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PREFACE

Natural products and their structural analogues have extensively contributed to
pharmacotherapy owing to the development of novel scaffolds of drugs to treat various human
ailments.! The rich source of medicinal plants and their applications are well-acknowledged in
indigenous traditional systems like Siddha, Ayurveda, Unani, and Allopathy. According to the
World Health Organization (WHO), 80% of the global population still put their faith in plant-
based medicines for key health care.? Cancer, a multifactorial malaise arises due to the
dysregulation of multiple signaling pathways in the body. Currently available options for
cancer treatment involve surgical removal, radiation therapy, and chemotherapy are associated
with numerous side effects and adverse limitations such as recurrence of tumour, toxicity to
normal cells, chemo resistance, and radioresistance. Taxol analogs, vinca alkaloids such as
vincristine, vinblastine, and podophyllotoxin analogs, etc. are the FDA approved anti-cancer
drugs under clinical practices possessing complementary and overlapping mechanisms to slow
down the carcinogenic process. Encouraged with the excellent therapeutic potential of naturally
derived compounds in clinics there is recent advancement of researches that emphasized on the
development of new drug leads from floras with the aid of sophisticated and innovative

techniques.

In chapter 2, we attempted to explore the anticancer potential of the fruit extract of the
ethnomedicinal plant Dillenia indica against oral squamous cell carcinoma (OSCC) and have
exclusively attributed the efficacy of the extracts to the presence of two triterpenoids, namely,
betulinic acid (BA) and koetjapic acid (KA). Preliminary in vitro screening of both BA and
KA unveiled that the entities could impart cytotoxicity and induce apoptosis in OSCC cell
lines, which were further well-supported by virtual screening based on ligand binding affinity
and molecular dynamic simulations. Additionally, the aforementioned metabolites could
significantly modulate the critical players such as Akt/mTOR, NF-kB, and JAK/STAT3
signaling pathways involved in the regulation of important hallmarks of cancer like cell
survival, proliferation, invasion, angiogenesis, and metastasis. The present findings provide

insight and immense scientific support and integrity to a piece of indigenous knowledge.

Chapter 3, part A deals with the phytochemical evaluation of ethnomedicinal species,
Artocarpus altilis (Parkinson) Fosberg from the Western Ghats of India. The plant is a
traditionally highlighted flora widely used as a traditional medicine for the treatment of various

ailments. The species is enriched with isoprenyl and geranyl substituted flavones. Herein, we

XV



are reporting the detailed chemoprofiling of Artocarpus altilis. In part B, we have unveiled the
anti-cancer effect of two flavone isolated from the acetone extract of the stem bark of
Artocarpus altilis (Parkinson) Fosberg for the inhibition and prevention of the growth and
multiplication of SAS oral cancer cells. The disclosed bioactive flavonoids artonin E (AA2)
and artobiloxanthone (AA3) have isoprenyl substitution and pyranoxanthone moiety
respectively. Further, both compounds were optimized with the aid of virtual screening based
ligand binding affinity and molecular simulation studies. Additionally, the promising anti-
cancer potential of the selected candidates was demonstrated through various apoptotic and
metastatic assays and explained the mechanistic evaluation of the molecules in the in-vitro
system. Further, the mechanistic rationale behind the mode of action was illustrated with
immunoblotting analysis and demonstrated changes in the expression of various critical protein
players involved in cancer progression and development.

In chapter 4, we utilized the organic Brensted acid, Pentacarbomethoxycyclopentadiene
(PCCP), for catalysing the glycosylation with n-pentenyl orthoesters (NPOE) of D-glucose and
D-galactose in conjunction with N-iodosuccinimide (NIS). Benzoyl and benzyl protection in
D-glucosyl NPOEs led to 1,2—trans glycosides, while acetyl protection in NPOE led to a

mixture of 1,2—cis and trans glycosides with >75% cis selectivity.

Chapter 5 describes a stereoselective glycosylation method catalyzed by (+)-isomenthol ester

of pentacarbomethoxycyclopentadiene (PCCP) as chiral Brgnsted acid (CBA 1) with n-

pentenylglycosides (NPGSs) in the presence of N-iodosuccinimide as the promoter that offered

a chiral recognition of the racemic substrates.
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CHAPTER 1

Natural Products in Drug Discovery - Advances and
Opportunities

1.1. Introduction

Natural products serve as the single most productive source for the discovery of drugs
and pharmaceutical leads. The chemicals derived from microbes, plants, and even animals have
been an invaluable source of therapeutic agents, and the structurally diverse phytochemicals
with potent biological activities were the most significant among them, which have been
extensively documented [1-3]. Polyphenolic compounds, including alkaloids and flavonoids,
are some of the pleiotropic phytoconstituents that exhibit promising antitumor activities in a
plethora of cellular and animal models [4,5]. In addition, a wide range of polyphenolic
secondary metabolites has successively completed different phases of preclinical/clinical trials.
For instance, a bioactive ingredient of turmeric, curcumin, is reputed to be an excellent
therapeutic agent and is presently under human clinical trials for various chronic diseases such
as Alzheimer's disease, cancers of the colon, pancreas, and blood cells, myelodysplastic
syndromes, and psoriasis [6,7]. Furthermore, resveratrol, a major phytochemical isolated from
grapes and red wine species, has drawn the worldwide attention of many research groups and
confronted many key outcomes of preclinical and clinical trials [8,9]. One of the past studies
by Newman and Cragg reported that approximately 60% of the current anticancer drugs were
isolated from natural products or their structural analogues [10].

1.2. History modern drug discovery

Natural product assisted drug discovery began in ancient times by utilising traditionally
highlighted medicinal plant extracts. The successful stories of natural product-aided drug
development were instigated by Friedrich Sertiirner, who created history in 1803 by isolating
morphine, a highly potent analgesic from the unripe seed extract of Papaver somniferum
(Opium poppy) [11]. Later, in 1874, Wright and co-workers reported the synthesis of heroin
(diacetylmorphine) from morphine by boiling with acetic anhydride which led to the
conversion of the popular painkiller codeine [12]. The discovery of digitoxin, a cardiotonic
glycoside from Digitalis purpurea L., improves the cardiac contractibility strength and

enhances cardiac conduction [13]. Moreover, digitoxin and analogues have been used to



manage congestive heart failure. In 2004, the FDA approved the anti-malarial drug quinine,
isolated from the bark of Cinchona succirubra Pav. ex Klotsc had been used to treat various
ailments such as malaria, throat diseases, indigestion, fever and cancer [13]. Later, the
development of the L-histidine-derived alkaloid Pilocarpine from Pilocarpus jaborandi
(Rutaceae) for the treatment of chronic open-angle glaucoma and acute angle-closure glaucoma
and the oral formulation of Pilocarpine to xerostomia in head and neck cancers are the two
legendary contributions of natural products in drug discovery process [13]. Later, in 1998, oral
preparation was permitted to manage the autoimmune disease Sjogren's syndrome which
causes damage to salivary glands and lacrimal glands. The discovery of Penicillin from
Penicillium notatum in 1929 by Alexander Fleming is one of the most popular natural product
discoveries that contributed to the Nobel prize in Physiology and Medicine in 1945 [13].
Vancomycin is a glycopeptide produced in cultures of Amycolatopsis orientalis and was
approved by the FDA as an antibiotic drug against wide ranges of gram-positive and gram-
negative bacteria [13]. In 2002, Doxorubicin (Adriamycin) was isolated from the fungus
Streptomyces peucetius and is used to treat lung cancer, bone sarcomas, leukaemia, soft tissue
and thyroid cancer. Paclitaxel, the most widely prescribed breast cancer drug, is first isolated

from the bark of Taxus brevifolia.

Friedrich Sertlrner Pierre Pelletier Alexander Fleming
Figure 1.1: Famous personalities in the field of Natural products
1.3. Natural Products in cancer treatment

Cancer is a multifactorial malaise that arises due to the dysregulation of multiple signaling
pathways and their regulated molecules in the body. The conventional treatment modalities for
this disease include surgery, radiation, chemo, immuno, and hormone therapies, which
associated with numerous side effects and adverse limitations. The standard anti-cancer drugs
currently available in the market are nonspecific, cytotoxic, expensive, and inadequate, which

necessitates the requirement for alternative medicines that are safe, cost-effective, and



efficacious. Hence, developing alternative approaches for the prevention and treatment of
cancer becomes imperative. Some of the anti-cancer drugs derived from plants are summarised
in the table (Table 1).

Table 1: Plant Derived anti-cancer drugs

Drug Structure Source

Paclitaxel

Ingenol 3-O-

angelate

Combretastatin
A-4 phosphate

Combretum caffrum




Camptothecin

Vinflunine

@I

Etoposide

R

Podophyllum peltatum

Even though many of the isolated phytochemicals have excellent anti-tumour potential in
various cancer cells, limited aqueous solubility of the isolated phytomolecules impedes their
bioavailability and challenges their pharmaceutical development, stressing the requirement of
various formulation techniques. Glycosides are one of the important categories of natural
products, frequently used as the lead compounds for synthesising of new drugs. They have
importance in pharmacokinetics and pharmacodynamics by improving the pharmacological
properties such as potency, selectivity, solubility and bioavailability. Many biologically active
secondary metabolites occur in plants generally as their glycosides, i.e. linked with various
sugars, which are usually cleaved off during their complex isolation processes, liberating pure

aglycone. As part of our ongoing interest in natural products of phytoorigin, we are attaching
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the saccharide appendages to the aglycones via glycosylation in synthetic carbohydrate
chemistry. The re-attachment of aglycones with glycone is a formidable challenge, which arises

the problems of stereo, regio and enantioselectivities.
1.4. Glycosylation Reactions

Catalytic glycosylation, introduced by Emil Fischer, has been a reaction of paramount
significance in carbohydrate chemistry, which involves coupling a glycosyl donor with a
glycosyl acceptor in the presence of a suitable activator (Scheme 1.1). Later, numerous
research groups made remarkable contributions to improving the glycosidic bond formation by
varying glycosyl donor, promoter, catalyst and reaction methodologies [14].

H
=
/‘\ 5 oY O -9
(0] Activator w > mo
— = m -~ \ Glycosyl \\A
LG OP OP acceptor OP
OP
Glycosyl donor Glycosyl cation Oxocarbenium ion 1,2-trans Glycoside

(P-protecting group)

Scheme 1.1: General mechanism for glycosylation with glycosyl acceptor

The commonly used glycosyl donors are shown in the following figure (Figure 2).

OBn

OBn 0] OBn
0 B'}?ﬁﬁ C
n o (o)
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N T CF; OBn
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(N-Methyl) acetimidates Trichloroacetimidate (N-Phenyl) trifluoroacetimidate Glycosyl halide
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BnO 1 BnO
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OBn >< OBn " —
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n-Pentenyl glycoside n-Pentenylorthoester Thioglycoside Glycal

Figure 2: Structure of glycosyl donors

The pioneering synthesis of the glycosyl donor (N-Methyl) acetimidates was reported by Sinay
and co-workers in 1976 from glycosyl halides and is utilised for the glycosylation of wide
range of a glycosyl acceptors under the activation of p-toluene sulfonic acid [14]. However,
the popularity of the donor gained little attention since, it synthesis were reported from glycosyl



halides which itself act as a glycosyl donor. Later, in 1980, Michel and Schmidt were inspired
by the attempt of Sinay’s group and developed trichloroacetimidate donors, reputed as the
most widely used glycosyl donor for chemical glycosylation [14]. The contribution of glycosyl
halides as donors in glycosylation strategies is imperative. Mukiyama and co-workers
developed glycosyl fluorides, Koenigs and Knorr reported glycosyl bromides, and Helferich
and Gootz investigated glycosyl iodides for the glycosylation of various acceptors under
various catalytic activation [14]. Orthoesters are well-known intermediates in glycosylation
reactions with having a 2-O-acyl group, introduced by Kochetkov and used as glycosyl donors
with various acceptor systems [14]. Later, Frasier Reid and co-worker’s serendipitous

observation lead to the synthesis of n-pentenyl glycosyl donors.
1.5. Catalytic activators in glycosylation

It has been observed that the stereoselectivity of glycosylation reactions are considerably
affected by the choice of the catalyst. Lewis acids such as SnCls, BF3.Et,0, ZnCl,, TMSOTH,
etc., are the most commonly used catalysts for chemical glycosylation [14]. Various research
groups reported some route catalytic activators for the activation of particular glycosyl donors.
BFs.Et2O and TMSOTT are popular for the activation of trichloroacetimidate donors, silver
salts for glycosyl halides, metal triflates for n-pentenyl glycosyl donors and TMSOTT/NIS for
thioglycosides etc. [14]. Besides Lewis acid catalysts, Brgnsted acid catalysed glycosylation
reactions are also reported, which would improve the stereo, regio, selectivities of the reaction
[14]. Moreover, the attempts with chiral Brgnsted acid catalysts (Figure 1.3) would increase

the reactions stereo and diastereoselectivities.

]lOH l[OH ]lPth l[ PPh,
!IOH lIOH llPth llPPh2

(S)-BINOL (R)-BINOL (S)-BINAP (R)-BINAP

Figure 1.3: Structure chiral Brgnsted acid catalyst
1.6. Biological importance of carbohydrates

Carbohydrate chemistry can be envisioned for synthesising and developing of broad range of

drugs and complex therapeutic molecules due to their structural diversity. They also



contributed to designing new drugs and vaccines against various malaises including covid-19,
malaria, HIV, etc. The greater biological activity of these molecules is explained by their
interaction with the proteins inside the human body, which plays a crucial role in cell
differentiation, inflammation, immune response, cancer metastasis and pathogen adhesion.
Carbohydrate chemistry and glycobiology imparts greater bioavailability, agueous solubility
and pharmacokinetics properties by promoting the development of targeted drug delivery
systems. There are several carbohydrate-based drugs are currently available in the market for

the treatment of various diseases. Some of them are mentioned below with their function.

