, endogenous biomolecules
such as DNA, RNA, chlorophyll, haemoglobin, vitamins, etc. consist of various heterocycles.
Also, there are many biologically active macromolecules such as vitamins, hormones,
antibiotics, sugars and pigments, containing heterocyclic scaffolds. Among the various
heterocyclic classes, the contribution of Nitrogen-containing heterocycles (quinoline, indoles,

pyrroles, pyrrolidines, etc.) is more towards the development of medicinal agents.

Apart from N-containing heterocycles, O-heterocycles also contribute well in the process of
drug discovery and development.” Fosfomycin, an anti-bacterial agent contains oxirane
heterocycle. Also, (-)-Ovalicin, a fungal product with 2 oxirane rings, shows angiogenesis
inhibitory potential for inhibiting solid tumor growth.® Paclitaxel is another example of an
oxygen-containing four-membered heterocyclic drug used as an anti-cancer agent.” One of
the loop diuretics, Furosemide contains furan ring and is used in treatment of edema as a drug

of choice.® Warfarin, a well-known anti-coagulant contains coumarin nucleus in it.

Another important oxygen-containing heterocycle is chromone, commonly known as, 4H-1-
benzopyran-4-one.” The chromone ring system is the core nucleus of many of the flavonoids
(an important class of secondary metabolite in plants), such as flavones and isoflavones.
Hence, there is a significant importance of chromone-containing analogues as
pharmacological agents. Many of the natural and synthetic analogues with chromone
scaffold have been reported for various medicinal properties such as antibacterial, antifungal,

10-14

neuroprotective, antiviral, etc. Various drugs of chromone origin that are either approved

or are in clinical trials are depicted in Figure 2.1.

19



CHAPTER 2
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Figure 2.1. Chromone containing analogues approved by US-FDA and in clinical trials against

various diseases

For the synthesis of such privileged chromone analogues, 3-Formylchromone is considered as

a well-known precursor. For the synthesis of 3-Formylchromone, Vilsmeier-Haack reaction is

utilized"). As shown in Scheme 2.1, 2’-Hydroxyacetophenone reacts with DMF in the

presence of POClI; to get a condensed product known as 3-Formylchromone.

Q 0O 0
I H
OH DMF, POCl;, o
0°C-rt,18h
2'-Hydroxyacetophenone 3-Formylchromone

Scheme 2.1. Synthesis of 3-Formylchromone via Vilsmeier-Haack reaction

20



CHAPTER 2

2.2. Chromone Containing Heterocyclic Hybrid Analogues as Medicinal Agents

Recently, much of the research has gone into the development of independent entities with
multiple functions, known as hybrid drugs. Molecular hybrids can be defined as drugs
designed by the combination of two or more bioactive fragments for the treatment of a
particular disease.'® Hence in various reports, more than one heterocyclic scaffolds were
incorporated in a single molecule for the effective targeting of a particular disease. By the
consideration of a diverse activity profile of chromone heterocycle, many of the researchers
have reported hybrid analogues with variety of heterocycles and drug molecules. In further
section, various examples of chromone containing hybrid analogues are represented with
biological activities in the field of obesity, diabetes, cancer, microbial infections and

Alzheimer’s disease.

2.2.1. Anti-obesity Hybrids

Obesity can be defined as a complex, multifactorial metabolic disease, caused by an
excessive deposition of fat, thereby presenting the risk to human health.!” As the obesity
condition is associated with variety of severe comorbidities, it should not be considered as a
cosmetic problem. In particular, it is associated with the development of type-2 diabetes
mellitus, coronary heart disease, osteoarthritis, respiratory complications, etc.'® Treatment of
obesity consists of dietary restrictions, exercise, surgery and pharmacotherapy.
Pharmacotherapy involves appetite suppression, preventing fat absorption, modulation of fat
storage and increase in thermogenesis.

Drugs targeting orexigenic and anorectic neuropeptide receptors, can be a potential target,
supressing the food intake. Melanin-concentrating hormone-1 receptor (MCHR1) is one of
the orexigenic neuropeptide receptors, used for targeting obesity condition.'” MCH, a cyclic
nonadeca-peptide, expressed in lateral hypothalamus and zona incerta, acts as a natural
substrate for MCHR1 receptor. MCH is proven to increase body weight in rats, by
stimulating the food intake, hence the inhibition of MCHRI1 with small molecules is
considered as one of the potential strategies to control obesity.*

In the continuous search for anti-obesity agents, many small molecules have been designed
for the potential inhibition of MCHRI1. In one of the reports by Lynch ef al., chromone
carboxamide based analogues have been synthesized by the incorporation of the
dihydropyridine functionality (Figure 2.2).*' Amongst the synthesized chromone-2-

carboxamide analogues, analogue 1 was found to show potent MCHRI1 inhibition with an
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ICso of 0.003 pM. Also, analogue 1 was found to be orally effective in the reduction of body
weight in the DIO mouse model. However through toxicity studies, it was found to show QT
interval prolongation in concentration-dependent manner. Through investigation, it was
found to be the result of human ether-a-go-go-related gene (hERG) channel inhibition (ICs
of 15.1 uM).

To overcome such side effect without affecting the MCHRI1 inhibitory potential, the 3.,4-
methylenedioxy phenyl moiety was replaced with a variety of heterocycles (benzofuran,
benzothiazole, indole, benzoxazole, coumarin, etc.).”> All the analogues were screened for
MCHRI1 as well as hERG inhibition. Many of them were found to be potent MCHRI1
antagonist but were also found to have an affinity for hRERG Ca™ ion channel. The hybrid
analogue 2, possessing coumarin heterocycle was found to have selective MCHRI1 inhibition

(ICs0 of 0.001 uM) with less affinity toward hERG (ICsy of 51.1 puM).

High hERG channel affinity,
JUCLLE LTI, a QT prolongation

1 \
MCHR1 Antagonist with IC5y of 0.003 uM m
&
o
S

IC5q of 15.1 uM against hERG

Screening of various

heterocyclic hybrids for Replacement of |:>

MCHR1 & hERG inhibition piperonyl moeity

Coumarin Heterocycle \_ J

2;
MCHR1 Antagonist with IC5y of 0.001 uM &
decreased affinity for hERG channel (IC5q of
51.1 uM)

Figure 2.2. Chromone-based MCHR1 antagonist (1) and its modification (2)

2.2.2. Anti-Diabetic Hybrids

Diabetes mellitus is a chronic condition characterized by hyperglycemia, leading to serious
complications. Depending upon its cause, it can be classified as Type-1 and Type-2 diabetes
mellitus. Type-2 diabetes is common among the human population. a-glucosidase, a

membrane-bound enzyme is responsible for the digestion of carbohydrates. It hydrolyzes the
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glycosidic bond present in polysaccharides and converts it to glucose that will then get
absorbed into the systemic circulation.”® Hence, to decrease the systemic level of glucose, o-
glucosidase can be inhibited, leading to low rate of carbohydrate absorption and subsequently
leading to decreased postprandial hyperglycemia.

Isatin is an important heterocycle, present in a variety of alkaloids, drugs, pesticides and

2 Many of the isatin derivatives have been found to

various pharmaceutical reagents.
exhibit a variety of biological activities, such as antibacterial, antiviral, anticancer,
antidiabetic, etc.”®* Also, many of the isatin-containing hybrids have been synthesized and

evaluated for their a-glucosidase inhibitory potential (Figure 2.3).3072

Due to such a variety
of biological activities, the chromone and isatin containing hybrid analogues have been
designed and synthesized for a-glucosidase inhibitory potential.”> Many of the synthesized
analogues were active against the a-glucosidase enzyme, but the analogue with 7-hydroxy
substituent on chromone and 4-bromobenzyl group at N1 of isatin was found to be more
potent (analogue 3 with ICsy of 3.18 uM) than the other analogues.

In another study by Wang et al., chromone and hydrazine moieties were hybridized by
considering the desired fragments required for the binding at the active site of the a-
glucosidase enzyme (Figure 2.3).** From the synthesized analogues, 4 was the most potent a-
glucosidase inhibitory analogue, with an ICsy value of 20.1 uM. After SAR analysis, it was
observed that the phenyl hydrazine moiety was essential for the inhibitory potential.
Replacement of it by benzylhydrazide leads to diminished activity. Also, the replacement of
phenyl group by other heterocycles led to decreased potential. The sulfonamido moiety at the

para position of the phenyl group of hydrazides was found to be important.

O 0
> N
N7 1 0O
N—R
O A O
(@) R
3; 4

il

1 . R2 = .
R" = 4-Bromobenzyl; R“ = OH,; R = Sulfonamido;

ICs0 = 3.18 uM against ICs0 = 20.1 uM against a-
a-glucosidase enzyme glucosidase enzyme

Figure 2.3. Chromone, isatin and hydrazone containing a-glucosidase inhibitory hybrid analogues as
anti-diabetic agents

2.2.3. Anti-Cancer Hybrids

Using a hybrid drug design approach, many of the chromone-containing hybrids namely,

chromone-imidazole, chromone-pyrimidine, chromone-pyrazole, etc., have been designed,
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synthesized and evaluated for their potential as anti-cancer agents. In a study by Kantankar et
al., chromone and dihydropyrimidinone containing hybrid analogues were designed as anti-
cancer agents.”> The resulting hybrid analogues were synthesized via a modified Biginelli
reaction. Among them, analogue 5 showed potent anti-cancer activity on A549 and HelLa cell
lines (ICsy of 6.86, 6.29 uM, respectively) (Figure 2.4). The analogue 5 was found to be
comparatively potent as compared with cisplatin (ICsy of 5.84, 8.41, 10.78 uM against A549,
HeLa and K562 cell lines, respectively).

Yavuz et al. synthesized chromeno-pyrimidine hybrid analogues as anti-cancer agents®® by

37-39
Two cancer

looking at the potential of chromone, pyrimidine and hydrazone fragments.
cell lines namely, HepG2 and MDA-MB-231 (human breast cancer cell line) were utilized for
screening the analogues for anti-cancer activity, using MTT assay. More than half of the
synthesized analogues were found to be potent against both cell lines. Amongst all, analogue
6 was found to exhibit the best activity with an ICsy value of 13.56 uM against the HepG2
cell line (Figure 2.4). Raju et al. have also developed chromone and tetrahydropyrimidine-
based hybrid analogues by utilizing the Biginelli reaction.”” All the analogues were screened
for their cytotoxicity profile using MTT assay. As shown in Figure 2.4, analogue 7 was
found to have greater % inhibition on A549, SK-N-SH and HeLa cancer cell lines (47.6%,
56.0%, 60.6%, respectively), as compared with standard drug Doxorubicin (55.0%, 31.8%,

86.5%, respectively).

U 07 07 OEt
0”7 NoH

Chromone-Dihydrpyrimidinone Chromone-Tetrahydropyrimidine

Hybrids ;
5 Chromone-Pyrimidine Hybrid Hybrid
’ . 7;
R'=R?=H,R® = OMe; s _ 47.6, 56.0, 60.6% Inhibition
ICs0 = 6.86, 6.29 uM, R' =H, R" = 2,4-dimethoxy; against A549, SK-N-SH and
against A549 and Hela cell lines, respectively. ICs50 = 13.56 uM; against HepG2 cell line Hela cancer cell lines

Figure 2.4. Anti-cancer hybrids of chromone with dihydropyrimidine, pyrimidine and

tetrahydropyrimidine heterocycles
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Inspired by the synergistic anti-cancer potential of various natural products, the chromone
moiety (e.g. genistein and quercetin) was clubbed with that of imidazole (bioisostere of the
terminal aryl group of curcumin) by Chen et al.*' The analogue 8 with ICs, values of 1.8, 3.0,
1.0 uM against PC-3, DU-145, LNCaP cell lines, respectively was found to be the most
potent analogue of the series when compared with Curcumin (25.4, 26.2, 12.1 pM), genistein
(68.6,>100, 37.4 uM) and quercetin (>100, >100, 45.5 uM) (Figure 2.5).

Recently, Shatokhin et al. developed a mild, metal-free, moisture-tolerant, two-step
methodology for the synthesis of chromone-benzimidazole hybrids with sterically hindered
phenolic fragments.*” MTT assay was used for the cytotoxicity screening of the synthesized
analogues. The analogue 9 showed comparable cytotoxic activity (ICso of 1.9 & 1.2 pM) as
that of standard drug doxorubicin (ICsyp of 0.9 uM) against HCT116 (Human colon cancer
cells) and MCF7 (Breast cancer) cell lines, respectively. To evaluate the antioxidant potential
of the synthesized analogues, a DPPH assay was performed and analogue 10 (ICso of 0.18
umol/ml) was found to have better antioxidant potential as compared with other analogues

(Figure 2.5).

O O
NS / Nl/
) V2

Chromone-Benzimidazole hybrid

9: analogue
Chromone-imidazole hybrid analogue R'=F,R2=R3=H; 10;
8: ICsp of 1.9, 1.2 uM, R'=R?2=R3=H;
ICs0 0f 1.8, 3.0 & 1.0 uM, against HCT116 and MCF7 IC5q of 0.18 pmol/mL,
against PC-3, DU-145 & LNCaP cell lines cancer cell lines obtained from DPPH assay

Figure 2.5. Anti-cancer hybrids of chromone with imidazole and benzimidazole heterocycles

2.2.4. Anti-microbial Hybrids

The introduction of antimicrobial agents into the clinic for effective treatment of infectious
diseases has been considered a landmark in medical science. Looking at the rising cases of
microbial drug resistance, the appropriate use of existing antimicrobials and the development

of new agents is warranted.* There are many reports of chromone-containing hybrids with
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various heterocycle namely, azoles, furanchalcone, pyrimidine, etc. Few of them are

represented below.

In one of the studies by Cano et al., Ugi-azide reaction was utilized for the synthesis of
chromone and tetrazole-based hybrid analogues as potential antimicrobials. Those analogues
were tested against pathogenic bacteria (Pseudomonas aeruginosa and Staphylococcus
aureus), protozoan (Entamoeba histolytica), and human fungal pathogens (Sporothrix
schenckii, Candida albicans, and Candida tropicalis).44 All the analogues were found active
in liquid culture media, whereas analogue 11 was found to exhibit the potent antifungal
activity in solid media against C. tropicalis at the concentration of 6.25 pg/uL. For the
evaluation of the antibacterial potential of the synthesized hybrid analogues, Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) were
determined. With the MIC of 40 pg/mL, the iodinated analogue 12 showed the highest
potency against S. aureus. The fluorinated analogue 13 was found to be highly active against
P. aeruginosa (MIC of 20 pg/mL). From the results of the antibacterial study, preliminary
SAR was derived, and halogen substituents were found to be effective in increasing the
antibacterial potential. Also, the halogenated analogues 12 (ICsp = 61.7 pg/mL) and 14 (ICs
= 69.5 ng/mL) exhibited greater inhibitory potential against E. histolytica (Figure 2.6).

In another study, chromone-pyrimidine hybrids with antibacterial and antifungal
pharmacophoric features were designed (Figure 2.6).* For the anti-bacterial screening of the
synthesized analogues, the classical paper disk method was utilized against S. aureus, S.
abony, S. epidermidis and E. coli. The presence of electron-withdrawing groups were found
to have a positive effect on antibacterial potential, as analogue 15, with chloro substitution,
was found to be the most potent antibacterial of the series (Zone of inhibition of 13, 18, 14
and 10 mm against S. aureus, S. abony, S. epidermidis and E. coli, respectively. Analogue 16
was the most active amongst the series (Zone of inhibition of 34 mm against C. albicans),
having a potent activity profile as that of griseofulvin (Zone of inhibition of 10 mm against C.

albicans).
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Chromone-tetrazole hybrid analogues
Chromone - Pyrimidine Hybrids

11: R=F; R'=R?=R*=H; R®= CI; R® = t-Bu;
Antifungal activity against C. tropicalis Il : Antibacterial Pharmacophore Site
at the conc. of 6.25 ug/uL [- : Antifungal Pharmacophore Site ]
12:R=H;R'=;RZ=R*=R*=H; R® = t-By;

MIC of 40 ug/mL, against S. aureus; 15:R'=CI;R2=H; R®=CI; X=S

IC50 = 61.7 pug/mL against E. histolytica (Zone of inhibition of 13, 18, 14 and 10 mm
13:R=F;R'=R2=R3=R*=H; R% = t-Bu; against S. aureus, S. abony, S. epidermidis
MIC of 20 ng/mL against P. aeruginosa and E. coli, respectively)

14: R=F; R'=H; R2=R%®=R* = OMe; R® = Cy; 16: R'=CI;R?=H;R®=CI; X=0

IC50 = 69.5 ng/mL against E. histolytica Zone of inhibition of 34 mm against C. albicans

Figure 2.6. Chromone-containing hybrids with tetrazole and pyrimidine heterocycles as anti-bacterial

and anti-fungal agents

Triclosan analogues have been found to possess many biological activities, including
antimicrobial activity against malaria, tuberculosis, etc. Also, triclosan-quinoline hybrids
were recently developed and tested against axenic and intracellular amastigotes of L.
panamensis with ECsy < 24 pg/mL.*® Looking at the design features of such hybrids, in the
work by Otero et al., 4 chromone-triclosan hybrids were designed and synthesized to check
their potential against leishmaniasis."” The analogues 17 & 18 showed 94.1 & 91.0 %
inhibition as well as ECsy of 2.7 and 7.5 uM against intracellular amastigotes of L. (V)
panamensis (Figure 2.7). The potency of the analogues 17 & 18 were comparable with the
standard drug Amphotericin B (% inhibition of 69.1 and ECsy of 0.1 uM). The length of the
alkyl chain played an important role in the activity profile. There was an inverse relation
between the increased chain length and leishmanicidal activity.

Due to the prominent antimycobacterial activity of triazole heterocycle, it has been combined
with the chromone scaffold (Figure 2.7) with the purpose of increasing potency of the
existing antitubercular triazole moieties by Nalla et al. ** In vitro antitubercular screening of
the analogues was performed using Microplate Alamar Blue Assay (MABA) method against
Mycobacterium tuberculosis H37Rv (ATCC27294). The analogue 19, with the substitution of
(tridecan-1-ol)yl on a triazole ring, was found to be the most potent among the series with
MIC of 1.56 pg/mL. It was found to have 4.8 times higher potency than standard drug
ethambutol (MIC of 7.64 pg/mL).
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AT cores

Cl

Chromone-Triazole Hybrids
Chromone - triclosan Hybrids

19;
17:n=1; ECgy = 2.7 uM R = Tridecan-1-ol
18:n=2; EC59=7.5uM MIC of 1.56 png/mL against
against intracellular amastigotes of Mycobacterium tuberculosis H37Rv

L. (V) panamensis (ATCC27294)

Figure 2.7. Chromone containing anti-tubercular hybrids with triclosan and triazole heterocycles

In the search for potential candidate for the treatment of cutaneous Leishmaniasis and Chagas
disease, the chromone and quinoline-containing hybrids were designed by Coa et al.** The
antileishmanial activity was performed on intracellular amastigotes of L. (V) panamensis,
while intracellular amastigotes of 7. cruzi were used for the determination of trypanocidal
activity. Among many of the active analogues, analogue 20 was found to be the most potent
analogue against both L. (V) panamensis and T. cruzi (ICso of 6.11, 4.09 pg/mL, respectively)
(Figure 2.8).

In a study by Garcia et al., chromone and furanchalcone were hybridized for the treatment of
leishmaniasis and Chagas disease.”® Among the synthesized analogues, 21 was the best active
analogue, with ECs, values of 46.00 and 25.58 uM against L. (V.) panamensis and T. cruzi,
respectively (Figure 2.8).

Chromone-Quinoline Hybrids

20: n =2 Chromone-Furanchalcone Hybrids
ECsp of 6.11 png/mL against 21;n=09;
L. (V) panamensis & ECsq of 46.00, 25.58 uM against L. (V.)
ECsq of 4.09 ng/mL against T. cruzi panamensis and T. cruzi respectively

Figure 2.8. Chromone-containing hybrids with quinoline and furanchalcone heterocycles as

Leishmanicidal agents
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2.2.5. Anti-Alzheimers Hybrids

Alzheimer’s disease (AD) is a slowly progressive neurodegenerative disease that is the most
common cause of dementia. The disease is characterized by neurofibrillary tangles and
neuritic plaques due to the accumulation of amyloid B peptide in the affected area of the
brain.”' For drug development towards AD, enzymes namely acetylcholinesterase (AChE),
butyrylcholinesterase (BuChE) and monoamine oxidase (MAO) are most validated targets.”
Various hybrid analogues of chromone with pyridine, indole, donepezil, etc. have been
reported for simultaneous targeting of multiple enzymes for the effective treatment of AD.
Lipoic acid, a naturally occurring antioxidant found in plants and animals, has the ability to
control the progression of AD via various mechanisms such as decreasing oxidative stress,
inflammation and AP plaque formation, increasing the levels of ACh, etc.”> Many hybrid
analogues have been synthesized, e.g. Lipocrine, which is a hybrid of lipoic acid and tacrine
with potent neuroprotective activity.

Taking into consideration such facts, chromone (with neuroprotective potential) has been
clubbed with lipoic acid by Baleh et al. to get the hybrids with potential cholinesterase
(ChEs) inhibitory activity.”* All the analogues were found to have poor AChE inhibition with
ICs values greater than 100 pM, except analogue 22 with moderate potential (ICsy of 56.50
uM). As shown in Figure 2.9, analogue 23 (ICsy of 7.55 pM) was found to be potent against
BuChE enzyme, as compared with donepezil (ICso of 4.01 uM). Kinetic study of the most
potent analogue 23, revealed its mixed mode of inhibition, suggesting the binding of
analogue with both catalytic active site (CAS) and peripheral anionic site (PAS) of AChE.
Thioflavin T (ThT) analysis of analogue 23 concluded its 13% inhibition of AP aggregation,
as compared with Donepezil (22% inhibition) at 100 uM concentration. The antioxidant
activity of analogue 23 was also determined using Dichloro-dihydro-fluorescein diacetate
(DCFH-DA) assay. The results indicated concentration-independent inhibition of analogue 23

in intracellular reactive oxygen species (ROS) production in PC12 cells.

(0]
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22; 23;
n=4;,R=7-F n=4
ICgq of 56.50 uM against AChE 1Cgq of 7.55 uM against BuChE

Figure 2.9. Chromone and Lipoic acid-based hybrid analogues as ChE inhibitors
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Due to various biological properties of aminophosphonate, including antileishmanial®,
antialzheimer’s™® and antimicrobial®’® properties, N-substituted a-aminophosphonates-

1> Ellman’s method was utilized for

bearing chromone hybrids were designed by Shaikh et a
the in vitro screening of anticholinesterase activity. Most of the synthesized analogues were
found to be selective against AChE as compared with BuChE, with selectivity index ranging
from 1.49 to 139.81. The most potent hybrid analogue 24 was found to possess mixed
inhibition, with an ICsy value of 0.103 uM, against the AChE enzyme. It was 2 times more
potent as compared with tacrine (ICso of 0.289 uM). DPPH (2,2-Diphenyl-1-picrylhydrazyl)
and H,O, scavenging assays were performed as the scavenging of H,O, is necessary for the
neuroprotective action. The analogue 24 was found to have the highest radical and H,O,
scavenging activity with ICsp 0of 45.61 and 55.52 uM, respectively (Figure 2.10).

There are many pyridinium analogues with ChE inhibitory, neuroprotective and anti-amyloid

. « e 60.61
aggregation activities.

Looking at such biological potential, the pyridine heterocycle was
clubbed with the biologically active chromone heterocycle by Abdpour er al.®?, considering
the desired features essential for AChE and BuChE inhibition. For BuChE inhibition, the
analogue 25 was found to be the most potent inhibitor (ICsy of 0.006 pM), whereas, the
analogue 26 was found to be potent against the AChE enzyme, with ICsy of 0.71 uM. Further,
the inhibitory effect of analogues 25 and 26 on AChE and self-induced Amyloid-p
aggregation was determined. Both the analogues were found to inhibit A-B aggregation with
36.6 & 21.8% inhibition for 25 & 26, respectively. (Figure 2.10), that was much better as

compared with the standard drug Donepezil (26.9% inhibition).
0

R<
/7 ®
P< S N‘H‘o 0~ “R?
I| 2. ¢ “OEt | n
EtO —
(0) R’
Chromone-aminophosphonate Hybrids Chromone-Pyridine Hybrids
24; . .
R = 1-(4-Methoxyphenyl)ethyl o1 e 225'), R §6_,
ICsp of 0.103 uM against AChE, n=3; R" = Et; R® = 4-Methoxyphenyl n=4;R' = H; R* = 4-Chloropheny!
ICsq of 45.61 uM against DPPH & IC5q of 2.5 pM and 0.006 uM against ICs50 of 0.71 uM and 1.5 uM against AChE
55.52 uM against H,0, AChE and BuChE, respectively. and BuChE, respectively.

Figure 2.10. Chromone hybrids with aminophosphonate and pyridine as ChEs inhibitors

Along with ChEs, MAO-B also plays an important role in neuronal dysfunction, leading to

4
D.63’6

the development of A Recent studies have shown the importance of MAO-B inhibitors

(ladostigil and rasagiline) in inhibition of AP aggregation, antiapoptotic activity and
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neuroprotection.®>*® Through the hybridization of chromone and indole heterocycles, MAO-
B selective hybrids were designed, synthesized, and evaluated for their inhibitory potential.
Many of the analogues were effective, inhibiting MAO-A and MAO-B enzymes. Analogue
27 was found to have ICsy of 0.15 uM against MAO-B enzyme, with poor inhibitory action
on MAO-A enzyme (ICso> 100 pM) with MAO-B selectivity > 670 (Figure 2.11).

In the research by Wang e al., the chromone scaffold with MAO-B inhibitory potential®’®
was linked with the benzylpiperidine moiety of donepezil via amide linker.®” Amongst all,
analogue 28 was found to have a balanced potential against AChE & BuChE, with ICsy of
0.37 and 5.24 pM, respectively. Activities were compared with the standard drug Donepezil
(ICs0 0 0.032, 2.47 uM against AChE and BuChE, respectively). It was also effective against
the hMAO-B enzyme (ICsy of 0.272 uM), with the highest MAO-B selectivity of 247, over
MAO-A enzyme (Figure 2.11). For MAO-B inhibition, it was found to be highly potent as
compared with the iproniazid (ICsy of 6.93 uM).

In a study by Angona et al. Ugi reaction was utilized to incorporate selective fragments of
donepezil and melatonin with the chromone heterocycle for ChEs and MAO dual inhibition.”
The hBuChE and hAchE were used for the screening of synthesized hybrid analogues using
Ellman’s protocol. The MAO inhibitory activity was performed using hMAO-A & hMAO-B
enzymes and kynuramine as a substrate. Amongst all the synthesized analogues, 29 was
found to be the potent multitargeted agent with strong BuChE inhibition (ICsp of 11.90 nM),
moderate AChE inhibition (ICsy of 1.73 uM) and potent MAO-A and MAO-B inhibition
(2.78, 21.29 uM, respectively). Also, the analogue 29 was found to have potent radical
scavenging properties with a Trolox equivalents (TE) value of 3.04, obtained by ORAC test
(Figure 2.11).
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28; R = 6-OBn

1C5q of 0.37 uM against AChE,
5.24 uM against BUuChE &

0.272 pM against MAO-B enzymes
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29;
| n IC50 of 11.90 nM against hBuChE,

0O N ICgg of 1.73 uM against hAChE,
o ;\ IC50 of 2.78 uM against hMAO A,
O” "NH

IC5q of 21.29 uM against h(MAO B,
Strong antioxidant (3.04 TE, ORAC test)

R
Figure 2.11. Chromone hybrids with indole, donepezil and melatonin as ChE and MAO dual

inhibitors

In search of potential MTDL for the effective treatment of AD, the hybrid analogues were
designed having chromone functionality (antioxidant and fS-secretase 1 (BACE-1) inhibitory
potential) and tacrine (ChE inhibition). The synthesized analogues were tested for BACE-1
and ChEs inhibitory potential. For BACE-1 inhibition, 30 was identified as a potent hybrid
analogue, with ICsy of 2.10 uM (Figure 2.12). Many of the synthesized analogues were
found to be potent inhibitors of AChE and BuChE, with ICsy in the nano and picomolar
range. Analogue 31 was found to be the most potent of the series, with ICsy of 35 pM against
AChE.

30; n=8; R' = 6-Br; R? = 5-OH, 7-OMe
n=8;R'=H; R?=57 - diOMe ICsq of 35 pM against AChE &
ICgq of 2.10 uM against BACE-1 5.00 nM against BUChE

Figure 2.12. Chromone and Tacrine hybrids as MTDL for treatment of Alzheimer’s disease
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2.3. Chromone Containing Natural PL Inhibitors

Flavones and flavonols are well explored for PL inhibitory effect from the class of
polyphenolics. In a study by Lee et al., Luteolin-6-C-B-D-boivinopyranoside a novel flavone
was isolated from the leaves of Eremochloa ophiuroides with 4 known flavones (Luteolin,
Orientin, Isoorientin, Derhamnosylmaysin and Isoorientin-2-O-o-L-rhamnoside).”’ Luteolin
exhibited poor activity (ICsy > 200 uM), but the enhancement in activity was observed with
the substitution of 6-C-B-D-boivinopyranoside (ICso = 50.5 uM). Other isolated derivatives
also exhibited good to moderate activity with ICso in the range of 18.5 — 44.6 uM (Figure
2.13).

Luteolin Luteolin-6-C-B-D-boivinopyranoside Orientin
ICs0 > 200 uM ICs59 = 50.5 uM IC50 =31.6 uM
OH
‘n, wOH

O. 4,
HO 7, ‘OH
‘H

Isoorientin Derhamnosylmaysin Isoorientin-2-O-a-L-rhamnoside
ICs59 = 44.6 uM IC59 = 25.9 uM IC59 = 18.5 uM

Figure 2.13. Chromone-containing PL inhibitors, isolated from leaves of Eremochloa ophiuroides

In another study by Sergent et al. various phenolic compounds were screened for PL
inhibitory activity, using 4-MUO as a substrate.”” Among them, quercetin and kaempferol

were found to exhibit ICsy of 21.5 and 13.4 uM (Figure 2.14).

Quercetin Kaempferol
ICs0=21.5 uM IC59 = 13.4 uM

Figure 2.14. PL inhibitory activity of quercetin and kaempferol
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Noha et al., reported PL inhibitory potential of Ammannia aegyptiaca ethanol extract
(AEEE). From the extract, Myricetin 3-O-B-4C-1-(6"-O-galloylglucopyranoside)7-O-p-4C-1-
glucopyranoside (MGGG), a novel flavone with Kaempferol 3-O-rutinoside, Quercetin 3-O-
rutinoside were isolated for checking their PL inhibitory potential.”” All the isolated
analogues showed poor PL inhibition with ICsy values in the range of 66.00 — 92.70 uM
(Figure 2.15).

OH OH

OH (6]
HO OH O X OH
.
HO O N 01
o] OH
Myricetin 3-O-B-4C1-(6"-O-galloylglucopyranoside) Kaempferol 3-O-rutinoside Quercetin 3-O-rutinoside
7-O-B-4C1- glucopyranoside (MGGG) ICs0 = 66.00 uM ICso = 68.43 uM
IC59 =92.70 uM

Figure 2.15. Isolated PL inhibitory analogues from AEEE extract

In another report, the activity-guided fractionation of methanolic extract of seeds of
Trigonella foenum-graecum was performed, followed by the isolation of 3 flavone C-
glycosides namely, vicenin-1, isoschaftoside and schaftoside.” The PL inhibitory ICs, values

were found to be 207 pg/mL, 330 pg/mL and 130 pg/mL, respectively (Figure 2.16).

Vicenin-1 Isoschaftoside Schaftoside
IC50 = 207 pg/mL 1C50 = 330 pg/mL IC59 = 130 pg/mL

Figure 2.16. Flavone containing PL inhibitory natural products from methanolic extract of seeds of

Trigonella foenum-graecum

Hou et al. identified PL inhibitory constituents from Mori radicis that include, kuwanon C
(KC), kuwanon G (KG) and morusin > with good activities having ICsy values of 4.47, 4.85,
9.94 uM, respectively (Figure 2.17). The PL inhibitory assay was performed using 4-
methylumbelliferyl oleate (4-MU oleate) substrate. The enzyme kinetics study revealed a

mixed inhibitory mechanism. Also, in a study by Jeon et al. 20 polyphenolic analogues from
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the leaves of Morus alba with 8 analogues containing flavone nucleus were isolated.”® These
flavone-containing analogues, except one flavone glycoside were poor in PL inhibitory
potential (>70 uM). As shown in Figure 2.17, the above-mentioned flavone-glycoside
exhibited moderate activity with an ICsy value of 18.6 uM. The PL inhibition assay was
performed with p-NPB as a substrate.

Kuwanon C Kuwanon G Morusin Flavone-glycoside
IC50 = 4.47 pM ICs0 = 4.85 uM ICs0 = 9.94 uM ICs0 = 18.6 uM

Figure 2.17. PL inhibitory flavones from Mori radicis and Morus alba

Through bio-guided fractionation of methanolic extract of wood of Populus alba, nine
bioactive compounds were isolated by Elsbaey et al. '’ Among them, two were flavone
glycosides, namely, rutin and narcissin. The flavone glycosides exhibited poor activity with
ICso of 152.3 and 122.4 uM (Figure 2.18). In a study by Huang et al., through spectroscopic
and molecular dynamics simulation studies, the interactions and inhibitory mechanisms of
tangeretin (TAN), nobiletin (NBT), and their acidic hydroxylated forms, 5-
demethyltangeretin (5-DT) and 5-demethylnobiletin (5-DN) on PL were studied.”® The PL
inhibitory 1Csy values were found to be 14.69, 3.60, 13.18 and 4.18 uM (Figure 2.18). The
enzyme inhibition kinetic study proved the mixed inhibitory mechanism of all four
analogues. It was also confirmed from ultraviolet-visible (UV-Vis) spectroscopy, circular
dichroism (CD), fluorescence spectroscopy, molecular docking and MD simulation that the

analogues bind at the catalytic as well as non-catalytic site of the PL enzyme.
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Rutin Narcissin Tangeretin
1C50 = 152.3 uM ICs0 = 122.4 uM IC50 = 14.69 uM

nobiletin 5-demethyltangeretin (5-DT) 5-demethylnobiletin (5-DN)
IC50 =3.60 pM ICs0 = 13.18 uM ICs0 = 4.18 UM

Figure 2.18. PL inhibitory Flavone analogues from wood of Populus alba

To understand the anti-hyperlipidemic mechanism of leaf extract of Ginkgo biloba, the major
bioactives from the leaves of G. biloba were extracted.”’ Isoginkgetin, bilobetin, ginkgetin
and sciadopitysin exhibited strong to moderate PL inhibitory potential with ICsg in the range
of 2.90 — 12.78 uM (Figure 2.19). For PL inhibitory screening, 4-MU was used as a
substrate. From the enzyme kinetics study, the isoginkgetin, bilobetin and ginkgetin showed

mixed inhibitory mechanisms with K; values <2.5 uM.

Isoginkgetin OH O Bilobetin
IC59 = 2.90 uM IC59 = 3.57 uM

Sciadopitysin

Ginkgetin
ICso = 12.78 uM
ICs = 6.90 M 50 "

Figure 2.19. PL inhibitory Bis-flavone glycosides from leaf extract of Ginkgo biloba
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Through the chromatographic study of extracts of flowers of Cucumis sativa, a total of 47
flavone glycosides were identified by Olennikov e al.** Among these flavones, 12 selected
ones were screened for PL inhibitory activity using PL of porcine and human origin.
Isoorientin-2"-0-glucoside and Cucumerin D exhibited good PL inhibitory activity with I1Cs
of 12.68 & 12.53 uM for porcine PL and 10.06 & 10.35 pM for human PL, respectively
(Figure 2.20).

Isoorientin-2"-O-glucoside Cucumerin D
ICso = 12.68 (porcine PL) & 10.06 uM (human PL) ICs0 = 12.53 ((porcine PL) & 10.35 uM (human PL).

Figure 2.20. Flavone analogues from extracts of flowers of Cucumis sativa with PL inhibitory

activity

2.4. Synthetic Heterocyclic Analogues as PL Inhibitors

Apart from natural products, there are number of reports on synthetic PL inhibitors. Many of
the synthetic analogues with various heterocycles namely, triazole, benzimidazole,
quinazolinone, carbazole, indole, isatin, thiazolidinedione, rhodamine, coumarin, chromone,

etc. have been designed and reported to have potential PL inhibitory activities.
2.4.1. Azole containing PL inhibitors

In a study by Jalaja et al., an electron rich triazole heterocycle was utilized by for design of
PL inhibitors.*’ As shown in Figure 2.21, (E)-labda-8(17),12-diene-15,16-dial (32) natural
product (ICsp = 14.63 uM) was taken as a hit for semi-synthetic modification. The semi-
synthetic labdane appended triazoles were synthesized via click chemistry approach. Among
these analogues, 33 and 34 exhibited excellent inhibitory activity with ICsy of 0.75 and 0.77
uM, respectively (Figure 2.21). Also, none of the analogues were cytotoxic on Hep G2 cell

lines, in the concentration range of 0.5 to 100 pM.

In a study by Mentese ef al., a novel microwave-based synthetic method was optimized for

. . .. ]2 .
the synthesis of various benzimidazole analogues.” The synthesized analogues were screened

37



CHAPTER 2

for PL inhibitory activity. The analogue 35 exhibited potent inhibitory activity (ICso = 0.40
uM). In another study, a novel series of benzimidazole and bisbenzimidazole analogues were
designed and synthesized as PL inhibitors.* Among the synthesized analogues, 36 and 37
exhibited potent inhibition with ICsy values of 1.72 and 0.98 uM, respectively (Figure 2.21).

N=N,
~ N-R
Br
Cl N
= L,
Cl N
O¥
33; /O
32; R=F, ICs0 = 0.75 uM
(E)-labda-8(17),12-diene-15,16-dial 34; 35;
ICs0 = 14.63 uM; R=Cl, ICs0 = 0.77 uM; IC50= 0.40 uM
F. N
“ L Q
z
\) N N
1§ /) H O N (\ H (\N
S N H
N O . // N N\)
' KX
36; 37; N F
IC50=1.72 pM IC50= 0.98 uM

Figure 2.21. PL inhibitory activity of unmodified natural product (32) and triazole (33, 34),

benzimidazole (35-37) containing synthetic analogues

2.4.2.Carbazole and Indole containing PL inhibitors

In many of the reports by Sridhar et al., a-ketoamide fragment-based analogues were
rationally designed by the incorporation of ketoamide on N-containing heterocycles such as
carbazole and indole. Carbazole based series of 24 analogues were designed and synthesized
followed by in vitro PL inhibitory screening.** The analogue 38 was found to exhibit potent
activity among the series (ICso of 6.31 uM) with competitive inhibitory mechanism. It was
then followed by removal of structurally hindered phenyl ring to get indole-based analogues
in an attempt of increasing the PL inhibitory potency.® The analogue 39 with ICsq of 4.92
uM, proved hypothesis right, with competitive nature of inhibition. With the substitution of
indole ring via 5-methoxy substituent, analogue 40 with ICsy of 4.53 pM was identified.*
Further optimization was performed by the design of bis-indole heterocyclic scaffold with the
incorporation of geranyl substituent on one of the indoles.”” The geranyl substituent was
observed to increase the lipophilicity as well as hydrophobic interactions with lid domain
amino acids. Among the synthesized analogues, 41 was found to exhibit an ICsy of 2.95 uM.
Further the lead optimization of 41 led to analogue 42 with additional benzyloxy substituent
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on 7" position of indole.*® The optimized analogue 42 was the best active PL inhibitory
analogue among the whole ketoaminde series, with ICsy of 1.68 uM. The Figure 2.22
represents structure of all the above-mentioned carbazole and indole-based PL inhibitory

analogues with their ICs, values.

H OMe
O, N o H OMe MeQ o) H
OMe N
(2§ ° [ o ove o o
OMe — —
N N OMe N OMe
[ :] 38; @J . : 40;
cl 39;

ICs = 6.31 uM ICsp = 4.92 pM ICs0 = 4.53 1M
Carbazole-based PL inhibitory analogue ﬂ
(o] O
H H
7o o
O
I e I
4 | 4 |
N N
H H
/ /
. 41;
42; ICsp = 2.95 uM

|C50 =1.68 uM

Figure 2.22. Heterocyclic PL inhibitors with carbazole (38) and indole nucleus (39-42)

2.4.3.Sulphur-containing heterocyclic PL inhibitors

Among various Sulphur-containing heterocycles, Thiazolidinediones (TZDs) represent a
renowned class with important contribution towards anti-diabetic medications, in the
treatment of type II diabetes mellitus. For the exploration of PL inhibitory potential of the
mentioned heterocycle, diaryl substituted pyrazolyl 2,4-thiazolidinediones were synthesized
by Sridhar et al.*’ From the synthesized analogues, 43 exhibited ICsy of 4.81 uM with
reversible competitive inhibition (Figure 2.23). In a study by Chauhan et al., series of
rhodanine-3-acetic acid was designed with synthesis and PL inhibitory screening. *° Among
various substituted analogues, the analogue 44 with 2-hydroxynaphthalene substitution
exhibited ICsy of 5.16 uM (Figure 2.23). Further the thiazolidinedione and rhodanine-

containing analogues should be optimized to get more potent PL inhibitory leads.

39



CHAPTER 2

Cl

O
N (@]
/ S‘J\\ N> COOH
P e QX
S S
@ OH
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Figure 2.23. PL inhibitory analogues with thiazolidinedione (43) and rhodanine (44) heterocycles

2.4.4.Oxygen-containing heterocyclic PL inhibitors

There are many O-containing heterocycles that plays a major role in the process of drug
discovery (including oxirane, oxetane, furan, coumarin, chromone, etc.) Among them, there
are reports on coumarin and chromone-containing analogues for PL inhibition. As, in a study
by Yadav et al, coumarin-containing analogues were synthesized by O-alkylation of
umbelliferone.”’ The synthesized analogues were screened for PL inhibitory potential with
analogue 45 being potent of the series (ICso = 21.64 uM) (Figure 2.24). In another study, a
series of coumarin-3-carboxamide analogues were designed, synthesized and evaluated for
PL inhibitory activity.”” Analogue 46 exhibited a moderate inhibitory activity of 19.41 uM
with competitive mode of inhibition (Figure 2.24). Also, the analogue 46 was found to be

non-cytotoxic on 3T3-L1 cell lines till concentration of 20 pM.

In a study by Cardullo ef al., a series of semi-synthetic analogues were synthesized by taking
naturally isolated compounds (genistein and daidzein) as starting materials. As shown in
Figure 2.24, the analogue 47 exhibited ICsy of 63 uM. The activity was found to be improved
as compared with daidzein (ICsy of 83 pM)

Cl
X o Cl
X (@) o” ™0 o” ™0 cl "o
45 46

47;
ICs = 21.64 uM ICs9 = 19.41 uM ICs50 =63 uM
Coumarin-containing PL inhibitors Brominated flavone analogue

Figure 2.24. PL inhibitory analogues with coumarin (45, 46) and flavone (47) scaffolds
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2.4.5. Hybrid PL inhibitory analogues

Hybrid analogues are found to be effective in increasing the potency in any of the disease
area. Hence, many of the studies are reported for the design and synthesis of hybrid
analogues with the help of various heterocycles namely, indole, isatin, thiazolidinedione,

coumarin and quinazolinone.

In a study by George et al., thiazolidinedione heterocycle was clubbed with isatin to get a
series of thiazolidinedione-containing hybrid analogues. The most potent analogue 48 of the
series was exhibited ICso of 7.30 MM.% Further to improve the efficacy, a series of indole-
thiazolidinedione hybrid analogues were designed and synthesized via Knoevenagel
condensation of various substituted indole-3-carboxaldehyde with  substituted
thiazolidinediones.”* After the PL inhibitory screening of synthesized analogues, 49 was
found to be potent of the series, with ICso value of 6.19 uM (Figure 2.25). The enzyme
kinetics and fluorescence quenching study confirmed the reversible competitive inhibition by

analogue 49.

A novel series of hybrid analogues of 2-substituted quinazolin-4(3H)one with coumarin
nucleus was designed for PL inhibitory activity by Mentese et al.”> Many of the analogues
exhibited moderate to potent PL inhibitory activity with analogue 50 being the potent one
with ICsg of 2.85 uM (Figure 2.25). From the study, it was observed that the conglomeration

of coumarin nucleus was found to increase the potential of existing quinazolinone analogues.

The quinazolinone based analogues with amide linkage were designed for the effective
interaction with Ser152 amino acid of the active site of PL by George et al.”® The indole
heterocycle was clubbed with quinazolinone nucleus with an aim of getting potential PL
inhibitors. The best analogue 51 of the series was found to exhibit ICsy value of 16.99 uM
(Figure 2.25). The reversible competitive inhibitory mechanism was confirmed by enzyme
kinetics study. Also, the quinazolinone nucleus was hybridized with well-known PL
inhibitory indole heterocycle and ketoamide fragment by Auti e al.”” Among the series of 20

analogues, 52 with ICsy of 4.86 pM was found to be the best one (Figure 2.25).
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Figure 2.25. PL inhibitory hybrid analogues containing thiazolidinedione, isatin, indole,

quinazolinone and coumarin nucleus (48-52)

2.5. Gaps in Existing Research

Due to the large imbalance between the energy intake and expenditure associated with a
sedentary life, obesity prevalence is increasing in a pandemic proportion. Although diet
management and exercise are considered as a key tool for the prevention of obesity,
adherence to these strategies seems to be difficult for the obese population. Thus, numerous
pharmacotherapies are used for the management of obesity. Based on the exhaustive
literature survey, following are the gaps in the existing research in the field of obesity:

e Many of the drugs approved as AOMs are targeting CNS pathways. From the history
of AOMs, it is proved that targeting such pathways may lead to serious side effects. In
the current scenario, only a few drugs are available clinically, but their long-term
safety is still in question.

e Among the numerous targets explored for obesity management, inhibition of PL is
considered as one of the most promising targets. Orlistat is the only USFDA-approved
PL inhibitory drug for the long-term management of obesity. The unavoidable side
effects of orlistat include bloating, steatorrhea, fecal incontinence and oily stools.”®
But recently, various reports cite the hepatotoxicity caused by orlistat in long-term
treatment regimens. Also, there are 47 cases of acute pancreatitis and 73 cases of

kidney stones being filed in FDA adverse reaction files *°. These events highlight the
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necessity for the development of effective anti-obesity drugs acting via PL
inhibition.

For the development of small molecule inhibitors, natural products have always been
an inspiration and numerous phytochemicals have been identified for their PL
inhibitory potential. Among these 42% of total natural PL inhibitors are polyphenolics
and the major share is of the analogues with bioactive chromone nucleus.
Unfortunately, such analogues are not that potential PL inhibitors as orlistat,
which may be due to the absence of structural features that are required for
binding the enzyme pocket.

In many of the reports, the isolation of these natural products has not been carried
out by focusing on their PL inhibitory activity.

Looking at the importance of heterocyclic scaffolds many of the heterocycles, namely
indole, carbazole, thiazolidinedione, quinazolinone, coumarin have been utilized for
the development of novel PL inhibitors with positive results. But there is no report
on the rational development of chromone-based synthetic PL inhibitory
analogues.

Being an important PL inhibitory natural product, the chromone scaffold remained

unexplored for rational designing of PL inhibitory analogues.

2.6. Aim of the Study

Considering the potential gaps in existing research, in this study our aim is, “fo develop

chromone-based analogues as potential PL inhibitors for treatment of obesity”.

2.7. Objectives

The objective of the study will be design of chromone-based PL inhibitors using molecular

docking studies, followed by synthesis and in vitro evaluation to get most potent PL

inhibitory lead. Further, the most potent analogue will be tested for in vivo anti-obesity

activity.
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3. Materials and Methods
3.1. Synthesis and Characterization

The synthesis of all the analogues was performed according to the schemes reported in each
section. The chemicals required for synthetic work were purchased from Sigma Aldrich,
Tokyo Chemical Industry (TCI), Spectrochem, etc. Thin Layer Chromatography (TLC) plates
(silica gel G60, F»s4, make: Merck) were used for reaction monitoring. The melting point of
synthesized analogues were determined using electrothermal capillary melting point
apparatus. The IR spectra were recorded on Shimadzu IR Spirit Fourier Transform Infrared
(FTIR) Spectrophotometer. Bruker Avance II 400 spectrometer (400 MHz) was used for
recording NMR spectra. CDCI; solvent used for NMR was procured from Sigma Aldrich.
Bruker Compass Data Analysis 4.1 mass spectrometer was utilized for obtaining HR-MS

spectra of all the analogues.

Peak purity analysis was performed using DIONEX ULTIMATE 3000 UHPLC system with
Diode Array Detector (Make: Thermo SCIENTIFIC). The X-Bridge column (Column
dimension: 4.6 mm * 250 mm, 5.0 um) was procured from Waters. The solvent system used

was ACN: Water with a flow rate of 1.00 mL/min, with a run time of 15 min.

3.2. PL Inhibition Assay and Enzyme Kinetics

Orlistat, porcine PL (Type II) and 4-nitrophenyl butyrate were procured from Sigma-Aldrich
(MO, USA). Tris buffer and sodium chloride (molecular biology grade) were procured from
Sisco Research Laboratories (MH, India). DMSO (molecular biology grade) was procured
from Hi Media.

3.2.1. PL Inhibition Assay

The procedure used for in vitro screening was previously optimized in our laboratory."* For
the assay, Tris-HCI buffer was prepared by dissolving 3g of Tris and 1.5 g of NaCl in Milli-Q
water and the pH was adjusted to 7.4 using HCI and the volume was made to 100 mL using
Milli-Q water. The enzyme solution was prepared by suspending crude porcine PL in Tris
buffer (5 mg/mL), followed by vigorous shaking and centrifugation to get the supernatant as
PL enzyme solution. The inhibitor solution was prepared in the concentration range of 2000-
15.625 pg/mL using DMSO as a solvent. 4-Nitrophenyl butyrate solution (10 mM
concentration) was prepared in Acetonitrile and used as a substrate. For PL inhibition assay,

the mixture of 220 uL of buffer, 25 uL of enzyme and 5 pL of inhibitor (orlistat, analogues)
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was preincubated at 37 °C for 5 minutes. It was then followed by the addition of 1.25 pL of
substrate and was checked for the absorbance at 405 nm (absorbance maxima of 4-
nitrophenol) using BioTek SYNERGY microplate reader (VT, USA). The complete assay

was performed in triplicate and the %inhibition was calculated using the formula:

%Inhibition = [(Ag -At) / Ag]*100................... Formula 3.1

Where, Ag is the absorbance of enzyme control (without inhibitor), At is the difference in
absorbance of test sample with and without inhibitor. The linear regression graph was then

plotted for the calculation of ICs( values.
3.2.2. Enzyme Kinetics

Enzyme kinetics study was performed using the protocol established in our laboratory.® For
the study, PL inhibition assay procedure was performed for different concentrations of
substrate (25, 50, 100, 200 uM). The double reciprocal Lineweaver-Burk plot was plotted to
understand the nature of inhibition. Also, the inhibition constant (K;) was calculated using

Cheng-Prusoff equation.
3.3. Fluorescence Quenching Study

Fluorescence quenching experiment was performed for the identification of active site
binding of analogues as PL active site contains fluorescence emitting amino acids (Thr, Tyr).
For the study, previously reported methods were used with some modifications.*” Briefly,
buffer (2.64 mL), PL (300 pL), inhibitor (60 pL) were mixed and transferred to a cuvette of 3
cm path length. The fluorescence spectra were recorded using Fluorolog-3 fluorescence
spectrophotometer (Horiba Jobin Yvon Inc., France). The excitation wavelength was set as
290 nm and the emission was recorded at the wavelength range of 305 to 500 nm by keeping
the slit width of 1.5 nm. For the identification of quenching mechanism, Stern-Volmer

equation was utilized as follows:

= =1+kg7o[Q] = 1+Ksy[Q] ................ Formula 3.2

In above equation, Fjy and F are the fluorescence intensities before and after the addition of
quencher. kq is the quenching rate constant, Kgy is the Stern-Volmer dynamic quenching
constant, [Q] is the concentration of quencher and 1, is the average lifetime of bimolecular

fluorescence which is 1.59 ns for human PL.
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The binding constant (K;,) and number of binding sites (n) were calculated using following

equation (modified Stern-Volmer equation) :

log [g] = logK, + nlog[Q]..................... Formula 3.3

Where, Ky, is the binding constant and n is the number of binding sites.

3.4. Molecular Modelling Studies
3.4.1. Molecular Docking Study

The molecular docking study of the synthesized analogues was performed using Molegro
Virtual Docker 6.0.33 software. All the designed analogues and orlistat were drawn using
ChemBio Office Ultra 14.0 Suite and the energy minimization was performed via Chem3D
module, with the utilization of Molecular Mechanics 2 (MM2) force field. The PL protein
(PDB ID: 1LPB) was extracted from RCSB PDB site and was prepared using MVD software.
The grid was prepared by taking the centre of cocrystal ligand (MUP). The obtained grid
parameters (8.36, 23.16, 53.61 (x, y, z), radius 7 A) were validated by checking the RMSD
value after the superimposition of native pose and docked pose of MUP. The energy

minimized analogues were then docked at the validated grid using docking wizard panel.®
3.4.2. Molecular Dynamics Study

For molecular dynamics simulation study, the Desmond module of Schrodinger software was
utilized. The docked pose of ligand-protein complex was imported into the workspace. The
model system was then prepared using “system builder panel” by the incorporation of the
orthorhombic box surrounding the complex, that was solvated using SPC water model. The
molecular dynamics simulation was then performed for 100 ns at 310 K temperature and
1.013 bar pressure. The NPT ensemble class was selected for the complete simulation. The

results were then analysed using “simulation interaction diagram” panel.’
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CHAPTER 4

4. Series I: Design, Synthesis and PL Inhibitory Evaluation of Acrylate Linked

Chromone Analogues

4.1. Rationale

As mentioned in chapter 2, many of the heterocyclic scaffolds, e.g. indole, quinazolinone,
triazole, coumarin, and thiazolidinedione, have been identified as potential leads for PL
inhibition' . In addition to the synthetic analogues, various phytochemicals have also been
identified for their PL inhibitory potential. These phytochemicals can be divided into various
classes, like polyphenols, saponins, alkaloids, benzofurans, etc. Among these chemical
classes, the majority of the PL inhibitors have been found to be of polyphenolic origin (42%
of total natural PL inhibitors)’, that mainly possess a chromone scaffold as a bioactive
heterocycle. For e.g. Quercetin (ICsy of 21.5 = 9.4 uM), Kaempferol (ICsp of 13.4 + 4.1 uM),
Derhamnosylmaysin (ICsg of 25.9 + 3.7 uM), Orientin (ICso of 31.6 + 2.7 uM), etc. have been
reported for their PL inhibitory potential (Figure 4.1).>°

...................................................................

Anti-Oxidant

Anti-cancer

Quercetin

IC50=21.5£9.4 uM Derhamnosylmaysin

ICs=25.9£3.7 uM

Biologically Diverse
Scaffold

Neuroprotective

Kaempferol

Orientin ICso=13.4+ 4.1 uM
ICso = 31.6 £ 2.7 uM

Anti-Inflammatory

Chromone containing pancreatic lipase Inhibitors for obesity treatment

Figure 4.1. Medicinal importance of chromone scaffold, emphasizing on PL inhibitory analogues as anti-
obesity agents

These naturally isolated analogues showed poor to moderate PL inhibitory potential that may
be due to a lack of structural requirement for binding with the key active site amino acids.
From the literature, it is confirmed that the active site of PL enzyme consists of a
hydrophobic lid domain (Gly76-Lys80, Tyr114 and Leu213-Met217) enclosing the highly
restricted catalytic triad that is made up of Serl52-Asp176-His263 amino acids.” For any
molecule to reach the catalytic triad, it needs to be interact with the hydrophobic lid domain

(with alkyl or aromatic interactions) for its opening. From above observation, it was
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confirmed that there is pharmacophoric requirement for binding at the active site of PL. As
shown in Figure 4.2, following pharmacophoric features are required for potential binding of

an inhibitor at the active site of PL:

a) Aromatic/long chain alkyl groups for interaction with Phe77, Tyr114, Phe215 amino
acids.

b) Fragment with hydrogen/covalent bond forming ability.

c) Electron rich aromatic moiety for interaction with Arg256 amino acid.

d) Spacer for alignment of both the aromatic moieties for the interaction with respective

amino acids.

Strong interaction with
Ser 152 amino acid Linker with optimized length: For correct
positioning of both ring system at the

ﬁ binding pocket
Linker with
1C/2CJ/3C, etc.

Electrophilic
Fragment

%

Aromatic or
Heteroaromatic
Ring Syste

Electron rich
moiety

Interaction with lid
domain amino acids

|:> Effective n-cation interaction
with Arg 256 amino acid

Figure 4.2. Pharmacophoric features for pancreatic lipase inhibition

Also, the active site of PL contains nucleophilic Ser 152 amino acid residue and many of the
fragments have been utilized to interact with Ser 152. As shown in Figure 4.3, various

2,11 12
", B-lactone *, etc. have

fragments such as acrylateg’g, a,B-unsaturated ketone'®, o-ketoamide
been reported to be present in many of the synthetic and natural product-based PL inhibitors.
Many of the acrylate-based natural product analogues have been reported to have good to
poor PL inhibitory potential. Such analogues have potential for enhancement in activity

through synthetic modification.

Among the fragments targeting Serl52 amino acid, acrylate has advantages in terms of

rigidity and weak nucleophilicity (less adverse effects). Being a weak nucleophile, it will not
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be affecting other biological targets. Also, numerous natural product-containing PL inhibitors

have been reported with acrylate fragment for targeting Ser152 amino acid.

g OH HO :
H 0H0 a o
: HO. :
' > O ol :
: X~ Yo HO & :
: OH HO :
i HO :

Methyl chlorogenate
' 3-O-trans-p-coumaroyl actinidic acid (ICs50 = 33.6 uM)
H (IC50 = 14.95 pM)

..............................................

Indolyloxoacetamide & H H Vibralactone
quinazolinone based hybrid; E : IC50 = 47.26 pM
(ICs0 = 4.86 uM) OMe ' 5
©/0Me : '

Cl

: H Orlistat
Carbazolyl oxoacetamide analogue;  : : (Marketed anti-obesity drug)
(IC50 = 6.31 uM) . |

..............................................

Morachalcone A 3,3",4,4'tetrahydroxy-2-methoxychalcone
IC50 = 6.2 uM (ICs = 35.5 uM)

PL inhibitors containing o,B-unsaturated ketone fragment

Figure 4.3. Examples of PL inhibitors with various fragments, targeting Ser 152 amino acid

As per the above observations, it was concluded that many of the natural product containing
PL inhibitors contains acrylate fragment but there is no single report on rational drug design
approach taking acrylate fragment in consideration. Also, being a privileged heterocycle,
synthetic chromone-based PL inhibitors are least. Taking such gaps in consideration, in this
study we have designed acrylate linked chromone analogues for PL inhibition. As shown in
Figure 4.4, the analogues were designed with the hypothesis that the chromone ring will
interact with Phe77, Tyr114 and Phe215 amino acids via - stacking, the acrylate fragment
will interact with Ser152 and aryl/heteroaryl moiety will interact with Arg256 via m-cation

interaction. Also, the linker was placed in between chromone acrylate and aryl/heteroaryl
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moiety with the aim of better positioning of chromone, acrylate and aromatic/heteroaromatic

moiety for respective interactions with the active site amino acids.

Interaction with Lid-Domain
Amino Acids
(Phe 77, Tyr 114, Phe 215)

Treaes * n=01,23

Designed Acrylate Linked Chromone Analogues as PL Inhibitors

Figure 4.4. Rationale for the design of acrylate linked chromone analogues as PL inhibitors

The effect of length of linker (n = 0,1,2,3) on binding at PL active site was checked using
molecular docking study. As shown in Figure 4.5 the analogue with no carbon linker (n=0)
exhibited low docking score as compared with the one carbon (n = 1) linker analogue. Also,
there was a lack of interactions with important amino acids such as, Phe77, Tyrl114, Phe215,
Arg256, etc. As the molecular docking study proved poor binding of analogue with no carbon
linker, the synthesis of analogues with one carbon (n=1) linker was carried out for the

investigation of their PL inhibitory potential.

ALA
B:178
ALA
B:260
Interactions Interactions
B conventionai Hydrogen Bond [0 ey ! Comventional Hydrogen Bond = Fr-Anion
Bl rrsgme — MWMM D nen
0C linker 1C linker
MolDock score = -111.25 kcal/mol MolDock score = -115.86 kcal/mol

Figure 4.5. Molecular docking analysis of acrylate linked chromone analogues with various carbon
linkers (n =0, 1) at PL active site
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4.2. Synthesis and Characterization

The designed acrylate linked chromone analogues were prepared by using the optimized
reaction (Scheme 4.1). Briefly, the substituted 3-Formylchromones (2a-f) were prepared by
the reaction of substituted 2’-Hydroxyacetophenones (1a-f) and N,N-Dimethylformamide
(DMF) in the presence of catalytic amount of POCI; (Vilsmeier haack reaction). It was
further reacted with malonic acid in the presence of pyridine and ethanol at reflux
temperature to get Chromone-3-acrylic acid (3a-f). The final analogues were prepared by the
reaction of various benzyl alcohols (4a-p) with Chromone-3-acrylic acid (3a-f), using
EDC.HCI coupling agent and DMAP as a base in DMF. Further, the structure of synthesized
analogues were elucidated using various spectroscopic techniques such as IR, NMR and HR-
MS. Through '"H NMR, a singlet of 1H at ¢ value in the range of 8.08-8.14 ppm confirmed
the presence of a proton at 2™ position of chromone ring. One aliphatic proton (CH,) of
benzyl moiety resonated in the 6 range of 5.14-5.67 ppm as a singlet, confirming the
attachment of benzyl ring. Further the peaks of additional substituents such as, methyl,
methoxy, benzyloxy, etc. were in their standard range. The presence of carbonyl carbons of
chromone and ester were further confirmed via *C NMR spectrum. For all the analogues, the
carbonyl carbon of ketone of chromone were found to resonate at ¢ value in the range of
174.66-176.08 ppm, whereas the ester carbonyl peak was found in ¢ range of 166.50-167.37
ppm. The structures were further confirmed via HR-MS analysis by the presence of [M+H]"
peaks in the spectrum, with the values, coinciding with the calculated m/z values. In the case
of all the analogues, the % Purity was found to be in the range of 92.94-99.91%, with the

retention time (#z) in the range of 4.16 — 9.38 min.

62



CHAPTER 4

(0}

S
o DMF, POClI,, P

2'-Hydroxyacetophenone
(1a-f)

1a;R'=H

1b; R' = 6-Chloro

1c; R' = 6-Bromo

1d; R = 6-Methyl

1e; R' = 6-Methoxy
1f; R" = [h]benzo

rt, 18 h

O

3-Formylchromone

(2a-f)

(o] o
A, :
Malonic acid AN OH
- - R |
Z
Ethanol, Pyridine, &)
reflux, 2-6 h 3-(4-ox0-4H-chromen-3-
yl)acrylic acid
(3a-f)
A~
RZ “OH | EDC.HCI, DMAP,

da-p DMF, rt, 5-8 h

(o}

o

TN X 0" R2
R4~ |
{lz
(o}

Chromone-3-acrylic acid ester
analogues (5aa-fm)

5aa; R' = H, R? = Phenyl

5ab; R" = H, R2 = 2-Nitrophenyl

5ac; R' = H, R? = 3-Nitrophenyl

5ad; R" = H, R2 = 4-Nitrophenyl

5ae; R' = H, R? = 3-Chlorophenyl

5af; R" = H, R? = 4-Chlorophenyl

5ag; R' = H, R? = 2,4-Dichlorophenyl
5ah; R" = H, R? = 3,4-Dichlorophenyl
5ai; R' = H, R? = 4-Cyanophenyl

5aj; R' = H, R? = 4-methoxyphenyl
5ak; R = H, R? = 2,3-Dimethoxypheny!
5al; R' = H, R? = 3,4,5-trimethoxypheny!
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5ba; R = 6-Chloro, R? = Phenyl

5ca; R' = 6-Bromo, R? = Phenyl

5da; R = 6-Methyl, R? = Phenyl

5ea; R' = 6-Methoxy, R? = Phenyl

5fa; R = [h]benzo, R? = Phenyl

5cm; R' = 6-Bromo, R? = 4-Benzyloxyphenyl
5dm; R' = 6-Methyl, R? = 4-Benzyloxyphenyl
5fm; R' = [h]benzo, R? = 4-Benzyloxyphenyl

Scheme 4.1. Synthesis of designed acrylate linked chromone analogues (5aa-5fm)

4.2.1. General Procedure for the synthesis of 3-Formylchromone (2a-f).

The mixture of 2’-Hydroxyacetophenone (1a-f) (7.34 mmol) and N,N-Dimethylformamide
(DMF) (7 mL) was stirred for 15 min in ice bath. To the above mixture, Phosphorous
oxychloride (POCIl;) (44.06 mmol) was added dropwise. The reaction mixture was then
stirred at room temperature for 18 h. After the completion of reaction (confirmed by TLC),
the mixture was added in ice cold water and the resultant precipitate was filtered to get the 3-

Formylchromone (2a-f)."

4.2.2. General Procedure for the synthesis of Chromone-3-acrylic acid (3a-f).

A mixture of substituted 3-Formylchromone (7.98 mmol), malonic acid (9.97 mmol) and
pyridine (0.5 mL) was refluxed in 8 mL of ethanol for 2-6 hours. The resultant mixture was
cooled and the precipitated product was filtered and washed with ethanol to get the pure

product (321—1').14
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4.2.3. General Procedure for the synthesis of chromone-3-acrylic acid ester analogues

(Saa-fm).

The mixture of substituted Chromone-3-acrylic acid (3a-f) (0.462 mmol), 3-Dimethylamino-
propyl)-ethyl-carbodiimide Hydrochloride (EDC.HCI) (0.924 mmol), 4-
(Dimethylamino)pyridine (DMAP) (0.924 mmol) were stirred in DMF in ice cold condition
for 15 min. It was then followed by the addition of substituted Benzyl alcohol (4a-p) (0.924
mmol) followed by stirring at room temperature for 5-8 hours. After the confirmation by
TLC, the reaction mixture was quenched by the addition of cold water, followed by
extraction with ethyl acetate. The ethyl acetate layer was then evaporated, followed by

column chromatography to get the final analogues (Saa-fm).
4.2.4. Analytical Data for the final compounds:

Benzyl (E)-3-(4-ox0-4H-chromen-3-yl)acrylate (5aa). Yield: 91%; buff white crystalline
solid; MP = 130-132 °C; '"H NMR (400 MHz, CDCl3) 6 (ppm) = 8.27 (dd, J= 1.2 Hz, 8 Hz,
1H), 8.11 (s, 1H), 7.71-7.67 (m, 1H), 7.49-7.33 (m, 9H), 5.25 (s, 2H); *C NMR (100 MHz,
CDCl3) o (ppm) = 175.89, 167.19, 157.54, 155.51, 136.07, 135.97, 134.04, 128.54, 128.16,
126.35, 125.88, 124.20, 121.86, 119.27, 118.11, 66.31; IR (ATR): v (cm™) = 3852.38,
3741.63, 3673.36, 3613.43, 2924.46, 2310.45, 1745.01, 1696.06, 1647.92, 1540.40, 1458.20,
1405.42, 1358.88, 1236.27, 1154.46, 982.59, 856.21, 795.72, 751.74, 685.00; HRMS (ESI")
calculated for C19yH504 [M + H+], 307.0970; found 307.0960; HPLC purity: 99.91%, tz =
4.160 min.

2-Nitrobenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5ab). Yield: 88%; white
amorphous solid; MP = 168-170 °C; 'H NMR (400 MHz, CDCl5) & (ppm) =8.29 (dd, J=1.6
Hz, 8 Hz, 1H), 8.16-8.13 (m, 2H), 7.74-7.67 (m, 3H), 7.51-7.45 (m, 5H), 5.67 (s, 2H); °C
NMR (100 MHz, CDCl3) 6 (ppm) = 175.97, 166.75, 158.07, 155.50, 147.33, 136.85, 134.16,
133.87, 132.60, 128.70, 128.58, 126.33, 126.00, 125.03, 124.20, 121.23, 119.10, 118.17,
62.91; IR (ATR): v (cm™) = 3851.81, 3741.41, 3673.29, 3613.90, 1742.27, 1690.37, 1636.24,
1526.08, 1462.58, 1411.02, 1352.36, 1244.42, 1153.90, 1093.71, 1036.16, 974.39, 856.63,
775.35, 722.34, 684.27; HRMS (ESI+) calculated for C;9H;4sNO¢ [M + H+], 352.0821; found
352.0855; HPLC purity: 97.24%, tx = 5.127 min.

3-Nitrobenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5ac). Yield: 85%; white
amorphous solid; MP = 194-196 °C; "H NMR (400 MHz, DMSO-dy) d (ppm) = 8.95 (s, 1H),
8.30-8.14 (m, 3H), 7.90-7.56 (m, 6H), 7.32 (s, 1H), 5.37 (s, 2H); °C NMR (100 MHz,
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DMSO-dg) § (ppm) = 175.80, 166.67, 161.13, 155.54, 148.27, 139.00, 137.87, 135.17,
135.01, 130.63, 126.70, 125.92, 123.94, 123.44, 122.97, 119.88, 119.05, 118.33, 64.94; IR
(ATR): v (cm™) = 3851.94, 3741.56, 3673.35, 3613.70, 2382.24, 2309.15, 1916.75, 1700.26,
1521.42, 1461.83, 1408.99, 1343.47, 1293.91, 1158.31, 982.35, 795.08, 734.27, 677.96;
HRMS (ESI") calculated for C;oH;4NOg [M + H'], 352.0821; found 352.0861; HPLC purity:
99.32%, tg = 5.110 min.