CH,OH
HO
HO CH
OH N ‘0
HO CH,OH
OH 0
OHO CH,OH
OH o 0O
HO
OH OH
Acarbose : Anti-diabetic drug used for type 2 diabetic mellitus Doxorubicin : Anti-cancer drug
Cl
HN—p;-Cl
OH \
HO o) NH
HO 0
OH

Cis-platin with carbohydrate side chain:
Anti-cancer drug

1.7. Conclusions and present objectives of the study

From the above discussions, it is clear that the role of natural products in modern drug design
and discovery is noticeable, especially in various infectious and lifestyle diseases. Among
them, cancer is more prominent. Despite the significant advancement in the field of diagnosis
and treatment modalities for cancer, it is one of the life-threatening diseases with a substantial
rate of morbidity and mortality around the globe. High expense, non-targeted action, toxicity
to normal cells, and inefficacy still troubles the potency of the currently existing drugs.
Extensive research is being carried out globally to develop nature-based therapeutic drugs that
are safe, cost-effective, and nontoxic. With the development of science, the reason behind the

biological properties of the medicinal plants has been inspected, and this quest of research



communities has directed to a burst in Phytochemistry, which includes isolation, structural
elucidation, biological evaluation, and structural modification.

In this scenario, our focus was mainly on the chemoprofiling and bioprospecting of two
traditionally significant medicinal floras, viz. Dillenia indica and Artocarpus altilis. In the
present thesis, we explore the potential of these medicinal plants for the inhibition, prevention
and better management of oral squamous cell carcinoma. In chapter 2, we attempted to explore
the anti-cancer potential of the fruit extract of the ethnomedicinal plant Dillenia indica against
oral squamous cell carcinoma (OSCC) and have exclusively attributed the efficacy of the
extracts to the presence of two triterpenoids, namely, betulinic acid (BA) and koetjapic acid
(KA). Preliminary in vitro screening of both BA and KA unveiled that the entities could impart
cytotoxicity and induce apoptosis in OSCC cell lines, which were further well-supported by
virtual screening based on ligand binding affinity and molecular dynamic simulations.
Additionally, the aforementioned metabolites could significantly modulate the critical players
such as AKT/mTOR, NF-kB, and JAK/STAT-3 signaling pathways involved in the regulation
of important hallmarks of cancer like cell survival, proliferation, invasion, angiogenesis, and
metastasis. The present findings provide insight, immense scientific support and integrity to a
piece of indigenous knowledge. Chapter 3, discusses the phytochemical investigation of
Artocarpus altilis and the anti-proliferative potential of two isolated flavones, artonin E (AA2)
and artobiloxanthone (AA3), against SAS oral cancer cells. Further, both compounds were
optimized with virtual-screening based ligand binding affinity and molecular simulation
studies. Additionally, we have also demonstrated the promising anti-cancer potential of the
selected candidates through various apoptotic and metastatic assays and explained the
mechanistic evaluation of the molecules in the in-vitro system.

Chapter 4 deals with the synthesis of a unique organic Brgnsted acid, 1,2,3,4,5-
Pentacarbomethoxycyclopentadiene (PCCP), for catalysing the glycosylation of natural
products with n-pentenyl orthoesters (NPOE) of p-glucose and b -galactose in conjunction with
N-iodosuccinimide (NIS).

A stereoselective glycosylation method catalysed by (+)-isomenthol ester of
pentacarbomethoxycyclopentadiene (PCCP) as chiral Brgnsted acid (CBA 1) with n-pentenyl
glycosides (NPGs) in the presence of N-iodosuccinimide as the promoter discussed in Chapter
5. The aforementioned chiral Brgnsted acid has synthesized from PCCP and a natural
secondary alcohol, (+)-isomenthol.
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CHAPTER 2

In-vitro Screening of Pentacyclic Triterpenoids from Dillenia
indica against SAS Oral Squamous Cell Carcinoma

2.1. Introduction

Cancer is one of the leading causes of death worldwide, and according to GLOBOCAN 2018,
it accounted for approximately 18.1 million new cases and around 9.6 million deaths globally
in 2018. Oral cancer, or its predominant form, oral squamous cell carcinoma (OSCC), is a
major cause of morbidity and mortality in India. It is one of the most aggressive malignancies
occurring globally, affecting approximately 3,54,864 people yearly and causing 1,77,384
deaths per year [1-5]. Due to its extremely high recurrence rate, the survival rate percentage of
oral cancer patients is one of the lowest among all cancer types. Lifestyle factors like chewing
tobacco, areca nut, consumption of alcohol, smoking, high intake of red meat, and fermented
food are major risk factors for oral cancer and are the prime reason for its high prevalence [2,6—
8]. Despite the significant advancement in the diagnosis and treatment of disease, the incidence
of oral cancer is rising quickly due to the lack of sensitive diagnostic methods and effective
drugs. The conventional treatment modalities of oral cancer, i.e., surgery, radiation therapy
(external beam radiotherapy and brachytherapy), and chemotherapy, face numerous limitations
such as adverse side effects, high treatment cost, toxicity to healthy cells, chemoresistance,
radioresistance, recurrence of the tumour, and so on [2,3,9,10]. Thus, there has been a growing
interest in developing nontoxic and cost-effective oral cancer treatments, comprising
complementary and alternative therapies. Exploring natural products and their active
components, which exhibit significant chemopreventive and chemotherapeutic potential, has

been an area of great attraction for researchers worldwide for the last few decades [11-15].
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Figure 2.1: FDA approved drugs for oral cancer treatment

The development of new drug molecules from naturally occurring species is a growing area of
research at present. The ease of availability of plant species, simple extraction and isolation
protocols, purification techniques, favourable safety profile and multiple pharmacological
activities hidden in the species are the beneficial features of natural products that contributed
to developing more environmentally sound, economical, and effective drug discovery
processes. Moreover, the plants are the storehouse of a diverse array of phytochemicals which
can be converted into bioactive drug leads in the near future. Hence, the phytochemical
profiling of such floras and faunas and identifying their phytoconstituents are essential and

necessary for the development of phytochemistry research.
2.2. An overview of Dillenaceae family

Dillenaceae is a family of flowering plants with 11 genera and 430 species of woody vines,
trees, shrubs, and creepers native to the tropics and subtropics of Australia. The family is
remarkable in angiosperm groups because of their variability, floristic diversity and
morphological characteristics. Acrotrema, Curatella, Davilla, Didesmandra, Dillenia,
Doliocarpus, Hibbertia, Neodillenia, Pinzona, Schumacheria, and Tetracera are the
distinguished genera included in the Dillenaceae family. Many of the species under the family
possess ethnomedicinal significance. They are traditionally highlighted for treating various
malaises and infections such as dysentery, hepatitis, arthritis, diabetes, blennorrhagia,
gastrointestinal disorders, inflammation, hemorrhoids, wounds, and leishmanial ulcers [16—
18]. Various research groups were intrigued by the chemical investigation of phytochemicals
from the family Dillenaceae and identified approximately 130 molecules from different species
belonging to the category of flavonoids, terpenoids, lignoids, phenolic derivatives, and other
compounds. Among them, flavonoids and terpenoids are identified as the most representative
and diversified moieties recognised as the major phytochemicals (Figure 1 & 2). Dillenia is a
genus that comprises around 100 species, characterized by their attractive flowers and fruits.
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According to the Plant List (2013), as many as 175 scientific plant names from the genus
Dillenia have been recorded, with 58 accepted names and 71 names of synonym species. The
genus is named under British botanist, Joannes Jacobus Dillenius, who dedicated his efforts in
the chemotaxonomic identification of the genus.

Table 1: Dillenia species and their distribution

SI. No. Dillenia species Distribution
1 Dillenia alata (R.Br. ex DC.) Martelli Maluku Islands, New Guinea,
Australia
2 Dillenia albertisiana Martelli. New Guinea
3 Dillenia albiflos (Ridl.) Hoogland Peninsula Malaysia
4 Dillenia andreana F.Muell. Australia
5 Dillenia aurea Sm. Bangladesh, India, Laos, Thailand
6 Dillenia auriculata Martelli. New Guinea
7 Dillenia beccariana Martelli. Borneo
8 Dillenia bracteata Wight India
9 Dillenia biflora (A.Gray) Guillaumin. Fiji, Vanuatu
10 Dillenia blanchardii Pierre. Vietnam
11 Dillenia bolsteri Merr. Philippines
12 Dillenia borneensis Hoogland. Borneo
13 Dillenia castaneifolia (Mig.) Martelli ex | New Guinea
T.Durand & B.D.Jacks.
14 Dillenia cauliflora Merr. Philippines
15 Dillenia celebica Hoogland. Sulawesi

16 Dillenia crenatifolia Hoogland ex Mabb. | Solomon Islands

17 Dillenia cyclopensis Hoogland. New Guinea

18 Dillenia diantha Hoogland. Philippines

19 Dillenia eximia Mig. Thailand

20 Dillenia fagifolia Hoogland. New Guinea

21 Dillenia ferruginea (Baill.) Gilg. Seychelles

22 Dillenia fischeri Merr. Philippines

23 Dillenia grandifolia Wall. ex Hook.f. & | Peninsula Thailand
Thomson

24 Dillenia hookeri Pierre. Indo-China
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25 Dillenia ingens B.L.Burtt. Solomon Islands
26 Dillenia insignis (A.C.Sm.) Hoogland. Papua New Guinea
27 Dillenia insularum Hoogland. New Guinea
28 Dillenia luzoniensis (S.Vidal) Merr. Philippines
29 Dillenia marsupialis Hoogland. Philippines
30 Dillenia megalantha Merr. Philippines
31 Dillenia mansonii (Gage) Hoogland. India
32 Dillenia monantha Merr. Philippines
33 Dillenia montana Diels. New Guinea
34 Dillenia nalagi Hoogland. Papua New Guinea
35 Dillenia obovata (Blume) Hoogland. Indo-China
36 Dillenia ochreata (Miqg.) Teijsm. & Binn. | Sulawesi
ex Martelli.
37 Dillenia ovalifolia Hoogland. New Guinea
38 Dillenia papyracea Merr. Philippines
39 Dillenia parkinsonii Hoogland. Myanmar
40 Dillenia pentagyna Roxb. India
41 Dillenia philippinensis Rolfe. Philippines
42 Dillenia pteropoda (Mig.) Hoogland. Maluku, New Guinea, Philippines
43 Dillenia pulchella (Jack) Gilg. Borneo, Malaya, Sumatera
44 Dillenia quercifolia (C.T.White & New Guinea
W.D.Francis ex Lane-Poole) Hoogland.
45 Dillenia reifferscheidia Fern.-Vill. Philippines
46 Dillenia reticulate King. Philippines
47 Dillenia retusa Thunb. India
48 Dillenia salomonensis (C.T.White) Solomon Islands
Hoogland.
49 Dillenia scabrella (D.Don) Roxb. Ex | Indo-China
Wall.
50 Dillenia schlechteri Diels. Papuasia
51 Dillenia sibuyanensis (ElImer) Merr. Philippines
52 Dillenia serrata Thunb. Sulawesi
53 Dillenia suffruticosa (Griff.) Martelli Borneo, Malay Peninsula, Sumatra
54 Dillenia sumatrana Mig. Borneo, Malaya, Sumatera
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55 Dillenia talaudensis Hoogland. Sulawesi
56 Dillenia tetrapetala Joongku Lee, Vietnam
T.B.Tran & R.K.Choudhary.
57 Dillenia triquetra (Rottb.) Gilg. Madagascar, Sri Lanka
58 Dillenia turbinata Finet & Gagnep. China, Vietnam

2.3. Phytochemicals reported from Dillenia genus
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.5,7,4'-OH , Apigenin (1)

. 5,4'-OH, 7-Gal-OSO3H (2)

. 5,4’-OH, 7-OSO3H (3)
.5,7,3°,4’-OH, 3-a-L-Ara (4)
.3,7,3°,4’-0OH, 5-OMe (5)

.3°,5-OH, 4°, 3-OMe, 7-O-B-D-Glc (6)
. 5,7-OH, 4’-OMe, 3-O-B-D-Glc (7)
.3,5,7-0OH, 3°,4’-OMe (8)
.3,5,7,4’-0OH, 3°-OMe (9)

. 5-OH, 3’-OMe, 3,7,4’-0S0;H (10)
.5,7,4’-OH, 6-C-Glc (11)
.3,5-OH, 7-OMe (12)

. 5-OH, 3,7-OMe (13)
.3,5,7,4°-OH (14)

. 3,5-OH, 7,4’-OMe (15)
.5,4°-OH, 3,7-0SOH (16)
.5,7,4°-0OH, 3-Gal (17)

. 3,5,7-OH, 4’-0-B-Glc (18)

. 5,7,4’-OH, 3-Glc (19)

. 3,5,7-OH, 4’-OMe (20)

. 5,7,4’-OH, 3-Rha (21)
.5,7,4’-OH, 3-0SO;H (22)

.5-OH, 3,7,4’-0S0;H (23)
.3,5,7,3°,4>-OH (24)
.3,5,3°,4’-OH, 7-0SO;H (25)
.3,5,7,3°,5°-0OH, 4’-OMe (26)
.5,7,3°,5°-OH, 3-Rha, 4-OMe (27)
.3,5,4’-0OH, 7-OMe (28)
.3,5,3°,4’-OH, 7-OMe (29)

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

3,7,4’-OH, 5-OMe (30)

3,5,7,3°.4°,5-0H (31)

5,7,3°,4°,5>-OH, 3-Ara (32)
5,7,3°,4’,5>-OH, 3-Gal (33)
5,7,3°,4°,5>-OH, 3-O-0-L-Rha (34)
3,5,7,4°,5°-0OH, 3°-0-0-L-Rha (35)
5,7,3°,4°,5°-OH, 3-0-a-L-Rha-SO;H (36)
5,5°-OH, 3,7,3°,4’-OMe (37)

3,5,3>-OH, 7,4’-OMe (38)

5-OH, 7,4’-OMe, 3,3’-0S0;H (39)
3,5,7,3°,4’-0OH (40)

5,7,3°,4’-OH 3-O-Ara (41)

5,7,3°,4’-OH 3-Gal (42)

5,7,3°,4’-OH 3-Gal-Ara (43)
5,7,3°,4’-OH 3-0-p-D-Glu (44)
5,7,3°,4’-OH 3-Glc (45)

5,7,3’,4’-OH 3-O-p-D-Rha (46)
5,7,3°,4’-OH, 3-O-0-L-Rha (47)
5,7,3°,4’-OH, 3-0-L-Rha-(1_y,_6)-Gal (48)
5,7,3°,4>-OH, 3-0SO;H (49)
5,3°,4>-OH, 7-OMe, 3-Glc (50)
3,5,4’-0OH, 7-OMe (51)

5,4°-OH, 7-OMe, 3-Glu (52)

5,4’-OH, 7-OMe, 3-0SOH (53)
5,4°-OH, 6-C-Glc, 7-0-B-D-Glc (54)
5,7,4’-0OH, 3-(6-0-p-Cou)-B-D-Glc (55)
5,7,4’-OH, 8-C-Glc (56)