4-Nitrobenzyl (E)-3-(4-ox0-4H-chromen-3-yl)acrylate (5ad). Yield: 80%; white
amorphous solid; MP = 182-185 °C; 'H NMR (400 MHz, CDCls) 0 (ppm) = 8.30-8.27 (m,
1H), 8.25-8.22 (m, 2H), 8.14 (s, 1H), 7.78-7.69 (m, 1H), 7.57 (d, J = 8.8 Hz, 2H), 7.51-7.45
(m, 4H), 5.34 (s, 2H); >C NMR (100 MHz, CDCl3) ¢ (ppm) = 176.07, 167.07, 158.13,
155.63, 143.58, 137.00, 134.32, 128.38, 126.49, 126.16, 124.33, 123.99, 123.94, 121.29,
119.21, 118.29, 64.91; IR (ATR): v (cm™) = 3852.89, 3741.10, 3672.55, 3613.86, 2929.16,
2857.17, 2382.56, 2308.62, 1702.76, 1653.16, 1514.61, 1459.12, 1401.48, 1339.88, 1280.67,
1209.94, 1146.63, 971.31, 845.52, 747.51 cm'l; HRMS (ESI+) calculated for C;9H;4NOg¢ [M
+H'], 352.0821; found 352.0878; HPLC purity: 92.94%, tz = 5.123 min.

3-Chlorobenzyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (S5ae). Yield: 82%; white
amorphous solid; MP = 154-156 °C; 'H NMR (400 MHz, CDCl3) 6 (ppm) = 8.27 (dd, J=1.2
Hz, 8 Hz, 1H), 8.12 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.37 (m, 6H), 7.30-7.27 (m, 3H), 5.21
(s, 2H); *C NMR (100 MHz, CDCl;) ¢ = 175.89, 167.03, 157.74, 155.51, 138.11, 136.35,
134.43, 134.09, 129.84, 128.29, 128.06, 126.36, 126.06, 125.93, 124.21, 121.56, 119.19,
118.14, 65.35; IR (ATR): v (cm™) = 3852.47, 3741.40, 3673.34, 3614.23, 2309.34, 1746.76,
1701.83, 1656.16, 1618.09, 1551.89, 1460.29, 1409.20, 1355.73, 1279.78, 1210.19, 1145.92,
974.69, 858.28, 755.56, 685.03; HRMS (ESI") calculated for C;oH;4ClO4[M + H'],
341.0581; found 341.0560; HPLC purity: 98.61%, tz = 7.450 min.

4-Chlorobenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5af). Yield: 86%; white
amorphous solid; MP = 140-142 °C; '"H NMR (400 MHz, CDCls) 6 (ppm) = 8.28-8.26 (m,
1H), 8.11 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.39 (m, 4H), 7.35-7.34 (m, 4H), 5.20 (s, 2H); "°C
NMR (100 MHz, CDCl3) 6 (ppm) = 176.02, 167.22, 157.80, 155.63, 136.36, 134.73, 134.21,
134.16, 129.65, 128.85, 126.49, 126.06, 124.33, 121.77, 119.33, 118.26, 65.59; IR (ATR): v
(em™) = 3852.84, 3742.00, 3673.47, 3613.82, 2309.65, 1745.84, 1699.30, 1649.62, 1541.37,
1459.51, 1410.06, 1358.89, 1270.79, 1144.51, 1084.92, 973.72, 854.40, 804.57, 759.97,
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682.36; HRMS (ESI+) calculated for Ci9H4ClO4 [M + H+], 341.0581; found 341.0630;
HPLC purity: 97.17%, tg = 7.420 min.

2,4-Dichlorobenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5ag). Yield: 80%; white
amorphous solid; MP = 150-152 °C; 'H NMR (400 MHz, CDCl;) ¢ (ppm) = 8.28 (dd, J=1.6
Hz, 8 Hz, 1H), 8.14 (s, 1H), 7.73-7.69 (m, 1H), 7.50-7.39 (m, 6H), 7.28-7.26 (m, 1H), 5.31
(s, 2H); °C NMR (100 MHz, CDCl3) § (ppm) = 175.91, 166.91, 157.84, 155.50, 136.52,
134.52, 134.11, 132.47, 130.42, 129.35, 127.20, 126.35, 125.96, 124.20, 121.39, 119.15,
118.13, 62.95; IR (ATR): v (cm™) = 3852.19, 3741.66, 3673.34, 1711.39, 1650.44, 1614.75,
1542.41, 1460.92, 1410.42, 1283.94, 1205.22, 1138.54, 1101.91, 1057.01, 999.42, 853.94,
815.89, 753.22, 688.28; HRMS (ESI") calculated for C;oH;3C1,04 [M + H'], 375.0191; found
375.0218; HPLC purity: 96.59%, ¢z = 6.603 min.

3,4-Dichlorobenzyl (FE)-3-(4-ox0-4H-chromen-3-yl)acrylate (Sah). Yield: 92%; white
amorphous solid; MP = 161-163 °C; "H NMR (400 MHz, CDCl3) ¢ (ppm) = 8.27 (dd, J= 1.6
Hz, 8 Hz, 1H), 8.12 (s. 1H), 7.72-7.68 (m, 1H), 7.50- 7.41 (m, 6H), 7.23 (dd, J = 2 Hz, 8.4
Hz, 1H), 5.18 (s, 2H); *C NMR (100 MHz, CDCl;) 6 (ppm) = 176.02, 167.09, 157.98,
155.61, 133.69, 136.46, 134.24, 132.78, 132.33, 130.66, 130.06, 127.41, 126.47, 126.09,
12431, 121.48, 119.24, 118.26, 64.83; IR (ATR): v (cm™) = 3852.64, 3741.97, 3673.29,
3613.68, 1746.76, 1701.46, 1658.62, 1617.21, 1521.03, 1460.88, 1401.52, 1354.91, 1281.26,
1210.40, 1147.72, 977.62, 866.14, 824.54, 756.87, 684.87; HRMS (ESI") calculated for
Ci9H13C1,04 [M + H+], 375.0191; found 375.0175; HPLC purity: 99.71%, ¢z = 6.053 min.

4-Cyanobenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5ai). Yield: 82%; white
amorphous solid; MP = 166-169 °C; 'H NMR (400 MHz, CDCls) 6 (ppm) = 8.27 (dd, J=1.2
Hz, 8 Hz, 1H), 8.13 (s, 1H), 7.73-7.65 (m, 3H), 7.51-7.43 (m, 6H), 5.28 (s, 2H); *C NMR
(100 MHz, CDCl3) ¢ (ppm) = 176.02, 167.05, 158.08, 155.59, 141.57, 136.87, 134.28,
132.48, 128.28, 126.44, 126.11, 124.27, 121.29, 119.16, 118.74, 118.26, 111.99, 65.15; IR
(ATR): v (cm™) = 3852.25, 3741.79, 3673.38, 3613.28, 2379.66, 2309.95, 1917.21, 1704.42,
1659.15, 1520.19, 1461.52, 1410.64, 1361.15, 1286.60, 1212.87, 1155.74, 983.21, 858.62,
761.80, 689.82; HRMS (ESI") calculated for CyHuNO4[M + H'], 332.0923; found
332.0906; HPLC purity: 99.12%, tz = 4.573 min.

4-Methoxybenzyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (5aj). Yield: 85%; white
amorphous solid; MP = 124-126 °C; 1H NMR (400 MHz, CDClI3) 6 (ppm) = 8.26 (dd, J=1.6
Hz, 8 Hz, 1H), 8.10 (s, 1H), 7.71-7.67 (m, 1H), 7.48-7.31 (m, 6H), 6.90 (d, J = 8.4 Hz, 2H),
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5.18 (s, 2H), 3.81 (s, 3H); *C NMR (100 MHz, CDCl;) & (ppm) = 175.87, 167.24, 159.58,
157.45, 155.50, 135.79, 134.02, 130.05, 128.19, 136.35, 125.85, 124.19, 121.99, 119.28,
118.10, 113.92, 66.15, 55.29; IR (ATR): v (cm™) = 3851.22, 3741.55, 3673.20, 3626.04,
1695.41, 1655.98, 1612.31, 1554.40, 1512.47, 1458.15, 1408.56, 1354.60, 1283.49, 1248.96,
1145.89, 1029.95, 953.83, 818.11, 752.40, 684.02; HRMS (ESI") calculated for CyoH;705 [M
+H", 337.1076; found 337.1060; HPLC purity: 98.43%, tz = 5.310 min.

2,3-Dimethoxybenzyl (E)-3-(4-0xo-4H-chromen-3-yl)acrylate (5ak). Yield: 95%; white
crystalline solid; MP = 120-123 °C; 'H NMR (400 MHz, CDCl3) ¢ (ppm) = 8.27 (dd, J=1.2
Hz, 8 Hz, 1H), 8.11 (s, 1H), 7.72-7.67 (m, 1H), 7.49-7.42 (m, 3H), 7.38-7.34 (m, 1H), 7.09-
7.00 (m, 2H), 6.91 (dd, J = 1.6 Hz, 8 Hz, 1H), 5.31 (s, 2H), 3.89 (s, 3H), 3.88 (s, 3H); "°C
NMR (100 MHz, CDCl3) 6 (ppm) = 176.04, 167.36, 157.64, 155.65, 152.84, 147.66, 135.97,
134.16, 130.15, 126.49, 126.00, 124.36, 124.21, 122.15, 121.77, 119.45, 118.25, 112.75,
61.88, 61.28, 55.95 ppm; IR (ATR): v (cm™) = 3858.36, 3746.72, 3613.58, 2935.64, 2828.46,
2313.11, 1699.01, 1650.96, 1611.18, 1562.19, 1460.06, 1412.58, 1355.39, 1277.08, 1144.80,
1083.55, 988.38, 858.93, 756.52, 682.63; HRMS (ESI") calculated for C,;H;9O [M + H'],
367.1182; found 367.1178; HPLC purity: 99.02%, ¢tz = 5.417 min.

3,4,5-Trimethoxybenzyl (E)-3-(4-0xo-4H-chromen-3-yl)acrylate (Sal). Yield: 92%; white
amorphous solid; MP = 141-144 °C; '"H NMR (400 MHz, CDCl;) J (ppm) = 8.28 (d, J = 8
Hz, 1H), 8.13 (s, 1H), 7.72-7.69 (m, 1H), 7.50-7.38 (m, 4H), 6.64 (s, 2H), 5.18 (s, 2H), 3.89
(s, 6H), 3.85 (s, 3H); °C NMR (100 MHz, CDCls) 6 (ppm) = 175.93, 167.24, 157.68,
155.51, 153.31, 137.84, 136.13, 134.10, 131.64, 126.33, 125.92, 124.19, 121.78, 119.23,
118.14, 105.34, 66.57, 60.85, 56.15; IR (ATR): v (cm™) = 3852.21, 3741.91, 3673.60,
3613.78, 2930.64, 2309.85, 1746.53, 1700.28, 1655.42, 1514.38, 1458.78, 1411.52, 1332.12,
1286.27, 1239.06, 1164.53, 1122.80, 1001.01, 861.08, 773.52; HRMS (ESI") calculated for
CyHy 07 [M + H', 397.1287; found 397.1309; HPLC purity: 99.49%, tz = 4.523 min.

4-(Benzyloxy)benzyl (E)-3-(4-0xo0-4H-chromen-3-yl)acrylate (S5am). Yield: 80%; white
amorphous solid; MP = 140-142 °C; 'H NMR (400 MHz, CDCl3) ¢ (ppm) = 8.26 (dd, J=1.2
Hz, 8Hz, 1H), 8.09 (s, 1H), 7.71-7.66 (m, 1H), 7.48-7.46 (m, 1H), 7.44-7.38 (m, 5H), 7.36-
7.31 (m, 5H), 6.97 (d, J = 8.8 Hz, 2H), 5.18 (s, 2H), 5.07 (s, 2H); °C NMR (100 MHz,
CDCl) 0 (ppm) = 175.87, 167.23, 158.78, 157.45, 155.50, 136.85, 135.81, 134.01, 130.04,
128.59, 128.47, 127.98, 127.45, 126.35, 125.85, 124.19, 121.97, 119.28, 118.10, 114.86,
66.11; IR (ATR): v (cm™) = 3851.94, 3742.03, 3673.10, 3613.77, 1745.82, 1699.29, 1665.04,
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1617.92, 1516.76, 1460.94, 1412.09, 1354.80, 1292.39, 1244.51, 1150.98, 996.21, 863.37,
803.99, 744.84, 686.80; HRMS (ESI+) calculated for CycH,;05 [M + H+], 413.1389; found
413.1422; HPLC purity: 97.42%, tz = 9.173 min.

(1H-Benzo[d]imidazol-2-yl)methyl (E)-3-(4-o0x0-4H-chromen-3-yl)acrylate (5an). Yield:
80%:; buff white crystalline solid; MP = 250-253 °C; '"H NMR (400 MHz, DMSO-ds) d (ppm)
=12.67 (s, 1H), 8.94 (s, 1H), 8.14 (dd, J = 1.6 Hz, 8 Hz, 1H), 7.86-7.82 (m, 1H), 7.71 (d, J =
8.4 Hz, 1H), 7.58-7.52 (m, 4H), 7.34 (d, J = 16 Hz, 1H), 7.20-7.18 (m, 2H), 5.41 (s, 2H); °C
NMR (100 MHz, DMSO-ds) 6 (ppm) = 175.77, 166.50, 161.25, 155.52, 138.04, 135.13,
126.66, 125.93, 123.96, 122.43, 119.86, 119.03, 118.34, 66.06; IR (ATR): v (cm’) =
3853.63, 3742.84, 3613.88, 2936.87, 2613.82, 2309.93, 1723.55, 1612.98, 1552.34, 1440.39,
1361.08, 1301.34, 1224.89, 1129.59, 1045.43, 991.00, 926.71, 845.06, 736.93, 678.35;
HRMS (ESI+) calculated for Cy0H sN,O4 [M + H+], 347.1032; found 347.1070; HPLC purity:
99.58%, tr = 4.590 min.

Benzo[d][1,3]dioxol-5-ylmethyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (5ao0). Yield:
90%; buff white solid; MP = 142-144 °C; 'H NMR (400 MHz, CDCls) 6 (ppm) = 8.27 (dd, J
= 1.2 Hz, 8 Hz, 1H), 8.11 (s, 1H), 7.71-7.67 (m, 1H), 7.49-7.32 (m, 4H), 6.90-6.87 (m, 2H),
6.80 (d, J = 8 Hz, 1H), 5.97 (s, 2H), 5.14 (s, 2H); °C NMR (100 MHz, CDCl3) J (ppm) =
175.86, 167.16, 157.51, 155.50, 147.77, 147.57, 135.94, 134.03, 129.82, 126.36, 125.87,
124.20, 122.20, 121.87, 119.26, 118.11, 109.04, 108.23, 101.14, 66.30; IR (ATR): v (cm™) =
3852.07, 3741.61, 3672.96, 3613.66, 1699.46, 1660.46, 1660.35, 1618.07, 1510.08, 1459.70,
1351.61, 1290.48, 1244.51, 1208.30, 1149.18, 1101.81, 1032.78, 1000.12, 928.53, 802.57,
760.24; HRMS (ESI") calculated for CH; 506 [M + H'], 351.0869; found 351.0902; HPLC
purity: 97.29%, tg = 4.967 min.

Thiophen-2-ylmethyl (E)-3-(4-oxo0-4H-chromen-3-yl)acrylate (5ap). Yield: 88%; white
solid; MP = 138-140 °C; '"H NMR (400 MHz, CDCl;) & (ppm) = 8.26 (dd, J= 1.2 Hz, 8 Hz,
1H), 8.10 (s, 1H), 7.71-7.67 (m, 1H), 7.48-7.41 (m, 3H), 7.35-7.31 (m, 2H), 7.14 (d, J = 3.2
Hz, 1H), 7.00-6.98 (m, 1H), 5.39 (s, 2H); *C NMR (100 MHz, CDCl3) J (ppm) = 175.95,
167.08, 157.70, 155.61, 138.16, 136.32, 134.16, 128.88, 126.93, 126.91, 126.47, 126.00,
124.31, 121.75, 119.34, 118.23, 60.71; IR (ATR): v (cm™) = 3851.62, 3741.09, 3609.93,
3564.77, 3363.81, 1746.78, 1698.72, 1651.45, 1613.90, 1549.65, 1459.27, 1412.38, 1349.68,
1281.86, 1143.41, 995.30, 950.81, 849.26, 755.21, 686.30; HRMS (ESI") calculated for
C17H1304S [M + H+], 313.0535; found 313.0521; HPLC purity: 98.88%, #z = 5.230 min.
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Benzyl (E)-3-(6-chloro-4-oxo-4H-chromen-3-yl)acrylate (5ba). Yield: 75%; brown solid,;
MP = 145-146 °C; 'H NMR (400 MHz, CDCl;) § (ppm) = 8.22 (d, J = 2.8 Hz, 1H), 8.10 (s,
1H), 7.63 (dd, J = 2.8 Hz, 9.2 Hz, 1H), 7.45-7.32 (m, 8H), 5.25 (s, 2H); *C NMR (100 MHz,
CDCls) 0 (ppm) = 174.82, 167.16, 157.62, 153.95, 136.10, 135.56, 134.40, 132.07, 128.70,
128.35, 125.89, 125.24, 122.51, 119.99, 119.44, 66.54; IR (ATR): v (cm”) = 3852.73,
3740.97, 3673.52, 3613.85, 2380.02, 2310.12, 1916.67, 1744.66, 1698.24, 1654.51, 1520.78,
1458.95, 1391.54, 1338.19, 1277.96, 1152.23, 1005.97, 796.51, 734.25, 694.26; HRMS
(ESI+) calculated for C;9H4ClO4 [M + H+], 341.0581; found 341.0902; HPLC purity:
95.73%, tgr = 8.420 min.

Benzyl (E)-3-(6-bromo-4-oxo-4H-chromen-3-yl)acrylate (Sca). Yield: 85%; brown solid;
MP = 170-175 °C; "H NMR (400 MHz, CDCl;) 6 (ppm) = 8.38 (d, J = 2.4 Hz, 1H), 8.10 (s,
1H), 7.77 (dd, J = 2.4 Hz, 8 Hz, 1H), 7.43-7.32 (m, 8H), 5.25 (s, 2H); °*C NMR (100 MHz,
CDCls) 0 (ppm) = 174.66, 167.14, 157.60, 154.39, 137.16, 136.09, 135.54, 129.09, 128.70,
128.35, 125.58, 122.52, 120.20, 119.54, 66.54; IR (ATR): v (cm™) = 3851.78, 3741.14,
3673.50, 3614.22, 2311.04, 1706.27, 1645.23, 1544.35, 1459.39, 1374.19, 1328.01, 1274.01,
1196.25, 1149.66, 975.72, 901.60, 837.65, 791.55, 752.32, 699.19; HRMS (ESI") calculated
for C19H14BrO4 [M + H+], 385.0075; found 385.0051; HPLC purity: 99.84%, ¢tz = 9.133 min.

Benzyl (E)-3-(6-methyl-4-o0x0-4H-chromen-3-yl)acrylate (5da). Yield 82%; buff white
crystalline solid; MP = 130-132 °C; "H NMR (400 MHz, CDCl;) J (ppm) = 8.08 (s, 1H), 8.04
(d, J = 0.8 Hz, 1H), 7.50-7.48 (m, 1H), 7.46-7.31 (m, 8H), 5.25 (s, 2H), 2.46 (s, 3H); "°C
NMR (100 MHz, CDCl3) 0 (ppm) = 176.08, 167.37, 157.60, 153.92, 136.31, 136.21, 136.10,
135.38, 128.67, 128.30, 125.76, 123.99, 121.70, 119.17, 117.98, 66.41, 21.13; IR (ATR): v
(em™) = 3852.66, 3741.58, 3673.44, 3613.33, 2922.38, 2384.10, 2309.60, 1709.42, 1649.90,
1522.64 1481.56, 1349.78, 1282.43, 1152.41, 988.86, 909.90, 862.63, 809.94, 746.39,
690.70; HRMS (ESI") calculated for C,0H;704 [M + H'], 321.1127; found 321.1121; HPLC
purity: 98.18%, tg = 7.217 min.

Benzyl (E)-3-(6-methoxy-4-oxo-4H-chromen-3-yl)acrylate (Sea). Yield 85%; buff white
amorphous solid; MP = 171-173 °C; 'H NMR (400 MHz, CDCl;) 6 (ppm) = 8.09 (s, 1H),
7.61 (d, J=2.8 Hz, 1H), 7.48, 7.28 (m, 9H), 5.25 (s, 2H), 3.90 (s, 3H); °C NMR (100 MHz,
CDCls) 0 (ppm) = 175.83, 167.36, 157.56, 157.43, 150.47, 136.31, 136.22, 128.67, 128.29,
124.99, 124.15, 121.68, 119.66, 118.53, 105.50, 66.41, 56.10; IR (ATR): v (cm™) = 3851.95,
3741.40, 3673.26, 3613.64, 2379.46, 2310.16, 1916.49, 1745.05, 1700.03, 1652.41, 1521.74,
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1474.84, 1339.70, 1282.41, 1145.32, 1009.20, 866.07, 803.45, 731.68, 691.08; HRMS (ESI")
calculated for Cy0H;05 [M + H+], 337.1076; found 337.1058; HPLC purity: 94.36%, tz =
6.097 min.

Benzyl (E)-3-(4-ox0-4H-benzo[h]chromen-3-yl)acrylate (5fa). Yield: 84%; brown solid,;
MP = 145-146 °C; "H NMR (400 MHz, CDCl3) 6 (ppm) = 8.22 (d, J = 2.8 Hz, 1H), 8.10 (s,
1H), 7.63 (dd, J = 2.8 Hz, 9.2 Hz, 1H), 7.45-7.32 (m, 8H), 5.25 (s, 2H); *C NMR (100 MHz,
CDCl3) o (ppm) = 174.82, 167.16, 157.62, 153.95, 136.10, 135.56, 134.40, 132.07, 128.70,
128.35, 125.89, 125.24, 122.51, 119.99, 119.44, 66.54; IR (ATR): v (cm) = 3852.73,
3740.97, 3673.52, 3613.85, 2380.02, 2310.12, 1916.67, 1744.66, 1698.24, 1654.51, 1520.78,
1458.95, 1391.54, 1338.19, 1277.96, 1152.23, 1005.97, 796.51, 734.25, 694.26; HRMS
(ESI") calculated for C;oH;4Cl04[M + H'], 351.0881; found 351.0802; HPLC purity:
95.42%, tz = 9.383 min.

4-(Benzyloxy)benzyl (E)-3-(6-bromo-4-0x0-4H-chromen-3-yl)acrylate (5cm). Yield: 78%;
yellow solid; MP = 179-181 °C; "H NMR (400 MHz, CDCl;) 6 (ppm) = 8.38 (d, J = 2.4 Hz,
1H), 8.09 (s, 1H), 7.77 (dd, J = 2.8 Hz, 9.2 Hz, 1H), 7.45-7.32 (m, 10H), 6.98 (d, J = 8.8 Hz,
2H), 5.18 (s, 2H), 5.08 (s, 2H); *C NMR (100 MHz, CDCl3) 6 (ppm) = 174.66, 167.21,
158.96, 157.50, 154.40, 137.15, 136.98, 135.38, 130.25, 129.11, 128.74, 128.50, 128.14,
127.59, 125.59, 122.67, 120.19, 119.59, 119.53, 115.02, 70.16, 66.36; IR (ATR): v (cm™) =
3852.41, 3741.48, 3673.52, 3613.83, 3069.41, 2945.92, 2379.21, 2310.37, 1697.62, 1645.59,
1516.85, 1458.48, 1379.07, 1241.07, 1150.01, 1019.69, 979.77, 792.75, 728.32, 691.46;
HRMS (EST") calculated for C,H2BrOs [M + H'], 491.0494; found 491.0472; HPLC purity:
95.22%, tg = 8.060 min.

4-(Benzyloxy)benzyl (E)-3-(6-methyl-4-o0x0-4H-chromen-3-yl)acrylate (S5dm). Yield:
80%; white amorphous solid; MP = 140-142 °C; 'H NMR (400 MHz, CDCl3) 6 (ppm) = 8.26
(dd, J=1.2 Hz, 8Hz, 1H), 8.09 (s, 1H), 7.71-7.66 (m, 1H), 7.48-7.46 (m, 1H), 7.44-7.38 (m,
5H), 7.36-7.31 (m, 5H), 6.97 (d, J = 8.8 Hz, 2H), 5.18 (s, 2H), 5.07 (s, 2H); °C NMR (100
MHz, CDCl;) J (ppm) = 175.87, 167.23, 158.78, 157.45, 155.50, 136.85, 135.81, 134.01,
130.04, 128.59, 128.47, 127.98, 127.45, 126.35, 125.85, 124.19, 121.97, 119.28, 118.10,
114.86, 66.11; IR (ATR): v (cm™) = 3851.94, 3742.03, 3673.10, 3613.77, 1745.82, 1699.29,
1665.04, 1617.92, 1516.76, 1460.94, 1412.09, 1354.80, 1292.39, 1244.51, 1150.98, 996.21,
863.37, 803.99, 744.84, 686.80; HRMS (ESI") calculated for C,sH,;0s [M + H'], 493.1629;
found 493.1622; HPLC purity: 97.49%, tg = 6.740 min.
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4-(benzyloxy)benzyl (E)-3-(4-ox0-4H-benzo[h]chromen-3-yl)acrylate (5fm). Yield: 88%;
yellow solid; MP = 179-181 °C; 'H NMR (400 MHz, CDCl;) J (ppm) = 8.38 (d, J = 2.4 Hz,
1H), 8.09 (s, 1H), 7.77 (dd, J = 2.8 Hz, 9.2 Hz, 1H), 7.45-7.32 (m, 10H), 6.98 (d, J = 8.8 Hz,
2H), 5.18 (s, 2H), 5.08 (s, 2H); °C NMR (100 MHz, CDCl;) d (ppm) = 174.66, 167.21,
158.96, 157.50, 154.40, 137.15, 136.98, 135.38, 130.25, 129.11, 128.74, 128.50, 128.14,
127.59, 125.59, 122.67, 120.19, 119.59, 119.53, 115.02, 70.16, 66.36; IR (ATR): v (cm™) =
3852.41, 3741.48, 3673.52, 3613.83, 3069.41, 2945.92, 2379.21, 2310.37, 1697.62, 1645.59,
1516.85, 1458.48, 1379.07, 1241.07, 1150.01, 1019.69, 979.77, 792.75, 728.32, 691.46;
HRMS (ESI") calculated for C,6H2BrOs [M + H'], 498.0482; found 498.0472; HPLC purity:
97.16%, tgr = 8.273 min.

4.3. Biological Evaluation

4.3.1. In vitro PL inhibition

The synthesized acrylate linked chromone analogues were screened for PL inhibitory activity,
using the assay protocol, standardized in our laboratory”. The porcine pancreatic lipase (Type
IT) was utilized, with 4-Nitrophenylbutyrate as a substrate. All the concentrations of inhibitors
(5aa-5fm) were prepared using dimethyl sulfoxide (DMSO). The absorbance of the resultant
solution was recorded at 405 nm on microplate reader, for the calculation of % inhibition
followed by ICsy values. All the analogues were found to have ICsy values in the range of
5.16-48.81 uM (Table 4.1). Many of the analogues (5ad, 5ae, Sah, Sak-am, 5ao, 5ca, Sea,
Sfa, Sem, Sdm, 5fm), were found to exhibit good activity (5.16-15.29 uM), whereas some
analogues (5aa, S5ab, Saf, Saj, San, Sba, Sda) had shown moderate activity (15.69-25.27
uM). Few of the analogues (5ac, Sag, Sai, Sap) showed poor inhibitory activity (33.48-48.81
uM). Among all the analogues, Sam and Sad were found to be the most potent PL inhibitory
analogues (ICsy = 5.16, 5.82 uM, respectively). The standard drug orlistat exhibited potent
PL inhibition with ICsy value of 0.86 uM.

Table 4.1. In vitro PL inhibitory activity of synthesized acrylate linked chromone analogues (5aa-
5fm) and orlistat

Code R' R’ ICso (uM + SEM)*
Saa H Phenyl 25.27+0.550

Sab H 2-Nitrophenyl 17.37 £ 0.383

Sac H 3-Nitrophenyl 42.73 +£1.803

Sad H 4-Nitrophenyl 5.82 +0.933
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Sae H 3-Chlorophenyl 15.29 + 1.065
Saf H 4-Chlorophenyl 18.01 +1.715
Sag H 2,4-Dichlorophenyl 33.48 + 1.857
Sah H 3.4-Dichlorophenyl 11.01 £0.168
Sai H 4-Cyanophenyl 40.54 + 1.280
Saj H 4-Methoxyphenyl 17.15+£1.749
Sak H 2,3-Dimethoxyphenyl 0.44+1.472
Sal H 3.,4,5-Trimethoxyphenyl 7.85+0.099
Sam H 4-Benzyloxyphenyl 5.16 £ 0.287
San H (1H-benzo[d]imidazol-2-yl) 16.74 + 0.005
5ao0 H benzo[d][1,3]dioxol-5-yl 14.51 £0.564
Sap H thiophen-2-yl 48.81 +3.112
Sbha 6-Chloro Phenyl 15.69 + 1.006
Sca 6-Bromo Phenyl 10.29 + 0.426
Sda 6Methyl Phenyl 18.58 + 1.288
Sea 6-Methoxy Phenyl 14.26 = 0.940
Sfa [A]benzo Phenyl 10.53 + 1.365
Scm 6-Bromo 4-Benzyloxyphenyl 8.94 + 0.754
S5dm 6-Methyl 4-Benzyloxyphenyl 11.97 + 1.947
5fm [#]benzo 4-Benzyloxyphenyl 8.72 £ 0.441
Orlistat - - 0.86 +0.09

*The experiment is performed in triplicate (n=3)

4.3.2.Structure Activity Relationship (SAR)

The preliminary SAR was generated, by analysing PL inhibitory activities of the synthesized
acrylate linked chromone analogues (Saa-fm). As shown in Figure 4.6, the SAR part has
been divided into 2 categories; 1) Effect of Substituted chromone ring (R' substitution), 2)
Effect of Substituted aromatic ring (R? substitution). On chromone ring, the effect of various
substituents (electron donating & electron withdrawing) on 6™ position were analysed. The
analogue with bromo substitution showed better potency (Sca; ICso = 10.29 + 0.426 uM) as
compared with unsubstituted analogue (5aa; ICsy = 25.27 + 0.550 uM). In case of R’
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substitution, the effect of various substituted aromatic and heteroaromatic rings was analysed.
For aromatic substitution, the electron donating groups (EDG) were found to be effective
compared to electron withdrawing groups (EWG). Among various EDG (Benzyloxy,
Trimethoxy, Dimethoxy, Methoxy), the analogue with 4-Benzyloxy substitution showed
potent activity (Sam; ICso = 5.16 + 0.287 uM) and was found to be the most potent analogue
of the series. In case of analogues with EWG (Nitro, Chloro, Dichloro, Cyano), the Nitro
substitution on 4™ position of phenyl ring (analogue 5ad) showed potent activity with ICsy of
5.82 £ 0.933 uM. Analogue with 4-Cyano substitution showed poor PL inhibitory potential
(5ai; ICsp = 40.54 + 1.280 uM). The effect of various heterocycles on PL inhibition have also
been checked and the analogue with benzo[d][1,3]dioxol-5-yl and (1H-benzo[d]imidazol-2-
yl) substitutions (Sao, San) showed good inhibition with 1Csy of 14.51 + 0.564 and 16.74 +
0.005 uM, respectively. The analogue Sap with thiophen-2-yl substitution showed very poor
PL inhibitory potential (ICso = 48.81 + 3.112 uM). After analyzing the effect of R' and R*
groups, the analogue having R' as 6-Bromo and R” as 4-Benzyloxy was synthesized, and PL
inhibitory activity was analysed. It showed potent activity (5cm; ICso = 8.94 + 0.754 uM) but
was not found as potent as analogue Sam (ICsp = 5.16 £ 0.287 uM).

5ca;
IC59 = 10.29 * 0.426 uM
Heteroaromatic Substitution

Increasmg order of potency @
5ao0;

ICso = 14.51 £ 0.564 uM

Aromatic Substitution
(Different substitutions on Phenyl ring)

Chloro
3,4-Dichloro > 3-Chloro >
4-Chloro > 2,4-Dichloro

4 4

5am; 5ad; 5ah; 5ai;
IC50 = 5.16 £ 0.287 uM IC5o = 5.82 + 0.933 uM IC50 = 11.01 £ 0.168 pM IC5o = 40.54 + 1.280 uM

& ]

Increasing order of potency

Figure 4.6. Structure Activity Relationship (SAR) study of acrylate linked chromone analogues (5aa-
5fm)

4.3.3. Enzyme Kinetics

After the in vitro screening of synthesized acrylate linked chromone analogues for PL

inhibitory activity, the enzyme kinetics of most potent analogue Sam was performed to
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understand the nature of inhibition (competitive, non-competitive, uncompetitive). For
performing the same, PL inhibition assay protocol was performed by taking 4 different
substrate concentrations (25, 50, 100, 200 uM). The assay was performed in triplicate using 3
different inhibitor concentrations (0, 0.625, 5 uM). As, shown in Figure 4.7, the plots were
found to converge at y-axis with concentration dependent increase in K, value and no change

in Viax. Such results clearly indicate competitive nature of inhibition of analogue Sam.

6
5am " Orlistat 0
9
8
- ¥
@ 0 uM Inhibitor 4 @ 0 uM Inhibitor & :
> —
©0.625 uM Inhibitor 3 < ©125uMinhibitor
~ 2 @5 uM Inhibitor
~ @5 uM Inhibitor H 2

/ﬂr -0.06 g.m/ L9 o002 o004
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Figure 4.7. Double reciprocal Lineweaver—Burk plot of analogue Sam and orlistat

The K; value of analogue Sam was calculated by Cheng—Prusoff equation and was found to
be 2.003 uM. As reported, orlistat was also observed to have competitive inhibition having K;

value of 0.488 uM (Table 4.2).

Table 4.2. Enzyme kinetics study of analogue Sam and orlistat

Km t Vmax
(apparent) Vinax K; Nature of
Code (Average) e e
- (uM) inhibition
0 uM 0.625 5 uM 0 uM 0.625 5 uM (nM/min)
n uM n un uM n

Sam 31.717  41.224 59.950 0.704  0.698  0.695 0.699 2.003  Competitive
Orlistat  65.740 102.970" 144.750 0974 0.884  0.909 0.922 0.488  Competitive

* Calculated for 1.25 uM concentration

4.3.4. Fluorescence Quenching Study

The human PL is made up of 449 amino acids, among which seven are Tryptophan (Trp)
residues. These seven Trp residues are mainly responsible for fluorescence emission of
protein in association with 25 Phenylalanine (Phe) and 16 Tyrosine (Tyr) residues. ' If any of

the ligand binds at the active site and interacts with above mentioned aromatic amino acids,
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then the fluorescence intensity of PL decreases leading to the phenomenon known as
fluorescence quenching. Based on this hypothesis, the fluorescence quenching effect of most
potent analogue Sam on PL fluorescence was tested. As explained in detailed in Chapter 3, 6
concentrations of analogue Sam in serial dilutions (0.3125 - 20 ug/mL) were tested to observe

the concentration-dependent fluorescence quenching of PL enzyme.

The effect of quenching was performed at 298 K and the graph of Fluorescence Intensity Vs
Wavelength was plotted. As shown in Figure 4.8, the PL enzyme without any inhibitor
presented highest fluorescence intensity of 32,230 cps. In the presence of analogue Sam, there
was a decrease in fluorescence intensity, up to 19,410 cps. Also, such decrease in

fluorescence intensity was found to have concentration-dependent effect.

34500 E PL
—— PL with 0.3125 pg/mL Inhibitor
—— PL with 1.25 pg/mL Inhibitor
—— PL with 2.5 pg/mL Inhibitor

PL with 5 ug/mL Inhibitor
—— PL with 10 pg/mL Inhibitor

PL with 20 ug/mL Inhibitor

27600

20700

13800 —

Fluorescence Intensity (CPS)

6900 |/

T T T T T T T
350 400 450 500

Wavelength (nm)

Figure 4.8. Fluorescence quenching of porcine PL by analogue 5am

The analogue Sam can quench the fluorescence intensity of PL either by collision or complex
formation or by both the mechanisms. To identify the underlying mechanism of quenching by

5am, Stern-Volmer equation was utilized (chapter 3, Formula 3.2).">"’

The graph of Fy/FF Vs [Q] was plotted by keeping the y-intercept as 1. As shown in
Figure 4.9, there is a linear relationship between Fy/F and [Q], that eliminates the possibility
of dynamic quenching. For mixed quenching, the points should incline towards the y-axis, but
the graph shows no inclination of data towards y-axis. Such results provided the proof that the

quenching caused by analogue Sam is due to the complex formation between PL and the

inhibitor Sam.
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Figure 4.9. Stern-Volmer plot of PL with analogue Sam

The values of kq and Ksy were calculated from the graph of F/F Vs [Q]. As shown in Table
4.3, the k, value was found to be 7.92 x 10> L mol'sec. As the k, values are much higher
than the maximal dynamic quenching constant (2.0 x 10'° L mol'sec™), it further confirms

that the quenching caused by 5am is not due to dynamic quenching."’

Table 4.3. The values of kq, Kgy and n, K, obtained from Stern-Volmer and double logarithmic plot

Analosue Ke/10° k,/10" . K,/10°
g (Lmol") (L mol'sec")
5am 1.26 7.92 0.64 2.06

After the confirmation of static quenching mechanism, the binding constant (K) and number

of binding sites (n) were calculated using following Formula 3.3 of chapter3.

From the plot of log[(Fo-F)/F] Vs log [Q], the value of number of binding sites (n) was found
to be 0.76 with high binding constant value of 1.93 x 10° L mol™ at 298 K temperature
(Figure 4.10). As the value of n is closer to 1, it means the analogue Sam binds at one

binding site of PL enzyme.
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Figure 4.10. Double logarithmic plot for the calculation of binding constant (K;) and number of
binding sites (n)

4.4. Molecular Modelling Studies
4.4.1. Molecular Docking Study

As mentioned before, the preliminary design of the acrylate linked chromone analogues was
performed by keeping the pharmacophoric features required for binding of analogues at the
PL active site. The designed analogues were validated by molecular docking analysis. For
docking study, the structure of the PL protein (PDB ID: 1LPB) was retrieved from RCSB
PDB and the docking was performed using MVD software. The grid coordinates were
generated as 8.36, 23.16, 53.61 (x, y, z), keeping the radius 7 A. The grid parameters were
validated by the superimposition of docked pose over a co-crystalized ligand
(Methoxyundecylphosphinic acid i.e., MUP). The conformers were superimposed, with an

RMSD value of 0.83 (Figure 4.11).
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Figure 4.11. Results of grid validation, showing overlapping of docked pose (yellow) on native pose
(red) of MUP

The synthesized analogues Saa-fm were docked and analyzed for docking score and various
interactions at the binding site of PL. As shown in Table 4.4, the prototype analogue Saa was
found to interact with lid domain amino acids (Tyrl114. Gly76, Phe77). Also, the Ser152
shown hydrogen bonding with the keto group of acrylate fragment. Further, various
substituted chromone analogues, depending upon synthetic feasibility were docked and the
docking results were analysed. All the analogues were found to have MolDock score in the
range of -115.86 to -160.07 kcal/mol. The prototype analogue Saa had shown moderate
MolDock score of -115.86 kcal/mol. The analogue Sam with benzyloxy substituent on phenyl
ring was found to have highest MolDock score of -160.07 kcal/mol. Further the docking pose

of analogue Sam was analysed for various docking interactions.
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Table 4.4. Molecular docking results of acrylate linked chromone analogues (5aa-5fm) and orlistat

MolDock Amino acid Interactions
Code Score T n -Sigma/ m-cation/
(kcal/mol) H-Bond/ C-H Bond stack n-Alkyl/ Alkyl r-Sulfur  m-anion
S5aa -115.86 Gly76, Phe77, His151, Tyrl14 Alal78, Pro180, Ala260, - -
Ser152, Leul53 Leu264
5ab -129.38 Gly76, Phe77, His151, Tyrll14, Alal78, Prol180, Arg256, Leu264 -
Phe215, His263 Phe215 Ala259, Ala260
5ac -126.92 Phe77, His151, Ser152, Tyrl14, Alal78, Prol180, Leu264 - Arg256
Arg256 Phe215
5ad -125.98 Phe77, Asp79, His151, Tyrll4, Leu78, Alal78, Pro180 - Arg256
Ser152, His263 Phe215
Sae -123.24 Gly76, Phe77, His151, Tyrl14, Alal78, Pro180, Trp252, - Arg256
Ser152, Phe215, Phe215 Arg256, Ala259, Ala260,
His263 Leu264
Saf 125.51 Gly76, Phe77, His151, Tyrl14 1le78, Alal78, Pro180, - Arg256
Ser152, Leul53 Trp252, Arg256
Sag -134.71 Gly76, Phe77, His151, Ile78, Alal78, Pro180, - Arg256
Trp252, Arg256, Ala260,
His263, Leu264
S5ah -130.02 His151, Serl152, Tyrl14, 11e78, Trp252, Arg256, - -
Arg256 Phe215 Ala259, Ala260, Leu264
Sai -131.24 Gly76, Phe77, His151, Tyrl14 Alal78, Pro180, Ala259, - Arg256
Serl52 Leu264
Saj -125.77 Gly76, His151, Ser152  Tyrl14, Alal78, Pro180, Leu264 - Asp79,
Phe215 Arg256
5ak -126.24 Asp79, Hisl51, Tyrl14, Alal78, Prol180, Arg256, Leu264 -
Ser152, Arg256 Phe215 Ala259, Ala260
5al -125.18 Gly76, Phe77, Asp79,  Tyrll4, Alal78, Prol80, Leu264 - Arg256
His151, Ser152 Phe215
Sam -160.07 Gly76, Phe77, Asp79,  Tyrll4 Leul53, Alal78, Prol80, - Arg256
His151, Serl152, Ala259
Arg256, His263
San -123.59 Gly76, Phe77, Asp79,  Tyrll4 1le78, Alal78, Pro180, - Asp79,
His151, Ser152, Leu264 Arg256
His263
5a0 -133.73 Gly76, His151, Ser152, Tyrl14, Alal78, Prol180, Ala259, - Arg256
Arg256 Phe215 Ala260, Leu264
Sap -124.81 Gly76, Phe77, His151, Tyrl14, Alal78, Prol180, Arg256, His263, -
Ser152, His263 Phe215 Ala259, Ala260 Leu264
5ba -120.34 Gly76, Phe77, His151, Tyrl14, Alal78, Pro180, Ala259, Arg256
Ser152 Phe215 Ala260, Leu264
5ca -125.19 Gly76, Asp79, His151, Alal78, Pro180, I1e20, Arg256
Phe215, Arg256 Phe215, Ala259, Ala260,
Leu264
5da -125.39 Gly76, His151, Ser152  Tyrl14, Alal78, Pro180, Arg256, Leu264 -
Phe215 Ala259, Ala260
Sea -127.66 Gly76, His151 Tyrl14  Alal78, Pro180, Arg256, Leu264 -
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Ala259, Ala260

5fa -138.52 Gly76, His151, Ser152  Phe215 1le78, Alal78, Pro180, His263 -
Leu264

Scm -153.02 Gly 76, Phe 77, His Alal78, Pro180, Trp252, Arg256,

151, Ser 152, His 263 Ala259 His263

5dm -128.52 Gly76, His151, Serl152 Alal78, Pro180, Ala259, - -
Ala260

5fm -148.52 Gly76, His151, Ser152  Phe215 1le78, Alal78, Pro180, His263 -
Leu264

Orlistat -139.49 Gly76, Phe77, Asp79, - 11e78, 11e209, 11e213, Phe215 -

His151, Serl52,

Arg256

Arg256, Leu264

As shown in Figure 4.12, the analogue Sam showed many of the requisite interactions with

the active site amino acids. The phenyl ring also exhibited n—Alkyl interaction with Leul53

and Alal78. The benzyloxy substituent was found to interact with Tyr114 and Pro180 via n—

n stacking and m—Alkyl interactions. The chromone part formed hydrogen bonding and n—

cation interactions with Arg256 and n—Alkyl interaction with Ala259. The carbonyl oxygen

of acrylate linkage played major role in the formation of hydrogen bonding interaction with

Gly76, His151 and Ser152. The His263 showed hydrogen bonding with oxygen of the

acrylate ester. The standard drug Orlistat was also found to have similar interactions with

MolDock score of -139.49 kcal/mol.

Interactions

Il conventional Hydrogen Bond
[] carbon Hydrogen Bond
Bl P-Cation

B Fi-pi Stacked
] Py

Interactions

[ conventional Hydrogen Bond
[] carbon Hydrogen Bond

[ Alkyl

Figure 4.12. 2D interaction diagram of analogue 5am and orlistat, bound at the active site of PL

enzyme (PDB ID: 1LPB)
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4.4.2. Molecular Dynamics Analysis

The molecular docking analysis provides preliminary information about the docking
interactions but fails to predict the extent of docking interactions in dynamic condition. As
the enzymes present in our body are continuously in dynamic condition, it is necessary to
predict the behaviour of the ligand in dynamic physiological conditions of our body. Hence,
the ligand-protein complex of most potent analogue Sam was subjected to molecular
dynamics simulation for 100 ns. After molecular dynamics simulation, the results were
analysed by taking protein-ligand RMSD, protein-ligand contacts and ligand-protein contacts
in consideration. As shown in Figure 4.13 the protein was found to be stable throughout the
simulation with RMSD value less than 4.0 A. The ligand RMSD value was up to 3.0 A till 60
ns of time and found to deviate up to 6.4 A from 60-100 ns.
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Figure 4.13. RMSD plot for protein-ligand complex of analogue Sam, bound at PL active site (PDB
ID: 1LPB) for 100 ns of simulation time
Further, the ligand-protein interactions formed throughout the simulation time of 100 ns were
analysed to get the clear idea about the stability of the complex. As shown in Figure 4.14,
Phe 77 was found to interact for 0.85 fraction of time via various interactions (H-bonding,
hydrophobic interactions and water bridges). Tyr114 and Phe215 were also found to interact

for 1.1 and 0.9 fraction of time respectively, via hydrophobic interaction and formation of

water bridges.
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Figure 4.14. Stacked bar plot of the fraction of time of the interactions of analogue Sam for 100 ns of
simulation time

Figure 4.15 depicts the long duration of interactions with Phe77, Ile78, Tyr114 and Phe215
amino acids. Such an extent of interactions with Phe77, Tyrl14 and Phe215 (Lid domain

amino acids) proves the effectivity of designed analogues in opening of the lid domain of PL.
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Figure 4.15. A timeline representation of protein and ligand contacts

The chromone ring was involved in interaction with the lid domain amino acids, namely
Tyr114 and Phe215 via n-n interaction for 49% and 65% of simulation time. Another amino
acid, Phe77 had shown H-bonding interaction with the carbonyl oxygen of the acrylate
linkage for 75% of the simulation time (Figure 4.16). For analysing the extent of binding

interactions throughout the simulation time, the time frame analysis was performed.
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Figure 4.16. Ligand-protein interactions for 100 ns of the simulation time

As shown in Table 4.5, Phe77, Tyr114 and Phe215 were found to interact significantly for
75-98%, 31-49%, 65-77% of simulation time, respectively. It shows the role of lid domain
amino acids in the stability of ligand-protein complex in dynamic simulated physiological

environment.

Table 4.5. Time frame analysis of protein-ligand interactions

Duration of Amino acid Interactions (%)

Time Frame

(ns) H-Bonding n—n stacking
Phe77 LeulS3 Tyr114° Phe215 Trp252
0-20 98 19 31 &41 74 0
0-40 98 10 30 & 48 77 12
0-60 96 0 37 & 42 75 13
0-80 94 0 38 & 42 76 10
0-100 75 0 32 & 49 65 0

* Duration of Interaction (%) of Tyr 114 with phenyl and pyran-4-one of chromone ring, respectively.

4.5. Conclusion

In conclusion, a series of 24 acrylate linked chromone analogues were designed and
synthesized followed by PL inhibitory screening. The analogues were designed by the
attachment of acrylate fragment on chromone heterocycle, with the aim of targeting Ser152
amino acid. The analogues were designed by looking into various aspects such as docking

score and amino acid interactions. The analogues were synthesized and screened for in vitro
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PL inhibition activity. The analogues Sam (ICsy = 5.16 + 0.287 uM) and 5ad (ICsp = 5.82 +

0.933 uM) were found to be the most potent analogues of the series, as compared with the

standard drug orlistat ((ICsp = 0.86 £ 0.09 uM). The analogue Sam was found to inhibit PL

enzyme via competitive inhibition, which was proved through enzyme kinetics and

fluorescence quenching study. The analogue Sam was further subjected to molecular

dynamics simulation for 100 ns. It was found to be stable with RMSD value in the range of

2.4-6.4 A. However, the analogue 5am and 5ad is required to be optimized further in terms

of potency as well as pharmacokinetic properties, to get the analogue with greater potential as

an anti-obesity agent as compared with orlistat.
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5. Series-II: Design, Synthesis and PL Inhibitory Evaluation of Acrylate Linked

Chromone Analogues
5.1. Rationale:

In chapter 4, a series of 23 acrylate linked chromone analogues with the linker length of 1
carbon atom (n=1) were developed. The analogue Sam with ICsy of 5.16 £ 0.287 uM was the
most potent of the series. Further, through a molecular docking study, the effect of linker
length (n=2,3,4) on the binding of analogues at the active site pocket was analyzed. Figure
5.1 depicts that the prototype analogue with a linker length of 1 carbon atom exhibited a
docking score of -116.77 kcal/mol, but all the requisite interactions were present. When
compared with the analogue having 2 carbon atom linker, there was an increase in docking
score of -121.31 kcal/mol with necessary interactions. As the linker length increased to 3
carbon atoms, the docking score improved to -128.20 kcal/mol, but the important amino acid

interactions vanished.

ILE
B:78

Linker with 1 carbon atom Linker with 2 carbon atom Linker with 3 carbon atom
MolDock Score: -116.77 kcal/mol MolDock Score: -121.31 keal/mol MolDock Score: -128.2 kcal/mol

Figure 5.1. 2D interaction diagram of analogues with linker length of 1, 2, 3 carbon atoms

Further detailed analysis was performed through docking study by keeping different
substituents on aromatic moieties with linker lengths of three and four carbon atoms,
respectively. Table 5.1 represents the docking analysis of analogues with selective
substitutions on aromatic and heteroaromatic ring systems. The analogues with the linker
length of 3 and 4 carbon atoms were found to be devoid of many of the interactions, i.e. lid
domain, catalytic triad or interaction with Arg256. The trend was common for the analogues

with varying substitutions.
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Table 5.1. Docking analysis of analogues with the linker length of 3 and 4 carbon atoms

Sr. MolDock Lid Domain Interactions with Interactions
Structure
No. Score Interactions Catalytic Triad with Arg256
Linker length of Three carbon atoms (n = 3)
o} (o}
NS .
1 ] o/\/\© -128.20 Gly76 His151
O
(o} (0}
N Gly76, Phe77, T-cation
2 (0] -130.54 Ser152, His263 ) )
| Phe215 interaction
O Br
o (0}
X0 Gly76, Tyrl14,
3 | -132.60 Ser152, His263 -
0 OMe Phe215,
0 0
SERAA o
4 0 (o} -155.65 11e78 His263 -
i i Gly76, Tyrl 14
y 76, tyrlla,
5 °0 X0 -137.22 Serl52 -
I Phe215,
(o]
o} (o}
B
6 r\(jf‘]/§/lo/\/\(> -126.77  Phe77, Tyrl14 Ser152 -
O
Linker length of four carbon atoms (n = 4)
(o] (0} .
NS /\/\/@ ; m-cation
7 0 -131.17 Gly76 His263 ) )
| nteraction
(0]
(0} (o}
eO NS o ] m-cation
8 | -134.48 Gly76 His263 ) ]
o interaction
9 \©\)Jj/\)L /\/\/© -127.06 Phe77, Phe215 - -
/\/\/©/ m-cation
-131.52 - His263 ) )
interaction
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i i /\/\/@Br
S Tyrl14, m-cation
1 @fj/\)\o 136.13 o His263
(o)

Phe215 interaction

By taking all such observations in consideration, the series II analogues were designed as
shown in Figure 5.2. In this series, the linker length of 2 carbon atoms was fixed and the
analogues with various substituents were synthesized as per the synthetic feasibility for PL
inhibitory screening. Some of the analogues with a linker length of 3 carbon atoms were also

synthesized for the confirmation of docking results.

Interaction with Lid-Domain
Amino Acids
(Phe 77, Tyr 114, Phe 215)

Optimized length of 2 carbon, leads to optimum distance; :
Required for effective interaction with H
lid domain and Arg256 amino acids

.....................................................

Figure 5.2. Rationale for the design of Series II analogues

5.2. Synthesis and Characterization

To check the PL inhibitory effect of designed acrylate linked chromone analogues, the
analogues with different substituents, including EWGs, EDGs, heterocycles were synthesized
using optimized reaction conditions (Scheme 5.1). As explained in chapter 4, the various
substituted chromone-3-acrylic acids were prepared using a two-step methodology. Finally,

the Chromone-3-acrylic acids were coupled with various substituted alcohols (Phenylethyl
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alcohols, Phenylpropyl alcohols) to get the substituted Chromone-3-acrylic acid ester

analogues (6aa-gj, 8aa-ac).

Further, the structure of synthesized analogues were elucidated using various spectroscopic
techniques such as IR, NMR and HR-MS. The purity of the synthesized analogues was
determined using HPLC analysis. In the case of all the analogues, the % Purity was found to
be above 95%, with the retention time (#z) in the range of 4.16 — 11.49 min. All the analogues
were novel, so the melting points were checked and reported for future reference. Through 'H
NMR, a singlet of 1H at ¢ value in the range of 8.09-8.26 ppm confirmed the presence of a
proton at 2nd position of chromone ring. Two aliphatic protons (CH;) of phenethyl moiety
resonated in the J range of 4.20-4.59 and 2.69-4.24 ppm as a triplet, confirming the
attachment of phenethyl moiety. Further the peaks of additional substituents such as, methyl,
methoxy, benzyloxy, phenoxy, etc. were in their standard range. The presence of carbonyl
carbons of chromone and ester were further confirmed via *C NMR spectrum. For all the
analogues, the carbonyl carbon of ketone of chromone were found to resonate at o value in
the range of 174.72-177.00 ppm, whereas the ester carbonyl peak was found in o range of
167.25-167.56 ppm. The structures were further confirmed via HR-MS analysis by the

presence of [M+H]" peaks in the spectrum, with the values, coinciding with the calculated

m/z values.
o o o
)J\/U\ /\/R2
N N H ~ R |
R'G e soa > R |
= DMF, POClI;, 7 Ethanol, Pyridine, EDC.HCI, DMAP,
or ™ 18h o reflux, 2-6 h 3-(4-ox0-4H-chromen-3- DMF, rt, 5-8 h
2'-Hydroxyacetophenone 3-Formylchromone yl)acrylic acid Chromonle -3- acryléc aC|.d ester
(1a-g) (2a-g) (3a-g) analogues (6aa-gj)
1a;R'=H CR1= 2
; 6aa; R =H.R = Phenyl 6ba; R' = 6-Chloro, R? = Phenyl
1b; R' = 6-Chloro 6ab; R' = H, R? = 4-Chloropheny! — 2
ol R2 OH ’ 6bj; R' = 6-Chloro, R* = 4-Benzyloxyphenyl!
1c; R' = 6-Bromo N\ 6ac; R' = H, R? = 4-Bromophenyl 1 >
o1 ! 6ca; R' = 6-Bromo, R* = Phenyl
1d; R' = 6-Fluoro Ta-c 6ad; R' = H, R? = 4-Fluorophenyl - 2
o1 ’ . 6¢j; R' = 6-Bromo, R* = 4-Benzyloxyphenyl
1e; R' = 6-Methyl EDC.HCI, DMAP, 6ae; R' = H, R? = 4-Nitropheny! 1 2
1 DMF. 5.8 ] > 6da; R' = 6-Fluoro, R = Phenyl
1f; R' = 6-Methoxy st h 6af; R' = H, R® = 4-Methylphenyl A— 2
1g; R = [n]benzo 6ag; R = H, R? = 2.4.6-trimethylphenyl 0 - 6-Fluere. R° = 4-Benzyloxypheny|
; . :: o - e - o 'h”me hyp Ie”y 6ea; R' = 6-Methyl, R2 = Phenyl
o o sa'-’ =M, R"= 4-Methoxypheny/ 6ej; R = 6-Methyl, R? = 4-Benzyloxyphenyl
X N0 R ai R =H, R =34-Dimethoxyphenyl  gey. g1~ g.pethoxy, R? = Phenyl
R | 6aj; R' = H, R* = 4-Benzyloxyphenyl 6fi: R = 2 _
> 6al: R = H. R? = Phenox j; R' = 6-Methoxy, R = 4-Benzyloxyphenyl
(o} d , Yy 6ga; R' = [A]benzo, R? = Phenyl

6al; R" = H, R? = Pyridin-2-yl

LR1= 2 _
Chromone-3-acrylic acid ester 6am; R'=H, R = 1H-Indol-3-yl
analogue (8aa-ac) 6an; R' = H, R? = 4-Methylthiazol-5-yl

6gj; R" = [h]benzo, R? = 4-Benzyloxyphenyl

8aa; R' = H; R? = Phenyl
8ab; R' = H; R? = 4-Chloropheny!
8ac; R' = H; R? = 4-Bromopheny!

Scheme 5.1. Synthesis of designed Chromone-3-acrylic acid ester analogues (6aa-gj, 8aa-ac)

5.2.1 General procedure for the synthesis of 3-Formylchromone (2a-g)

For the synthesis of 3-Formyl chromone, various substituted 2’-Hydroxyacetophenones (1a-
g; 7.34 mmol) were dissolved in 7 mL of DMF and stirred at ice-cold condition for 15

minutes. POCl; (44.06 mmol) was then added to the above solution in dropwise fashion at
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ice-cold condition. The reaction mixture was then allowed to stir at room temperature for 18
h. The completion of reaction was checked by TLC. The reaction mixture was then poured
into ice-cold water, followed by filtration of formed precipitated products (2a-g) that were

used further without any purification.'
5.2.2 General procedure for the synthesis of Chromone-3-acrylic acid (3a-g)

Substituted 3-Formylchromone (2a-g; 7.98 mmol) and Malonic acid (9.97 mmol) were
suspended in 8 mL of ethanol, followed by the addition of 0.5 mL of Pyridine. The
suspension was then stirred at reflux temperature for 2-6 h. After the completion of reaction
(monitored by TLC), the reaction was stopped and cooled, followed by filtration and washing

of the precipitate with cold ethanol to get the pure product (3a-g)."

5.2.3 General procedure for the synthesis of Chromone-3-acrylic acid ester analogues

(6aa-gj, 8aa-ac)

For the synthesis of final ester analogues, Chromone-3-acrylic acid (3a-g; 0.462 mmol) was
dissolved in DMF, followed by the addition of EDC.HCI (0.924 mmol), DMAP (0.924
mmol). The resultant mixture was stirred in ice-cold condition for 15 minutes. It was then
followed by the addition of substituted phenylethyl alcohol (5a-n), phenylpropyl alcohol (7a-
¢) for the synthesis of 6aa-gj and 8aa-ac, respectively. The reaction mixture was then stirred
for 5-8 hours at room temperature. After completion of the reaction (confirmed by TLC),
reaction mixture was poured in cold water followed by filtration of the precipitate. The

filtered product was then recrystallized using hot ethanol to get the purified product.’
5.2.4 Analytical data for final analogues (6aa-gj, 8aa-ac)

phenethyl (E)-3-(4-o0x0-4H-chromen-3-yl)acrylate (6aa) Yield: 88%; buff white crystalline
solid; MP = 121-121.3 °C; 'H NMR (400 MHz, CDCl;) ¢ (ppm) = 8.27 (dd, J = 8, 1.6 Hz,
1H), 8.10 (s, 1H), 7.71-7.67 (m, 1H), 7.49-7.41 (m, 2H), 7.37 (s, 1H), 7.34-7.21 (m, 6H), 4.41
(t, J=6.8 Hz, 2H), 3.012 (t, J= 7.2 Hz, 2H); >C NMR (100 MHz, CDCl3) § (ppm) = 175.92,
167.32, 157.50, 155.51, 137.91, 135.63, 134.03, 128.96, 128.50, 126.53, 126.32, 125.87,
124.20, 122.01, 119.28, 118.11, 65.09, 35.19; IR: v (cm™) = 3061.60, 3027.16, 2946.82,
2875.09, 1753.17, 1704.39, 1644.14, 1609.71, 1558.06, 1500.67, 1460.50, 1403.11, 1354.33,
1291.21, 1259.64, 1213.73, 1147.74, 1035.84, 984.19, 918.19, 857.94, 803.42, 757.51,
688.64, 608.30, 539.44, 496.40, 464.83, 407.45; HRMS (ESI") calculated for C,0H;704 [M +
H'], 321.1127; found 321.1115; HPLC purity: 99.58%, tg = 4.590 min.
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4-chlorophenethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6ab) Yield: 82%; white
crystalline solid; MP = 140.7-141.2 °C; '"H NMR (400 MHz, CDCls) 6 (ppm) = 8.27 (dd, J =
1.2, 8 Hz, 1H), 8.10 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.44 (m, 2H), 7.40-7.32 (m, 2H), 7.29-
7.26 (m, 2H), 7.20-7.18 (m, 2H), 4.38 (t, J = 6.8 Hz, 2H), 2.97 (t, J= 6.8 Hz, 2H); °C NMR
(100 MHz, CDCl3) ¢ (ppm) = 176.07, 167.40, 157.72, 155.64, 136.56, 135.95, 134.20,
132.50, 130.43, 128.75, 126.45, 126.04, 124.32, 121.97, 119.36, 118.26, 64.86, 34.66; IR: v
(em™) = 3073.07, 2946.82, 1704.39, 1644.14, 1609.71, 1558.06, 1494.93, 1460.50, 1400.24,
1354.33, 1291.21, 1259.64, 1210.87, 1150.61, 1041.57, 975.58, 918.19, 857.94, 843.59,
803.42, 760.38, 720.21, 688.64, 659.95, 605.43, 545.18, 527.96, 487.79, 410.32; HRMS
(ESI") calculated for C,oH;4ClO4[M + H'], 355.0737; found 355.0722; HPLC purity:
99.79%, tr = 6.423 min.

4-bromophenethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6ac) Yield: 80%; buff white
crystalline solid; MP = 162-162.4 °C; 'H NMR (400 MHz, CDCl) ¢ (ppm) = 8.27 (dd, J =
1.6, 8 Hz, 1H), 8.11 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.40 (m, 4H), 7.36 (s, 1H), 7.32 (s, 1H),
7.14-7.12 (m, 2H), 4.38 (t, J = 6.8 Hz, 2H), 2.95 (t, J = 6.8 Hz, 2H); °C NMR (100 MHz,
CDCls) 0 (ppm) = 176.08, 167.40, 157.74, 155.63, 137.08, 135.96, 134.20, 131.71, 130.83,
126.46, 126.04, 124.32, 121.96, 120.56, 119.35, 118.26, 64.77, 34.72; IR: v (cm™") = 3075.94,
2946.82, 2367.21, 1839.25, 1776.13, 1701.52, 1644.14, 1609.71, 1560.93, 1494.93, 1460.50,
1400.24, 1354.33, 1288.34, 1259.64, 1213.73, 1147.74, 1070.27, 1038.70, 975.58, 915.32,
860.80, 843.59, 800.55, 760.38, 720.21, 685.77, 637.00, 602.56, 539.44, 502.14, 484.92,
407.45; HRMS (ESI") calculated for Cy0HisBrO4[M + H'], 399.0232; found 399.0198;
HPLC purity: 99.61%, tg = 6.867 min.

4-fluorophenethyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (6ad) Yield: 82%; white
crystalline solid; MP = 133.8-134.2 °C; '"H NMR (400 MHz, CDCl3) 6 (ppm) = 8.27 (dd, J =
1.6, 8 Hz, 1H), 8.11 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.41 (m, 2H), 7.37-7.28 (m, 2H), 7.23-
7.20 (m, 2H), 7.10-6.97 (m, 2H), 4.38 (t, J = 7.2 Hz, 2H), 2.97 (t, J = 6.8 Hz, 2H); °C NMR
(100 MHz, CDCls) ¢ (ppm) = 176.08, 167.43, 161.70 (d, J = 242.8 Hz), 157.70, 155.64,
135.89, 134.19, 133.74, 133.71, 130.54, 130.47, 126.45, 126.03, 124.32, 122.02, 119.37,
118.26, 115.31 (d, J = 21.1 Hz), 65.12, 34.51; IR: v (cm™) = 3738.76, 3075.94, 2946.82,
2875.09, 2361.47, 2332.78, 1704.39, 1644.14, 1609.71, 1558.06, 1503.54, 1460.50, 1400.24,
1351.46, 1291.21, 1259.64, 1210.87, 1147.74, 1104.70, 978.45, 921.06, 855.07, 820.63,
791.94, 754.64, 685.77, 605.43, 499.27, 453.36, 421.79; HRMS (ESI') calculated for
CyHi6FO4 [M + H+], 339.1033; found 339.1016; HPLC purity: 99.94%, ¢tz = 5.190 min.
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4-nitrophenethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6ae) Yield: 75%; buff yellow
crystalline solid; MP = 184.1-184.6 °C; '"H NMR (400 MHz, CDCls) 6 (ppm) = 8.26 (dd, J =
1.2, 8 Hz, 1H), 8.18-8.16 (m, 2H), 8.11 (s, 1H), 7.73-7.68 (m, 1H), 7.49-7.40 (m, 4H), 7.36
(d, J=0.4 Hz, 1H), 7.32 (s, 1H), 4.45 (t, J = 6.8 Hz, 2H), 3.11 (t, J= 6.8 Hz, 2H); °C NMR
(100 MHz, CDCl3) ¢ (ppm) = 176.08, 167.33, 157.92, 155.62, 146.99, 145.96, 136.31,
134.26, 129.94, 126.43, 126.10, 124.29, 123.89, 121.62, 119.24, 118.27, 64.07, 35.15; IR: v
(em™) = 3067.33, 2955.43, 1704.39, 1652.75, 1606.84, 1555.19, 1506.41, 1457.63, 1405.98,
1339.99, 1285.47, 1253.91, 1216.60, 1144.87, 1107.57, 995.66, 926.80, 855.07, 800.55,
760.38, 691.51, 642.73, 602.56, 533.70, 473.44, 410.32; HRMS (ESI') calculated for
CyH6NOg [M + H'], 366.0978; found 366.0958; HPLC purity: 98.68%, tg = 4.503 min.

4-methylphenethyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (6af) Yield: 84%; white
amorphous solid; MP = 120.8-121.1 °C; 'H NMR (400 MHz, CDCl3) ¢ (ppm) = 8.28 (dd, J =
1.6, 8 Hz, 1H), 8.10 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.41 (m, 2H), 7.37-7.28 (m, 2H), 7.17-
7.11 (m, 4H), 4.39 (t, J= 7.2 Hz, 2H), 2.97 (t, J = 6.8 Hz, 2H), 2.33 (s, 3H); °C NMR (100
MHz, CDCl3) J (ppm) = 176.05, 167.46, 157.58, 155.65, 136.16, 135.69, 134.92, 134.15,
129.32, 128.96, 126.46, 125.99, 124.34, 122.22, 119.44, 118.24, 65.38, 34.88, 21.17; IR: v
(em™) = 3061.60, 2949.69, 2860.74, 1707.26, 1649.88, 1615.44, 1560.93, 1515.02, 1463.37,
1405.98, 1354.33, 1288.34, 1213.73, 1153.48, 1104.70, 1041.57, 989.93, 918.19, 863.67,
806.29, 783.33, 760.38, 720.21, 688.64, 608.30, 565.26, 536.57, 493.53, 456.23; HRMS
(ESI") calculated for C5H;904 [M + H'], 335.1283; found 335.1273; HPLC purity: 99.60%,
tr = 6.390 min.

2,4,6-trimethylphenethyl (E)-3-(4-ox0-4H-chromen-3-yl)acrylate (6ag) Yield: 88%; white
amorphous solid; MP = 165.2-165.6 °C; 'H NMR (400 MHz, CDCls) 6 (ppm) = 8.29 (dd, J =
1.6, 8 Hz, 1H), 8.11 (s, 1H), 7.73-7.68 (m, 1H), 7.50-7.30 (m, 4H), 6.86 (s, 2H), 4.27 (t, J =
7.6 Hz, 2H), 3.04 (t, J = 8 Hz, 2H), 2.37 (s, 6H), 2.26 (s, 3H); °C NMR (100 MHz, CDCl3) 0
(ppm) = 176.04, 167.55, 157.59, 155.64, 137.02, 136.05, 135.79, 134.16, 130.99, 129.14,
126.47, 126.00, 124.34, 122.20, 119.43, 118.25, 63.30, 28.86, 20.96, 20.01; IR: v (cm™) =
2955.43, 2906.65, 1715.87, 1655.61, 1615.44, 1558.06, 1457.63, 1403.11, 1348.59, 1288.34,
1219.47, 1208.00, 1150.61, 998.53, 918.19, 855.07, 794.81, 757.51, 720.21, 685.77, 608.30,
573.87, 536.57, 487.79, 456.23; HRMS (ESI") calculated for C23H»304 [M + H'], 363.1596;
found 363.1578; HPLC purity: 98.32%, tz = 9.783 min.
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4-methoxyphenethyl (E)-3-(4-oxo0-4H-chromen-3-yl)acrylate (6ah) Yield: 92%; buff white
crystalline solid; MP = 153-153.5 °C; '"H NMR (400 MHz, CDCl3) 6 (ppm) = 8.27 (dd, J =
1.2, 8 Hz, 1H), 8.10 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.28 (m, 4H), 7.19-7.17 (m, 2H), 6.86-
6.84 (m, 2H), 4.37 (t, J = 7.2 Hz, 2H), 3.79 (s, 3H), 2.95 (t, J = 7.2 Hz, 2H); >*C NMR (100
MHz, CDCl3) ¢ (ppm) = 176.06, 167.47, 158.39, 157.62, 155.63, 135.72, 134.16, 130.05,
126.45, 126.00, 124.33, 122.19, 119.41, 118.25, 114.04, 65.47, 55.37, 34.42; IR: v (cm™) =
3385.83, 3061.60, 2978.38, 2935.34, 2837.79, 1698.66, 1652.75, 1609.71, 1558.06, 1509.28,
1454.76, 1405.98, 1354.33, 1288.34, 1233.82, 1153.48, 1110.44, 1027.23, 995.66, 915.32,
866.54, 826.37, 757.51, 723.08, 682.91, 605.43, 568.13, 530.83, 473.44, 436.14; HRMS
(ESI") calculated for C,;H;90s [M + H'], 351.1232; found 351.1216; HPLC purity: 99.63%,
tr = 4.940 min.