5,7-OH, 8-OMe (57)

5-OH, 7-O-B-D-Glu-(OMe), 8-OMe (58)
5-OH, 7-0-B-D-Glu, 8-OMe (59)
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60. 5,7,4’-OH, R = OH (60) 62.5,7-OH, 4’-OMe, R = OH (62) 73.5,7,4’-0H, 3°,5°-Diprenyl (73)
61.5,7,4-OH, 3’-OMe, R = OH (61) 63.5,7,3°,4-OH, R = OH (63) 74. 5,7,4’-OH, 6,8-Diprenyl (74)
64.7,3°,4’-OH, 5-0-Gal, R = OH (64) 75. 5,7,4’-OH (75)

65.5,7-OH, 8-OMe, R = H (65)
66.5,7,4’-OH, 3°-OMe, R = OH (66)

67.5,7,3-OH, 4°-OMe, R = OH (67)

68.5,7,4’-OH, R = H (68)

69. 5,4’-OH, 7-Gal-(1= 4)-Glc, R = H (69)

70. 5,7-OH, 4°-0-[4-O-(B-D-Glc)]-B-D-Xyl, R = H (70)
71.4,5,7,3",4’-OH, 3-0-B-D-Gle (71)

Ara = Arabinoside; Cou = Coumaroyl; Gal = Galactopyranoside; Glc = Glucopyranoside;

Glu = Glucoronide; Rha = Rhamnopyranoside
Figure 2.2.: Structures of flavonoids isolated from Dilleniaceae family

2.4. Phytochemistry of Dillenia indica Linn.

Figure 2.3 : Flower, tree and fruit of Dillenia indica (adapted from Indian Biodiversity Portal)

Dillenia indica (DI) Linn. is an evergreen medicinal tree belonging to the family Dillenaceae
and is typically found in the moist forests of the sub-Himalayan region in north-eastern India
[19]. It is an important ethanomedicinal fauna described in 1759 by Carl Linnaeus in his
Systema Naturae’s 101 edition. DI has been prevalently used in Vedas and other ancient relics,
Indian traditional, Ayurvedic and Siddha systems of medicine for curing a plethora of ailments
such as respiratory, digestive and central nervous system disorders. The plant produces a large
number of hard edible fruits, which have to be attracted by mega herbivores like elephants and
play the role of the seed disperser for the germination process; hence, the species is popularized
under the common name elephant apple. Fruits of the plant are widely used as a traditional
medicine among the tribal population of Mizoram for the treatment of mouth ulcers, diarrhoea,
and jaundice [19,20]. In addition, it is a common culinary ingredient in Assam and is used for
preparing jams, pickles, and curries. Besides, the extracts of leaves, fruits, and bark are found

to possess medicinal properties and are given orally to treat diabetes, cancer, and stomach
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disorders in the tribal areas of north-eastern India [21,22]. The leaves and bark extracts possess

antioxidant potential and are also used as a laxative and an astringent agent [23-26].

Various research groups reported the phytochemical profiling of DI and inferred that the plant
is enriched with a substantial amount of tannins, alkaloids, flavonoids and polyphenols and are
contributed towards the wide spectrum pharmacological activities [27]. Triterpenoids such as
betulinaldehyde, betulinic acid and lupeol were isolated from the stem bark on sequential
extraction with petroleum ether, choloroform and methanol. In 2016, Preet Amol Singh and
co-workers confirmed the quantitative amount of betulin (2.510% wi/w) at the least retention
time in the ethyl acetate extracts of DI by HPLC analysis [27]. In addition to these triterpenes
and triterpenoids, flavonoids such as dihydro-isorhamnetin, rhamnetin, 5,7-
dimethoxyapigenin,  6,7,3'-trihydroxy-2’,4'-dimethoxyisoflavan, myricetin, naringenin,

kaempferol, and quercetin derivatives are obtained from the stem and pericarp of DI [28,29].

Phytochemical investigations on the fruits of DI revealed that the major constituents in the
fruits are phenolics (34%) and polysaccharides. Around 2% of arabinogalactan, a
polysaccharide composed of B (1—4) linked p-galactopyranose units to which the non-
reducing L-arabinose units attached to the C3 position reported from the fruit [30]. Moreover,
fruits containing total ash (4.45%), tannins (1.2%), acid soluble ash (4.15%), and reducing
sugars (3.44%) [30]. Phytochemical profiling of the flower extract of Dillenia indica was
reported by Tiwari et al. and identified 27 bioactive compounds from the methanolic extract of
medicinal and pharmaceutical significance [31]. Apart from this, the sequential extraction of
the leaves of DI with petroleum ether and chloroform ascertain the presence of p-sitosterol, n-
hentriacontanol, betulin and betulinic acid. Flavonoids like kaempferol, dihydrokaempferide

and 7-glucosides of naringenin were isolated from the dried and fresh leaves of DI.
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R;= H, R,= OH , R;=CH;, Ry= CH,0OH, Betulin
R,= H, R,= OH , R;=CH;, Ry= CHO, Betulinaldehyde
Ry= H, Ry= OH , R;=CH;, R;= COOH, Betulinic acid
R;= OH, R,= H, R;=CH;, Ry= COOH, 3-Epibetulinic acid

R;= OH, R,= H, R;=CH;, R;= COOH, 20 (29) = dihydro,3- epidihydrobetulinic acid

R;= OH, R,= H, R;=COOH, R;= COOH, 3a-hydroxy-lup-20(29)-en-23,28-dioic acid

R, =O0H,R,=0H, R;=O0H, Myricetin
R;=O0CH;,R,=0H, R;=H, Isorhamnetin
R;=OH,R,=0H,R;=H, Quercetin

R, =H,R,=0H, R; = H, Kaempferol
R1=R2=0CH; R;=H, Dillenetin

B-sitosterol Stigmasterol

R, =0CH;,R, =H,R;= R;=O0H, Ry=H, Rhamnetin

R; = OCHj; R,=OH, R;=H, Ry = OH, Rs = OCH; Dihydroisorhamnetin
R; =R, =R, = OH, R; = Rs = H, Naringenin

R; =R,=OH, R; = R5 = H, R; = OCHj;, Dihydrokaempferide

CH;(CH,),C(CH,),CH
3(CHy), (}\) 2)yCH3 HOmLOH
H

x =19,y =5, n-heptacosan-7-one

x =20, y = 16, n-nonatriacontan-18-one Mallic acid

Structure 2.4: Phytochemicals reported from Dillenia indica Linn.

18




2.5. Pharmacology of Dillenia indica

2.5.1. Anti-diabetic activity - Diabetes, a metabolic disorder, is considered a top seven leading
cause of death characterised by the elevation of fasting blood glucose levels and affects
approximately 8% of the global population. Various research studies and folklore evidence
described the anti-diabetic potential of the ethnomedicinal plant DI. In 2011, Sunil Kumar and
co-workers reported anti-diabetic and antihyperlipidemic effects of the methanolic leaf extract
of DI in streptozotocin-induced diabetic Wistar rats. The study concluded that the
corresponding extract may effectively sensitise the insulin receptor, thereby promoting insulin
secretion from beta cells and improving the biochemical parameters and abnormalities
associated with this malaise [32,33]. Later, in 2016, Kaur et al. isolated a new chromane from
the DI extract by column chromatography and demonstrated the chromane ameliorates STZ-
induced diabetic neuropathy by attenuating oxidative stress-mediated release of pro-
inflammatory cytokines which might be responsible for diabetes-induced nerve damage.
Moreover, the alcohol and hydro-alcohol extract of DI at a dose of 100, 200, and 400 mg/kg
displayed a nephroprotective effect in diabetic rats and also produced a significant diminution
of glycemic status, renal parameter, lipid profile, and augmentation of antioxidant enzymes
[34]. The therapeutic potential of dried powder of the fruit of DI was also tested in humans at
the Government Medical College in Assam. The study inferred that the oral administration of
the powder at a dose of 30 g/day twice a day in an interval of half an hour before lunch and
dinner significantly reduces both fasting and postprandial blood glucose levels without any
side effects [35].

2.5.2. Anti-cancer activity — The anti-cancer activity of the methanolic extract of DI was
demonstrated in human leukemic cell lines U937, HL60 and K562. The study revealed that the
extract could significantly inhibit the growth and proliferation of leukemic cell lines having
ICso values of 328.80+14.77, 297.69+7.29 and 275.40+8.49 pg/ml against U937, HL60 and
K562, respectively. Moreover, the study also concluded that the anti-cancer activity was
exclusively attributed to the presence of the pentacyclic triterpenoid, betulinic acid, which was
gunantitavely present in the methanolic fraction [36]. The ICsp values of betulinic acid in these
leukemic cell lines are 13.73+0.89, 12.84+1.23, and 15.27+1.16 mg/ml ,respectively [36].

2.5.3. Antioxidant activity - The antioxidant activity of the methanolic extract of DI was
determined by various in-vitro screening assays such as DPPH radical scavenging assay, total

phenolic content and total flavonoids content determination assays. In the DPPH scavenging
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assay, the ICso value of the hydro-alcoholic extract of the leaves of DI was found to be 100.53
pa/ml, which is greater than that of the standard ascorbic acid (ICso = 58.92 pg/ml) [37]. In
2012, Monjoy Kumar Choudhury and co-workers expressed the in-vitro antioxidant activity of
the methanol, petroleum and water extracts of DI in terms of the DPPH, hydroxyl radical
scavenging activity, superoxide radical scavenging activity, nitric oxide and reductive ability.
The study concluded the petroleum extract exhibited greater activity than the polar extracts
[38]. Recently, Vijay kumar et al., isolated endophytic fungi from DI and demonstrated the
anti-oxidant activity of the crude ethyl acetate extract of the endophytic fungal strain. The anti-
oxidant activity of the aforementioned could be explained by the presence of the major
phytochemicals such as alkaloids, flavonoids, phenolics, terpene, and saponins and furnishes
50-90% by DPPH and H»0: assay [39].

2.5.4. Anti-inflammatory activity — The ameliorative effect of the hexane, methanol and
chloroform fractions of Dillenia indica in acetic acid was elucidated in experimental colitis
using female Swiss albino mice (25-30 g) via the inhibition of the production of NF-kB [40].
The oral administration of three doses of methanolic extract (800 mg/kg), two doses of both
hexane extract (200 mg/kg) and chloroform (200 mg/kg) displayed a significant reduction in
macroscopic score, colon myeloperoxidase (MPO), malonaldehyde (MDA) and TNF-a levels.
Additionally, Khare et al., investigated the anti-inflammatory activity of the chloroform
fraction of the methanol extract of DI by carrageenan-induced rat paw oedema mode. They
observed that the fraction showed significant anti-inflammatory activity at 25, 50 and 75 mg/kg
doses. However, the effect was more prominent at a high dose of 75 mg/kg than lower dose 25
mg/kg [41].

2.5.5. Anti-microbial activity - Anti-microbial and cytotoxic potential of crude methanolic
extract DI was investigated by disc diffusion method. Hexane, carbon tetrachloride, chloroform
and methanolic fractions of the methanol extract of the leaves were selected for the study, and
three out of the four fractions such as hexane, carbon tetrachloride, chloroform showed
moderate anti-bacterial activity against both gram-positive and gram-negative bacteria [42]. In
2014, Jaiswal et al., evaluated the anti-bacterial activity of the agueous acetone extract (70%)
of both fruit and stem bark of DI by agar dilution method and indicated the bark extract
possessed minimum inhibitory concentration on all tested bacteria. The remarkable anti-
bacterial activity of the extract might be due to the disintegration of cell walls and leakage of

genetic material [42].
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2.5.6. Antidiarrheal activity - Rahman and co-workers tested the antidiarrheal activity of the
methanol extract of the root of DI in young Swiss-albino mice models and reported that as
compared with the internal standard loperamide, the administration of 500 mg/kg of extract
produced remarkable activity [43]. In 2013, Islam et al, reported the beneficial effect of the hot
methanolic extract of the stem bark of DI for controlling diarrhoea in experimental animals.
The study revealed that the extract could effectively mediate gastrointestinal motility and
hypersecretion and enhance gastric transit time, contributing to the activity [44]. The anti-
Diarrheal activity of methanolic and aqueous extracts of DI leaves was evaluated by Castor oil-
induced diarrhoea mode and demonstrated both extracts at doses of 200 and 400 mg/kg P.O.
caused the inhibition of diarrhoea and the prolongation of onset via inhibiting the release of

inflammatory mediator [45].

2.5.7. Anthelmintic activity - Anthelmintic activity of the methanolic extract of the bark of
D1 was performed by using adult earthworms having 3-5 cm length, 0.1-0.2 cm width and 0.8-
3.04 weight from the moist soil. Treatment of extracts with different concentrations such as 10,
15, 20, and 25 mg/ml in distilled water with the earthworms produced concentration dependent

paralysis and worms’ death [46].

2.5.8. Hepatoprotective activity - The ethanolic extract of the leaves of DI exhibited
significant carbon tetrachloride-induced hepatotoxicity in albino rats and caused remarkable

reduction in the various biochemical parameters [47].

2.6. Aim and Scope of the Study- Dillenia indica Linn. is an endemic, critically endangered,
and economically important ethnomedicinal flora of the Western Ghats. The fruit of the plant
is widely used as a traditional medicine among the tribal communities of Mizoram for the
treatment of mouth ulcers and sores, which is undocumented. Because of the lack of awareness
of the therapeutic importance of the fruit, most of them are not utilised for medicinal purposes
and are wasted. In this context, the present study explores a rational explication of traditional
knowledge with scientific criteria, including experimental and theoretical supports. Initially,
our efforts are directed towards the anti-proliferative study of the fruit extracts of DI. The
bioactivity assessment of the crude extract for inhibiting the growth and proliferation of oral
cancer cells SAS encouraged us to identify the phytochemicals in the extract which confer the
activity. So, the present chapter discloses the in-vitro anti-cancer activity of the crude extracts
of DI and its bioactive phytochemicals for the inhibition, prevention and better management of
OSCC.
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2.7. Extraction, Isolation and anti-proliferation assay of the extracts and phytochemicals

2.7.1. Plant collection

Fruits of DI were collected from Guwahati, Assam, and were identified by the taxonomists of
Jawaharlal Nehru Botanical Garden of India (JNTBGRI), Palode, Thiruvananthapuram,
Kerala. A voucher specimen number JNTBGRI 93635 was deposited at the herbarium of

JNTBGRI, Kerala.
2.7.2. Extraction Strategy and Isolation Procedure

Initially, the sequential extraction of the fruits of DI (900 g) was carried out with methanol (2.5
L) as well as water (500 mL) for 3 days; 45 g of methanol extract (DI-ME Ext) and 11 g of
aqueous extract (DI-H20 Ext) were obtained. As a part of our attempt to validate the integrity
of the known medicinal properties popularised among the tribal communities, such as the
potential of the fruit of DI to cure mouth ulcers and sores, we first analysed the anti-
proliferative potential of the fruit extracts through MTT assay against an oral cancer cell line,
SAS. The MTT cell proliferation assay is known to assess the metabolic activity of the cells.
The amount of insoluble violet-blue formazan produced via the reduction of MTT tetrazolium
salt by mitochondrial dehydrogenases determines the percentage of live cells. In this assay,
SAS cells treated with an increasing concentration of DI showed reduced growth and

proliferation rates of tumour cells, with 1Csg values of 14 and 12 pg/mL for DI-H20 Ext and

DI-ME Ext, respectively (Figure 2.5).
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Inhibition of the proliferation of SAS cells by: (A) DI-H20 Ext, with 1Cso of 14
ug/mL (B) DI-ME Ext. with 1Cso of 12 pg/mL.