3,4-dimethoxyphenethyl (E)-3-(4-oxo0-4H-chromen-3-yl)acrylate (6ai) Yield: 90%; white
crystalline solid; MP = 124.2-124.8 °C; 'H NMR (400 MHz, CDCl;) ¢ (ppm) = 8.26 (dd, J =
1.6, 8 Hz, 1H), 8.10 (s, 1H), 7.71-7.67 (m, 1H), 7.48-7.41 (m, 2H), 7.37-7.28 (m, 2H), 6.80-
6.78 (m, 3H), 4.38 (t, J = 7.2 Hz, 2H), 3.86 (d, J= 9.2 Hz, 6H), 2.95 (t, J = 7.2 Hz, 2H); °C
NMR (100 MHz, CDCl3) 6 (ppm) = 176.02, 167.43, 157.62, 155.61, 148.96, 147.79, 135.77,
134.15, 130.52, 126.42, 125.98, 124.29, 122.11, 121.00, 119.36, 118.23, 112.27, 111.38,
65.35, 56.00, 55.97, 34.89; IR: v (cm™) = 3741.63, 3061.60, 2935.34, 2834.92, 2361.47,
1747.43, 1701.52, 1658.48, 1612.57, 1575.27, 1558.06, 1515.02, 1457.63, 1420.33, 1405.98,
1351.46, 1291.21, 1248.17, 1150.61, 1007.14, 992.79, 863.67, 800.55, 751.77, 682.91,
611.17, 556.65, 456.23, 404.58; HRMS (ESI") calculated for C»H,;06 [M + H'], 381.1338;
found 381.1322; HPLC purity: 99.81%, tg = 4.160 min.

4-(benzyloxy)phenethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6aj) Yield: 83%; white
crystalline solid; MP = 154.4-154.8 °C; '"H NMR (400 MHz, CDCls) 6 (ppm) = 8.28 (dd, J =
1.6, 8 Hz, 1H), 8.10 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.29 (m, 9H), 7.19-7.17 (m, 2H), 6.94-
6.92 (m, 2H), 5.05 (s, 2H), 4.37 (t, J = 7.2 Hz, 2H), 2.95 (t, J = 7.2 Hz, 2H); *C NMR (100
MHz, CDCl3) J (ppm) = 176.06, 167.46, 157.65, 157.62, 155.63, 137.22, 135.72, 134.16,
130.37, 130.08, 128.68, 128.03, 127.60, 126.45, 126.00, 124.33, 122.19, 119.41, 118.24,
115.00, 70.14, 65.43, 34.44; IR: v (cm™) = 3741.63, 3681.38, 3621.12, 3096.03, 3058.73,
2935.34, 2866.48, 2364.34, 2332.78, 1698.66, 1649.88, 1612.57, 1558.06, 1509.28, 1457.63,
1408.85, 1354.33, 1325.64, 1288.34, 1236.69, 1153.48, 1113.31, 1001.40, 918.19, 860.80,
826.37, 746.03, 731.68, 688.64, 611.17, 545.18, 513.61, 461.97; HRMS (ESI") calculated for
Cy7H2305 [M + H'], 427.1545; found 427.1541; HPLC purity: 99.83%, ¢tz = 7.757 min.
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2-phenoxyethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6ak) Yield: 80%; buff white
crystalline solid; MP = 171.3-171.8 °C; '"H NMR (400 MHz, CDCls) 6 (ppm) = 8.27 (dd, J =
1.2,7.6 Hz, 1H), 8.10 (s, 1H), 7.71-7.67 (m, 1H), 7.49-7.37 (m, 4H), 7.33-7.27 (m, 2H), 6.99-
6.93 (m, 3H), 4.56 (t, J = 4.8 Hz, 2H), 4.24 (t, J = 4.8 Hz, 2H); °*C NMR (100 MHz, CDCl5)
o (ppm) = 176.00, 167.37, 158.64, 157.69, 155.65, 136.27, 134.18, 129.65, 126.52, 126.02,
124.35, 121.78, 121.27, 119.38, 118.25, 114.81, 66.03, 63.07; IR: v (cm™) = 3058.73,
2923.87, 2875.09, 2163.49, 1701.52, 1658.48, 1606.84, 1558.06, 1492.06, 1457.63, 1405.98,
1348.59, 1294.08, 1245.30, 1159.22, 1078.88, 1038.70, 998.53, 961.23, 921.06, 878.02,
789.07, 748.90, 682.91, 599.69, 539.44, 502.14, 476.31, 436.14; HRMS (ESI") calculated for
CyH ;705 [M + H'], 337.1076; found 337.1068; HPLC purity: 99.76%, tg = 4.713 min.

2-(pyridin-2-yl)ethyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (6al) Yield: 78%; white
crystalline solid; MP = 126.2-126.8 °C; 'H NMR (400 MHz, CDCl3) § (ppm) = 8.55(d, J =
4.4 Hz, 1H), 8.26 (dd, J = 1.6, 8 Hz, 1H), 8.10 (s, 1H), 7.711-7.67 (m, 1H), 764-7.60 (m, 1H),
7.48-7.43 (m, 2H), 7.39-7.30 (m, 2H), 7.23 (d, J = 7.6 Hz, 1H), 7.17-7.14 (m, 1H), 4.59 (t, J
= 6.8 Hz, 2H), 3.18 (t, J = 6.4 Hz, 2H); >’C NMR (100 MHz, CDCls) 6 (ppm) = 176.08,
167.44, 158.24, 157.66, 155.63, 149.60, 136.57, 135.78, 134.17, 126.45, 126.01, 124.32,
123.70, 122.11, 121.77, 119.40, 118.25, 63.87, 37.62; IR: v (cm™) = 3055.86, 2995.60,
2961.17, 1695.79, 1655.61, 1615.44, 1558.06, 1463.37, 1405.98, 1354.33, 1291.21, 1259.64,
1213.73, 1150.61, 1110.44, 1050.18, 987.06, 863.67, 800.55, 763.25, 728.81, 682.91, 599.69,
539.44, 487.79, 407.45; HRMS (ESI") calculated for CoH;sNO, [M + H'], 322.1079; found
322.1072; HPLC purity: 96.23%, tzr = 4.433 min.

2-(1H-indol-3-yl)ethyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (6am) Yield: 82%; brown
crystalline solid; MP = 149.5-149.8 °C; 'H NMR (400 MHz, CDCl3) 6 (ppm) = 8.28 (dd, J =
1.6, 8 Hz, 1H), 8.15 (s, 1H), 8.05 (s, 1H), 7.72-7.67 (m, 2H), 7.49-7.30 (m, 5H), 7.22-7.13
(m, 3H), 4.49 (t, J = 7.2 Hz, 2H), 3.18 (t, J = 7.2 Hz, 2H); *C NMR (100 MHz, CDCl3) &
(ppm) = 176.10, 167.56, 157.62, 155.63, 136.29, 135.72, 134.16, 127.59, 126.43, 125.99,
124.31, 122.37, 122.26, 122.15, 119.52, 119.40, 118.92, 118.25, 112.19, 111.31, 64.82,
24.92; IR: v (cm™) = 3738.76, 3345.66, 3273.93, 3061.60, 2978.38, 2361.47, 2332.78,
1692.92, 1624.05, 1558.06, 1517.89, 1457.63, 1397.37, 1354.33, 1305.55, 1225.21, 1182.17,
1096.09, 969.84, 840.72, 728.81, 685.77, 614.04, 545.18, 467.70, 413.19; HRMS (ESI")
calculated for C;,H gNOy4 [M + H+], 360.1236; found 360.1223; HPLC purity: 99.39%, tz =
4.353 min.
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2-(4-methylthiazol-5-yl)ethyl (E)-3-(4-0x0-4H-chromen-3-yl)acrylate (6an) Yield: 84%;
buff white amorphous solid; MP = 123.4-124.0 °C; "H NMR (400 MHz, CDCls) § (ppm) =
8.59 (s, 1H), 8.28 (dd, J= 1.6, 8 Hz, 1H), 8.12 (s, 1H), 7.73-7.68 (m, 1H), 7.50-7.43 (m, 2H),
7.39-7.30 (m, 2H), 4.36 (t, J= 6.8 Hz, 2H), 3.17 (t, J = 6.8 Hz, 2H), 2.44 (s, 3H); °C NMR
(100 MHz, CDCl3) ¢ (ppm) = 176.06, 167.25, 157.81, 155.64, 150.08, 150.03, 136.28,
134.23, 126.89, 126.47, 126.07, 124.33, 121.73, 119.32, 118.27, 64.24, 26.03, 15.11; IR: v
(em™) = 3064.47, 2370.08, 2034.37, 1692.92, 1649.88, 1612.57, 1555.19, 1466.24, 1411.72,
1357.20, 1314.16, 1248.17, 1162.09, 1104.70, 1053.05, 992.79, 961.23, 912.45, 852.20,
791.94, 768.99, 725.95, 685.77, 657.08, 605.43, 573.87, 545.18, 513.61, 464.83, 410.32;
HRMS (ESI") calculated for C;gH;sNO4S[M + H'], 342.0800; found 342.0793; HPLC
purity: 100.00%, ¢z = 4.760 min.

phenethyl (E)-3-(6-chloro-4-oxo-4H-chromen-3-yl)acrylate (6ba) Yield: 85%; brick red
amorphous solid; MP = 160.3-160.7 °C; 'H NMR (400 MHz, CDCl5) 6 (ppm) =825, J =
2.4 Hz, 1H), 8.11 (s, 1H), 7.66 (dd, J = 2.4, 8.8 Hz, 1H), 7.47 (d, J = 8.8 Hz, 1H), 7.37-7.24
(m, 7H), 4.43 (t, J = 7.2 Hz, 2H), 3.04 (t, J = 7.2 Hz, 2H); °C NMR (100 MHz, CDCls) §
(ppm) = 174.86, 167.29, 157.56, 153.97, 137.98, 135.22, 134.40, 132.06, 129.08, 128.65,
126.69, 125.87, 125.24, 122.65, 120.00, 119.46, 65.29, 35.30; IR: v (cm™) = 3078.81,
3027.16, 2943.95, 2361.47, 2169.23, 1710.13, 1644.14, 1612.57, 1555.19, 1497.80, 1463.37,
1437.54, 1385.90, 1348.59, 1276.86, 1193.65, 1150.61, 1038.70, 987.06, 898.11, 866.54,
837.85, 806.29, 780.46, 748.90, 694.38, 634.13, 545.18, 499.27, 464.83, 416.06, HRMS
(ESF) calculated for C,0H;sClO4 [M + H+], 355.0737; found 355.0726; HPLC purity:
97.82%, tr = 7.440 min.

4-(benzyloxy)phenethyl (E)-3-(6-chloro-4-oxo-4H-chromen-3-yl)acrylate (6bj) Yield:
90%; brown amorphous solid; MP = 177.5-177.8 °C; '"H NMR (400 MHz, CDCl;) J (ppm) =
8.23 (d,J=2.4 Hz, 1H), 8.09 (s, 1H), 7.64 (dd, J= 2.4, 8.8 Hz, 1H), 7.46-7.42 (m, 3H), 7.40-
7.30 (m, 5H), 7.19-7.17 (m, 2H), 6.94-6.92 (m, 2H), 5.05 (s, 2H), 4.38 (t, J = 6.8 Hz, 2H),
2.95 (t, J = 6.8 Hz, 2H); >C NMR (100 MHz, CDCl3) § (ppm) = 174.88, 167.31, 157.68,
157.55, 153.98, 137.22, 135.19, 134.41, 132.07, 130.32, 130.08, 128.70, 128.05, 127.61,
125.88, 125.25, 122.71, 120.00, 119.49, 115.04, 70.17, 65.52, 34.44; IR: v (cm™") = 3727.29,
3058.73, 2941.08, 2361.47, 2329.91, 1750.30, 1698.66, 1649.88, 1612.57, 1555.19, 1512.15,
1457.63, 1385.90, 1345.73, 1317.03, 1279.73, 1239.56, 1150.61, 1116.18, 1073.14, 1012.88,
989.93, 918.19, 866.54, 820.63, 734.55, 694.38, 634.13, 608.30, 550.92, 516.48, 467.70,
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427.53; HRMS (ESI+) calculated for C,7H,ClOs [M + H+], 461.1156; found 461.1175;
HPLC purity: 98.94%, tg = 11.490 min.

phenethyl (E)-3-(6-bromo-4-0xo-4H-chromen-3-yl)acrylate (6¢ca) Yield: 74%; brick red
amorphous solid; MP = 167.2-167.6 °C; 'H NMR (400 MHz, CDCl;) § (ppm) = 8.41 (d, J =
2.4 Hz, 1H), 8.12 (s, 1H), 7.80 (dd, J = 2.4, 8.8 Hz, 1H), 7.42-7.31 (m, 5H), 7.29-7.26 (m,
3H), 4.44 (t, J=7.2 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H); *C NMR (100 MHz, CDCl3) 6 (ppm)
= 174.72, 167.27, 157.53, 154.41, 137.98, 137.16, 135.20, 129.09, 128.65, 126.70, 125.59,
122.68, 120.20, 119.58, 119.55, 65.30, 35.30; IR: v (cm™) = 3738.76, 3681.38, 3075.94,
3027.16, 2946.82, 2361.47, 2329.91, 1744.56, 1713.00, 1647.01, 1612.57, 1552.32, 1500.67,
1463.37, 1434.67, 1385.90, 1345.73, 1279.73, 1193.65, 1150.61, 1050.18, 987.06, 863.67,
834.98, 783.33, 746.03, 694.38, 602.56, 542.31, 496.40, 464.83, 416.06; HRMS (ESI")
calculated for Cy0H¢BrO4 [M + H+], 399.0232; found 399.0221; HPLC purity: 90.90%, tz =
7.970 min.

4-(benzyloxy)phenethyl (E)-3-(6-bromo-4-o0x0-4H-chromen-3-yl)acrylate (6¢j) Yield:
81%; yellow amorphous solid; MP = 174.9-175.4 °C; '"H NMR (400 MHz, CDCl;) d (ppm) =
8.39 (d,J=2.4 Hz, 1H), 8.09 (s, 1H), 7.78 (dd, J= 8.8, 2.4 Hz, 1H), 7.45-7.29 (m, 8H), 7.19-
7.17 (m, 2H), 6.94-6.92 (m, 2H), 5.05 (s, 2H), 4.37 (t, J = 6.8 Hz, 2H), 2.95 (t, J/ = 7.2 Hz,
2H); “C NMR (100 MHz, CDCls) ¢ (ppm) = 174.72, 167.29, 157.68, 157.52, 154.41,
137.22, 137.16, 135.17, 130.31, 130.08, 129.09, 128.70, 128.05, 127.61, 125.59, 122.72,
120.20, 119.59, 119.54, 115.03, 70.16, 65.52, 34.44; IR: v (cm) = 3067.33, 2938.21,
2869.35, 2361.47, 1735.96, 1704.39, 1655.61, 1615.44, 1552.32, 1512.15, 1460.50, 1385.90,
1285.47, 1239.56, 1190.78, 1159.22, 1119.05, 1053.05, 1001.40, 866.54, 817.76, 777.59,
734.55, 694.38, 608.30, 548.05, 525.09, 467.70, 418.93 ; HRMS (ESI') calculated for
Cy7H2BrOs [M + H'], 505.0651; found 505.067; HPLC purity: 93.78%, tz = 6.430 min.

phenethyl (E)-3-(6-fluoro-4-oxo-4H-chromen-3-yl)acrylate (6da) Yield: 86%; buff yellow
crystalline solid; MP = 144.2-145.0 °C; 'H NMR (400 MHz, CDCl3) & (ppm) = 8.13 (s, 1H),
7.93 (dd, J = 2.8, 8 Hz, 1H), 7.54-7.51 (m, 1H), 7.47-7.42 (m, 1H), 7.38-7.32 (m, 3H), 7.29-
7.24 (m, 4H), 4.44 (t, J= 6.8 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H); °C NMR (100 MHz, CDCl;)
o (ppm) = 175.28, 175.25, 167.33, 157.67, 138.00, 135.33, 129.10, 128.64, 126.68, 122.52,
122.31, 120.48, 120.40, 118.78, 111.49, 111.25, 65.28, 35.30; IR: v (cm™) = 3744.50,
3678.51, 3621.12, 3075.94, 2946.82, 2361.47, 1744.56, 1710.13, 1644.14, 1563.80, 1480.58,
1451.89, 1394.50, 1357.20, 1279.73, 1242.43, 1159.22, 1098.96, 1047.31, 984.19, 923.93,
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895.24, 872.28, 826.37, 786.20, 737.42, 694.38, 605.43, 562.39, 527.96, 499.27, 467.70,
430.40; HRMS (ESI+) calculated for Co0HsFO4 [M + H+], 339.1033; found 339.1026; HPLC
purity: 98.44%, tg = 5.657 min.

4-(benzyloxy)phenethyl (E)-3-(6-fluoro-4-oxo-4H-chromen-3-yl)acrylate (6dj) Yield:
89%; buff white amorphous solid; MP = 177.2-177.6 °C; '"H NMR (400 MHz, CDCls) o
(ppm) = 8.10 (s, 1H), 7.91 (dd, J = 3.2, 8.4 Hz, 1H), 7.50 (dd, J = 4, 8.8 Hz, 1H), 7.44-7.36
(m, 6H), 7.34-7.27 (m, 2H), 7.19-7.14 (m, 2H), 6.95-6.91 (m, 2H), 5.05 (s, 2H), 4.38 (t, J =
6.8 Hz, 2H), 2.95 (t, J = 7.2 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 (ppm) = 175.29,
167.36, 161.28, 158.82, 157.67, 151.89, 137.22, 135.30, 130.33, 130.13, 130.08, 128.70,
128.05, 127.61, 127.58, 125.60, 125.53, 122.57, 122.32, 120.48, 120.40, 118.80, 115.13,
115.03, 11.51, 111.27, 70.17, 65.50, 34.44; IR: v (cm™) = 3061.60, 2941.08, 2863.61,
2378.69, 1698.66, 1647.01, 1618.31, 1569.53, 1515.02, 1480.58, 1451.89, 1388.77, 1279.73,
1236.69, 1162.09, 1130.52, 1107.57, 1076.01, 1012.88, 987.06, 918.19, 866.54, 823.50,
780.46, 731.68, 694.38, 665.69, 608.30, 553.78, 513.61, 470.57, 433.27; HRMS (ESI")
calculated for C,7H»,FOs [M + H+], 445.1451; found 445.1427; HPLC purity: 95.56%, tg =
8.387 min.

phenethyl (E)-3-(6-methyl-4-0x0-4H-chromen-3-yl)acrylate (6ea) Yield: 85%; yellow
crystalline solid; MP = 129.7-130.3 °C; "H NMR (400 MHz, CDCl;) & (ppm) = 8.10 (s, 1H),
8.07 (d,J=0.8 Hz 1H), 7.52 (dd, J = 1.6, 8.4 Hz, 1H), 7.44-7.39 (m, 2H), 7.36-7.24 (m, 6H),
4.44 (t,J="7.2 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H), 2.49 (s, 3H); °C NMR (100 MHz, CDCl;) ¢
(ppm) = 176.13, 167.51, 157.54, 153.94, 138.05, 136.10, 135.97, 135.38, 129.09, 128.63,
126.66, 125.75, 123.99, 121.86, 119.20, 117.98, 65.19, 35.32, 21.14; IR: v (cm™") = 3064.47,
3024.29, 2958.30, 2932.48, 2863.61, 2172.10, 1807.69, 1750.30, 1713.00, 1629.79, 1609.71,
1483.45, 1446.15, 1385.90, 1311.29, 1285.47, 1242.43, 1190.78, 1150.61, 1035.84, 995.66,
938.28, 900.98, 875.15, 823.50, 783.33, 746.03, 691.51, 616.91, 545.18, 490.66, 421.79;
HRMS (ESI") calculated for C2;H904 [M + H'], 335.1283; found 335.1277; HPLC purity:
99.19%, tr = 6.517 min.

4-(benzyloxy)phenethyl (E)-3-(6-methyl-4-0x0-4H-chromen-3-yl)acrylate (6ej) Yield:
87%; buff white crystalline solid; MP = 171.2-171.5 °C; "H NMR (400 MHz, CDCl3) ¢
(ppm) = 8.06-8.05 (m, 2H), 7.49 (dd, J = 2, 8.4 Hz, 1H), 7.44-7.41 (m, 2H), 7.40-7.36 (m,
4H), 7.33-7.27 (m, 2H), 7.19-7.17 (m, 2H), 6.95-6.92 (m, 2H), 5.05 (s, 2H), 4.37 (t, J= 7.2
Hz, 2H), 2.95 (t, J = 7.2 Hz, 2H); *C NMR (100 MHz, CDCl;) 6 (ppm) = 177.00, 167.49,
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157.64, 157.52, 153.92, 137.21, 136.07, 135.92, 135.35, 130.37, 130.06, 128.66, 128.01,
127.58, 125.72, 123.97, 121.88, 119.18, 117.97, 115.00, 70.13, 65.39, 34.44; IR: v (cm™) =
3744.50, 3621.12, 3385.83, 3064.47, 2866.48, 2361.47, 2332.78, 2094.63, 1744.56, 1695.79,
1652.75, 1612.57, 1509.28, 1466.24, 1428.94, 1385.90, 1337.12, 1285.47, 1225.21, 1159.22,
1116.18, 1050.18, 998.53, 923.93, 866.54, 812.03, 731.68, 688.64, 614.04, 550.92, 516.48,
461.97, 421.79; HRMS (ESI") calculated for CogH,505 [M + H'], 441.1702; found 441.1736;
HPLC purity: 99.14%, tg = 9.910 min.

phenethyl (E)-3-(6-methoxy-4-oxo-4H-chromen-3-yl)acrylate (6fa) Yield: 92%; buff
yellow crystalline solid; MP = 155.6-156.0 °C; "H NMR (400 MHz, CDCl;) § (ppm) = 8.10
(s, 1H), 7.64 (d, J = 3.2 Hz, 1H), 7.44-7.40 (m, 2H), 7.36-7.24 (m, 7H), 4.43 (t, J = 6.8 Hz,
2H), 3.93 (s, 3H), 3.03 (t, J = 7.2 Hz, 2H); *C NMR (100 MHz, CDCl5) d (ppm) = 175.88,
167.49, 157.56, 157.39, 150.48, 138.06, 135.96, 129.09, 128.62, 126.66, 124.99, 124.16,
121.86, 119.66, 118.55, 105.47, 65.20, 56.09, 35.32; IR: v (cm™) = 3730.15, 3064.47,
3007.08, 2961.17, 2895.17, 2840.66, 2361.47, 2332.78, 1919.59, 1882.29, 1741.70, 1701.52,
1644.14, 1609.71, 1572.40, 1480.58, 1443.28, 1405.98, 1342.86, 1199.39, 1150.61, 1018.62,
992.79, 860.80, 820.63, 751.77, 694.38, 602.56, 565.26, 487.79, 464.83, 424.66; HRMS
(ESI") calculated for C5H;904 [M + H'], 351.1232; found 351.1222; HPLC purity: 94.41%,
tr = 5.547 min.

4-(benzyloxy)phenethyl (E)-3-(6-methoxy-4-oxo-4H-chromen-3-yl)acrylate (6fj) Yield:
87%:; buff yellow crystalline solid; MP = 162.6-162.9 °C; "H NMR (400 MHz, CDCl3) o
(ppm) = 8.09 (s, 1H), 7.63 (d, J = 4.4 Hz, 1H), 7.44-7.27 (m, 9H), 7.19-7.17 (m, 2H), 6.94-
6.92 (m, 2H), 5.05 (s, 2H), 4.37 (t, J = 6.8 Hz, 2H), 3.91 (s, 3H), 2.95 (t, J = 6.8 Hz, 2H); °C
NMR (100 MHz, CDCl3) 0 (ppm) = 175.92, 167.54, 157.67, 157.59, 157.39, 150.52, 137.24,
135.94, 130.41, 130.10, 128.70, 128.05, 127.62, 125.01, 124.19, 121.93, 119.68, 118.59,
115.03, 105.50, 70.17, 65.44, 56.12, 34.48; IR: v (cm™) = 3061.60, 3001.34, 2938.21,
2869.35, 2613.98, 2364.34, 1888.03, 1698.66, 1649.88, 1609.71, 1569.53, 1512.15, 1471.98,
1428.94, 1337.12, 1285.47, 1230.95, 1205.13, 1164.96, 1055.92, 998.53, 926.80, 863.67,
820.63, 783.33, 731.68, 691.51, 611.17, 559.52, 516.48, 464.83, 427.53; HRMS (ESI")
calculated for C,3H,504 [M + H'], 457.1651; found 457.1642; HPLC purity: 99.19%, z =
8.190 min.

phenethyl (E)-3-(4-oxo-4H-benzo[h]chromen-3-yl)acrylate (6ga) Yield: 78%; yellow
crystalline solid; MP = 180.5-181.2 °C; 'H NMR (400 MHz, CDCl5) 6 (ppm) = 8.47-8.44 (m,
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1H), 8.26 (s, 1H), 8.18 (d, J = 8.4 Hz, 1H), 7.94-7.92 (m, 1H), 7.80 (d, J= 8.4 Hz, 1H), 7.74-
7.66 (m, 2H), 7.47-7.40 (m, 2H), 7.36-7.28 (m, 3H), 7.26-7.22 (m, 2H), 4.43 (t, J = 7.2 Hz,
2H), 3.02 (t, J = 7.2 Hz, 2H); °C NMR (100 MHz, CDCl3) § (ppm) = 175.87, 167.45,
156.64, 153.10, 138.04, 136.02, 135.62, 129.74, 129.10, 128.64, 128.29, 127.59, 126.67,
126.12, 123.82, 122.65, 122.27, 120.98, 120.71, 120.57, 65.26, 35.32; IR: v (cm™") = 3081.68,
2946.82, 1707.26, 1647.01, 1609.71, 1558.06, 1503.54, 1449.02, 1411.72, 1377.29, 1339.99,
1276.86, 1144.87, 1067.40, 1035.84, 989.93, 866.54, 834.98, 800.55, 760.38, 691.51, 648.47,
608.30, 576.74, 496.40, 470.57, 441.88, 410.32; HRMS (ESI") calculated for Co4H;904 [M +
H'], 371.1283; found 371.1277; HPLC purity: 98.14%, #z = 8.213 min.

4-(benzyloxy)phenethyl (E)-3-(4-oxo-4H-benzolh|chromen-3-yl)acrylate (6gj) Yield:
80%:; yellow crystalline solid; MP = 170.1-170.8 °C; 'H NMR (400 MHz, CDCl;) ¢ (ppm) =
8.47 (d,J=8 Hz, 1H), 8.26 (s, 1H), 8.20 (d, /= 8.8 Hz 1H), 7.94 (d, /= 7.6 Hz, 1H), 7.80 (d,
J= 8.8 Hz, 1H), 7.74-7.67 (m, 2H), 7.48-7.30 (m, 7H), 7.19 (d, J = 8.8 Hz, 2H), 6.94 (d, J =
8.8 Hz, 2H), 5.05 (s, 2H), 4.39 (t, J = 7.2 Hz, 2H), 2.97 (t, J = 8 Hz, 2H); °*C NMR (100
MHz, CDCl3) ¢ (ppm) = 175.89, 167.47, 157.67, 156.64, 153.12, 137.23, 136.04, 135.59,
130.38, 130.09, 129.75, 128.69, 128.30, 128.03, 127.61, 126.13, 123.84, 122.70, 122.28,
120.99, 120.73, 120.59, 115.03, 70.16, 65.49, 34.46; IR: v (cm™) = 3896.58, 3738.76,
3681.38, 3644.07, 3621.12, 3078.81, 2941.08, 2860.74, 2361.47, 2160.62, 1836.38, 1744.56,
1707.26, 1647.01, 1609.71, 1555.19, 1512.15, 1449.02, 1411.72, 1380.16, 1279.73, 1239.56,
1150.61, 1038.70, 992.79, 912.45, 866.54, 832.11, 800.55, 766.12, 725.95, 688.64, 645.60,
576.74, 516.48, 453.36, 410.32; HRMS (ESI") calculated for C3;H,505 [M + H'], 477.1702;
found 477.1694; HPLC purity: 97.17%, tg = 6.307 min.

3-phenylpropyl (E)-3-(4-ox0-4H-chromen-3-yl)acrylate (8aa) Yield: 94%; buff white
amorphous solid; MP = 162.3-164.2 °C; "H NMR (400 MHz, CDCls) 6 (ppm) = 8.29 (dd, J =
1.6, 8 Hz, 1H), 8.12 (s, 1H), 7.73-7.68 (m, 1H), 7.50-7.42 (m, 2H), 7.37 (d, J = 8.4 Hz, 2H),
7.32-7.27 (m, 2H), 7.22-7.18 (m, 3H), 4.22 (t, /= 6.4 Hz, 2H), 2.75 (t, J= 7.2 Hz, 2H), 2.06-
1.99 (m, 2H); C NMR (100 MHz, CDCl;) 6 (ppm) = 176.00, 167.48, 157.51, 155.54,
141.28, 135.52, 134.05, 128.47, 128.44, 126.37, 125.97, 125.89, 124.23, 122.17, 119.32,
118.13, 63.88, 32.22, 30.33; IR: v (cm™) = 3050.12, 2952.56, 2886.57, 2350.00, 1704.39,
1661.35, 1612.57, 1500.67, 1463.37, 1405.98, 1339.99, 1213.73, 1156.35, 1098.96, 1001.40,
958.36, 852.20, 797.68, 771.86, 748.90, 685.77, 619.78, 545.18, 482.05, 418.93; HRMS
(ESI+) calculated for C;1H19O4 [M + H+], 335.1283; found 335.1274; HPLC purity: 98.84%,

tr = 6.187 min.
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3-(4-chlorophenyl)propyl (E)-3-(4-oxo0-4H-chromen-3-yl)acrylate (8ab) Yield: 95%; buff
white amorphous solid; MP = 155.0-156.4 °C; '"H NMR (400 MHz, CDCls) J (ppm) = 8.28
(dd, J = 1.6, 8 Hz, 1H), 8.12 (s, 1H), 7.72-7.68 (m, 1H), 7.49-7.43 (m, 2H), 7.42-7.31 (m,
4H), 7.08 (d, J = 8.4 Hz, 1H), 4.20 (t, J = 6.4 Hz, 2H), 2.69 (t, /= 7.6 Hz, 2H), 2.04-1.96 (m,
2H); *C NMR (100 MHz, CDCl3) d (ppm) = 176.10, 167.53, 157.71, 155.65140.37, 135.76,
134.18, 131.61, 130.36, 126.47, 126.02, 124.34, 122.13, 119.95, 119.38, 118.26, 63.73,
31.80, 30.27; IR: v (cm™) = 3050.15, 2854.52, 2886.57, 2385.05, 1702.59, 1665.58, 1612.57,
1500.67, 1468.33, 1505.26, 1339.99, 1210.55, 1186.35, 1098.96, 958.36, 852.20, 797.68,
748.90, 685.77, 620.85, 545.18, 482.05, 418.93; HRMS (ESI") calculated for Cy;H;3C1O,4 [M
+H", 369.0894; found 369.0899; HPLC purity: 97.26%, ¢tz = 6.220 min.

3-(4-bromophenyl)propyl (E)-3-(4-oxo-4H-chromen-3-yl)acrylate (8ac) Yield: 95%;
white amorphous solid; MP = 156.3-158.6 °C; 'H NMR (400 MHz, CDCl5) ¢ (ppm) = 8.29
(dd, J=1.6, 6.4 Hz, 1H), 8.12 (s, 1H), 7.73-7.69 (m, 1H), 7.50-7.41 (m, 2H), 7.37 (d, J= 6.0
Hz, 2H), 7.27-7.25 (m, 2H), 7.15-7.13 (m, 2H), 4.21 (t, J = 6.4 Hz, 2H), 2.72 (d, /= 7.2 Hz,
2H), 2.05-1.97 (m, 2H); °C NMR (100 MHz, CDCls) ¢ (ppm) = 175.98, 167.41, 157.57,
155.53, 139.72, 135.63, 134.06, 131.70, 129.81, 128.53, 126.34, 125.90, 124.22, 122.02,
119.27, 118.13, 63.62, 31.61, 30.21; IR: v (cm™) = 3050.12, 2952.56, 2886.57, 2350.00,
1704.39, 1661.35, 1612.57, 1500.67, 1463.37, 1405.98, 1339.99, 1213.73, 1156.35, 1098.96,
1001.40, 958.36, 852.20, 797.68, 771.86, 748.90, 685.77, 619.78, 545.18, 482.05, 418.93;
HRMS (ESI") calculated for C,;H;sBrO4 [M + H'], 412.0310; found 412.0315; HPLC purity:
99.80%, tg = 5.880 min.

5.3. Biological Evaluation

5.3.1. In vitro PL Inhibition

After the synthesis of acrylate linked Chromone analogues, they were tested for PL inhibitory
activity using porcine PL enzyme and 4-Nitrophenyl butyrate as a substrate, utilizing the
established protocol.”* The PL inhibitory activity of all the analogues is depicted in Table
5.2. Firstly, the effect of length of linker was evaluated by the PL inhibitory screening of
analogues 6aa and 8aa-ac. The analogue 6aa with Ethyl linker (ICsp = 16.01 uM) was found
to be effective in PL inhibition, as compared with Propyl linker (Analogue 8aa-ac; ICsy =
30.01 - 38.84 uM). Further, the ethyl linker was kept constant and the effect of various R*
substituents were checked for the activity. The analogues 6ag, and 6aj (ICso=11.01 and 5.64
uM) exhibited potent activity as compared with the prototype analogue 6aa. The effect of R!
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substituents was also identified and the analogues 6fa and 6ga with 6-Methoxy and fused
[h]Benzo substituents were found to exhibit potent activity than analogue 6aa. Hence, by the
combination of substituents of analogues 6fa and 6ga with analogue 6aj, the highly potent

analogues 6fj and 6gj were obtained with ICs, values of 4.92 and 4.23 uM, respectively. All

the obtained ICs, values were compared to orlistat (ICsp = 0.86 uM).

Table 5.2. In vitro PL inhibitory activity of acrylate linked chromone analogues (6aa-gj, 8aa-ac) and

orlistat

Code R' R’ ICso (uM = SEM)*
6aa H Phenyl 16.01 £0.274
6ab H 4-Chlorophenyl 49.07 £ 0.274
6ac H 4-Bromophenyl 19.16 + 0.652
6ad H 4-Fluorophenyl 41.62 £1.269
6ae H 4-Nitrophenyl 51.57+0.139
6af H 4-Methylphenyl 17.09 + 0.403
6ag H 2,4,6-Trimethylphenyl 11.01 £0.956
6ah H 4-Methoxyphenyl 14.66 + 1.204
6ai H 3,4-Dimethoxyphenyl 20.29 £ 0.978
6aj H 4-Benzyloxyphenyl 5.64 +£0.811
6ak H Phenoxy 15.19+1.162
6al H Pyridin-2-yl 13.20 £ 2.297
6am H 1H-Indol-3-yl 12.61 +0.330
6an H 4-Methylthiazol-5-yl 19.21 £ 0.351
6ba 6-Chloro Phenyl 4221 £2.265
6bj 6-Chloro 4-Benzyloxyphenyl 19.46 + 0.480
6ca 6-Bromo Phenyl 12.30 + 1.665
6cj 6-Bromo 4-Benzyloxyphenyl 8.49 +1.879
6da 6-Fluoro Phenyl 32.53+1.725
6dj 6-Fluoro 4-Benzyloxyphenyl 14.12 +1.095
6ea 6-Methyl Phenyl 19.10 £ 0.295
6ej 6-Methyl 4-Benzyloxyphenyl 29.54+4.117
6fa 6-Methoxy Phenyl 11.32 +2.449
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6fj 6-Methoxy 4-Benzyloxyphenyl 4.92 +1.398
6ga [#]benzo Phenyl 11.87 £ 1.796
6gj [h]benzo 4-Benzyloxyphenyl 4.23 +0.747
8aa H Phenyl 31.49+1.363
8ab H 4-Chlorophenyl 30.01 £0.434
8ac H 4-Bromophenyl 38.84 +£0.954
Orlistat - - 0.86 £ 0.09

*The experiment is performed in triplicate (n=3)
5.3.2. Structure-Activity Relationship (SAR)

The results obtained from the in vitro PL inhibition study were analysed to summarize the
effect of various substituents on PL inhibitory activity. As shown in Figure 5.3, the ethyl
linker (6aa; ICso = 16.01 uM) was found to be optimal for PL inhibitory activity, as
increasing the length of linker led to decreased activity (8aa-ac with propyl linker; 1Csy =
30.01 - 38.84 puM). The R? substitution could be aromatic or heteroaromatic. In the case of
aromatic substitutions, electron-withdrawing groups (EWG) such as chloro, bromo, fluoro
and nitro at the 4™ position of aromatic ring led to a decrease in activity (ICso in the range of
19.16 - 51.57 uM). There was a slight increase in activity with the substitution by electron
donating groups (EDG) such as methyl and methoxy, among which 2,4,6-Trimethylphenyl
substituted analogue (6ag) exhibited ICsy value of 11.01 + 0.956 uM. Further, the substitution
by a bulkier substituent such as benzyloxy group at the 4™ position led to potent inhibition
(6aj; ICsp = 5.64 £ 0.811 uM). The replacement of the phenyl ring with a heterocyclic ring
system such as Pyridin-2-yl, 1H-Indol-3-yl exhibited slightly increased activity (6al, 6am,;
ICsop = 13.20 £ 2.297, 12.61 + 0.330 uM) as compared with 6aa. However, the 4-
Methylthiazol-5-yl substituted analogue (6an; ICsp = 19.21 + 0.351 puM) showed a

deterioration in the activity than 6aa.
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Figure 5.3. Structure-activity relationship (SAR) of screened analogues (6aa-gj, 8aa-ac)

Further, by keeping R' as Phenyl and 4-Benzyloxyphenyl, the effect of various substituents
on 6™ position of chromone were checked. Substitution by EWG (Chloro, Bromo, Fluoro)
showed less potent activity when compared to EDG (Methoxy, Methyl, fused [/#]Benzo) on
PL inhibition. Among EDG, 6-Methoxy and fused [/#]Benzo showed the highest inhibition in
the series, with analogues 6fj and 6gj having ICsy values of 4.92 + 1.398 & 4.23 + 0.747 uM,

respectively.

5.3.3.Enzyme Kinetics Study

From the in vitro PL inhibitory screening, the analogue 6gj was identified to exhibit potent
ICsp value of 4.23 + 0.747 uM. Further, an enzyme kinetics study was performed to identify
the type of inhibition of 6gj.'” The study was performed by taking 3 different concentrations

of inhibitor (6gj) and 4 concentrations of substrate. The time-dependent inhibition was
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determined and various parameters such as V., Ky and K; were estimated using a double
reciprocal Lineweaver-Burk plot. As shown in Figure 5.4, all three plots converged at y-axis

suggesting the phenomenon of competitive inhibition.
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Figure 5.4. Double reciprocal Lineweaver-Burk plot of analogue 6gj and orlistat

Further, as shown in Table 5.3, there is a concentration-dependent increase in K, values with
constant V. value throughout the concentration range. The inhibition constant (K;) was
found to be 1.601 uM and the results were similar to that of orlistat (K; of 0.488). Such
results confirmed that the analogue 6gj inhibited PL enzyme via competitive inhibitory

mechanism.

Table 5.3. Enzyme kinetics study of analogue 6gj and orlistat

K., (apparent) V max Vinax
Code (Average) K;(uM)
OpM  0.625pM  SpM OpM  0.625pM  SuM (M/min)

Nature of
inhibition

6gj 46.587 60.846 69.479  0.997 1.009 1.031 1.012 1.601  Competitive
Orlistat  65.74 102.97 144.75  0.974 0.884 0.909 0.922 0.488  Competitive

5.3.4. Fluorescence quenching study

As explained in chapter 4, the human Plis responsible for fluorescence emission due to the
presence of seven Tryptophan (Trp), 25 Phenylalanine (Phe) and 16 Tyrosine (Tyr) residues.’
Therefore, the fluorescence quenching effect of most potent PL inhibitory analogue 6gj on PL
fluorescence was tested to confirm its active site binding. As explained in the detailed

experimental section (chapter 3), 6 concentrations of analogue 6gj in serial dilutions (0.3125 -

106



CHAPTER S

20 ng/mL) were tested to observe the concentration-dependent effect of analogue 6gj on the

fluorescence intensity of PL enzyme.

The effect of quenching was performed at 298 K and the graph of Fluorescence Intensity Vs
Wavelength was plotted. As shown in Figure 5.5, PL enzyme without any inhibitor presented
highest fluorescence intensity of 33720 cps. In the presence of analogue 6gj, a decrease in

fluorescence intensity in concentration-dependent manner was observed.

—PL

—— PL with 0.3125 pg/mL Inhibitor
—— PL with 1.25 pg/mL Inhibitor
— 29600 —— PL with 2.5 pyg/mL Inhibitor

PL with 5 pg/mL Inhibitor
—— PL with 10 pg/mL Inhibitor

PL with 20 pg/mL Inhibitor
22200 -

14800 —

Fluorescence Intensity (cps

7400

\\X\

0 . | . , . , : :
350 400 450 500

Wavelength (nm)

Figure 5.5. Fluorescence quenching of porcine PL by analogue 6gj

To identify the underlying mechanism of quenching by 6gj and hence to depict its binding

site, Stern-Volmer equation was utilized (chapter 3, Formula 3.2).°™®

The graph of Fy/F Vs [Q] was plotted at the temperatures of 298, 304, 310 K by keeping the
y-intercept as 1. As shown in Figure 5.6, there is a linear relationship between Fy/F and [Q],
that eliminates the possibility of dynamic quenching. For mixed quenching, the points should
incline towards the y-axis, but the graph shows no inclination of data towards y-axis.” Such
results provided the proof that the quenching caused by analogue 6gj is due to the complex

formation between PL and the inhibitor.
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Figure 5.6. Stern-Volmer plot of PL with analogue 6gj

The values of kq and Ksy were calculated from the graph of Fy/F' Vs [Q]. As shown in Table
5.4, the k, value was found to be 1.08 x 10" L mol'sec™. As the k, values are much higher
than the maximal dynamic quenching constant (2.0 x 10'° L mol'sec™), it further confirms
that the quenching caused by 6gj is not due to dynamic quenching.® The ky value was also
found to be greater than the best analogue of previous series (Sam; k, = 7.92 % 10" L mol’
'sec™). It also confirms the better binding of 6gj as compared with 5am. Further, the binding
constant (Kp) and number of binding sites (n) were calculated using double logarithmic Stern-
Volmer equation (chapter 3, Formula 3.3). From the plot of log[(Fo-F)/F] Vs log [Q], the
value of number of binding sites (n) was found to be 0.77 with the binding constant value of

2.08 x 10° L mol™ (Figure 5.7).
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Figure 5.7. Double logarithmic plot for the calculation of binding constant (K;) and number of
binding sites (n)

As compared with analogue Sam (K, = 2.06 % 10° L mol™), there was a slight increase in K,
value by 6gj. As the value of n is closer to 1, it means the analogue 6gj binds at one binding

site of PL enzyme.

Table 5.4. The values of kg, Ksy and n, K, obtained from Stern-Volmer and double logarithmic plot

Analosuc Ky/10* k, /10" . K,/10°
gu (Lmol") (L mol'sec™)
6gj 1.73 1.08 0.77 2.08

5.4. Molecular Modelling Studies
5.4.1. Molecular Docking Study

The molecular docking study was performed for evaluating the binding poses of various
synthesized analogues at PL active site. As previously explained in chapter 4, the active site
of PL enzyme consists of highly restricted catalytic triad consists of Ser152, Asp176 and
His263 amino acids, protected by hydrophobic lid domain consists of Gly76-Lys80, Tyr114
and Leu213- Met217 amino acids. Interaction with such amino acids including Arg256 is

important for better binding of an inhibitor at PL active site.”'’

All the analogues were docked using previously validated grid parameters, i.e. 8.36, 23.16,
53.61 (x, y, z), keeping the radius 7 A." The structure of PL was obtained from RCSB PDB,
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with PDB ID of ILPB."' The docking was performed using MVD software, as per the

procedure detailed in experimental section.'> The docking score of all the analogues was in

the range of -121.31 to -158.81 kcal/mol. The chromone ring was found to interact with lid

domain amino acids with n-mt stacking interaction (Table 5.5). In case of many of the

synthesized analogues, the Ser152 amino acid was found to interact via H-bonding

interactions with acrylate fragment.

Table 5.5. Molecular docking result of acrylate linked chromone analogues (6aa-gj, 8aa-ac) and

orlistat
Code MolDock Amino acid interactions
score
(kcal/mol) H-Bond/ C-H n—n stack/ n—  w-Alkyl/ Alkyl nw-Sigma  Haloge  m-cation/

Bond n T shape n m-anion

6aa -121.31 Gly76, Phe77, Tyrl14, Alal78, Ala259 - - Arg256
His151 Phe215

6ab -129.59 Gly76, His151, Phe215 Ala259, Ala260 - - Arg256
Ser152, His263

6ac -127.96 Gly76, Phe77, Tyrll4 Alal78, Pro180, - - Arg256
His151, Ser152, Ala259
His263

6ad -128.38 Gly76, His151, Tyrl14 Alal78, Pro180, - - Arg256
Ser152, His263 Ala259

6ae -134.28 Gly76, Phe77, Tyrl14, Alal78, Pro180, - - Arg256
His151, Ser152, Phe215 Ala259
His263

6af -131.91 Gly76, Phe77, Tyrl14, Alal78, Pro180, - - Arg256
His151 Phe215 11e209, Ala259

6ag -138.89 Gly76, Phe77, - Tyrl14, Leul53, - - Arg256,
His151 Alal78, Pro180, His263

11209, Phe215,
Ala259

6ah -130.64 Gly76, Asp79, - Leul53, Alal78, - - Arg256
His151, Ser152 Ala259

6ai -136.12 Gly76, Asp79, - Alal78, Arg256, - - His263
Phe77, His151 Ala259

6aj -144.12 Phe77, Tyrl14, - Ile78, Ala259, - - His151
Ser152, Pro180, Ala260
His263

6ak -130.26 Gly76, Phe77, Tyll4, Alal78, Pro180, - - Arg256
His151, Ser152, Phe215, Ala259
His263 His263

6al -122.44 Gly76, Phe77, Tyrl14, Alal78, Pro180, - - -
His151, Ser152, Phe215 Ala259
Arg256, His263

6am -148.82 Phe77, Asp79, Tyrl14, Alal78, Pro180, Alal78, - Arg256
His151, Ser152, Phe215 Ala259 Phe215
Phe215, Arg256,
His263

6an -131.81 Phe77, Asp79, Tyrll4 Alal78, Pro180, Ala260 - -

His151, Ser152

Phe215, Ala259,
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His263, Leu264

6ba -129.14 Gly76, Phe77, Tyrl14, Alal78, Trp252, - - Arg256
His151 Phe215 Ala259
6bj -141.80 Phe77, Ser152, Phe215 Trp252, Arg256, - - -
Leul53 Ala259, Ala260,
Leu264
6ca -129.33 Gly76, Phe77, Tyrl14, Trp252, Ala259 Alal78 - Arg256
His151 Phe215
6¢j -136.53 Tyrl14, His151, - Arg256 Leu264 - -
Phe215
6da -128.95 Gly76, Asp79, Tyrll4 Alal78, Pro180, Leu264 - -
His151, Ser152 Arg256, Ala259,
Ala260
6dj -140.25 Phe77, Gly76, Phe77, Alal78, Ala259 - Thr255  Arg256
His151, Ser152
6ea -127.33 Gly76, Phe77, Tyrl14 Alal78, Pro180, - - -
Hisl51 11209, Phe215,
Arg256, Ala259,
Ala260, Leu264
6ej -142.88 Gly76, Phe77, - 11e78, Alal78, - - -
His151, Ala259 Pro180, 11e209,
Phe215, Ala259,
Ala260
6fa -126.99 His151, Phe215 Tyrl14, Ala260 Leu264 - -
Phe215
6fj -150.31 Gly76, Phe77, Tyrl14 Alal78, Pro180, - - Arg256
His151, Ser152, Ala259
His263
6ga -133.08 Gly76, Phe77, Tyrl14, Alal78, Pro180, - - -
His151, Ser152, Phe215 Arg256, Ala259,
His263 Ala260, Leu264
6gj -158.81 Gly76, Phe77, Trp252 Ile78, Alal78, 11e209 - Arg256
Asp79, Hisl51, Prol80, Ala259
Ser152
8aa -128.20 Gly76, His151 - Ile78, Alal78, - - Arg256
Pro180
8ab -132.25 Gly76, Phe77, - Alal78, Pro180, - - -
His151, Ser152, Trp252, Arg256,
Leul53 Ala259
8ac -130.54 Gly76, His151, Phe215 Alal78, Pro180, - - Arg256
His263 Trp252, Ala259,
Arg256
Orlist -139.49 Asp79, Argl1l, - 11e78, Arglll, Phe215 - -
at Arg256 Tyrl14, Leul53,

Alal78, Phe2l5,
Ala259, Ala260

As shown in Figure 5.8, the most potent PL inhibitory analogue 6gj was found to interact

with Phe77, Alal78, Trp252 amino acids. It also interacted with catalytic Ser152 amino acid

via H-bonding interaction. Also, the Arg256 amino acid was involved in m-cation interaction
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with the chromone ring. Further the molecular dynamics analysis is required for better

understanding of the docking results.

6gj Orlistat
LEU
B:213
TR
B:252
7
:203
Interactions
Bl conventional Hydrogen Bond Bl ri-sigma Interactions
[] carbon Hydrogen Bond B Fi-Fi T-shaped B conventional Hydrogen Bond [ Ak
Pi-Cation ] Praiky [ carbon Hydrogen Bond

Figure 5.8. 2D interaction diagram of 6gj and orlistat, with the active site of PL enzyme

5.4.2.Molecular Dynamics Simulation

The molecular dynamics simulation of analogue 6gj at the PL active site was performed for
100 ns using the established protocol (chapter 3).? Firstly, the protein-ligand RMSD plot was
analyzed. As shown in Figure 5.9, the ligand RMSD was found to deviate up to 14 A. Till 60
ns of time, the ligand RMSD was low (up to 6 A), that was found to elevate from 60-100 ns.
Interestingly, the protein RMSD was within the range (up to 4.2 A) upto 80 ns and then found

to increase till 5 A. This results explained the moderate stability of the complex.
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Figure 5.9. RMSD plot of analogue 6gj, obtained after molecular dynamics simulation of 100 ns

Through PL contacts histogram it was observed that the analogue 6gj interacted with
essential amino acids such as, Phe77, 11e78, Tyr114, Phe215 with more than 0.5 fraction of
time (Figure 5.10). Such amino acids are lid domain amino acids; hence, the lid domain
opening is ensured. Further, the amino acids such as, Leul53, Ala259, Ala260, His263 were

interacted with 6gj with more than 0.2 fraction of simulation time.
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Figure 5.10. Stacked bar plot of protein-ligand (6gj) contacts

Also, from the PL contacts timeline graph (Figure 5.11) it was observed that the above-

mentioned lid domain amino acids were interacted for most of the simulation time (brown
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color throughout the simulation time). Still there is a need of optimization of existing

inhibitor (6gj) for better stability during the dynamics simulation.
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Figure 5.11. A timeline representation of protein-ligand (6gj) contacts

5.5. Conclusion

In conclusion, a series of 29 acrylate linked chromone analogues with two carbon linker (n =
2) were designed and synthesized for PL inhibitory screening. The analogues were docked at
PL active site and were found to bind effectively with MolDock score in the range of -121.31
to -158.81 kcal/mol. These analogues exhibited effective interaction with the amino acids of
lid domain and catalytic triad. Further, Vilsmeier Haack cyclization was utilized for synthesis
of 3-Formyl chromone, that acted as a starting point for the synthesis of Chromone-3-acrylic
acid via Doebner modification to Knoevenagel condensation. The analogues exhibited
potential in vitro PL inhibitory activities, with analogues 6fj, 6gj representing potent activity
with ICsp 0of 4.92 and 4.23 uM, respectively. The fluorescence quenching study confirmed the
binding of analogue 6gj at the binding site with binding constant (Ky) of 2.08 x 10° L mol™.
Also, the enzyme kinetics study revealed its competitive nature of inhibition with K; value of
1.601 uM. The molecular dynamics simulation of analogue 6gj at the PL active site for 100
ns indicated moderate stability of the complex. Further lead optimization followed by in vivo

anti-obesity screening may lead to development of better anti-obesity candidate.
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CHAPTER 6

6. Series I1I: Design, Synthesis and PL Inhibitory Evaluation of Acrylate Linked

Chromone Analogues

6.1. Rationale

In the chapter 5, a series of acrylate linked chromone analogues with the linker length of 2
carbon atoms (n =2) were synthesized and evaluated for their PL inhibitory potential. From
the series, analogue 6gj was found to exhibit the most potential with an ICs, value of 4.23 +
0.747 uM. Further, to optimize the series with the aim of improving PL inhibition, molecular
docking analysis was performed and it was inferred that there was a scope of substitution of
linker carbon atoms for additional interactions at the active site of PL. Hence, series II
analogues were modified by the substitution of aromatic and keto functionality, with the aim
of having additional n-n and H-bonding interactions. As shown in Figure 6.1, the chromone
ring was found to interact with Arg256 and Ala259 with n-cation and n-Alkyl interactions.
The two phenyl rings attached to linker carbon atoms acted as flanking groups for extensive
interaction with lid domain amino acids (Tyr114, Alal78, Phe215). Also, the additional oxo
group on linker carbon was found to interact with Phe77, Ser152 and Leul53 amino acids via
H-bonding interactions. The docking score of the modified prototype analogue was improved
to -168.33 kcal/mol compared to the previous series analogues (6aa-gj). A docking study of
various substituted analogues has been performed and the representative data is shown in

molecular docking section.

Interactions

Interactions

I conventional Hydrogen Bond Bl PP Stacked
— [l conventional Hydrogen Bond Il P-#i Stacked
[C_] carbon Hydrogen Bond B A [ carbon Hydm::n B:nd B - T-sheped
B Frcaton B Frcation T prai
Chromone Analogue with 2C Linker (6aa); Modified Chromone Prototype
MolDock Score: -121.31 kcal/mol MolDock Score: -168.33 kcal/mol

Figure 6.1. Docking comparison of 6aa with its modified prototype analogue
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As per the docking results, in this series, we modified the analogues of series II by
substituting linker carbon atoms. In chapter 5, for all the analogues, the chromone ring was
found to interact with lid domain amino acids, whereas the remaining aromatic ring was
involved in m-cation interaction with Arg256. In this series, the two phenyl rings, attached to
linker atoms were observed to interact with lid domain amino acids, while the chromone ring
interacted with Arg256 (Figure 6.2). The docking score was improved to -168.33 kcal/mol
which depicted better analogue binding at the active site pocket when compared to series 11
analogues. Also, the additional oxo group on linker carbon was involved in effective H-
bonding interactions with Phe77 and Leul53 amino acids. As proposed earlier, the acrylate
fragment was found to interact with Ser152 amino acid (H-bonding interaction). Looking at
such positive observations, the series of analogues (series III) were synthesized followed by

their in vitro evaluation.

Interaction with Lid Domain
amino acids
(Tyr 114, Ala 178, Pro 180,

Phe 215, Ala 260, etc.) o
Effective Interaction with
| |___> Arg 256 amino acid
0 (H-Bonding & n-cation)

H-bonding interaction

with Phe77, Leu153, etc. Interaction with Ser 152

amino acid

Designed Prototype

Figure 6.2. Design of chromone and acrylate-based analogue, showing important pharmacophoric
features

6.2. Synthesis and Characterization

The synthesis of final analogues (10aa-ka, 10ab-gb) was performed as per Scheme 6.1.
Various substituted chromone-3-acrylic acids were synthesized as described previously.
Further, substituted benzoin were coupled with chromone-3-acrylic acid using EDC.HCI
coupling agent, in the presence of DMAP as a base and DMF as a solvent to get final
analogues (10aa-10gb). All the synthesized analogues were characterized using IR, NMR (‘H
& °C) and HR-MS techniques. Prior to in vitro analysis, the final analogues were evaluated
for peak purity using HPLC. All the analogues had shown % Peak purity in the range of
96.68 - 99.37, with the retention time (#z) in the range of 4.463 — 10.62 min.
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Through '"H NMR, a singlet of 1H at J value in the range of 8.03-8.31 ppm confirmed the
presence of a proton at 2™ position of chromone ring. The aliphatic proton of benzoin
resonated in the ¢ range of 6.91-6.99 ppm as a singlet, confirming the presence of
neighbouring electron withdrawing groups. It confirms the presence of benzoin in the
structure of all the analogues. Further the peaks of additional substituents such as, methyl,
methoxy, benzyloxy, prenyloxy, geranyloxy, etc. were in their standard range. The presence
of carbonyl carbons of chromone, ester and benzoin were further confirmed via *C NMR
spectrum. For all the analogues, the carbonyl carbon of ketone of chromone and benzoin were
found to resonate at J value in the range of 192.21-174.56 ppm, whereas the ester carbonyl
peak was found in J range of 166.59-166.85 ppm. The structures were further confirmed via
HR-MS analysis by the presence of [M+H]" or [M+Cl] peaks in the spectrum, with the

values, coinciding with the calculated m/z values.

RZ
0
0 o o 1 0 1 0
HOJI\/U\OH N NS OH O
= S H -~ R | + OH
R~ [ =L | — R
Aon DMF, POCI,, 0

o Ethanol, Pyridine,
»18h reflux, 2-6 h Benzoin (9a-b)
2'-Hydroxyacetophenone 3-Formylchromone 3-(4-0xo-4H-_chromen-3- 9a: R2=H
(1a-k) (2a-k) yl)acrylic acid ’ .
(3a-k) 9b; R* = OMe
1a;R'=H

1b; R" = 6-Chloro
.R1=ga
16,_ R1 = 6-Bromo EDC.HCI, DMAP,
1d; R' = 6-Fluoro DMF, rt, 5-8 h
1e; R' = 6-Methy!
1f; R' = 6-Methoxy
1g; R' = [h]benzo
1h; R = 6-Benzyloxy

R2
1i; R" = 6-Prenyloxy O
1j; R" = 6-Geranyloxy o o R?
1k; R = 7-Geranyloxy ~ O
N O
R1_:/\;Ej/\/u\ o
O

Chromone-3-acrylic acid ester
analogues (10aa-ka, 10ab-gb)

10aa; R'=H, R = H 10ab; R' = H, R2 = OMe

10ba; R' = 6-Chloro, RZ = H 10bb; R" = 6-Chloro, R? = OMe
10ca; R = 6-Bromo, R? = H 10cb; R" = 6-Bromo, R = OMe
10da; R' = 6-Fluoro, RZ = H 10db; R" = 6-Fluoro, R? = OMe
10ea; R" = 6-Methyl, R? = H 10eb; R' = 6-Methyl, R? = OMe
10fa; R" = 6-Methoxy, R? = H 10fb; R = 6-Methoxy, R = OMe
10ga; R = [h]benzo, R? = H 10gb; R = []benzo, R? = OMe

10ha; R' = 6-Benzyloxy, R = H
10ia; R" = 6-Prenyloxy, R? = H

10ja; R = 6-Geranyloxy, R? = H
10ka; R' = 7-Geranyloxy, R? = H

Scheme 6.1. Synthetic scheme for acrylate linked chromone analogues (10aa-ka, 10ab-gb)
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6.2.1 General Procedure for the synthesis of 3-Formylchromone (2a-k).

The mixture of 2’-Hydroxyacetophenone (1a-k) (7.34 mmol) and N,N-Dimethylformamide
(DMF) (7 mL) was stirred for 15 min in ice bath. To the above mixture, Phosphorous
oxychloride (POCI;) (44.06 mmol) was added dropwise. The reaction mixture was then
stirred at room temperature for 18 h. After the completion of reaction (confirmed by TLC),
the mixture was added in ice cold water and the resultant precipitate was filtered to get the 3-

Formylchromone (2a-k)'.
6.2.2 General Procedure for the synthesis of Chromone-3-acrylic acid (3a-k).

A mixture of substituted 3-Formylchromone (7.98 mmol), malonic acid (9.97 mmol) and
pyridine (0.5 mL) was refluxed in 8 mL of ethanol for 2-6 h. The resultant mixture was
cooled and the precipitated product was filtered and washed with ethanol to get the pure

product (3a-k)*

6.2.3 General Procedure for the synthesis of chromone-3-acrylic acid ester analogues

(10aa-ka, 10ab-gb).

The mixture of substituted Chromone-3-acrylic acid (3a-k) (0.462 mmol), 3-Dimethylamino-
propyl)-ethyl-carbodiimide Hydrochloride (EDC.HCI) (0.924 mmol), 4-
(Dimethylamino)pyridine (DMAP) (0.924 mmol) were stirred in DMF in ice cold condition
for 15 min. It was then followed by the addition of substituted benzoins (9a, 9b) (0.924
mmol) followed by stirring at room temperature for 5-8 hours. After the confirmation by
TLC, the reaction mixture was quenched by the addition of cold water, followed by
extraction with ethyl acetate. The ethyl acetate layer was then evaporated, followed by

column chromatography to get the final analogues (10aa-ka, 10ab-gb).
6.2.4 Analytical Data for the final compounds:

2-0x0-1,2-diphenylethyl (E)-3-(4-o0x0-4H-chromen-3-yl)acrylate (10aa) Yield: 91%; buff
white crystalline solid; MP = 207.3-207.6 °C; 'H NMR (400 MHz, CDCls) 6 (ppm) = 8.26
(d, J=17.6 Hz, 1H), 8.10 (s, 1H), 7.98 (d, J= 7.6 Hz, 2H), 7.69 (t, J = 7.6 Hz, 1H), 7.54-7.36
(m, 12H), 6.97 (s, 1H); *C NMR (100 MHz, CDCl3) 6 (ppm) = 193.98, 175.94, 166.76,
157.85, 155.66, 137.03, 134.85, 134.19, 133.87, 133.58, 129.40, 129.24, 129.03, 128.78,
126.55, 126.05, 124.38, 121.24, 119.38, 118.27, 77.91; IR: v (cm™) = 3061.60, 2378.69,
1718.74, 1692.92, 1655.61, 1615.44, 1558.06, 1497.80, 1457.63, 1408.85, 1354.33, 1291.21,
1253.91, 1222.34, 1147.74, 1098.96, 1053.05, 998.53, 941.15, 866.54, 797.68, 763.25,
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731.68, 691.51, 608.30, 579.61, 539.44, 490.66, 410.32; HRMS (ESI") calculated for
CoH 1905 [M + H]+, 411.1232; found 411.1229; HPLC purity: 99.26%, tz = 4.463 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-chloro-4-oxo-4H-chromen-3-yl)acrylate (10ba) Yield:
82%; buff white amorphous solid; MP = 222.7-223.1 °C; 'H NMR (400 MHz, CDCls) §
(ppm) = 8.21 (d, J = 2.4 Hz, 1H), 8.10 (s, 1H), 7.98-7.96 (m, 2H), 7.63 (dd, J = 2.8, 8.8 Hz,
1H), 7.54-7.50 (m, 3H), 7.45 (s, 2H), 7.43-7.35 (m, 6H), 6.97 (s, 1H); °C NMR (100 MHz,
CDCls) 0 (ppm) = 193.89, 174.72, 166.60, 157.81, 153.95, 136.47, 134.79, 134.41, 133.78,
133.61, 132.09, 129.44, 129.25, 129.00, 128.81, 128.78, 125.91, 125.25, 121.72, 120.01,
119.38, 77.95; IR: v (cm™) = 3058.73, 1713.00, 1687.18, 1652.75, 1618.31, 1555.19,
1494.93, 1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78, 1153.48, 992.79, 944.02,
869.41, 817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31, 490.66, 461.97, 418.93;
HRMS (EST") calculated for CpsH;3C10s [M + H]", 445.0843; found 445.0870; HPLC purity:
97.26%, tr = 7.320 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-bromo-4-oxo-4H-chromen-3-yl)acrylate (10ca) Yield:
82%; buff white crystalline solid; MP = 218.5-218.7 °C; '"H NMR (400 MHz, CDCls) o
(ppm) = 8.38 (d, J = 2.4 Hz, 1H), 8.10 (s, 1H), 7.98-7.96 (m, 2H), 7.77 (dd, J = 2.4, 8.8 Hz,
1H), 7.54-7.50 (m, 3H), 7.44 (s, 2H), 7.43-7.35 (m, 6H), 6.97 (s,1H); °C NMR (100 MHz,
CDCls) 0 (ppm) = 193.87, 174.56, 166.59, 157.79, 154.39, 137.17, 136.45, 134.79, 133.78,
133.60, 129.44, 129.26, 129.11, 129.00, 128.81, 128.78, 125.59, 121.74, 120.21, 119.57,
119.49, 77.95; IR: v (cm™) = 3767.46, 3055.86, 1713.00, 1687.18, 1649.88, 1612.57,
1552.32, 1492.06, 1446.15, 1368.68, 1334.25, 1282.60, 1187.91, 1147.74, 1050.18, 992.79,
944.02, 869.41, 814.90, 760.38, 728.81, 691.51, 605.43, 573.87, 539.44, 490.66, 459.10,
407.45; HRMS (ESI+) calculated for C,¢H;3BrOs [M + H]+, 489.0338; found 489.0324;
HPLC purity: 98.42%, tg = 7.907 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-fluoro-4-oxo-4H-chromen-3-yl)acrylate (10da) Yield:
80%; buff white amorphous solid; MP = 210.2-210.5 °C; 'H NMR (400 MHz, CDCls)
(ppm) = 8.11 (s, 1H), 7.99-7.96 (m, 2H), 7.90 (dd, J = 3.2, 8.0 Hz, 1H), 7.54-7.50 (m, 3H),
7.47 (d, J = 4.4 Hz, 1H), 7.46 (s, 1H), 7.44-7.35 (m, 6H), 6.97 (s, 1H); °C NMR (100 MHz,
CDCls) 6 (ppm) = 193.90, 175.10, 166.63, 160.06 (d, J = 246.5 Hz), 157.90, 151.87, 136.58,
134.81, 133.80, 133.60, 129.43, 129.25, 129.01, 128.79, 125.61, 125.54, 122.44 (d, J = 25.2
Hz), 121.61, 120.49, 120.41, 118.71, 111.45 (d, J = 23.7 Hz), 77.94; IR: v (cm™") = 3058.73,
1713.00, 1687.18, 1652.75, 1618.31, 1555.19, 1494.93, 1451.89, 1434.67, 1337.12, 1282.60,
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1253.91, 1190.78, 1153.48, 992.79, 944.02, 869.41, 817.76, 763.25, 728.81, 691.51, 634.13,
576.74, 542.31, 490.66, 461.97, 418.93; HRMS (ESI") calculated for C,H;sFOs [M + H]",
429.1138; found 429.1130; HPLC purity: 97.53%, tgx = 5.697 min.

2-0x0-1,2-diphenylethyl (E)-3-(6-methyl-4-0x0-4H-chromen-3-yl)acrylate (10ea) Yield:
80%; white amorphous solid; MP = 207.8-208.4 °C; 'H NMR (400 MHz, CDCl3) 6 (ppm) =
8.08 (s, 1H), 8.04 (d, J = 0.8 Hz, 1H), 7.99-7.97 (m, 2H), 7.54-7.46 (m, 6H), 7.43-7.35 (m,
6H), 6.97 (s, 1H), 2.46 (s, 3H); >C NMR (100 MHz, CDCl3) § (ppm) = 194.00, 175.98,
166.81, 157.80, 153.93, 137.26, 136.14, 135.39, 134.84, 133.88, 133.56, 129.37, 129.22,
129.01, 128.76, 125.81, 124.01, 120.91, 119.14, 117.99, 77.86, 21.14 ppm; IR: v (cm™) =
3738.76, 3623.99, 3064.47, 2975.52, 2361.47, 2332.78, 1799.08, 1747.43, 1715.87, 1692.92,
1658.48, 1621.18, 1515.02, 1483.45, 1431.81, 1342.86, 1288.34, 1253.91, 1164.96, 1047.31,
992.79, 952.62, 869.41, 817.76, 763.25, 728.81, 691.51, 611.17, 579.61, 542.31, 496.40,
456.23, 424.66; HRMS (ESI") calculated for C»7H,,05 [M + H]", 425.1389; found 425.1421;
HPLC purity: 99.37%, tg = 6.517 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-methoxy-4-oxo-4H-chromen-3-yl)acrylate (10fa) Yield:
78%; white crystalline solid; MP = 218.3-218.7 °C; 'H NMR (400 MHz, CDCls) J (ppm) =
8.10 (s, 1H), 7.99-7.97 (m, 2H), 7.61 (d, J = 3.2 Hz, 1H), 7.54-7.50 (m, 3H), 7.49 (s, 1H),
7.46 (s, 1H), 7.43-7.35 (m, 6H), 7.29-7.26 (m, 1H), 6.97 (s, 1H), 3.90 (s, 3H); °C NMR (100
MHz, CDCl3) J (ppm) = 194.01, 175.73, 166.80, 157.60, 150.49, 137.25, 134.86, 133.89,
133.57, 129.38, 129.22, 129.01, 128.77, 125.03, 124.16, 120.90, 119.67, 118.50, 105.58,
77.86 ,56.12; IR: v (cm™) = 3735.89, 3058.73, 3004.21, 2958.30, 2361.47, 2332.78, 1715.87,
1690.05, 1644.14, 1606.84, 1517.89, 1471.98, 1426.07, 1391.63, 1337.12, 1282.60, 1239.56,
1196.52, 1133.39, 1093.22, 1032.97, 995.66, 944.02, 866.54, 823.50, 763.25, 725.95, 691.51,
605.43, 571.00, 539.44, 493.53, 461.97; HRMS (ESI") calculated for C,7H, 04 [M + H],
441.1338; found 441.1327; HPLC purity: 98.96%, tzx = 5.573 min.