Figure 2.5:

Because of our keen interest in divulging the phytochemicals in the species which has conferred

the corresponding pharmacological activity, the isolation of molecules from DI-ME
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Ext was performed. For this purpose, DI-ME Ext was preferred over DI-H20 Ext owing to its
lower ICso value. The isolation procedure involved different chromatographic separation
techniques, including thin-layer chromatography (TLC), column chromatography (CC) over
silica gel (100-200 and 230-400 mesh), sephadex LH-20, and precipitation methods
(Figure 3). TLC of the fractions 1-3 obtained on eluting the column with 5% ethyl acetate-
hexane showed an interesting spot on charring in McGill solution. After concentration, it was
subjected to crystallisation in ethyl acetate-hexane mixture and obtained as a white-needle
shaped one. The compound was characterised as -sitosterol (compound 1,10 mg), a
phytosterol widely distributed in most plant species. TLC of the 4-8 fractions showed an intense
spot on charring in McGill solution, eluted from the column using 10% ethyl acetate in hexane
as eluent. Then pooled fractions were concentrated, and subjected to crystallisation hexane
ethyl acetate mixture. The compound n-hentriacontanol (compound 2, 7 mg) is a long-chain
hydrocarbon obtained as a white solid. TLC of the fraction 9 eluted from the column in 20%
ethyl acetate in hexane showed an interesting spot on charring in McGill solution. Then it was
subjected to crystallisation using the same solvent yielded Lupeol (compound 3, 120 mg) TLC
of the fractions 10-30 eluted from the column in 30% ethyl acetate in hexane showed an intense
spot on charring in McGill solution. It was subjected to column chromatography using silica
gel (100-200 mesh) and hexane-ethyl acetate in different polarities as the solvent system,
betulinic acid (compound 4, 4.0 g) was obtained in a white crystalline solid. Fraction pools 30-
34 on TLC analysis showed an inactive UV spot identified by charring in McGill solution.
Then the fraction pools were combined, concentrated and subjected to column chromatography
for purification using sephadex LH-20 in methanol as the eluent, koetjapic acid (Compound 5,
17 mg) was obtained as a white amorphous solid. TLC of the fractions 35-38 eluted from the
column in 50-60% ethyl acetate in hexane showed an intense UV active spot, further purified
by repeated column chromatography by using sephadex LH-20 in MeOH vyielded ferulic acid
(compound 6, 15 mg). TLC of the fractions 39-41 eluted from the column in 70% ethyl acetate
in hexane showed an intense UV active spot. The compound was further purified by sephadex
LH-20 column and was crystallised in methanol, palmarumycin JC1 (compound 7, 40 mg) was
obtained. Fraction pools 42-44 on TLC analysis showed an intense UV active spot. Then the
fraction pools were combined, concentrated and subjected to column chromatography by silica
gel (100-200 mesh) yielding the mixture of compound 8 and compound 9, which was further
purified by using sephadex LH-20 in methanol as the eluent yielded 3-oxykojic acid
(compound 8, 45 mg) and 2-(1,2 dihydroxykojic acid) (compound 9, 30 mg) respectively.

Compound 10 is a common secondary metabolite of many plant species B-sitosterol- -D-
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glucopyranoside (Compound 10, 20 mg) was obtained from the fraction pool 45-50 as an
amorphous solid, which was further purified by precipitation using acetone. All the ten
compounds obtained were characterised by various spectroscopic techniques. We could
successfully isolate and characterise ten molecules from the methanol extract including sterols,
long-chain hydrocarbon, triterpenoids, deoxypreussomerin and aromatic compounds (Figure
2.7). Then, we analysed the anti-proliferative potential of all the isolated molecules against the
oral cancer cell line SAS to identify which phytochemical (s) contributed to the
pharmacological activity of the crude methanol extract. Surprisingly, two among the ten
isolated molecules showed immense cytotoxicity against the SAS cell line. Both these
molecules belong to the category of triterpenoids: BA, [(3B)-3-hydroxy-lup-20(29)-en-28-
oicacid], a pentacyclic triterpenoid is reputed as a cytotoxic agent in various malignant tumour
cells, and KA is a seco-A-ring oleanane group triterpenoid, hitherto uninvestigated from the
species, however, reported from the same genus. The selection strategy of the entities made by
preliminary anti-proliferative assay, wherein BA and KA inhibited proliferation at ICso values
of 6 and 20 uM respectively after 72 h of treatment (Figure 2.31). Characterisation was done
with sophisticated NMR techniques, including *H and 3 C (Figure 2.8- 2.30).
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Figure 2.6: Extraction and isolation strategies of Dillenia indica fruit

24



OH

n-Hentriacontanol (Compound 2)

OH

Lupeol (Compound 3)  Betulinic acid (Compound 4) Koetjapic acid (Compound 5)

OH OH

L
o 0,
o HI¥
= OH - |
0 Mo
HOY
OCH, QG o

Palmarumycins JC1 3=-0xy kojic acid (Compound &)

Ferulic acid (Compound 6) (Compound 7)

OH
HO, 0
|| OH
OH
HO HO
21,2 dihydroxy)- Kojic acid Besitosterol=-3=0O-f-D-glucopyvranoside
(Compound 9) (Compound 10)

Figure 2.7: Structure of isolated molecules from the fruit of Dillenia indica
2.8. Characterisation of Compounds.
2.8.1. Compound 1 (p-sitosterol)

The structure of compound 1 was confirmed through *H NMR and *C NMR, wherein the peak
observed at 6 5.37 ppm in the *H NMR and ¢ 121.7, 140.7 ppm in 3C NMR indicated the
presence of olefinic proton and carbons respectively. The peak resonated at ¢ 3.53- 3.54 ppm
as multiplet corresponding to methine proton (CH) at the C-3 position bearing OH group.
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Figure 2.8: *H NMR spectra of p-sitosterol (500 MHz, CDCls)
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Figure 2.9: *C NMR spectra of p-sitosterol (125 MHz, CDCls)
2.8.2. Compound 2 (n-Hentriacontanol)

Compound 2 is a long-chain hydrocarbon in which the methylene proton directly attached to
the hydroxyl group resonated as a triplet at 6 3.64 ppm with a coupling constant of J = 6.5 Hz
in the *H NMR. Similarly, the terminal CHs proton resonated as a triplet at § 0.88 ppm with a

coupling constant J = 6.5 Hz. Similarly, in 3C NMR spectra, the methylene carbon attached to
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the OH group resonated at 6 63.1 ppm. Finally, the structure was confirmed with ESI-HRMS
with a molecular ion peak observed at 453.5035(M+H)".
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Figure 2.10: *H NMR spectra of n-Hentriacontanol (500 MHz, CDCls)
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Figure 2.11: 3C NMR spectra of n-Hentriacontanol (125 MHz, CDCls)
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2.8.3. Compound 3 (Lupeol)

The presence of two peaks at chemical shift values ¢ 4.74 and 4.61 ppm having the same
splitting pattern in *H NMR spectra, and only one corresponding carbon peak at 6 109.9 ppm
in C NMR indicated the presence of olefinic CH in the structure of the molecule. Moreover,
the methine proton bearing OH group at the A ring resonated as a multiplet at 6 3.21-3.10 ppm,
and corresponding carbon resonated at 6 79.1 ppm. Finally, the structure was well in agreement
with the literature reference and also following ESI- HRMS spectra, where the molecular ion

peak was observed at 427.3939 corresponding to (M +H) *ion.
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Figure 2.12: *H NMR spectra of Lupeol (500 MHz, CDCls)
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Figure 2.13: 3C NMR spectra of Lupeol (125 MHz, CDCls)
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2.8.4. Compound 4 (Betulinic acid)

In *H NMR, the peak observed at ¢ 12.07 ppm corresponds to the characteristic of COOH
acidic proton. The peak resonated at 6 4.69 and 4.56 ppm, having the same splitting pattern
corresponding to the olefinic CH> protons. Moreover, the peaks resonated at ¢ 2.97-2.93 ppm,
integrating two protons attributed to the protons directly attached to the carbon-bearing
hydroxyl group and an acid group. The peaks resonated at 0 177.7, 150.7, and 110.1 ppm in
13C NMR spectra, indicating the presence of acid carbon and olefinic carbons, respectively.
The mass spectra of compound 4 gave a molecular ion peak at 455.3525 (M-H)*. Finally, the

compound was characterised as betulinic acid compared to literature data.
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Figure 2.14: *H NMR spectra of betulinic acid (500 MHz, DMSO-d6)
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Figure 2.15: *C NMR spectra of betulinic acid (125 MHz, DMSO-d6)
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2.8.5. Compound 5 (Koetjapic acid)

In IH NMR, the peak resonated at § 5.17 ppm, indicating the presence of an olefinic proton.
Signals at 6 4.39 and 4.30 ppm as doublet, each integrating for one proton with coupling
constant J = 4 Hz, could be attributed to the olefinic CH. protons. Signals at & 2.75-2.73 ppm
integrating two protons attributed to the protons which are directly attached to the acid groups.
In 13C NMR spectra, the peaks resonated at 6 177.8 and 176.9 ppm, indicating the presence of
two acid groups. Signals at 6 147.0, 144.4, 121.9 and 107.9 indicate the presence of olefin
carbons. The mass spectra of compound 5 gave a molecular ion peak at 469.3317 (M-H)".

Finally, the compound was confirmed as koetjapic acid compared to literature data.
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Figure 2.16: *H NMR spectra of koetjapic acid (500 MHz, Acetone-d6)
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Figure 2.17: 3C NMR spectra of koetjapic acid (125 MHz, Acetone-d6)
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2.8.6. Compound 6 (Ferulic acid)

In the *H NMR spectra, the peak resonated at § 8.27 ppm, indicates the presence aromatic OH
proton. The peak resonated at 6 7.62 ppm, and 6.74 ppm resonated as a doublet with a coupling
constant of J = 16 Hz, corresponding to olefinic protons having trans double bond, which is
conjugation with the phenyl ring. Moreover, all three aromatic protons are resonated at ¢ 7.62,
7.35 and 7.20 ppm as doublet, doublet of doublet, and doublet respectively. In the *C NMR
spectra, the peak at 6 183.7 ppm indicates the presence of acid moiety in the molecule. Finally,

the structure was well in agreement with ESI-HRMS and literature reports.
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Figure 2.18: *H NMR spectra of ferulic acid (500 MHz, Acetone-d6)
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Figure 2.19: 3C NMR spectra of ferulic acid (125 MHz, Acetone-d6)

31



2.8.7. Compound 7 (Palmarumycin JC1)

In 'H NMR, the signal at 6 9.89 ppm indicated the presence of a phenolic hydroxyl group, and
nine aromatic protons from the naphthalene and benzene ring resonated in the region ¢ 7.65-
6.96 ppm. The aliphatic hydroxyl group and the proton directly attached to the carbon-bearing
hydroxyl group appeared as a singlet. Peaks at 0 5.53 and 5.32 ppm as singlet and at 3.60 and
3.50 ppm as doublet and doublet of doublet each integrating for one proton could be attributed
to the protons attached to the epoxide ring. In *C NMR, the peaks at § 156.2 ppm indicated
the presence of carbon bearing the phenolic hydroxyl group. Signals at 6 147.7 and 144.6 ppm
could be attributed to dispiro naphthalene carbon. The relative stereochemistry of the isolated
compound was confirmed by the NOESY experiment. In the NOESY spectrum, there is an
intense correlation between the secondary aliphatic hydroxyl group and proton directly
attached to the epoxide ring, indicating that these protons are in  orientation. The mass spectra
of compound 7 exhibit a molecular ion peak at 357.0691 (M+Na)*. Finally, the compound was

confirmed as Palmarumycin JC1in comparison with literature data.
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Figure 2.20: *H NMR spectra of Palmarumycin JC1 (500 MHz, DMSO-d6)
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Figure 2.21: 13C NMR spectra of Palmarumycin JC1 (125 MHz, DMSO-d6)
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Figure 2.22: HMQC spectra of Palmarumycin JC1
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Figure 2.23: HMBC spectra of Palmarumycin JC1
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Figure 2.24: NOESY spectra of Palmarumycin JC1
2.8.8. Compound 8 (3-Oxykojic acid)

In *H NMR, the signal at 6 8.05 ppm indicated the presence of one aromatic proton. Phenolic

hydroxyl protons resonated as a singlet at 6 9.05 and 9.00 ppm. Signal at 6 4.40 ppm as a
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doublet with coupling constant J = 5.5 Hz could be attributed to methylene CH.. In 13C NMR
the peaks at 0 169.5 ppm indicated the presence of carbonyl carbon. The mass spectra of
compound 8 exhibit molecular ion peak at 157.0137 (M-H)". Finally, the compound was
confirmed as 3-Oxykojic acid compared to literature data.
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Figure 2.25: *H NMR spectra of 3-Oxykojic acid (500 MHz, DMSO-d6)
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Figure 2.26: 13C NMR spectra of 3-Oxykojic acid (125 MHz, DMSO-d6)
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2.8.9. Compound 9 (2-(1’,2°dihydroxy)-kojic acid)