2-0x0-1,2-diphenylethyl(E)-3-(4-0x0-4H-benzo[h|chromen-3-yl)acrylate (10ga) Yield:
86%:; buff yellow amorphous solid; MP = 208.8-209.3 °C; "H NMR (400 MHz, CDCl;) o
(ppm) = 8.47-8.44 (m, 1H) 8.27 (s, 1H), 8.18 (d, J = 8.8 Hz, 1H), 8.00-7.98 (m, 2H), 7.94-
7.92 (m, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.74-7.66 (m, 2H), 7.56-7.50 (m, 5H), 7.44-7.36 (m,
5H), 6.99 (s, 1H); °C NMR (100 MHz, CDCls) § (ppm) = 193.99, 175.77, 166.75, 156.87,
153.15, 136.89, 136.08, 134.85, 133.86, 133.59, 129.77, 129.40, 129.24, 129.03, 128.78,
128.32, 127.61, 126.18, 123.86, 122.32, 121.74, 121.07, 120.78, 120.55, 77.95; IR: v (cm™) =
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3070.20, 1698.66, 1649.88, 1615.44, 1558.06, 1506.41, 1443.28, 1411.72, 1380.16, 1342.86,
1279.73, 1253.91, 1193.65, 1153.48, 1070.27, 1035.84, 989.93, 949.75, 915.32, 869.41,
800.55, 763.25, 691.51, 576.74, 536.57, 502.14, 441.88; HRMS (ESI") calculated for
C30H2105 [M + HJ, 461.1389; found 461.1388; HPLC purity: 98.02%, tz = 8.100 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-(benzyloxy)-4-0x0-4H-chromen-3-yl)acrylate (10ha)
Yield: 88%; white amorphous solid; MP = 200.5-200.9 °C; 'H NMR (400 MHz, CDCl3) §
(ppm) = 8.08 (s, 1H), 7.99-7.97 (m, 2H), 7.71 (d, J = 2.8 Hz, 1H), 7.55-7.52 (m, 3H), 7.48-
7.47 (m, 4H), 7.43-7.42 (m, 2H), 7.41-7.39 (m, 5H), 7.37-7.35 (m, 3H), 6.98 (s, 1H), 5.16 (s,
1H); °C NMR (100 MHz, CDCls) ¢ (ppm) = 193.99, 175.67, 166.78, 157.63, 156.66,
150.55, 137.21, 136.19, 134.85, 133.88, 133.56, 129.37, 129.22, 129.01, 128.82, 128.76,
128.42, 127.83, 125.01, 124.61, 120.94, 119.76, 118.51, 106.85, 77.86, 70.80; IR: v (cm™) =
3735.89, 3058.73, 3004.21, 2958.30, 2361.47, 2332.78, 1715.87, 1690.05, 1644.14, 1606.84,
1517.89, 1471.98, 1426.07, 1391.63, 1337.12, 1282.60, 1239.56, 1196.52, 1133.39, 1093.22,
1032.97, 995.66, 944.02, 866.54, 823.50, 763.25, 725.95, 691.51, 605.43, 571.00, 539.44,
493.53, 461.97; HRMS (ESI+) calculated for C33H,504 [M + H]+, 517.1651; found 517.1650;
HPLC purity: 97.39%, tg = 9.213 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-((3-methylbut-2-en-1-yl)oxy)-4-oxo-4H-chromen-3-
yDacrylate (10ia) Yield: 80%; white crystalline solid; MP = 220.2-220.4 °C; '"H NMR (400
MHz, CDCl3) 6 (ppm) = 8.09 (s, 1H), 7.99-7.97 (m, 2H), 7.62 (d, J = 3.2 Hz, 1H), 7.54-7.50
(m, 3H), 7.48 (d, J = 8.4 Hz, 2H), 7.43-7.35 (m, 6H), 7.29-7.26 (m, 1H), 6.97 (s, 1H), 5.50
(tt, J=1.2, 6.4 Hz, 1H), 4.61 (d, J = 6.8 Hz, 1H), 1.81 (s, 1H), 1.78 (s, 1H); *C NMR (100
MHz, CDCl3) 6 (ppm) = 194.00, 175.77, 166.80, 157.59, 156.82, 150.40, 139.28, 137.29,
134.85, 133.89, 133.56, 129.36, 129.21, 129.01, 128.76, 124.96, 124.65, 120.85, 119.62,
118.96, 118.48, 106.39, 77.85, 65.69, 25.99, 18.42; IR: v (cm™) = 3070.20, 1698.66, 1649.88,
1615.44, 1558.06, 1506.41, 1443.28, 1411.72, 1380.16, 1342.86, 1279.73, 1253.91, 1193.65,
1153.48, 1070.27, 1035.84, 989.93, 949.75, 915.32, 869.41, 800.55, 763.25, 691.51, 576.74,
536.57, 502.14, 441.88; HRMS (ESI") calculated for C3;H,,06 [M + H]", 495.1808; found
495.1805; HPLC purity: 97.12%, tz = 6.150 min.

2-0x0-1,2-diphenylethyl(E)-3-(6-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-0x0-4H-

chromen-3-yl)acrylate (10ja) Yield: 82%; white crystalline solid; MP = 210.8-211.2 °C; 'H
NMR (400 MHz, CDCl;) 6 (ppm) = 8.09 (s, 1H), 7.99-7.97 (m, 2H), 7.63 (d, /= 2.8 Hz, 1H),
7.54-7.52 (m, 3H), 7.48 (d, J = 7.6 Hz, 2H), 7.43-4.41 (m, 2H), 7.39-7.35 (m, 4H), 7.30-7.27
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(m, 1H), 6.97 (s, 1H), 5.51-5.48 (m, 1H), 5.09-5.07 (m, 1H), 4.64 (d, J = 6.4 Hz, 1H), 2.14-
2.08 (m, 4H), 1.77 (s, 3H), 1.67 (s, 3H), 1.60 (s, 3H); >C NMR (100 MHz, CDCl3) ¢ (ppm)
= 194.00, 175.76, 166.81, 157.59, 156.83, 150.39, 142.35, 137.30, 134.85, 133.89, 133.56,
132.01, 129.37, 129.22, 129.01, 128.76, 124.97, 124.64, 123.84, 120.85, 119.60, 118.72,
118.47, 106.48, 77.85, 65.76, 39.69, 26.42, 25.81, 17.85, 16.91; IR: v (cm™) = 3738.76,
3623.99, 3064.47, 2975.52, 2361.47, 2332.78, 1799.08, 1747.43, 1715.87, 1692.92, 1658.48,
1621.18, 1515.02, 1483.45, 1431.81, 1342.86, 1288.34, 1253.91, 1164.96, 1047.31, 992.79,
952.62, 869.41, 817.76, 763.25, 728.81, 691.51, 611.17, 579.61, 542.31, 496.40, 456.23,
424.66; HRMS (ESI") calculated for C3sH3506 [M + H]", 563.2434; found 563.2436; HPLC
purity: 98.98%, tg = 7.343 min.

2-0x0-1,2-diphenylethyl(E)-3-(7-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-4-ox0-4H-
chromen-3-yl)acrylate (10ka) Yield: 80%; buff white crystalline solid; MP = 218.5-218.9
°C; '"H NMR (400 MHz, CDCl3) 6 (ppm) = 8.16 (d, J = 9.2 Hz, 1H), 8.03 (s, 1H), 7.99-7.97
(m, 2H), 7.54-7.50 (m, 3H), 7.46 (d, J = 1.2 Hz, 2H), 7.43-7.35 (m, 5H), 7.26 (s, 1H), 7.00
(dd, J=2.4, 6.4 Hz, 1H), 6.96 (s, 1H), 6.85 (d, J = 2.0 Hz, 1H), 5.49-5.46 (m, 1H), 5.09-5.06
(m, 1H), 4.63 (d, J= 6.4 Hz, 2H), 2.14-2.11 (m, 4H), 1.76 (s, 3H), 1.66 (s, 3H), 1.60 (s, 3H);
BC NMR (100 MHz, CDCl3) 6 (ppm) = 194.03, 175.31, 166.81, 163.76, 157.40, 157.34,
142.74, 137.26, 134.87, 133.91, 133.55, 132.15, 129.35, 129.21, 129.03, 128.76, 128.73,
127.81, 123.69, 120.99, 119.28, 118.34, 118.06, 115.73, 101.26, 77.87, 65.79, 39.64, 26.35,
25.81, 17.86, 16.92; IR: v (cm™) = 3738.76, 3623.99, 3064.47, 2975.52, 2361.47, 2332.78,
1799.08, 1747.43, 1715.87, 1692.92, 1658.48, 1621.18, 1515.02, 1483.45, 1431.81, 1342.86,
1288.34, 1253.91, 1164.96, 1047.31, 992.79, 952.62, 869.41, 817.76, 763.25, 728.81, 691.51,
611.17, 579.61, 542.31, 496.40, 456.23, 424.66; HRMS (ESI") calculated for C3sH3504 [M +
H]', 563.2434; found 563.2442; HPLC purity: 96.68%, tz = 10.620 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(4-0x0-4H-chromen-3-yl)acrylate (10ab)
Yield: 80%; buff white crystalline solid; MP = 235.5-235.7 °C; 'H NMR (400 MHz, CDCls)
o (ppm) = 8.27 (dd, J=1.2, 6.8 Hz, 1H), 8.11 (s, 1H), 7.98-7.95 (m, 2H), 7.71-7.67 (m, 1H),
7.51-7.40 (m, 6H), 6.92-6.86 (m, 5H), 3.82 (s, 3H), 3.78 (s, 3H); °C NMR (100 MHz,
CDCl3) 6 (ppm) = 192.21, 175.76, 166.67, 163.64, 160.22, 157.57, 155.51, 136.63, 134.01,
131.20, 130.10, 127.57, 126.38, 126.20, 125.86, 124.22, 121.28, 119.28, 118.11, 114.50,
113.84, 77.13, 55.45, 55.29; IR: v (cm™) = 3061.60, 2378.69, 1718.74, 1692.92, 1655.61,
1615.44, 1558.06, 1497.80, 1457.63, 1408.85, 1354.33, 1291.21, 1253.91, 1222.34, 1147.74,
1098.96, 1053.05, 998.53, 941.15, 866.54, 797.68, 763.25, 731.68, 691.51, 608.30, 579.61,
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539.44, 490.66, 410.32; HRMS (EST) calculated for C,3H,,C107 [M + CIJ, 505.1054; found
505.1058; HPLC purity: 98.94%, ¢z = 4.833 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(6-chloro-4-0xo0-4H-chromen-3-yl)acrylate
(10bb) Yield: 80%; white amorphous solid; MP = 228.2-228.8 °C; 'H NMR (400 MHz,
CDCl3) 0 (ppm) = 8.21 (d, J= 2.4 Hz, 1H), 8.09 (s, 1H), 7.95 (d, /= 9.2 Hz, 2H), 7.62 (dd, J
= 2.8, 6.0 Hz, 1H), 7.44-7.42 (m, 5H), 6.91-6.86 (m, 5H), 3.82 (s, 3H), 3.78 (s, 3H); °C
NMR (100 MHz, CDCl3) 0 (ppm) = 192.23, 174.69, 166.65, 163.79, 160.38, 157.67, 153.94,
136.20, 134.35, 132.03, 131.32, 130.27, 127.64, 126.24, 125.89, 125.24, 121.92, 120.00,
119.43, 114.64, 113.98, 77.31, 55.58, 55.42; IR: v (cm™) = 3058.73, 1713.00, 1687.18,
1652.75, 1618.31, 1555.19, 1494.93, 1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78,
1153.48, 992.79, 944.02, 869.41, 817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31,
490.66, 461.97, 418.93; HRMS (EST’) calculated for C,sH,;C1,O7 [M + CI], 539.0664; found
539.0670; HPLC purity: 96.28%, tzr = 4.562 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(6-bromo-4-oxo-4H-chromen-3-yl)acrylate
(10cb) Yield: 80%; white crystalline solid; MP = 228.2-228.8 °C; '"H NMR (400 MHz,
CDCls) o (ppm) = 8.38 (d, J=2.4 Hz, 1H), 8.10 (s, 1H), 7.95 (d, J=9.2 Hz, 2H), 7.76 (dd, J
=24, 6.4 Hz, 1H), 7.47-7.36 (m, 5H), 6.91-6.86 (m, 5H), 3.82 (s, 3H), 3.78 (s, 3H); Be
NMR (100 MHz, CDCI3) 0 (ppm) = 192.26, 174.56, 166.66, 163.81, 160.40, 157.63, 154.42,
137.14, 136.19, 131.34, 130.29, 129.13, 127.66, 126.26, 125.61, 121.97, 120.20, 119.58,
119.53, 114.67, 113.99, 77.33, 55.59, 55.43; IR: v (cm™) = 3061.60, 2378.69, 1718.74,
1692.92, 1655.61, 1615.44, 1558.06, 1497.80, 1457.63, 1408.85, 1354.33, 1291.21, 1253.91,
1222.34, 1147.74, 1098.96, 1053.05, 998.53, 941.15, 866.54, 797.68, 763.25, 731.68, 691.51,
608.30, 579.61, 539.44, 490.66, 410.32; HRMS (EST') calculated for C,sH,BrC107 [M + CI]
, 583.0159; found 583.0158; HPLC purity: 98.13%, tg = 6.863 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(6-fluoro-4-oxo-4H-chromen-3-yl)acrylate

(10db) Yield: 82%; white crystalline solid; MP = 240.0-240.6 °C; '"H NMR (400 MHz,
CDCl3) 0 (ppm) = 8.10 (s, 1H), 7.96 (d, J= 8.8 Hz, 2H), 7.89 (dd, J = 2.8, 5.2 Hz, 1H), 7.51-
7.47 (m, 1H), 7.45-7.42 (m, 4H), 7.42-7.38 (m, 1H), 6.91-6.86 (m, 5H), 3.82 (s, 3H), 3.78 (s,
3H); *C NMR (100 MHz, CDCl;) § (ppm) = 192.25, 175.10, 166.69, 163.78, 160.03 (d, J =
246.4 Hz), 160.38, 157.75, 151.86, 136.30, 131.33, 130.25, 127.66, 126.26, 125.61, 125.53,
122.52, 122.26, 121.80, 120.47, 120.39, 118.76, 114.64, 113.97, 111.42 (d, J = 23.7 Hz),
55.58, 55.42; IR: v (cm™) = 3058.73, 1713.00, 1687.18, 1652.75, 1618.31, 1555.19, 1494.93,
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1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78, 1153.48, 992.79, 944.02, 869.41,
817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31, 490.66, 461.97, 418.93; HRMS
(ESI-) calculated for C,sH,CIFO; [M + CI],, 523.0960; found 523.0962; HPLC purity:
98.23%, tg = 6.485 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(6-methyl-4-0x0-4H-chromen-3-yl)acrylate
(10eb) Yield: 85%; white crystalline solid; MP = 220.6-220.8 °C; '"H NMR (400 MHz,
CDCl) 6 (ppm) = 8.07 (s, 1H), 8.03 (d, /= 1.2 Hz, 1H), 7.96 (d, J = 9.2 Hz, 2H), 7.50-7.43
(m, 5H), 7.39-7.34 (m, 1H), 6.91-6.86 (m, 5H), 3.81 (s, 3H), 3.78 (s, 3H), 2.45 (s, 3H); °C
NMR (100 MHz, CDCl3) 6 (ppm) = 192.34, 175.94, 166.85, 163.75, 160.33, 157.64, 153.92,
136.97, 136.07, 135.33, 131.32, 130.23, 127.70, 126.34, 125.79, 124.00, 121.11, 119.18,
117.97, 114.61, 113.95, 77.22, 55.57, 55.41, 21.11; IR: v (cm™) = 3058.73, 1713.00, 1687.18,
1652.75, 1618.31, 1555.19, 1494.93, 1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78,
1153.48, 992.79, 944.02, 869.41, 817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31,
490.66, 461.97, 418.93; HRMS (ESI') calculated for Cs;H,709 [M+CH3COOQ], 543.1655;
found 543.1464; HPLC purity: 97.32%, tg = 5.653 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(6-methoxy-4-oxo-4H-chromen-3-yl)acrylate
(10fb) Yield: 88%; white amorphous solid; MP = 228.6-229.0 °C; 'H NMR (400 MHz,
CDCls) 6 (ppm) = 8.09 (s, 1H), 7.97 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 2.8 Hz, 1H), 7.52-7.39
(m, 5H), 7.28-7.25 (m, 1H), 6.92-6.87 (m, 5H), 3.09 (s, 3H), 3.82 (s, 3H), 3.78 (s, 3H); °C
NMR (100 MHz, CDCl3) 0 (ppm) = 192.37, 175.71, 166.85, 163.78, 160.35, 157.56, 157.46,
150.49, 136.99, 131.33, 130.24, 127.71, 126.35, 125.02, 124.12, 121.09, 119.66, 118.56,
114.63, 113.97, 105.57, 77.23, 56.10, 55.57, 55.41; IR: v (cm™) = 3058.73, 1713.00, 1687.18,
1652.75, 1618.31, 1555.19, 1494.93, 1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78,
1153.48, 992.79, 944.02, 869.41, 817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31,
490.66, 461.97, 418.93; HRMS (ESI-) calculated for C,9H,4C10g [M + CI], 535.1160; found
535.1145; HPLC purity: 99.15%, tzx = 5.007 min.

1,2-bis(4-methoxyphenyl)-2-oxoethyl(E)-3-(4-0x0-4H-benzo[/]chromen-3-yl)acrylate

(10gb) Yield: 88%; buff white crystalline solid; MP = 215.2-215.6 °C; 'H NMR (400 MHz,
CDCls) 0 (ppm) = 8.49-8.47 (m, 1H), 8.31 (s, 1H), 8.21 (d, J = 8.8 Hz, 1H), 7.98-7.94 (m,
3H), 7.81 (d, J = 8.8 Hz, 1H), 7.75-7.68 (m, 2H), 7.58-7.53 (m, 2H), 7.49-7.44 (m, 2H), 6.93-
6.87 (m, 5H), 3.83 (s, 3H), 3.79 (s, 3H); °C NMR (100 MHz, CDCl3) J (ppm) = 192.34,
175.75, 166.81, 163.79, 160.38, 156.71, 153.16, 136.62, 136.07, 131.37, 130.25, 129.74,
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128.31, 127.73, 127.59, 126.35, 126.13, 123.88, 122.33, 121.97, 121.11, 120.80, 120.65,
114.65, 113.99, 77.33, 55.60, 55.45; IR: v (cm™) = 3058.73, 1713.00, 1687.18, 1652.75,
1618.31, 1555.19, 1494.93, 1451.89, 1434.67, 1337.12, 1282.60, 1253.91, 1190.78, 1153.48,
992.79, 944.02, 869.41, 817.76, 763.25, 728.81, 691.51, 634.13, 576.74, 542.31, 490.66,
461.97, 418.93; HRMS (ESI') calculated for C;,H,4ClO; [M + CI], 555.1211; found
555.1195; HPLC purity: 96.79%, tzx = 7.073 min.

Single Crystal XRD

After NMR, HR-MS and IR analysis, the single crystal XRD of analogue 10ab was
performed to get the confirmed structure of the representative analogue. For the preparation
of single crystal, the slow solvent evaporation technique was utilized. The analogues 10ab,
10cb, 10fb, 10gb were dissolved in 1:4 ratio of chloroform:ethanol at room temperature. The
sample was kept at room temperature in a vial with small passage for the evaporation of
solvent. Among all the analogues, 10ab was found to crystallize after 3 days and the crystals
were washed with ethanol. For X-ray diffraction study, BRUKER APEX II Diffractometer

was utilized. The Table 6.1 represents the dimension data of obtained crystal.

Table 6.1. Single crystal X-ray Diffraction data of analogue 10ab

Crystal Data Analogue 10ab
Crystal Color Clear, Light colorless
Empirical Formula CrH», 04

Formula Weight 470.46

Crystal System Triclinic
Temperature 300 K

Resolution 041X

a=11.9625 A, b=12.5228 A, c=15.9491 A
o= 86.076°, B =82.066°, y = 87.827°

Cell Dimensions

R value 0.07

Ormax 26.022

Ohmin 2.006

Radiation Mo Ka (A =0.71073)

The analogue 10ab consists of a double bond (acrylate) so that it can exist in any of the
geometrical isomeric forms (£ or Z). As shown in Figure 6.3, it was found to exist in £

configuration as the same priority groups (Hydrogens) are on opposite sides of double
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bonded carbon atoms. Also, 10ab contains one enantiomeric centre and by looking at the 3D

structure of 10ab, it was found to exist in R configuration.

NOMOVE FORCED Prob
Temp

S0
300

3y

- (291123)

PLATON-Dec 14 9:18:30 2023

Z -112 exter148_0Om_a P -1 R = 0.07 RES= 0 41 X

Figure 6.3. ORTEP drawing of analogue 10ab showing thermal ellipsoid plot

6.3. Biological Evaluation

6.3.1. In vitro PL inhibition

All the synthesized analogues (10aa-ka, 10ab-gb) were screened for PL inhibitory potential,
using the established assay protocol (procedure is explained in chapter 3).>* The PL
inhibition activity data of all analogues is represented in Table 6.2. As hypothesized above,
utilizing the molecular docking study, the prototype analogue 10aa was found to exhibit the
potent activity of 3.32 + 0.224 puM, as compared with the analogue of previous series (6gj;
ICso = 4.23 + 0.747 uM). Further various substituents on chromone ring were evaluated and
many of the analogues including, 10ca, 10fa, 10ga were potent in PL inhibition with ICsq in
the range of 3.62-2.61 uM. Further, the presence of OMe group on two phenyl ring was
found to potentiate the activity with analogues 10ab, 10cb, 10fb, 10gb (ICs in the range of
1.52-1.24 uM). Analogue 10da and 10db were found to exhibit poor inhibition with ICsg
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values in the range of 33.96 - 28.93 uM. Remaining analogues exhibited moderate to good

PL inhibitory potential with analogues 10ba, 10ea and 10ka with ICs in the range of 18.53 -

6.71 uM.

Table 6.2. In vitro PL inhibitory activity of synthesized acrylate linked chromone analogues (10aa-
ka, 10ab-gb) and orlistat

Code R' R? ICso (LM + SEM)*
10aa H H 3.32 +£0.224
10ba 6-Chloro H 16.21 +0.588
10ca 6-Bromo H 3.62 £ 0.284
10da 6-Fluoro H 33.96 £ 0.190
10ea 6-Methyl H 18.53 +2.648
10fa 6-Methoxy H 2.61 = 0.535
10ga [7]benzo H 2.76 £ 0.445
10ha 6-Benzyloxy H 8.41 + 0.864
10ia 6-Prenyloxy H 10.60 £ 0.681
10ja 6-Geranyloxy H 6.71 £ 0.421
10ka 7-Geranyloxy H 16.98 + 0.248
10ab H Methoxy 1.49 = 0.008
10bb 6-Chloro Methoxy 9.32+0.916
10cb 6-Bromo Methoxy 1.52 £0.136
10db 6-Fluoro Methoxy 28.93 £0.865
10eb 6-Methyl Methoxy 12.25+0.752
10fb 6-Methoxy Methoxy 1.31 £ 0.309
10gb [A]benzo Methoxy 1.24 £ 0.296
Orlistat - - 0.86 £ 0.09

*The experiment is performed in triplicate (n=3)

6.3.2. Structure Activity Relationship (SAR)

From in vitro PL inhibition study of acrylate linked chromone analogues, preliminary SAR

was developed to identify the substitution pattern required for potent PL inhibitory activity.

As shown in Table 6.2, the prototype analogue 10aa exhibited ICsy of 3.32 + 0.224 uM.
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Firstly, various EWGs, EDGs and bulkier groups were substituted on chromone ring to
understand the effect on the activity. As shown in Figure 6.4, the EWGs (CI and F) at 6™
position of chromone found to deteriorate the activity, when compared with prototype
analogue 10aa. Interestingly, the substitution by Br lead to comparable activity (ICso = 3.62 +
0.284 uM) as analogue 10aa. It may be due to the additional interaction of Br with Trp252
amino acid. On the other hand, EDG (OMe) and bulkier group ([/#]benzo) were found to
exhibit much greater activity (10fa, 10ga; ICso = 2.61, 2.76 uM). Unfortunately, in spite of
being the EDG, 6-Me substituent was unable to potentiate the activity (10ea; 18.53 + 2.648
uM) as compared with 10aa. It may be due to the weak electron donating ability of methyl
substituent than that of methoxy group. Additionally, the long chain alkyloxy and benzyloxy
substituents when placed on 6" and 7™ position of chromone were also unable to potentiate
the activity (10ha-ka; ICsyp = 6.71-16.98 uM). Further, the effect of OMe group on two
phenyl rings attached to linker atoms (R”) was explored and an increment in the PL inhibitory
activity was observed for analogue 10ab (ICsp = 1.49 + 0.008 uM). Further, the combination
of R! as 6-OMe, [h]-Benzo with R* as OMe, gave analogues 10fb and 10gb that were the
most potent ones with ICsy values of 1.31 + 0.309 and 1.24 £+ 0.296 uM, respectively.

Presence of Methoxy group
lead to potent activity

10fa; 10ga; : & ﬂ
} IC5=2.61£0535uM  ICs =276+ 0445 uM (r?) B ERECELELITECEPEEEN .

* 10ab;

.................................................

@ ! ICso = 1.49 £ 0.008 uM

o ) E i H
X NN
6-Methoxy > [h]benzo > H > 6-Br > 6-Cl > 6-Me > 6-F _ | 5
(0]

 C—

Increasing order of potency

: Effect of bulky substituents
EDGs showed better efficacy than EWGs

H 10ja;
6-Geranyloxy > 6-Benzyloxy > 6-Prenyloxy > 7-Geranyloxy :> ' ICer = 6.71 jfo 421 M
' 50 = O. + 0.

.........................

Figure 6.4. Structure Activity Relationship (SAR) study of acrylate linked chromone analogues
(10aa-ka, 10ab-gb)
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6.3.3. Enzyme Kinetics Study

For determining the mode of PL inhibition of most potent analogue of the series (10gb),

enzyme kinetics study was performed by utilization of the protocol detailed in chapter 3.” The

enzyme assay protocol was utilized with 0, 0.625, 5 uM concentration of 10gb. For

comparing the results, orlistat was used as a standard. As shown in Figure 6.5, the double

reciprocal Lineweaver Burk’s plot was analyzed and it was observed that all the lines met Y-

axis, showing competitive reversible inhibition of 10gb. Also, the K,, value was found to

increase with increase in concentration of inhibitor (40.33, 72.345, 88.293, respectively). The

Viax Value was found to be constant irrespective of inhibitor concentration.

O
S W N = d

6
10gb 5 Orlistat B
@ 0 uM Inhibitor A @ 0 uM Inhibitor i Pt
2 ©0.625 uM Inhibitor . i._ ©1.25 uM Inhibitor 3 9 |
) @ 5 uM Inhibitor ’ ©5uM Inhibitor 2 /
Al
0.06 0 002  0.04 -0.06 -0.02 0 0.02 0.04 0.06
1/s 1/S

Figure 6.5. Double reciprocal Lineweaver—Burk plot of analogue 10gb and orlistat

Such results also confirm competitive nature of inhibition. Through Lineweaver burks data,

the inhibition constant (K;) was calculated using Cheng—Prusoff equation and it was found to

be 0.554 and 0.488 for 10gb and orlistat, respectively (Table 6.3).

Table 6.3. Enzyme kinetics study of analogue 10gb and orlistat

K., (apparent V max Vinax
(app ) K; Nature of
Code (Average)
OpM  0.625pM  SpM  O0pM  0.625pM  SpuM (M) inhibition
(uM/min)
10gb 40.383 72.345 88.293  0.948 1.000 0.977 0.975 0.554  Competitive
Orlistat  65.740 102.970° 144.75 0.974 0.884 0.909 0.922 0.488 Competitive

* Calculated for 1.25 uM concentration
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6.3.4. Fluorescence Quenching Study

From the molecular docking study, it was observed that the designed analogue interacts with
active site amino acids, including phenylalanine, tyrosine and tryptophan residues.®’ Those
residues along with other residues are responsible for the intrinsic fluorescence of PL
enzyme. Hence, the interaction of such active site residues by a designed inhibitor may lead
to fluorescence quenching. To identify such fluorescence quenching and hence, the active site
binding ability, the most potent analogue 10gb was utilized and the study was performed as
described in chapter 3. As shown in Figure 6.6, the PL exhibited highest fluorescence
intensity (32520 cps) and as the concentration of the inhibitor (10gb) increased, the

proportional decrease in fluorescence intensity was observed.

—PL
—— PL with 0.3125 pg/mL Inhibitor
—— PL with 1.25 pg/mL Inhibitor
—— PL with 2.5 pg/mL Inhibitor

PL with 5 yg/mL Inhibitor
—— PL with 10 pyg/mL Inhibitor

PL with 20 pg/mL Inhibitor

N
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Figure 6.6. Fluorescence quenching of porcine PL by analogue 10gb

The above fluorescence quenching is mainly due to static or dynamic mechanism. To identify
the underlying mechanism of quenching, Stern-Volmer equation was utilized and the values

were determined as per Formula 3.2 (chapter 3).%*”

The graph of Fy/F Vs [Q] was plotted by keeping the y-intercept as 1. As shown in Figure
6.7, a linear relationship between Fy/F and [Q] was observed, that eliminated the possibility of

dynamic quenching. In case of mixed quenching, the data points should incline towards the y-
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axis, but the graph shows no such inclination of data. Hence, these results concluded that the

quenching is due to the complex formation between PL and the inhibitor 10gb.
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Figure 6.7. Stern-Volmer plot of PL with analogue 10gb

The values of kq and Ksy were calculated from the graph of Fy/F' Vs [Q]. As shown in Table
6.4, the k, value was found to be 1.65 x 10" L mol'sec”. As the k, values are much higher
than the maximal dynamic quenching constant (2.0 x 10'® L mol'sec™), it further confirmed

that the quenching caused by 10gb is not due to dynamic quenching.’

Table 6.4. Values of k,, Kgy and n, K, obtained from Stern-Volmer and double logarithmic plot

Analosuc Ke/10° k,/10" . K,/10°
g (Lmol") (L molsec”)
10gb 2.62 1.65 0.57 2.97

Further, the binding constant (K;,) and number of binding sites (n) were calculated using

double logarithmic Stern-Volmer equation, explained in chapter 3 (Formula 3.3).

From the plot of log[(Fo-F)/F] Vs log [Q], the value of number of binding sites (n) was found
to be 0.57 with high binding constant value of 2.97 x 10° L mol" at 298 K temperature
(Figure 6.8). As the value of n was closer to 1, it indicated that the analogue 10gb bind at one

binding site of PL enzyme.
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10gb log[Q]
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Figure 6.8. Double logarithmic plot for the calculation of binding constant (K;,) and number of
binding sites (n)

6.4. Molecular Modelling Studies

6.4.1. Molecular Docking Study

The molecular docking study of the synthesized analogues was performed using the protocol
detailed in chapter 3. Briefly, the MVD software was utilized'® with previously validated
grid parameters.” The MolDock score and various interactions obtained after docking study
were analyzed and are depicted in Table 6.5. All the synthesized analogues of the series
exhibited higher docking score in the range of -151.81 to -193.09 kcal/mol, than orlistat
(MolDock score: -139.49 kcal/mol). Among them, the analogue 10ab exhibited highest
MolDock score of -193.09 kcal/mol, with all the necessary amino acid interactions, including
lid domain (Phe77, Asp79, His151, Tyrl14, Phe215, etc.), catalytic (Serl52) and the
interaction with Arg256 amino acid. Such results also conclude its potential inhibitory

activity (ICsp of 1.49 & 0.008 uM).
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Table 6.5. Molecular docking results of acrylate linked chromone analogues (10aa-ka, 10ab-gb) and

orlistat
Amino acid Interactions
MolDock -
Code Score n -Sigma/ .
(keal/mol) H-Bond/C-HBond ™" m-Alkyl/ Alkyl m-Sulfurf - 7-cation/
stack Halogen m-anion
bond
10aa -168.33 Phe77, Asp79, Tyrl14, Alal78, Prol80, Ala259, - Arg256
Ser152, Leul53, Phe215 Ala260
Arg256, His263
10ba -161.72 Phe77, Serl52, Tyrl14, Alal78, Prol180, Arg256, Thr255 Arg256
Leul53, Arg256, Phe215 Ala259, Ala260
His263
10ca -169.51 Gly76, Phe77, Phe215 1le78, Trp52, Ala259, Alal78 Arg256
His151, Leul53 Ala260
10da -164.80 Phe77, Ser152, Tyrl14, Alal78, Prol180, Ala259, Thr255 Arg256
Leul53, Arg256, Phe215 Ala260
His263
10ea -151.81 Phe77, Serl52, Tyrl14, Tyrl14, Prol180, Ala260 Leu264 Arg256
Leul53, His263 Phe215
10fa -172.72 Gly76, Phe77, Phe215 Ala259, Ala260 Alal78 Arg256
His151, Leul53
10ga -159.22 Gly76, His151, Tyrl14, 1le78, Alal78, Pro180, - Arg256
Ser152, Arg256, Phe215 Ala260
His263
10ha -162.16 Gly76, His151, Tyrl14, T1le78, Alal78, Pro180, - Arg256
Ser152, Arg256 Phe215 1le209, Ala260
10ia -162.09 His151, Serl52, Tyrl14, 1le78, Alal78, Pro180, Ala260 Asp79,
His263 Phe215 11e209, Ala259 Arg256
10ja -174.81 Phe77, Serl52, Tyrl14, 1le78, Tyrl14, Alal78, - -
Glul79 His151, Prol80, 11209, Arg256,
Phe215  Ala259, Leu264
10ka -171.91 Tyrl14, Arg256 Phe215, Phe77, Alal78, 11209, Tyrl14, -
Trp252  Phe215, Arg256, Ala259, Ala259
Ala260
10ab -193.09 Phe77, Asp79, Tyrl14, Alal78, Prol180, Arg256, - -
His151, Ser152, Phe215 Ala259, Ala260
Leul53, Arg256,
His263
10bb -170.74 Gly76, Phe77, Tyrl14, Prol80, 11209, Ala260, - Asp79,
His151, Ser152, Phe215 Ala260, Leu264 Arg256
Leul53, His263
10cb -175.75 Gly76, Phe77, Tyrl14, Tle78, Tyrll14, Alal78, - Arg256
His151, Ser152, Phe215 Prol80, Ala259, Ala260
Arg256
10db -160.48 His151, Serl52, Tyrl14, Prol80, [1e209, Ala260, Asp79,
Leul53, His263 Phe215 Leu264 Arg256
10eb -187.25 Gly76, Phe77, Tyrl14, Alal78, Prol180, Trp252, - Arg256
His151, Serl52, Phe215  Ala259, Ala260
Leul53
10fb -189.81 Gly76, Phe77, Tyrl14, 1le78, Alal78, Ala260 - Arg256
His151, Leul53 Phe215
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10gb -182.86 Gly76, Phe77, Tyrl14, 1le78, Alal78, Arg256, - Arg256
His151, Ser152, Phe215 Ala259, Ala260
Leul53

Orlistat  -139.49 Gly76, Phe77, - 11e78, 11209, 11e213, Phe215 -
Asp79, His151, Arg256, Leu264

Ser152, Arg256

As shown in Figure 6.9, the two phenyl rings were utilized in n-n stacking interactions with
Tyr114 and Phe215 amino acids. Additionally, we hypothesize that two methoxy groups with
electron donating ability, made these phenyl rings electron rich, leading to stronger m-m

stacking and n-Alkyl interactions.
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Figure 6.9. 2D interaction diagram of analogue 10ab, 10cb, 10fb, 10gb and orlistat, bound at the
active site of PL enzyme (PDB ID: 1LPB)
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Such effect gave rise to higher docking score, that finally leads to potent PL inhibition of
methoxylated analogues 10ab, 10cb, 10fb, 10gb (ICs in the range of 1.52-1.24 uM). For the
potent analogue 10gb, there were two m-cation and one m-alkyl interactions of fused [/#]Benzo
Chromone with Arg256, such extended interactions further give in silico proof of potent PL

inhibitory activity (10gh; ICso = 1.24 + 0.296 pM).