In 'H NMR the signal at § 9.07 ppm indicated the presence of phenolic hydroxyl proton. Two
aromatic protons resonated as a singlet at 6 8.03 and 6.34 ppm. Peak observed at ¢ 4.29 ppm
as a doublet with coupling constant J = 3 Hz could be attributed to the methylene CH>. Methine
proton bearing OH group resonated as a doublet at 6 3.17 ppm with a coupling constant of J =
4.5 Hz. In 3C NMR, the peaks at 6 174.4 ppm indicated the presence of carbonyl carbon, and
the peak at 0 59.9 ppm correspond to methylene carbon. The mass spectra of compound 9 gave
a molecular ion peak at 171.0293 (M-H)". Finally, the compound was confirmed as 2-(1’, 2’-

dihydroxy)-kojic acid compared to literature data.
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Figure 2.27: *H NMR spectra of (2-(1°,2’dihydroxy)-kojic acid) (500 MHz, DMSO-d6)
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Figure 2.28: C NMR spectra of (2-(1°,2’dihydroxy)-kojic acid) (125 MHz, DMSO-d6)
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2.8.10. Compound 10 (B-sitosterol-B-p- glucopyranoside)

The *H NMR spectrum of compound 10 showed peaks at ¢ 0.58, 0.68, 0.71, 0.75, 0.83 and
0.90 ppm corresponding to methyl protons. The methine proton-bearing OH group resonated
at 0 3.66 ppm as a multiplet. Peak observed at 6 5.26 ppm as doublet is corresponding to olefinic
proton. 13C NMR spectra of compound 10 consist of 29 carbons. The glucose unit contained
six carbons, out of which anomeric carbon resonated at 6 100.9 ppm, and methylene carbon
appeared at 0 61.7 ppm. The other four carbons of the glucose molecule appeared at 70.0, 75.6,
76.7 and 77.0 ppm.
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Figure 2.30: 3C NMR spectra of p-sitosterol-B-p- glucopyranoside (125 MHz, DMSO-d6)
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Figure 2.31: Anti-proliferative potential of both BA and KA against SAS cells

2.9. Computational Screening of BA and KA: Next, the screening strategy was further
extended to computational simulation tools, where we employed the molecular docking
approach to predict the affinity of the previously screened molecules to bind with the selected
protein domains involved in regulating the different hallmarks of cancer (Table 2). Moreover,
the flexibility and suitability of the molecules inside the binding pocket of the selected

receptors were screened by molecular dynamics protocol.

2.9.1. QikProp analysis: Inorder to check the druggability of the ligands-BA and KA, we
carried out the QikProp anlaysis (Table 1), which predict the ADME/T properties of the ligands
based on the parameters already defined by the software. The important parameters we selected
are: #stars (few stars-more drug-like): 0 to 5; M.W. (Molecular Weight):130.0 to 725.0; HBA
(Hydrogen bond acceptor): 2.0 to 20.0; HBD(hydrogen bond donor): 0.0 to 6.0; CNS (Central
Nervous System activity): -2 to +2; FISA (hydrophilic component of the SASA on N, O, and
H on heteroatoms) 7.0 to 330.0; QPlogS (Aqueous solubility): -6.5 to 0.5; QPlogPo/w
(octanol/water partition coefficient): -2.0 to 6.5; QPlogKhsa (binding to human serum
albumin): -1.5 to 1.5; % HOA (% human oral absorption): >70, good and Ro5 (Number of
violations of Lipinski's rule of five): maximum is 4. From the output values, it is very clear that
both the ligands are druggable with few #stars, 2 hydrogen bond donors and 4 hydrogen bond
acceptors. The low CNS value and high %HOA indicate their high oral availability with less
central nervous system toxicity. The octanol/water partition coefficient and binding to human
serum albumin are also indicated the effectiveness of these drugs with only one violation from

the Lipinski’s rule of five (Ro5).
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Table 2. Predicted ADME/T properties of BA and KA

Compoun | #star | MW. HBA | HBD | CNS | FISA QPlo | QPlog | QPlog | %HO | Ro5
d S gs Po/w Khsa | A
BA 0 456.71 3.7 2 -1 95.96 -6.50 6.09 131 94.20 1
KA 0 470.69 4 2 -2 160.68 | -6.09 6.286 111 73.69 1

2.9.2. Molecular Docking: BA was docked against the selected proteins: AKT (Protein Data
Bank (PDB) ID: 106L), p-AKT, mTOR (PDB ID: 4JSP), p-mTOR, MMP-2 (PDB ID: 3AYU),
and VEGF-A (PDB ID: 1FLT) (Table S1). It was found that BA showed a better binding
affinity with AKT (D/G-score, —7.5 kcal/mol) and mTOR (D/G-score, —8.4 kcal/mol) (Table
2). In the case of 106L, the carboxylate group from the ligand forms H-bonds with polar
Thr162 (1.8 and 2.1 A), while with 4JSP, the carboxylate ion forms a salt bridge with positively
charged Lys1452. The salt bridge formation is comparatively stronger and in this case, the
ligand is deeply buried inside the binding pocket, thus resulting in maximum binding affinity
with 4JSP (Figure 6). Subsequently, KA was docked against NF-xB (1SVC), p-NF-kB, mTOR
(4JSP), p-mTOR, STAT-3 (6NJS), p-STAT3, CXCR4 (30DU), COX-2 (5IKQ), survivin
(1E31), MMP-2 (1HOV), and VEGF-A (1FLT) (Table 3). Among these, KA showed a better
binding affinity with NF-kB (D/G-score, —7.4 kcal/mol), mTOR (D/G-score, —8.1 kcal/ mol),
and STAT3 (D/G-score, —6.9 kcal/mol) (Table 1). In the binding pocket of 1SVC, one of the
carboxylate ions forms H-bonds with positively charged Lys149 (1.9 and 2.2 A). With 6NJS,
one of the carboxylates forms two salt bridges with positively charged Lys573, Lys574, and
one H-bond with Lys574 (2.1 A), and the other carboxylate ion forms H-bond with Asn567
(2.2 A). Even though two salt bridges are formed with 6NJS, the positioning of the conformer
within the binding pocket is not as deep as in the other two cases, which leads to the
comparatively lower score with 6NJS. One of the carboxylate ions from KA forms an H-bond
with polar Asn1421 (1.8 A), while the second carboxylate group forms a salt bridge with
positively charged Arg2217, eventually contributing to the maximum affinity with 4JSP
(Figure 6). The interaction analysis figured out the stability of the ligands inside the binding

pocket of the receptor, which is somewhat more in BA as it is well inside the site.
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Table 3: D-score values and residues of BA and KA interacting with selected proteins

Akt (106L) mTOR (4]SP)
D-score (keal/mol) interacting residues D-score (kcal/mol) interacting residues
BA =75 Thrl62 -84 Lysl452
NE-kB (1SVC) mTOR (4JSP) STAT3 (6NJS)
D-score (kcal/mol) interacting residues D-score (keal/mol) interacting residues D-score (keal/mol) interacting residues
Arg2217 Lys573
KA =74 Lysl49 -8.1 -6.9 Lys574
A Asnl421 "
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Figure 2.32: 2D interaction diagrams of (A) BA and (B) KA.

2.9.3. Molecular Dynamics. To visualize the suitability and stability of the ligands inside the
binding pocket of the receptor, molecular dynamics simulations were carried out for the
complexes 4JSP-BA and 4JSP—KA for 10 000 ps under the OPLS-2005 force field. The
RMSD plots (Figure 2.33) clearly depicts the stability of the complex.
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Figure 2.33: RMSD plots of (A) 4JSP-BA and (B) 4JSP-KA
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Even though the protein shows an initial fluctuation, it is almost stable under 4 A during the
interaction with the BA and KA, whereas the ligands are stabilized inside the protein
throughout the trajectory. 4JSP— BA is comparatively more stable with less root-mean-square
fluctuations. The P—L histograms (Figure 2.34) show that the H bonded interactions are the
major force of attraction that holds the ligands inside the protein. The simulation event analysis
pointed out the H-bond formation of carboxylate ion of BA with positively charged Lys1452,
which lasts for 45% of the simulation time, while that with polar Ser1584 lasts for 49% of the
simulation time. However, carboxylate ions of KA form Hbond with positive charged Arg2217
(81 and 96%), hydrophobic Tyrl587 (35%), and polar Serl584 (52%). Some of the KA

residues also form water bridges with both of them.
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Figure 2.34: P-L interaction histogram of (A) 4JSP-BA and (B) 4JSP-KA

All these factors together subsidize the higher binding affinity of the ligands with mTOR. After
evaluating the primary screening based on cancer cell-specific cytotoxicity, followed by
molecular docking analysis, the selected candidates were subjected to the next-level studies.

2.10. DI inhibited the clonogenic ability of OSCC cells: We further confirmed the effect of
D1 on the ability of the individual SAS cells to form colonies by clonogenic assay. Compared
with the control, the administration of DI extracts at two different concentrations (10 and 15
ug/mL) caused a significant reduction in the number of colonies. Besides, the treatment of SAS
cells with 10 and 15 pM concentrations of both BA and KA was able to reduce the number of
colonies in a dose-dependent manner (Figure 2.35). In accordance with the clonogenic assay
result, it was inferred that KA was superior to BA for inhibiting the colony-forming ability of
SAS cells.
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Figure 2.35: Inhibition of clonogenic potential of SAS cells by (A) DI-H20 Ext (B) DI-ME Ext
(C) BA (D) KA. Untreated cells were kept as the control. Quantification of the number of
colonies was done with the help of Image J software. Results presented are mean £ SD of three

independent experiments; *, p < 0.05 vs control.

2.11. DI induced cell death in OSCC cells: In order to confirm the role of DI in inducing cell
death, propidium iodide (PI)-FACS staining was conducted following the treatment of SAS
cells with 10 and 20 pg/mL concentrations of both the extracts. Flow cytometric results
revealed that the percentage of cell death increased from 14 to 19% in SAS cells treated with
DI-H20 Ext and from 8 to 10% in SAS cells treated with DIME Ext after 72 h compared with
the untreated control. A similar strategy was followed for elucidating the death inducing
potential of BA and KA. Our results showed that BA increased the percentage of cell death
from 25% at 10 uM to 36% at 25 uM, whereas KA increased the percentage of cell death from
20% at 25 uM to 33% at 50 uM, respectively (Figure 2.36).
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Figure 2.36: Induction of cell death in SAS cells by (A) DI-H.0 Ext, (B) DI-ME Ext, (C) BA,
and (D) KA. Cells were treated with the indicated concentrations for 72 h, followed by PI

staining and FACS analysis for the cell death profile.

Similarly, in the live and dead assay, treatment with DI led to a dose-dependent toxic effect on

OSCC cells (Figure 2.37). Therefore, the results stated that treatment with the extracts, BA and

KA resulted in cell death in SAS cells in a dose-dependent manner.
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Figure 2.37: Live and dead assay was performed to evaluate the cytotoxic effect of the
indicated concentrations of (A) DI-H20 Ext, (B) DI-ME Ext, (C) BA, and (D) KA on SAS

cells.
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2.13. Effect of DI in inducing apoptosis in SAS cells: Next, we evaluated the potential of DI
in inducing apoptosis in SAS cells using Annexin V assay. SAS cells were treated with 10 and
25 pg/mL of DI-H0 Ext and 25 and 50 ug/mL of DI-ME Ext for 72 h individually. As shown
in Figure 7, the percentage of apoptotic cells increased from 1.7% in control to 19.8% under
DI-H2O Ext treatment and from 1% in control to 9% under DI-ME Ext treatment. The
percentage of apoptotic cells increased from 3.2% in control to 14.3% in 50 uM BA-treated
SAS cells and from 3.2% in control to 12.6% in 50 uM KA treated SAS cells respectively
(Figure 2.38). These results indicate that BA treatment causes a statistically evident increase in

the number of apoptotic cells thus leading to significant growth inhibition in SAS cells.

2.14. DIl induced cell cycle arrest in OSCC cells: To further examine the mechanism of action
of DI on SAS cells, the cell cycle distribution was investigated by flow cytometry analysis. We
found that the cells upon treatment with different concentrations of DI-H20 Ext, DI-ME EXxt,
BA, and KA, showed cell cycle arrest at different phases in comparison to the untreated cells.
The SAS cells treated with DI-H20 Ext and DI-ME Ext exhibited G1 and G2 phase arrest,
respectively, while BA and KA treated SAS cells demonstrated S phase arrest. This result
indicates that the decrease in cell proliferation and viability of the DI-treated SAS cells may be

due to the induction of cell cycle arrest at various phases of the cell cycle (Figure 2.39).
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Figure 2.38: Induction of apoptosis in SAS cells upon treatment with (A) DI-H20 Ext, (B)
DI-ME Ext, (C) BA, and (D) KA. Cells were treated with the indicated concentrations for 72
h, followed by Annexin V staining and FACS analysis.
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Figure 2.39: Induction of cell cycle arrest in SAS cells by (A) DI-H20 Ext, (B) DI-ME Ext,
(C) BA, and (D) KA. Percentages of each cell cycle phase were obtained using FCS Express
software.

2.15. DI inhibited the migration of OSCC cells: The wound healing analysis of SAS cells
showed inhibition in the migration of these cells with an increase in the concentration of DI.
The images taken at 12 hr in case of DI-H2O Ext and DI-ME Ext, or 24 hr in case of BA and
KA showed that the wound area was completely healed while the treated cells exhibited
changes in cell morphology and a significant reduction in the migration of SAS cells compared
to the untreated cells. These results indicate that DI controls the migration of SAS cells (Figure
2.40).
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Figure 2.40: Inhibition of the migration of SAS cells upon treatment with (A) DI-H20 Ext,
(B) DI-ME Ext, (C) BA, and (D) KA. Cells were scratch-wounded and then treated with the
indicated concentrations, followed by the recording of wound areas at different time points.
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2.16. DI mediated the expression of various proteins responsible for survival,
inflammation, cell cycle, angiogenesis, migration, and apoptosis of OSCC cells and the

involvement of multiple signaling pathways in the mode of action.

Studies have evidenced that the upregulation of various proteins like MMP-2, COX-2, VEGF,
AKT, NF-x«B, CXCR-4, BCI-2, Survivin, mTOR, and STAT-3 are responsible for enhanced
proliferation, survival, angiogenesis, invasion and migration in cancer cells. However, the
effect of DI on these gene products in human OSCC cells has not yet been elucidated. COX-2
catalyses the first step in the synthesis of prostanoids and is often linked with carcinogenesis
and inflammatory diseases. It promotes angiogenesis, migration, invasion of tumors, and
deregulates apoptosis. As compared to healthy subjects, a significant upsurge in the expression
of COX-2 was seen in cancer patients and patients with premalignant lesions [48-51].
Furthermore, survivin is known to play a critical role in cell survival by regulating cell division
and apoptosis. It has been noted that the upregulation of survivin is frequently observed in

OSCC samples. This protein is essential for in the development of OSCC and, and it is mostly
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associated with the more aggressive form [52]. VEGF-A is a 46 kDa heparin-binding
homodimeric glycoprotein. It respectively binds to its receptor to promote endothelial cell
differentiation and proliferation. Many studies have demonstrated the increase in the
expression of VEGFs in different types of carcinoma. Macrophages, neutrophils, and
fibroblasts, upon stimulation by the TGF-B and IL-8, secrete MMPs, and maintain the
bioavailability of growth factors, thus promoting cancer cell proliferation. Furthermore, MMPs
cleave the FAS receptors, and modulate the function of natural killer cells and the apoptosis
mechanism. They are also known to promote angiogenesis and metastasis. Various studies have
shown that MMP-2 and MMP-9 are potential diagnostic markers for oral cancer detection
[53,54]. In addition, CXCR4 overexpression incancer cells contributes to tumor growth,
proliferation, invasion, angiogenesis, metastasis, relapse, and chemoresistance. CXCR4
antagonism disrupts tumor-stromal interactions, reduces tumor growth and metastatic burden,
and sensitizes cancer cells to cytotoxic drugs. CXCR4 is the target for not only therapeutic
interference but it is also an important candidate for noninvasive checking of disease
progression [55]. Also, BCI-2 family proteins that regulate the intrinsic mitochondrial
apoptosis pathway are activated in response to several stress stimuli, including growth-factor
deprivation, cytokine-withdrawal, Ca?*-flux, or DNA-damage, caused by UV or gamma-
irradiation, but they can also contribute to cell death triggered by members of the tumour
necrosis factor family member such as FAS, TNF, or TRAIL. Deregulation of BCI-2 protein is
a frequent feature of human malignant diseases and causal for therapy resistance [56,57]. NF-
kB plays an essential role in inflammatory and immune responses and controls the expression
of multiple genes associated with different hallmarks of cancer. The effect of DI on NF-«xB as
well as the diverse gene products regulated by NF-«B in human OSCC cells has not been
elucidated yet. Therefore, in our study, we tried to explicate the effect of DI extracts, BA and
KA on the expression of these proteins (Figure 2.41). Our findings revealed that the SAS cells
treated with DI-H20 Ext exhibited downregulation of VEGF-A, survivin and BCI-2 via
inhibition of the STAT3 pathway. However, similar trend was not observed in case of CXCRA4.
In addition, SAS cells treated with DI-ME Ext demonstrated downregulation of p-mTOR
(S2448), and p-STAT-3 (S727), the crucial constituents of the AKT/mTOR and JAK/STAT
signaling cascade. Besides, this extract was also found to inhibit the expression of CXCR4.
Further, Western blot analysis showed that the DI constituents, BA caused dose-dependent
downregulation of the expression of VEGF-A and MMP-2 via inhibition of the AKT/mTOR
pathway. Similarly, KA was found to reduce the levels of COX-2, survivin, MMP-2 and
VEGF-A through modulation of the NF-xB, mTOR and STAT-3 pathways. A decrease of BCI-
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2 expression was observed in DI-H20 Ext treated SAS cells, indicating that the activation of
the mitochondria-dependent apoptotic pathway, at least in part, plays a role in DI-induced
apoptosis. AKT1 is a crucial signaling protein involved in cellular survival pathways. It
regulates survival by inhibiting apoptosis. The transcription factor NF-«B is constitutively
expressed in head and neck squamous cell carcinoma (HNSCC), and the persistent expression
of this protein is one of the root causes of the cancer cell proliferation, survival, invasion,
metastasis, and poor survival of patients. Our results showed that the phosphorylated forms of
AKT1 and NF-«B were significantly downregulated upon treatment with BA and KA
respectively. It is possible that both the p-AKT1(S473) and p-NF-xB (S536) proteins are
intracellular targets of DI that mediates its cytotoxic effects on SAS cells. Taken together, our
results showed that the DI extracts and their active constituents, BA and KA modulated the
expression of several critical proteins involved in the development and progression of OSCC.
These results provide an insight into the precise mechanism of action of DI and its constituents
(Figure 2.42).
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Figure 2.41: Expression of various proteins in SAS cells upon treatment with (A) DI-H20 Ext,
(B) DI-ME Ext, (C) BA, and (D) KA as examined by western blot analysis. GADPH was used

as housekeeping control
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Figure 2.42: Pathway deciphering the proposed mechanistic mode of action with (A) DI-H20
Ext, (B) DI-ME Ext, (C) BA, and (D) KA treatment in SAS cells.

3.0. CONCLUSION: In summary, we have interpreted indigenous knowledge with scientific
criteria and identified new cytotoxic agents against OSCC. The fruit extracts of the
ethnomedicinal plant DI might vanquish the adverse side effects of conventional modalities of
treatment. In order to recognize the bioactive scaffolds in the plant extract, we performed
detailed phytochemical profiling. Ten compounds were isolated and characterized, out of
which, five compounds, namely, koetjapic acid, palmarumycin JC1, ferulic acid, 3-oxykojic
acid, and 2-(1',2'dihydroxy)-kojic acid, were reported for the first time from this species. All
the isolated molecules were screened through preliminary anti-proliferative assay and the leads,
BA and KA were identified. They were again subjected to virtual screening based on ligand
binding affinity and molecular dynamic simulations for providing theoretical support to the
scientific validation. Both of the selected candidates displayed significant anticancer potential
in-vitro by imparting anti-proliferative, cytotoxic, anti-clonogenic, anti-metastatic, and
apoptotic effects. Our findings were further supported by the reduced expression of various
proteins involved in the development and progression of OSCC. However, further in vivo
studies are required to validate our findings and also elucidate the precise mechanism of action,
which may provide a basis for developing chemopreventive and chemotherapeutic strategies
for the better management of OSCC.

51



4. EXPERIMENTAL SECTION:

4.1. Cell Line. The OSCC cell line, SAS, was obtained from National Center for Cell Sciences
(NCCS, Pune, India). The cells were maintained in DMEM supplemented with 10% heat
inactivated FBS and 1% Penstrep. The cells were grown in an incubator under optimum

conditions of 5% CO> and temperature at 37 °C.

4.2. Reagents. Penstrep, Trypsin EDTA, DMEM medium, and FBS were obtained from Gibco,
USA. MTT and PI were obtained from Invitrogen and Sigma-Aldrich respectively, while
DMSO used was procured from Merck Life Science Pvt. Ltd. The live and dead assay kit was
obtained from Invitrogen, USA. Crystal violet was procured from SRL Pvt. Ltd., India. The
Optiblot ECL Detection Kit was procured from Abcam, Cambridge, USA.

4.3. Extraction of DI Fruits. Fruits and leaves of DI were collected in March 2018. These
were thoroughly cleaned, dried (in an oven maintained at a temperature of 50 °C for 3 days)
and powdered. A 1 kg sample of the powdered fruits was extracted with methanol (2.5 L x 48
h) at room temperature thrice and was filtered. The completion of extraction was checked with
TLC. The filtrate was concentrated under reduced pressure using a Heidolph rotary evaporator
at a temperature of 50 °C yielded 45 g of crude extract. The residue thus obtained was further

extracted with water, lyophilized, and yielded 11 g of aqueous extract.

4.4. lIsolation of phytochemicals from methanol extract. TLC of the methanol extract in
various combinations of n-hexane-ethyl acetate was studied. The residue was subjected to silica
gel (100-200 mesh, Merck) column chromatography (CC) at different compositions of hexane,
ethyl acetate, and methanol to afford 50 fractions (fractions 1-50). Each of these pooled
fractions was concentrated by removing the solvent under reduced pressure using a Heidolph
rotary evaporator. Compound 1 (B-sitosterol,10 mg) was obtained from fractions 1-3 via CC
using 5% ethyl acetate-hexane, which recrystallized as white needle-shaped crystals with the
same polarity. Compound 2 (n-hentriacontanol, 7 mg) showed an intense spot in a cerium
sulfate/phosphoric acid charring solution and was obtained as a white solid in 10% ethyl
acetate-hexane. Compound 3 (lupeol, 20 mg) was isolated from fraction 9 in 20% ethy| acetate-
hexane and was further subjected to crystallization. Compound 44 (betulinic acid, 4g) was
obtained from 30% ethyl acetate in hexane as white solid, which was identified as the marker
compound of the species. Compound 5 (koetjapic acid, 17 mg) was isolated from a pool of
fractions 30-34 by Sephadex LH-20 column with methanol as the eluent. TLC of fractions 35-
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38 eluted from the column in 50-60% ethyl acetate in hexane showed an intense UV active
spot, which was further purified by repeated CC by using sephadex LH-20 in methanol,
yielding compound 6 (ferulic acid, 15 mg). Compound 7 (palmarumycins JC1, 40 mg) eluted
in 70% ethyl acetate in hexane, which was further purified by using sephadex LH-20 and
recrystallized in methanol. Compound 8 (3-oxykojic acid, 45 mg) and compound 99((2-(1',2’
dihydroxy)-kojic acid, 30 mg) were obtained as a mixture of both from fractions 42-44, which
were further purified by using sephadex LH-20. Compound 10 (p-sitosterol-B-D-
glucopyranoside, 30 mg) was obtained from fractions 45-50 as an amorphous solid and was
further purified by precipitation using acetone. All molecules were identified by *H and **C
and HR-ESIMS spectra.

4.5. Characterization of Phytochemicals. NMR spectra were recorded on Bruker Avance
AMX 500 MHz NMR spectrometer. Chemical shift was reported in parts per million using
TMS as an internal standard with solvent residual peaks (CDCI3: 6H -7.26 ppm, 6C -77.3 ppm),
(DMSO-d6: 6H -2.50 ppm, 6C -39.5 ppm), and (acetone-d6: 6H -2.05 ppm, 6c-29.8 ppm).
Multiplicities were given as s (singlet); d (doublet); t (triplet); q (quartet); dd (double doublet);
and m (multiplet). Coupling constant (J) was expressed in Hz. Optical rotation was recorded
on Jasco P-1020 polarimeter, and absorbance was recorded on a UV 1800 Shimadzu UV
Spectrophotometer. Mass spectra were recorded under ESIHRMS at 60,000 resolutions on a
Thermo Scientic Exactive Column, and IR spectra were recorded on Bruker Alpha FT-IR
spectrometer. All solvents used for UV, IR, MS, and chromatography were purchased from
Sigma-Aldrich and Merck (HPLC-grade). For CC, silica gel with different mesh sizes (100-
200 and 230-400) and Sephadex-LH 20 were used.

4.6. Computational Screening and Molecular Dynamics Simulation. The optimization and
minimization of the proteins, binding site analysis, receptor grid generation, ligand
conformation generation, ADME/T screening, molecular docking, and dynamics were done
with Schrodinger suite 2020-1. For this, protein preparation wizard, Sitemap, LigPrep,
QikProp, Glide XP docking, and Desmond tools were used in Maestro 11.2 interface in OPLS-
2005 force field. The crystal structures of the proteins were retrieved from the RCSB Protein
Data Bank: protein kinase B, Akt (PDB ID: 106L); mammalian target of rapamycin, mTOR
(PDB ID: 4JSP); matrix metalloproteinase-2, MMP-2 (PDB ID: 3AYU); vascular endothelial
growth factor-A, VEGF-A (PDB ID: 1FLT); nuclear factor kappa-light-chain-enhancer of
activated B cells, NF-xB (PDB ID: 1SVC); signal transducer and activator of transcription 3,
STAT-3 (PDB ID: 6NJS); C-X-C chemokine receptor type 4, CXCR-4 (PDB ID: 30DU),
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cyclooxygenase-2, COX-2 (PDB ID: 51KQ); and survivin (PDB ID: 1E31).62 All these
proteins were refined by adding hydrogens/missing side chains, optimized, and minimized. The
phosphorylated forms of the Akt, n"TOR, NF-kB, and STAT-3 were generated successively by
adding a phosphate group to the corresponding serine residues using build structure protocol.
Site map analysis was carried out to identify the suitable binding pockets in the case of these
receptors, and the grids were generated around site 1 which were used for further docking. The
different conformers of the BA and KA were generated using LigPrep module and screened
their ADME/T (Absorption, Distribution, Metabolism, and Excretion/Toxicity) properties by
QikProp analysis. The docking simulations were done by Glide docking, and the binding
affinities were ranked using docking score (D-score) and glide score (G-score). Molecular
dynamics simulations further analysed the best ones for 10 000 ps using the Desmond module
of Schrodinger suite under OPLS-2005 force field.

4.7. Cell Proliferation Assay: A total of 2x10% SAS cells per 100 pL media were seeded into
each well of two 96-well plates and incubated for 24 h. The cells were then treated with
different concentrations of the DI-H2O Ext, DI-ME Ext, BA, and KA individually, and the
MTT assay was performed at 0 and 72 h. A 10 pL aliquot of MTT at a concentration of 5
mg/mL in PBS was added to each well and incubated for 2 h. Next, the cell culture medium
was discarded, and 100 uL of DMSO was added to each well and incubated for 1 h in the dark.
Colour conversion of the MTT reaction was measured with a microplate reader at a wavelength
of 570 nm. Control cells were defined as 100% proliferation, and the percentage proliferation
was calculated to the following formula: (Absorption of treated cells x 100)/(Absorption of
control

cells (untreated)).

4.8. Colony-Forming Assay: A total of 1x10° cells per 2 mL were seeded in a 6-well plate and
incubated for 24 h. The cells were then treated with DI-H20 Ext, DI-ME Ext, BA, and KA
separately and incubated for another 24 h. The next day, the media of the wells were replaced
with fresh media, and the cells were allowed to form colonies for 9 days. On 9" day, colonies
were fixed with ethanol, stained with 0.3% crystal violet (SRL Pvt. Ltd., India) solution for 20
min and washed. Images were captured for each well and the number of colonies was quantified

using Image J software.