6.4.2. Molecular Dynamics Study

The analogues 10ab, 10cb, 10fb, 10gb (ICsy in the range of 1.52-1.24 uM) were topmost
analogues of the series. Further for understanding the stability of protein-ligand complex, the
molecular dynamics simulation was performed for 100 ns. Among the above-mentioned
analogues, the topmost analogue 10gb with ICsy of 1.24 = 0.296 uM was chosen for the
simulation analysis. The simulation was performed at 100 ns of time interval, using NPT
ensemble class, at 37 °C temperature using detailed protocol, explained in chapter 3.'""'* After
the dynamics study, the trajectories were analyzed using RMSD plot of ligand and protein.
As shown in Figure 6.10, throughout the simulation, most of the time the ligand RMSD was
found to deviate from 5-8 A. Also, the protein molecule exhibited the RMSD value less than
4.5 A. Such RMSD values are within the range, that proved the stability of the ligand-protein

complex.
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Figure 6.10. RMSD plot for protein-ligand complex of analogue 10 gb at PL active site for 100 ns of
simulation time

The PL contacts histogram and timeline was plotted for the analysis of the extent of

interaction, throughout the 100 ns of simulation time. The lid domain amino acids such as,
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Tyr114 and Phe215 were found to interact with the ligand for 1.2 and 0.75 fraction of time
respectively. Also, there was an interaction of Ser152 and Arg256 for 0.2 and 0.3 fraction of
time respectively (Figure 6.11).
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Figure 6.11. Stacked bar plot of the fraction of time of the interactions of analogue 10 gb for 100 ns
of simulation time

The PL contacts timeline also confirms the increased extent of interactions of above-
mentioned amino acids (indicated by brown colour) (Figure 6.12). Such observations

indicate lid domain opening and effective interaction of ligand at PL active site.
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Figure 6.12. A timeline representation of protein and ligand contacts of 10gb

Further, to analyze the part of ligand involved in interacting with above-mentioned amino
acids, Ligand-protein contacts were studied. The Tyrll4 amino acid was involved in
interaction with chromone ring via n-m interaction for 43% of time (Figure 6.13). The
methoxy group was found interact via water-mediated interactions with Asp 205 and His 263

for 40%, 23% of simulation time.
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Figure 6.13. Detailed ligand-protein interactions for 100 ns of simulation time

6.5. Conclusion

In conclusion, the previously designed acrylate linked chromone analogues with the linker
length of 2 carbon atoms were optimized to get further efficient PL inhibitors. For the
optimization, the linker length of 2 carbon atoms was kept constant and the linker atoms were
substituted with the additional phenyl ring and the oxo group for better aromatic and H-
bonding interactions. Interestingly, the proposed prototype analogue 10aa was found to bind
at the active site more efficiently, as evidenced by the good MolDock score of -168.33
kcal/mol. With such positive results, we have synthesized a series of 18 analogues with EDG,
EWG and bulkier substituents. All the analogues were found to bind effectively at the active
site of PL with MolDock score in the range of -151.81 to -193.09 kcal/mol. These analogues
exhibited effective interaction with the amino acids of lid domain and catalytic triad. A total
of 6 analogues were found to exhibit ICsy values in the range of 1.24 - 2.76 uM. The
analogue 10gb was the most potent among all the series of analogues with ICsy of 1.24 +
0.296 uM. Fluorescence quenching study confirmed the binding of analogue 10gb at the
binding site with binding constant (Ky) of 2.97 x 10°L mol™. Also, the enzyme kinetics study
revealed its competitive nature of inhibition with K; value of 0.554 pM. The MD studies of
10gb for 100 ns proved its stability in the PL complex. Throughout the simulation for most of
the time the 10gb RMSD was found to deviate from 5-8 A. Also, the protein molecule
exhibited the RMSD value less than 4.5 A. Further, in vivo anti-obesity testing may lead to

development of better anti-obesity candidate.
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7. ADMET Prediction and In vivo Experiments
7.1. Rationale

Previous chapters discussed with the design of chromone based analogues as potential PL
inhibitors through structure-based drug design and literature survey. It was then followed by
various structural optimizations to get the potent lead 10gb with an ICs value of 1.24 + 0.296
uM. As we know, in vitro activity alone cannot prove the therapeutic effect of any of the drug
candidates. Hence, in the drug discovery process, in vivo studies are prerequisites for proving
the desired effect of any therapeutic candidate. Also, many of the potential lead candidates
with good in vitro activity may show deterioration in in vivo activity because of poor
pharmacokinetic parameters.'> These pharmacokinetic parameters are absorption,
distribution, metabolism, excretion and toxicity (commonly known as ADMET parameters).
Such parameters should be optimum to get the desired pharmacological effect. Therefore, in
this study we aimed to predict the ADMET parameters of two topmost leads of each series
through in silico study. As, ADMET parameters directly affect the in vivo performance of
drug, such prediction were followed by the in vivo anti-obesity testing of the topmost

analogue of all the series using a high-fat diet (HFD) induced obesity model.

7.2. Materials and Methods
7.2.1. In silico ADMET Prediction

Based on the in vitro activities, 6 analogues were selected for ADMET prediction through in
silico tools. Free web servers such as Swiss ADME and ProTox-2 were used. Various
parameters such as GI absorption, BBB permeation, Pgp substrate ability, metabolism via

various CYP enzymes and toxicities were predicted.

7.2.2. In vivo Anti-Obesity Study
7.2.2.1. Experimental Protocol

All the experimental procedures on animals were in compliance with the Institutional Animal
Ethics Committee of BITS Pilani (Ref No: IAEC/RES/33/07). Briefly, the protocol was
divided into three phases.

1)  Oral Triglyceride Tolerance Test
1) Anti-obesity studies (4 weeks treatment)

ii1) Quantification of fecal triglycerides
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7.2.2.2. Animals and Diet

For the experiment, Swiss albino mice (Male with the weight of 15-20 g) were purchased
from the Central Animal House of Birla Institute of Technology and Science, Pilani (BITS
Pilani), Pilani Campus, India (CPCSEA Reg. Number: 417/PO/ReBi/2001/CPCSEA). They
were housed in polyacrylic cages and maintained under standard conditions (room

temperature 22 + 1°C and relative humidity of 60%) with a 12 h light/dark cycle.

i) Oral Triglyceride Tolerance Test (OTTT)

To preliminarily examine the in-vivo effect of 10gb on the intestinal absorption of
triglycerides and rationalising its dose for anti-obesity effect (4 week treatment regimen),
OTTT was performed according to the previously reported protocol *°. The mice were
divided into six groups (n=6) and were deprived of food for 12 h before the experiment. The
dose of orlistat was considered as 10 mg/kg. Low (5 mg/kg), medium (10 mg/kg) and high
dose (20 mg/kg) of test analogue (10gb) were evaluated for triglyceride absorption. The mice
were orally administered with (1) olive oil as a positive control, (2) filtered water as a
negative control, (3) olive oil plus orlistat (10 mg/kg) as reference control (4) olive oil plus
10gb (Low, medium and high dose). The amount of olive oil administered per animal was
fixed to 5 mL/kg. After the administration of olive oil, blood samples were collected at 0, 1.5,
3, 4.5, and 6 h, and the level of triglyceride was determined using commercially available kits
(Spinreact S.A.U, Spain).

ii) Anti-Obesity Study

The HFD-induced obesity model was utilized for the development of obesity in the mice.
Five groups (Table 7.1) were considered, and each group included 7 animals (except for the
control group, n=6). The animals were fed with either a normal pellet diet (NPD) or HFD and
filtered water ad libitum. The anti-obesity effect of 10gb was determined by the

administering it to HFD fed mice over 4 weeks at 2 dose levels (medium & high). 5.7

Table 7.1 Summary of various groups and drugs administered for the in-vivo experiments

# Animal Group Drug and Dose
1.  Normal pellet diet / Normal Control (NC) -

2. High Fat Diet (HFD) / Disease Control (DC) -

3. HFD + Orlistat (10 mg/kg) Orlistat (10 mg/kg)
4.  HFD + Low dose 10gb (10 mg/kg)

5. HFD + High dose 10gb (20 mg/kg)
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Before the treatment, animals were feeded with HFD, except for NC group for 6 weeks. The
HFD used for the study is summarized in Table 7.2, and it contained 20% protein, 45% lipids
and 35% carbohydrates by weight. ® It was then followed by the examination of weight and

serum triglyceride parameters to determine the induction of obesity.

Table 7.2 Composition of the HFD used in the in-vivo experiments.

Ingredients Qty (g/’kg)  Ingredients Qty (g/kg)
Casein 200 Lard 245
L-Cysteine 3 Soybean oil 25

Starch 125 Vitamin and mineral mix 53

Sucrose 72.8 NaCl 10
Cellulose 50 Cholic acid 2

After the induction of obesity, 10gb/orlistat was dissolved in 0.3 %v/v CMC and
administered to the animals using oral gavage. The body weights of the animals were
recorded weekly. At the end of the study, animals were subjected to an overnight fasting,
followed by the collection of blood samples using the retro-orbital puncture. The serum was
separated by the centrifugation of blood samples (1500 G). Various biochemical parameters
including glucose, triglycerides (TG), total cholesterol (TC), and high-density lipoproteins-
cholesterol (HDL) were estimated from the serum using commercially available diagnostic
kits (Spinreact S.A.U., Spain and Accurex Biomedical Pvt. Ltd., India). The low-density

lipoprotein-cholesterol (LDL) was calculated using the following formula. °
LDL =[(TC - HDL)*0.9] - [TG*0.1]...cceviiiiianennn. Formula 7.1

iii) Quantification of Fecal Triglycerides

The inhibition of PL is characterized by the excretion of feces rich in triglycerides. The feces
of the mice were collected during the 4-week treatment period, and triglycerides were
quantified. The quantification of fecal triglycerides was performed as per the procedure

reported in the literature. *'*'2

Briefly, 1g of feces were taken in a separatory funnel and was
subjected to vigorous shaking with 0.15 M NaCl. To this suspension, chloroform/methanol
(4:1, % v/v) was added and the mixture was allowed to separate. The lower organic phase

was collected, filtered and dried in vacuo. The obtained triglycerides were dissolved in 1 mL
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ethanol, and the triglyceride quantification was performed using a commercial kit (Spinreact

S.A.U., Spain).

7.2.2.3. Statistical Analysis

The data was represented as mean + S.E.M, and the differences were analysed using one-way
analysis of variance (ANOVA) followed by post-hoc analysis of Tukey’s multiple
comparison test to determine significant differences between the groups. Statistical
calculation was performed using GraphPad Prism (v 5.0). A level of p < 0.05 was considered

to be statistically significant.

7.3. Results and Discussion

7.3.1. In silico ADMET Prediction

The in silico ADMET prediction was performed using Swiss ADME and ProTox-2 web
servers.”” > For the ADMET prediction, top 2 analogues were selected in each series. The
results of the ADMET screening were compared with orlistat. As shown in Table 7.3, the GI
absorption of series-I and II analogues were high, may be due to optimum polarity and low
molecular size. Orlistat, being a potent PL inhibitor exhibited low GI absorption. As the PL
enzyme is present in periphery, the drug is expected not to enter into the systemic circulation,
and even if it enters into the circulation then it should not penetrate the blood brain barrier
(BBB) to avoid toxicity issues. It was observed that except Sam, all the analogues were
devoid of BBB penetration. In case of toxicity prediction, except Sad, none of the analogue

was found to possess any toxicity, namely hepatotoxicity, cytotoxicity and carcinogenicity.

Table 7.3. Summary of in silico predicted ADMET parameters for the potential analogues from each
series and orlistat

GI Distribution Metabolism Inhibition Toxicity

Series  Analogues  absorptio BBB Pgp CYP CYP CYP CYP CYP Hepato Cyto Carcino
n Permeation  Substrate 1A2 2C19 2C9 2D6 3A4 toxic toxic genic

1 5ad High No No Yes Yes Yes No No No inactive Yes
Sam High Yes No Yes Yes Yes No  Yes No inactive No

I 6fj High No No Yes Yes  Yes No  Yes No inactive No
6gj High No No Yes Yes Yes No  Yes No inactive No

10fb High No No Yes No Yes No  Yes No inactive No

HI 10gb High No No Yes No Yes No  Yes No inactive No
Ref  Orlistat Low No Yes No No Yes No No Yes Weak No
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Also, for all analogues, the predicted LDsy value was found to be 3850 mg/kg, that is very
high concentration value, ensuring the safety profile of all the screened analogues. All the
predicted results were favourable and there were no predicted toxicity. Finally based on the
overall activity and ADMET profile, analogue 10gb was selected for the in vivo anti-obesity

testing using HFD induced mice model.

7.3.2. In vivo Anti-Obesity Study
7.3.2.1. Oral Triglyceride Tolerance Test (OTTT)

For the selection of the dose of analogue 10gb, the OTTT study was performed on mice.*’
After the ingestion of olive oil, the effect of various doses (5, 10, 20 mg/Kg) of 10gb on the
inhibition of fat absorption was determined. The study was performed as discussed in the
methodology section. In case of the oil control group, there was a time-dependent increase in
serum triglyceride levels after the ingestion of oil. On the other hand, after the ingestion of
orlistat (10 mg/kg), along with oil, triglyceride levels were found to decrease as compared
with oil control group. Such observation confirmed the inhibitory activity of orlistat on fat

metabolism. All such results are depicted in graphical representation in Figure 7.1,

OTTT
200-
)
3
[=)]
£ 150-
2
K -~ Normal Control
B 100- -= Qil control
§ -+ Orlistat (10 mg/Kg)
T: - 10gb (5 mg/Kg)
£ —— 10gb (10 mg/Kg)
£ 50 10gb (20 mg/Kg)
@
(72}
0 1 T T I 1
0 2 4 6 8
Time (h)

Figure 7.1. Effect of 10gb and orlistat on OTTT (n = 6)

Interestingly, in case of high (20 mg/kg) and medium dose (10 mg/kg) of analogue 10gb, the
similar results were observed. The high dose analogue was found to decrease triglyceride
absorption more efficiently than orlistat. Unfortunately, a lower dose (5 mg/kg) of 10gb

failed to inhibit the triglyceride absorption. Based on the above results, high and medium
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doses of analogue 10gb (20 mg/kg and 10 mg/kg) were selected for the 4-week treatment of
HFD-induced obese mice. The reported dose of orlistat (10 mg/kg) was chosen for the

comparison.
7.3.2.2. Anti-Obesity Study (4 Week Treatment)

The in vivo anti-obesity effect of analogue 10gb was determined for four weeks on HFD-
induced mice.®” Two doses, i.c., 20 mg/kg (High Dose) and 10 mg/kg (Low Dose) were
administered through oral route. The reference standard used was orlistat at the dose of 10
mg/kg. After each week the weight of animals were measured to determine the effect of drug.
Figure 7.2 shows the effect of 10gb and orlistat on weight reduction compared to disease

control (DC) and Normal control (NC) groups.
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Figure 7.2. Body weight of animals, after 4 weeks of treatment. The values are represented as mean +
SEM. ***p <0.001, DC vs orlistat; **p <0.01, DC vs 10gb (20 mg/Kg) and NC vs DC,n =6

There was a significant increase in body weight of DC group as compared with the NC,
confirming the effect of HFD. Orlistat was observed to decrease the weight of animals
significantly when compared with the DC group. The effect of a high dose (HD) of 10gb was

similar to that of orlistat. The low dose (LD) of 10gb was also efficient in weight reduction
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but not as effective as orlistat and HD of 10gb. Further, the effect of 10gb on various serum
parameters (triglyceride, total cholesterol, HDL cholesterol, LDL cholesterol and glucose)

was tested and the results are summarized in Figure 7.3.
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Figure 7.3. The effect of 10gb and orlistat on various biochemical parameters determined after the
treatment period. The values are represented as mean £ SEM. ***p < 0.001; **p <0.01; *p <0.05,n
=06

For DC group, there was a significant increase in triglyceride and total cholesterol as
compared with the NC group. Orlistat was found to normalize these parameters to the same

level as the NC group. Delightedly, we observed that, HD and LD of 10gb were much
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efficacious in decreasing the serum triglyceride levels. The HD analogue also decreased
serum total cholesterol levels, more effectively than orlistat and the decrease in total

cholesterol levels of LD group was similar as that of orlistat control group.
7.3.2.3. Fecal Triglycerides Quantification

As described before, the PL enzyme is responsible for fat digestion and hence helps in its
absorption. The inhibition of fat digestion will lead to unabsorbed triglycerides in the
intestine, which will get excreted through the feces, giving rise to steatorrhea as one of the
side effects of such medications. Through PL inhibitory screening, the analogue 10gb was
found to exhibit potent ICsy value of 1.24 + 0.296 uM. Further through in vivo study, it was
observed to normalize the various serum parameters including triglycerides, total cholesterol,
HDL and LDL cholesterol, with a reduction in the body weight of animals. Hence, to
investigate the PL inhibitory action, after the ingestion of 10gb, the fecal matter of all the
animals were collected at the end of each week during the treatment period, followed by its
triglyceride measurement.*'°'> As shown in Figure 7.4, a high level of triglycerides was

observed in HD and LD groups, as compared with the DC group.

Fecal triglycerides

%k %

%k %k %k

©
o
]

7 i
|_|

N
o
1

Triglycerides (mg/gram of feces)
° T

/‘O/ -

> N N
O 0 )
& & &
¢ f & & &
D 2 B DN
& #F &Y
& F S
A SRS S ORI

Groups

%
%

iz

Figure 7.4. Faecal triglyceride levels determined from various groups. The values are represented as
mean = SEM; *** p < 0.001, DC vs orlistat control and DC vs 10gb (20 mg/kg); ** p <0.01, DC vs
10gb (10 mg/Kg), n=6
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7.3.2.4. Histopathological Studies

Further histopathological changes caused by HFD were studied using liver and adipose tissue
of the mice. There are several reports of hepatic ballooning and fibrosis in liver and adipose
tissue of obese rodents, and it is considered as a characteristic feature of obesity. For the

observation of such changes, two stains namely, H&E and picrosirius red were used.

As shown in Figure 7.5, the hepatic ballooning was observed due to the lipid accumulation in
DC group. There was no such lipid accumulated area in NC group, due to the absence of
HFD. In case of OC and 10gb (HD group), the hepatic ballooning was reduced as compared
with 10gb (LD group).

Figure 7.5. H&E staining of liver, after the treatment of 10gb and orlistat (DC: Disease control; NC:
Normal control; OC: Orlistat control; HD: High dose of 10gh; LD: low dose of 10gb; HB: Hepatic
ballooning, CV: Central vein)

In picrosirius red staining of liver tissue, the fibrosis with collagen deposition was observed
for DC group (Figure 7.6). Such changes were absent in NC group. After the treatment of
HFD induced obese mice with 10gb (HD) and orlistat, the condition was found to

normalized.
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Figure 7.6. Picrosirius red staining of liver, after the treatment of 10gb and orlistat (DC: Disease
control; NC: Normal control; OC: Orlistat control; HD: High dose of 10gb; LD: low dose of 10gb)

After the histopathology of adipose tissue (Figure 7.7), the size of the adipocytes was found
to enlarged in DC group (HFD without treatment) as compared with NC group (with normal
pellet diet). Such enlargement may be due to the increased accumulation of triglycerides. For
OC and 10gb (HD) groups such enlargement was reduced to normal, as compared with 10gh
LD group)

Figure 7.7. H&E staining of adipose tissue, after the treatment of 10gb and orlistat (DC: Disease
control; NC: Normal control; OC: Orlistat control; HD: High dose of 10gb; LD: low dose of 10gb)
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7.4. Conclusion

In conclusion, the in silico ADMET prediction of top analogues of each series (I, II & III)
was performed for the visualization of pharmacokinetic parameters. It was then followed by
in vivo anti-obesity effect of 10gb (topmost analogue of all the series) using HFD-induced
mice model. Through in silico ADMET prediction, the analogue 10gb was found to be
devoid of any toxicities and could not penetrate BBB, which depicted its safety. Through in
vivo screening, 10gb was found to cause significant weight reduction in obese mice. Further,
it also exhibited the normalization of the serum parameters (triglycerides, total cholesterol,
HDL and LDL cholesterol) in high dose (20 mg/kg). In addition, the triglyceride excretion
caused by 10gb was also proved through fecal triglyceride measurement. After the
histopathological examination of liver and adipose tissue, hepatic fibrosis and lipid
accumulation with the increase in size of adipocytes were observed for DC group (HFD
without treatment). Such changes were found to be normalized in case of orlistat and 10gb
(HD) treatment groups. There was slight improvement in 10gb (LD) treatment group. Such
effects were comparable to orlistat. Hence, it was concluded that 10gb exhibited a

comparable anti-obesity potential as that of orlistat.
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8. Conclusion and Future Prospectives

8.1. Conclusion

Obesity has grown to epidemic proportions, as over 4 million people die each year because of
being obese. There is a high risk of obesity and its associated comorbidities (type 2 diabetes,
hypertension, ischemic heart disease, fatty liver disease, cancer, etc). For the management of
obesity, proper diet and exercise are the available options. In some situations, obesity
complications may go beyond a certain level wherein these options don’t work. In such cases,
pharmacotherapy will be the preferred choice along with exercise and diet modification.
Currently, 6 therapeutic agents are approved for treating obesity. Among these targets PL
inhibition being the peripheral target, is regarded as the safest one. Orlistat is the only
USFDA-approved PL inhibitory drug for the long-term management of obesity, with
unavoidable side effects including bloating, steatorrhea, faecal incontinence and oily stools.
Recently, there are reports of some severe side effects such as hepatotoxicity, nephrotoxicity,
pancreatitis, etc. on long-term treatment of orlistat. Due to life-threatening side effects of
existing medications and scarcity of safe drugs, there is a need to develop newer anti-obesity

drugs.

Due to the pharmacological diversity of natural products, it has always been an inspiration for
research scientists for the identification of novel drugs. Many of the natural product-based
analogues have been identified for PL inhibitory activity with various heterocyclic scaffolds,
including indole, benzofuran, chromone/chromanone, etc. Vast literature is available on
chromone-based natural PL inhibitors, however, there is no single report on synthetic
chromone-based PL inhibitors with a rational design approach. To fill such a gap in PL
inhibitory research, in this study, we have designed 3 unique series of chromone-based
analogues for the potent inhibition of PL enzyme, with sequential optimization in each series
to get chromone-based potent PL inhibitory lead, followed by the in vivo anti-obesity testing

of the best potent analogue.

The preliminary design was started by the attachment of various pharmacophoric features
required for binding at the active site cavity of PL. Mainly 3 fragments, including chromone
(electron-rich  heterocycle), acrylate  fragment (nucleophilic ~ fragment) and
aromatic/heteroaromatic moiety were identified for the effective interactions with lid domain,
catalytic triad and Arg256 amino acids. The prototype scaffold was designed by looking into
the synthetic feasibility, followed by the validation through molecular docking studies. By
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keeping the linker length as 1 carbon, various series I analogues were synthesized and
screened for PL inhibitory activity. Among these 24 analogues 5ad and Sam were the most
potent with ICsy values of 5.82 + 0.933 and 5.16 £ 0.287 uM, respectively. Further, the
fluorescence quenching and enzyme kinetics study revealed active site binding and
competitive inhibition of the topmost analogue (5am). The molecular dynamics study also
confirmed its stability at the PL active site under physiological dynamics conditions for 100

ns of simulation time.

To optimize series I analogues for better PL inhibitory potential, the linker length was
increased to 2 carbon and 3 carbon. Through docking study, the prototype analogue with the
linker length of 2 carbon atoms was found to interact efficiently with all the essential amino
acids, with the MolDock score of -121.31 kcal/mol. On the other hand, the prototype
analogue with 3 carbon linker exhibited good docking score of -128.2 kcal/mol but failed to
interact with essential active site amino acids. Also, through in vitro results the 2 carbon
linker was found to be efficient with analogue 6aa (ICsy of 16.01 £ 0.274 uM) as compared
with 3 carbon linker analogue 8aa (ICso = 31.49 + 1.363 uM). Hence by keeping 2 carbon
linker, various analogues with different substituents on chromone and aromatic moiety were
synthesized and screened for PL inhibitory activity. Among the 29 analogues of series II, 6fj
and 6gj were found to exhibit potential PL inhibitory activities of 4.92 + 1.398 and 4.23 +
0.747 uM, respectively. Through molecular dynamics simulation study, the protein was
found to deviate with maximum RMSD of 5 A and ligand RMSD was found to deviate up to
6 A till 60 ns, that was found to elevate from 60-100 ns. Such results explain moderate
stability of the complex and hence further optimization will lead to better stability of the

complex.

Finally, the 2 carbon linker was substituted with the additional phenyl ring and the oxo group
for better aromatic and H-bonding interactions. Interestingly, the proposed prototype
analogue 10aa was found to bind at the active site more efficiently, as evidenced by the good
MolDock score of -168.33 kcal/mol. With such positive results, series III containing 18
analogues with EDG, EWG and bulkier substituents was synthesized. A total of 6 analogues
were found to exhibit ICsy values in the range of 1.24 - 2.76 uM. The analogue 10gb was the
most potent among all the series of analogues with ICsy of 1.24 + 0.296 uM. Figure 8.1
summarises the optimization from series I to get the best potent analogue 10gb of series III.

In molecular dynamics simulation of 10gb for 100 ns, the ligand RMSD was found to deviate
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from 5-8 A. Also, the protein molecule exhibited the RMSD value less than 4.5 A. Such
RMSD values are within the range, that proves the stability of the ligand-protein complex.

Further to understand the pharmacokinetics and toxicity pattern, the top analogues in each
series, with a total of 6 analogues were subjected to in silico ADMET prediction using Swiss
ADME and ProTox-2 web servers. Many of the analogues including topmost analogue 10gb
were devoid of any toxicities and also found to be metabolically stable. Analogue 10gbh was
then tested for anti-obesity effects through an in vivo study utilizing the HFD-induced anti-
obesity model on mice. Through OTTT analysis, doses of 10 mg/kg (LD) and 20 mg/kg (HD)
of 10gb were selected for the treatment of HFD-induced obese mice. After the 4-week
treatment, the weight of treatment groups (orlistat and 10gb) was lower than the DC group.
Also, there was a normalization of spiked levels of triglycerides, total cholesterol and LDL
cholesterol in the case of treatment groups. In addition to it, the triglyceride excretion caused
by 10gb was also proved through fecal triglyceride measurement, confirming its PL
inhibitory action. After the histopathological examination of liver and adipose tissue, hepatic
fibrosis and lipid accumulation with the increase in size of adipocytes were observed for DC
group (HFD without treatment). Such changes were found to normalized in case of orlistat
and 10gb (HD) treatment groups. Such results proves equal effectivity of analogue 10gb (10
mg/kg, 20 mg/kg) as orlistat (10 mg/kg) in the management of the obesity condition.

Overall, we conclude that the designed analogues have anti-obesity potential via PL

inhibition.
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5ad; R = 4-Nitro 5am; R = 4-Benzyloxy 6gj; R" = [h]benzo, R? = 4-Benzyloxy
IC5o=5.82%0.933 uM  ICgo = 5.16  0.287 uM ICso = 4.23 % 0.747 uM 10ab; R = H 10cb; R = 6-Bromo
IC50 =1.49 £0.008 uM  |C5 = 1.52£0.136 uM

10fb; R = 6-Methoxy 10gb; R = [h]benzo
IC50=1.31+0.309 uM  IC5q = 1.24 + 0.296 pM

Figure 8.1. Summary of structural optimization to get the best potent PL inhibitors

8.2. Future Prospectives

In this study, chromone based analogues were designed for PL inhibitory potential. A total of
3 series with 71 structurally diverse analogues were synthesized and evaluated for PL

inhibitory potential. The analogue 10gb was found to exhibit potential activity with ICsy of
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1.24 £ 0.296 uM. 10gb was also effective as an anti-obesity agent in the in vivo study. There

are some future studies that can be performed:

e (Commercial availability of fewer substituted benzoins has led to less exploration of
the diphenyl ring system of the series III. Hence, different substituted benzoins
(starting material) can be synthesized and used for synthesis of newer analogues.

e The chromone scaffold can be replaced by different heterocycles, that may lead to
more potential PL inhibitors than 10gb.

e The in vivo pharmacokinetic parameters and toxicities can also be determined through

animal models.
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Appendix I11

Representative NMR, HRMS Spectra and HPLC Chromatogram:

5aa: '"H and “C NMR Spectra
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Appendix 111

S5aa: HRMS Spectra

x10 5 |Cpd 1: C19 H14 O4: +ESI EIC(307.0965) Scan Frag=100.0V PIA87.d
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x10 4 |Cpd 1: C19 H14 O4: +ESI Scan (rt: 0.156-0.289 min, 9 scans) Frag=100.0V PIA87.d
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Saa: HPLC Chromatogram

Chromatogram and Results
Injection Details
Injection Name: PIA-87-5ppm Run Time (min).  10.00
Vial Number: RB4 Injection Volume: 20.00
Injection Type: Unknown Channel: uUv_Vvis_1
Calibration Level: Wavelength: 267
Instrument Method: INST_Method_10072023 Bandwidth: 1
Processing Method: Processing_Method_10072023 Dilution Factor:  1.0000
Injection Date/Time: 11/Juli23 15:37 Sample Weight:  1.0000
|Chromatogram
180~ 7 Bequence_10072023 #29 [manually integrated] PlA-B7-5ppm UV_VIS_1 WVL:267 nm
] 2-4.160
150+
125
2 100]
E ]
g 1
T 754
= 4
[=]
2
= ]
50+
25
] 1-3.3
o] 11-3383 |
_20 ; r T T T T T T T T T 1
0.0 1.0 2.0 30 4.0 5.0 a0 7.0 80 o.0 10.0
Time [min]
Integration Results
No Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU Yo % n.a.
1 3.363 0.014 0.230 0.09 0.15 n.a.
2 4.160 14.972 155.543 99.91 99.85 n.a.
Total: 14,986 155.773 100.00 100.00
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'H and “C NMR Spectra
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6aa: HRMS Spectra

«10 6 |Cpd 1: C20 H16 O4: +ESI EIC(321.1121, 343.0941) Scan Frag=100.0V PIA-86.d
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x10 5 |Cpd 1: C20 H16 O4: +ESI Scan (rt: 0.172-0.321 min, 10 scans) Frag=100.0V PIA-86.d
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Counts vs. Mass-to-Charge (m/z)
6aa: HPLC Chromatogram
Chromatogram and Results
Injection Details
Injection Name: PlA-86 Run Time (min):  15.00
Vial Number: RE1 Injection Voiume: 20,00
injection Type: Unknown Channel: Uv_ViIs_1
Calibration Level: Wavelength: 267
Instrument Method: INST_Method_10072023 Bandwidth: 1
Processing Method: Processing_Method_10072023 Dilution Factor:  1.0000
Injection Date/Time: 13/Jul/23 14:50 Sample Weight _1.0000

Chromatogram

Absorbance [maU
g

100 4

450 - 17 Sequence_10072023 #79 [manually integrated] PIA-88 UY_VIS_1 WVL:267 nm
3004 3-4.590
250

=, 200

50 k
i1 -2.237.2-&,} |
04 T T
_50 - r T T T T T T T 1
oo 2.0 4.0 8.0 8.0 10.0 12.0 14.0  15.C
Lime |min
Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height | Amount
min mAU*min mAU % % n.a.
1 2237 0.093 1.198 0.31 0.4 n.a.
2 3317 0.032 0.262 0.11 0.09 n.a.
3 4.590 20.716 284439 99.58 99.49 n.a.
Total: 29.841 285.899 100.00 100.00
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'H and “C NMR Spectra
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10ab: HRMS Spectra

x10 3 |Cpd 1: C28 H22 O7: -ESI EIC(505.1060, 507.1044) Scan Frag=175.0V PIA-262.d
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10ab: HPLC Chromatogram
Chromatogram and Results

Injection Details
Injection Name: PlA-262 Run Time (min):  15.00
Vial Number: GAT injection Voilume: 20.00
Injection Type: Unknown Channel: Uv_Vis_1
Calibration Level: Wavelength: 262
Instrument Method: 10-02-2023 Bandwidth: 1
Processing Method: Processing Method_Prash_10-02-2023 Dilution Factor.  1.0000
Injection Date/Time: 02/0ct/23 14:55 Sample Weight.  1.0000

Chromatogram

14C

7 Prashant_02-10-2023 #8 [manually integrated] PlA-282

UV VIS 1 WVL:282 nm
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S
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T 40
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0 T T T
-20 - r T T T T T T
0.0 4.0 6.4 8.0 10.0 12.0 14.0 15.0
Time [min]
Integration Results
No.  |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % % n.a.
1 3.243 0.019 0.231 0.13 0.19 n.a.
2 3.617 0.008 0.108 0.05 0.09 n.a.
& 3.873 0.071 0.736 0.46 0.61 n.a.
4 4.463 0.063 0.607 0.41 0.50 n.a.
8 4.833 15.127 119.006 98.94 98.61 n.a.
Total: 15.288 120.688 100.00 100.00
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