4.9. Cell Death Analysis: A total of 2x10* SAS cells per 2 mL of media were seeded in a 6-
well plate and incubated for 24 h, followed by treatment with different concentrations of DI-
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H20 Ext, DI-ME Ext, BA, and KA individually. After 72 h of drug treatment, the media from
the wells were collected in labeled 5 x 77 mm 2 polystyrene test tubes. Adhered cells were
washed with PBS, trypsinized, and collected in their respective tubes. The cell suspension was
then centrifuged at 4000 rpm for 10 min at 4 °C. After centrifugation, the supernatant was
discarded, and the pellet was washed with 1 mL of PBS and centrifuged at 4000 rpm for 10
min, and the step was repeated twice. Finally, the pellet was suspended in 495 uL of PBS, and
5 uL of PI (Sigma-Aldrich) dye was added. The cells were then analysed in BD FACS Diva
software. Pl dye is impermeable to the live cells as they have an intact cell membrane and thus
emit less fluorescence; however, Pl can easily penetrate the dead cells because of the damaged

plasma membrane, thereby emitting a high red fluorescence.

4.10. Live and Dead Assay: DI-mediated cell death in SAS cells was studied using the Live-
Dead assay kit (Invitrogen, USA). The kit contains two fluorescent dyes, calcein-AM and PlI.
In principle, calcein-AM can enter any cells but labels only live cells. It is converted by cellular
cytoplasmic esterases to a highly green-fluorescent calcein. Pl is excluded by live cells with an
intact membrane but enters dead cells with a broken membrane to stain their nuclei red.
Therefore, live cells fluoresce green, whereas dead cells fluoresce red. SAS cells were seeded
at 2000 cells per 100 pL of media in 96-well tissue culture plates. After 24 h, the cells were
treated with DI-H,O Ext, DI-ME Ext, BA, and KA individually. Cells were then stained with
the live/dead reagent and incubated at 37 °C in the dark for 20 min. Cells were then analysed

under an inverted fluorescence microscope (Olympus, Japan).

4.11. Apoptosis Assay. Apoptosis is marked by the translocation and accumulation of the
membrane phospholipid phosphatidylserine from the cytoplasmic edge of the membrane to the
extracellular surface. The membrane perturbation can be detected by using Annexin V which
binds to the phosphatidylserine of the apoptotic cells. A total of 5x 10* SAS cells per 2 mL of
media were seeded in a 6-well plate and incubated for 24 h, followed by treatment with
different concentrations of DI-H20 Ext, DI-ME Ext, BA, and KA individually. After 72 h of
drug treatment, the media from the wells were collected in labeled 5 x 77 mm? polystyrene test
tubes. Adhered cells were washed with PBS, trypsinized, and collected in their respective tubes.
The cell suspension was then centrifuged at 4000 rpm for 10 min at 4 °C. After centrifugation,
the supernatant was discarded, and the pellet was washed with 1 mL of PBS and centrifuged at
4000 rpm for 10 min. The PBS was discarded, and 20 pL of binding buffer was added to the
tubes and the tubes were centrifuged again. Then the untreated control was divided into

unstained (does not contain either Pl or Annexin V) and double-stained (contain both the dyes)
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tubes, and the positive control was divided into Pl-positive and Annexin V-positive tubes. A
2.5 uL aliquot of Annexin V added to all the tubes except the unstained and PI-positive ones
and incubated in the dark for 20 min containing different concentrations of DI. The tubes were
incubated in dark for 20 min. Centrifugation was done again, and the supernatant is discarded.
A 20 pL aliquot of binding buffer is added, and 2.5 pL of PI (Sigma-Aldrich) dye was added.
The cells were then analyzed in BD FACS Cell Quest software.

4.12. Cell Cycle Analysis: A total of 2 x 10% SAS cells per 2 mL of media were seeded in a 6-
well plate and incubated overnight for cell adhesion. The cells were then treated with different
concentrations of DI, and the untreated sample was used as a control. Following 24 h of
individual treatment of DI-H.O Ext, DI-ME Ext, BA, and KA, the media was collected in
polystyrene tubes, and the adhered cells were washed with PBS twice. Then, 300 pL of trypsin
was added to detach the cells. The detached cells were harvested in their respective tubes and
centrifuged at 4000 rpm for 10 min at 4 °C. The supernatant was discarded, and the pellet was
washed with 1 mL of PBS and centrifuged at 4000 rpm for 10 min at 4 °C. Then the supernatant
was discarded, and 5 mL of 70% ethanol was dropwise added to the pellet under constant
vortexing and kept for overnight incubation at 4 °C for fixation. The next day, the suspension
was centrifuged at 4000 rpm for 10 min at 4 °C, and the supernatant was discarded. Following
the removal of ethanol by centrifugation, the cells were washed twice with PBS and stained
with PI/RNase solution for 30 min in the dark. Cell cycle distribution was detected using FACS
Celesta (Becton-Dickinson, Franklin Lakes, NJ), and the data were analysed using FCS
Express (BD Biosciences). The fluorescence intensity of the stained cells correlates with the

amount of DNA they contain.

4.13. Cell Migration Assay. A total of 5 x 10° SAS cells per 2 mL of media were seeded in a
6-well plate and incubated for 12 h to form the monolayer. After the monolayer was formed,
the media was replaced with serum-free media and incubated for 8 h. Thereafter, the media
was removed, and a vertical scratch or wound was made with the help of a 200 pL tip at the
center of the well. The wells were then washed with PBS twice to remove the debris. Cells
were then treated with different concentrations of DI-H.O Ext, DI-ME Ext, BA, and KA
individually. The untreated cells were used as control. The directional migration of SAS cells
was observed under an inverted microscope (Nikon T1-SM, Tokyo, Japan), and images were
taken at 0 and 12 or 24 h depending upon the healing timepoint of the wound. Images were

compared to quantify the migration of SAS cells after treatment.
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4.14. Western Blot Analysis. A total of 6 x 10° cells per 3 mL of media were seeded in 60 mm
culture plates and were allowed to grow for 24 h. The cells were then treated with different
concentrations of DI-H20 Ext, DI-ME Ext, BA, and KA individually and incubated for the next
24 h. Protein was isolated from respective treatment plates using lysis buffer (20 mM HEPES,
2mM EDTA, 250 mM NacCl, and 0.1% NP40) in the presence of protease inhibitors (2 pg/mL
leupeptin hemisulfate, 2 ug/mL aprotinin, 1 mM PMSF, and 1 mM DTT) and quantified using
Bradford’s reagent. Equal amount of protein (30 pg) was mixed with 5% Laemmli Buffer (250
mM Tris-HCI, 10% SDS, 30% glycerol, 5% [-mercaptoethanol, and 0.02% bromophenol blue)
and separated by 12% SDSPAGE and transferred to nitrocellulose membrane (Biorad) by using
a Trans-blot Turbo (Biorad), the membrane was blocked with 5% nonfat skim milk in tris-
buffered saline containing 1% tween 20 (TBST). For the phospho-antibodies, the membranes
were treated with 5% BSA in tris-buffered saline containing 1% tween 20 to block the
nonspecific binding sites. The membranes were then incubated with primary antibodies for
MMP-2, COX-2, VEGF-A, Aktl, p-Akt, NF-kB, p-NF-kB, CXCR-4, cyclin D1, Bcl-2,
survivin, mTOR, p-mTOR, STAT-3, p-STAT-3, and GAPDH overnight at 4 °C. Afterwards,
the blots were washed with 1X TBST buffer and then incubated with horseradish peroxidase
conjugated secondary antibody for 2 h at room temperature. The bands representing different
proteins were visualized with the help of Clarity Western ECL Substrate (Biorad) in a

ChemiDoc XRS System (Biorad). GAPDH was used as the housekeeping control.

4.16. Statistical Analysis. Statistical analysis was performed using Student’s t test. All the data

are represented as mean + standard error (SE). p < 0.05 was defined as statistically significant.

5. Spectral data

Compound 1: p-sitosterol Molecular formula: C29H500

FT-IR (Neat) vmax: 3408, 3272, 2935, 2863,
1645, 1459, 1374, 1316, 1257, 1190, 1099, 1054,
1024, 958, 802 cm

IH NMR (500 MHz, CDCI3): § 5.37 (d, 1H, J =
5 Hz), 3.53 - 3.54 (m, 1H), 2.30 - 2.29 (m, 2H),
2.04 - 1.87 (m, 2H), 1.87-1.84 (m, 3H),1.68 - 1.66
(m, 2H), 1.60 - 1.45 (m, 7H), 1.32 - 1.23 (m, 6H),
1.20 - 1.10 (m, 3H), 1.09 - 1.96 (m, 3H), 1.02 (s,
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5H), 0.94 - 0.93 (m, 3H), 0.87 - 0.71 (m 9H), 0.69
(s, 3H) ppm.

BC NMR (125 MHz, CDCI3): §140.8, 121.7,
71.8,56.8, 56.0, 50.1, 45.8, 42.3, 42.3, 39.8, 37.2,
36.5, 36.2, 33.9, 31.9, 31.7, 29.1, 28.3, 26.0, 24.3,
23.0,21.1,19.8,19.4,19.0, 18.8, 11.9, 11.9 ppm.
HRESI-MS: 415.1097(M+H) *

Compound 2: n-Hentriacontanol

NANANANANANNANANNANANNANANNNNNA N0

Molecular formula: CsiHe«O

FT-IR (Neat) vmax: 3318, 2927, 1046 cm+

'H NMR (500 MHz, CDCls): § 3.65 (t, J = 6.5 Hz,
2H), 1.60 - 1.55 (m, 5H), 1.36 - 1.22 (m, 54H),
0.88 (t, J = 6.5 Hz, 3H) ppm.

13C NMR (125 MHz, CDCls): 6 63.1, 32.8, 31.9,
29.7, 29.6, 29.6, 29.5, 29.4, 25.7, 22.7, 14.1 ppm.
HRESI-MS: 453.5035 (M+H)*

Compound 3: Lupeol

Molecular formula: CsoHsoO

FT-IR (Neat) vmax: 3408, 3272, 2935, 2863, 1645,
1459, 1374, 1316, 1257, 1190, 1099 cm+

IH NMR (500 MHz, CDCls): 6 4.74 (s, 1H), 4.61
(s, 1H), 3.19 (dd, J1 = 11.5 Hz, J2 = 4.4 Hz, 2H),
2.28 - 2.17 (m, 2H), 2.03 - 1.94 (m, 2H), 1.69 -
1.66 (m, 9H), 1.63 - 1.61 (m, 10H), 1.59 - 1.37 (m,
20H), 1.25 (s, 3H), 0.97 (s, 3H), 0.96 (s, 3H), 0.93
(s, 3H), 0.82 (s, 3H), 0.75 (s, 3H) ppm.

13C NMR (125 MHz, CDCls): 6 150.7, 109.9,
79.1, 56.3, 55.3, 53.2, 50.5, 46.9, 42.4, 38.9, 38.3,
37.2,37.1,32.2,29.5, 27.9, 25.4, 22.7, 18.3, 16.1,
16.0, 15.3, 14.6, 14.2 ppm.

HRESI-MS: 427.3939 (M + H)*

Compound 4: Betulinic acid

Molecular formula; CzoH1sO0s3
FT-IR (Neat) vmax: 3428, 3075, 2944, 2671, 1693,
1454, 1440, 1379, 1143cm +
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'H NMR (500 MHz, DMSO-d6): § 12.08 (s, 1H),
4.69 (d, J = 2Hz, 1H), 4.56 (s, 1H), 4.28 (s, 1H),
3.02 - 2.93 (m, 2H), 2.25 - 2.19 (m, 1H), 2.12 -
2.09 (m, 1H), 1.84 - 1.77 (m, 2H), 1.65 (s, 3H),
1.54 - 1.08 (m, 20H), 0.93 (s, 3H), 0.87 (s, 6H),
0.77 (s, 3H), 0.65 (s,3H) ppm.

13C NMR (125 MHz, DMSO-d6) : 6177.7, 150.8,
110.1,77.2,55.9,55.4,50.4,48.9,47.1,42.5, 38.9,
38.7, 38.0, 37.2, 36.8, 34.4, 32.2, 30.6, 29.7,28.6,
27.6, 25.5, 20.9, 19.4, 18.4, 16.4, 16.3, 16.2, 14.8

ppm.
HRESI-MS: 455.3525 (M - H)*

Compound 5: Koetjapic acid

Molecular formula: C3oH4604

FT-IR (Neat) vmax: 3440, 2978, 2860, 1706, 1702,
1698, 1694, 1454, 1387, 1281, 1230, 1192, 906
cm-

IH NMR (500 MHz, DMSO-d6): & 5.17 (s, 1H),
4.40 (d, J=4.5Hz, 21H), 4.31 (d, J =4.5 Hz, 1H),
2.74 (dd, J1=9.5, J2= 4 Hz, 2H), 1.96 - 1.83 (m,
4H), 1.78 - 1.57 (m, 1H), 1.57 - 1.39 (m, 6H), 1.32
- 1.30 (m, 2H), 1.23- 1.18 (m, 4H), 1.15-0.98 (m,
7H), 0.92 (s, 3H), 0.90 (s, 3H), 0.88 (s, 6H), 0.79 -
0.75 (m, 2H), 0.71 (s,3H), 0.70 (s, 3H) ppm.

13C NMR (125 MHz, DMSO-d6): § 177.8, 176.9,
146.9, 144.4, 121.8, 107.9, 82.8, 67.6, 55.2, 47.7,
475, 46.3, 46.1, 39.6, 39.4, 38.2, 33.3, 32.7, 32.6,
31.2,30.2,29.3,27.6, 26.0, 23.9, 23.6, 23.09, 18.5,
17.6, 17.4, 16.7 ppm.

HRESI-MS: 469.3317 (M - H)*

Compound 6: Ferulic acid

Molecular formula: C1o0H1004
FT-IR (Neat) vmax: 3436, 2961, 2933, 2872, 1692,
1128, 1074, 1001cm=
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'H NMR (500 MHz, CDsCOCDs): § 8.27 (bs,
1H), 7.62 (d, J = 16 Hz, 1H), 7.35 (d, J = 2 Hz,
1H), 7.20 (dd, J1= 8.5, J2=2 Hz, 1H), 6.90 (d, J =
8.5 Hz, 1H), 6.74 (d, J = 16 Hz, 1H), 3.94 (s, 3H)
ppm. ¥C NMR (125 MHz, CD3COCDs): ¢ 183.7,
149.2, 147.9, 140.5, 130.0, 122.9, 121.4, 1154,
110.6, 55.4 ppm.

HRESI-MS: 193.0500 (M - H)*

Compound 7: Palmarumycin JC1
OH OH

\\\\

O
o” "0

Molecular formula: C20H1405

FT-IR (Neat) vmax: 3050, 1605, 1455, 1409 cm+
IH NMR (500 MHz, DMSO-d6): & 9.90 (s, 1H),
7.63 (dd, J1 =125, J2= 8.5 Hz, 2H), 7.56 (t, J =
7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.25 (t, J =
7.5 Hz, 1H), 7.15 - 7.12 (m, 2H), 6.98 - 6.96 (m,
2H), 5.54 (bs, 1H), 5.32 (s, 1H), 3.61 (d, J =35
Hz, 1H), 3.50 (dd, J1= 4.5, J2= 2.5 Hz, 1H) ppm.
13C NMR (125 MHz, DMSO-d6): ¢ 156.2, 147.7,
147.7, 134.2, 132.5, 129.5, 128.3, 128.3, 122.9,
121.2, 121.0, 117.6, 116.8, 112.9, 109.8, 109.4,
98.1, 59.5, 53.7, 50.2 ppm.

HRESI-MS: 357.0691 (M + Na)*

Compound 8: 3-Oxykojic acid

HO
| |

HO OH

Molecular formula: CeHsOs

FT-IR (Neat) vmax: 3271, 3175, 2948, 2668, 1706,
1697 cm+.*H NMR (500 MHz, DMSO-d6): § 9.05
(s, 1H), 9.01 (s, 1H), 8.05 (s, 1H), 5.38 (t, J = 5.5
Hz, 1H), 4.40 (d, J = 5.5 Hz, 2H) ppm.

13C NMR (125 MHz, DMSO-d6): § 169.6, 150.7,
144.8, 141.7, 139.8, 55.8 ppm.

HRESI-MS: 157.0137 (M - H)*

Compound 9: 2-(1,2-Dihydroxy)-

kojic acid

Molecular formula; C7HsOs
FT-IR (Neat) vmax: 3270, 3175, 3099, 2948, 2668,
1706, 1697 cm-
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OH 'H NMR (500 MHz, DMSO-d6): § 9.07 (bs, 1H),
"o |O| 8.03 (s, 1H), 6.34 (s, 1H), 5.69 (s, 1H), 4.29 (d, J
=3 Hz, 2H), 4.13 (d, J = 5.0 Hz, 1H), 3.17 (d, J =
4.3 Hz, 1H) ppm.
13C NMR (125 MHz, DMSO-d6): 5174.4, 168.5,
146.1, 139.7, 110.1, 59.9, 49.2 ppm.
HRESI-MS: 171.0293 (M — H)*
Compound 10: p-sitosterol-p-D- | Molecular formula: CssHeoOs
glucopyranoside FT-IR (Neat) vmax: 3400, 2900 cm-.
'H NMR (500 MHz, DMSO-ds) : 6 5.34 (d, 1H, J
= 5Hz), 4.90 - 4-87 (m, 3H), 4.46 - 4.44 (m, 1H),
4.23 (d, J = 8Hz, 1H), 3.64 - 3.63 (m, 1H), 3.47-
3.43 (m, 2H), 3.13 - 3.12 (m, 1H), 3.10 - 3.07 (m,
1H), 3.02 - 3.01 (m, 1H), 2.90 - 2.89 (m, 1H), 2.36
-2.35 (m, 1H), 2.13 - 2.10(m, 1H), 1.95 - 1.94 (m,
2H),1.81-1.79 (m, 3H), 1.53 - 1.51 (m, 1H), 1.51-
1.40 (m, 6H), 1.28 - 1.23 (m, 6H), 1.21 - 1.19 (m,
4H), 0.96 (s, 3H), 0.91 (s, 5H), 0.82 (m, 9H), 0.66
(s, 3H) ppm.
13C NMR (125 MHz, DMSO-ds): ¢ 140.4, 121.2,
100.7,99.5, 76.9, 76.7, 73.4,70.1, 61.1,56.1, 55.4,
49.6, 45.1, 41.8, 38.3, 36.8, 36.2, 35.4, 33.3, 31.4,
31.3,29.2, 28.7, 27.8, 25.4, 23.8, 22.6, 20.6, 19.7,
19.1, 18.9, 18.6, 11.8, 11.6 ppm.
HRESI-MS: 577.4013 (M + H)*
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CHAPTER 3A

Bioprospecting of prenyl flavones and phenolic constituents from
Artocarpus altilis (Parkinson) Fosberg.

3A.1. Artocarpus altilis (Parkinson) Fosberg.

Artocarpus altilis (Parkinson) Fosberg is the primary component of traditional
agroforestry systems native to the Pacific and tropical Asia and is widely cultivated throughout
the humid tropics. The species is a multifarious agroforestry tree, economically utilized for
multiple applications such as staple crops, construction materials, clothing materials, animal
feeds, and folk medicines. It belongs to the popular Jackfruit/Moraceae family, which has been
recognized as a source of edible, nutritious and starchy fruits. The texture of the moderately
ripe fruit of Artocarpus altilis is similar to that of baked bread, and it is popularized under the
common name breadfruit. The medicinal importance of Artocarpus altilis is enormous. It is
used for curing chronic ailments such as low blood pressure, tongue thrush, diarrhoea, asthma,
skin infections and sciatica. The roasted leaves powder is used as a remedy for enlarging spleen

and its juice is used as ear drops.

Figure 3.A.1: Fruit, leaves and tree of Artocarpus altilis (Adapted from wikipedia)

3.A.2. Phytochemistry of Artocarpus altilis

Artocarpus species are an abundant source of phenolic constituents such as isoprenyl
flavonoids, stilbenoids, 2-arylbenzofuran derivatives, and phenolic compounds with oxepine
rings [1]. Phytochemical profiling of Artocarpus altilis was done by various research groups
and identified more than 130 compounds from different parts of the species; among them more
than 50% were derived from phenyl propanoid pathway [2]. The detailed phytochemical
investigation of the leaves conveyed the chemical composition is different in various organic

solvents. Flavonoids were identified as the major constituents in the petroleum and ethyl
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acetate leaf extracts, whereas tannins and phenolic compounds are in methanol extract. Wang
et al., reported nine geranylated flavones from the ethyl acetate fraction of the methanolic
extract of the leaves of Artocarpus altilis by silica gel column chromatography, out of which

five are novel molecules which are hitherto uninvestigated [3].

OH O

1-(2, 4-dihydroxyphenyl)-3-[8-hydroxy-2- 2-Geranyl-2',3,4,4'-tetrahydroxy

methyl-2-(4-methyl-3-pentenyl)-2H-1- dihydrochalcone

benzopyran-5-yl]-1-propanone
OH O

2'-Geranyl-3',4',7-trihydroxyflavanone

OH O

OH

Cycloaltilisin

Figure 3.A.2: Geranylated flavones reported from the dried root of Artocarpus altilis

In 2007, Boonphong and co-workers reported nine prenylflavones from the dichloromethane
extract of the dried root extract of Artocarpus altilis. Among them, artocarpin, cycloartocarpin
and chaplashin were isolated from the dried root stem, and the remaining six viz,

cycloartobiloxanthone, artobiloxanthone, cudraflavone B, cudraflavone C, morusin and artonin

E are from root bark [4].
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Figure 3.A.3: Prenylflavones reported from the dried root of Artocarpus altilis

Later in 2011, Kuete et al. reported five molecules from the stem bark of Artocarpus altilis
such as peruvianursenyl acetate C (1), a-amyrenol (2), sitosterol 3-O-B-D-glucopyranoside (3),
artonin E (4) & 2-[(3,5-dihydroxy)-(Z)-4-(3-methylbut-1-enyl) phenyl] benzofuran-6-ol (5)[5].

Peruvianursenyl acetate C (1) o— amyrenol (2) B-Sitosterol- 3-O- B-D-glucopyranoside (3)
OH
Ho
Artonin E (4) 2-[(3,5-dihydroxy)-(Z)-4-(3-methylbut-1-enyl)phenyl|benzofuran-6-ol (5)

Figure 3.A.4: Structure of phytochemicals reported from the stem bark of Artocarpus altilis

Bioactivity-guided isolation from the ethyl acetate extract of the leaves of Artocarpus altilis
afforded six flavonoids along with B-sitosterol [6]. Moreover, analytical HPLC techniques
identify artocarpin as the major phytoconstituents present in the heartwood of Artocarpus altilis
[7]. The breadfruit’s methanol and ethyl acetate extracts contains sterols, phenolics and
flavonoids [8].

3.A.3. Pharmacological activity of Artocarpus altilis

3.A.3.1. Antitubercular and Antiplasmodial

Natural prenylflavones isolated from the root of Artocarpus altilis exhibited anti-tubercular

activity against Mycobacterium tuberculosis H37Ra and anti-plasmodial activity against
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Plasmodium falciparum. Anti-tubercular and anti-plasmodial activities are done by microplate
alamar blue assay (MABA) and micro culture radioisotope technique, respectively [4]. All the
isolated ones showed moderate cytotoxicity against human oral epidermoid cells (KB) and
human breast cancer (BC).

3.A.3.2. Antiatherosclerotic activity

The cytoprotective effect of the ethyl acetate extract of Artocarpus altilis was evaluated by
Wang and co-workers in U937 cells incubated with oxidized LDL (OxLDL)using the 4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1, 3-benzene disulfonate (WST-1) assay [6].
3.A.3.3. Anti-microbial activity

The anti-microbial potential of the fruit extract of Artocarpus altilis was tested in various
pathogens like Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus mutans and
Enterococcus faecalis. The study revealed that fruit’s methanolic and ethyl acetate extract
effectively reduce the growth of tested pathogens. Among them, methanolic extract exhibited
maximum growth inhibition in Streptococcus mutans and Enterococcus faecalis, having MIC
values of 0.90 and 0.6 mg/ml, respectively. Since the ethyl acetate extract showed the
maximum zone of inhibition in Staphylococcus aureus and Pseudomonas aeruginosa with the
same MIC value of 0.90 mg/ml [8].

3.A.3.4. Anti-cancer activity

Abdul Jamil and co-workers elucidated the anti-cancer effect of Artocarpus altilis in HelLa
cervical cancer cells. Compared with the control, the administration of various concentrations
of the pulp part extracts inhibit the growth and proliferation of HeLa cells in a concentration-
dependent manner after 72 h incubation. Moreover, the extract exhibits cell-specific
cytotoxicity in cancer cells only at the tested concentrations [9]. In 2009, Arung et al. reported
the anti-cancer properties of Artocarpus altilis wood extract in T47D human breast cancer cells
via inducing apoptosis at the sub-G1 phase. Moreover, they also identified the activity is
exclusively attributed to the presence of a major phytochemical artocarpin, in the extract [10].
3.A.4. Aim and scope of the study

Flavonoids are one of the common components in the human diet. The biological properties of
flavonoids are immense due to their interaction with multiple cellular targets and free radical
scavenging activities. Because of our keen interest in seeking phytochemicals with excellent
anti-cancer potential against oral squamous cell carcinoma, we focussed on isolating flavonoids
and phenolic compounds. Hence, we selected Artocarpus altilis from the Moraceae/Jackfruit
family because the family is enriched with phytochemicals especially prenyl/geranyl

substituted flavonoids. Even though there are some literature on the isolation of phytochemicals
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from the species, it is crucial to conduct more scientific research on edible species that can be
further exploited for value-added products in the form of nutraceuticals and health products.
Hence, this chapter described the bioprospecting of prenyl flavones and other phenolic
compounds from the acetone extract of the stem bark of Artocarpus altilis.

3.A.5. Extraction, isolation and characterisation of phytochemicals

3.A.5.1. Collection of plant material

Artocarpus altilis stem bark was collected from Wayanad, Kerala, India and the species was
identified by the taxonomist of Jawaharlal Nehru Tropical Botanical Garden of India
(J.N.T.B.G.R.1), Palode, Kerala, India. A voucher specimen was deposited in the herbarium
repository of J.N.TB.G.R. |, Palode.

3.A.5.2. Extraction and isolation procedure

Initially, 900 g of the dried, powdered stem bark was subjected to extraction using hexane (2.5L
X 3) at room temperature for 3 days. After percolation with hexane, the defatted residue was
further subjected to acetone extraction (2.5 L X 3) for 3 consecutive days. The obtained extract
was concentrated in a Heidolph rotary Evaporator at reduced pressure to get a crude of 45 g for
acetone. The acetone extract thus obtained was subjected to column chromatographic
separation over silica gel (100-200 mesh) with diverse gradients of hexane-ethyl acetate
polarities offered eleven compounds (Figure 3A.5). The structure of the molecules (Figure
3A.6) was characterised by 1D and 2D NMR techniques along with ESI-HRMS analysis and

comparison with literature reports.

The white solid obtained from the purification of fraction pool 1, characterised as -sitosterol
(compound 11, 20 mg), a phytosterol with a structure similar to cholesterol, is widely
distributed in the plant kingdom. The fraction pool 1 was repeatedly column chromatographed
with 10% ethyl acetate-hexane mixture, gave compound 12 (110 mg) as a white crystalline
solid soluble in chloroform. A broad signal observed at 1733 cmin the IR spectrum of the
compound 12 indicating the presence of the ester moiety in the structure. In the *H NMR
spectrum, one proton resonated at 6 5.10 ppm could be attributed to the presence of an olefinic
proton and the proton resonated at 6 4.57 ppm (Figure 3A.6) corresponding to the methine
proton directly attached to the ester group. Moreover, the diastereotopic methylene protons
from the cyclopropane ring resonated as two peaks at the chemical shift values 6 0.57 and 0.34

ppm. In the *3C NMR spectrum, the peak observed at 5 4.57 ppm 171.0 ppm is the diagnostic

73



peak of ester carbonyl carbon (Figure 3A.7). Finally, the structure of the molecule was in
agreement with ESI-HRMS spectra having molecular ion peak observed at 469.4045, which is

the [M+H]- peak and the compound was identified as cycloartenol acetate.

B-sitosterol
Compound 11

Artonin E
Compound 15

HO
Cl
OH

! OH
OH

Oxyresveratrol

Compound 19

Cycloartenol acetate
Compound 12

Artonin V
Compound 16

E-resveratrol
Compound 20

Cycloartobiloxanthone
Compound 13

Artocarpin
Compound 17

OH
OH AN
N
@ ’

Artocarbene
Compound 21

HO

Artobiloxanthone
Compound 14

Cycloartocarpin

Compound 18

Figure 3A.5: Structure of molecules isolated from the stem bark of Artocarpus altilis
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Figure 3A.6: 'H NMR spectrum of cycloartenol acetate
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Figure 3A.7: 3C NMR spectrum of cycloartenol acetate
Compound 13, cycloartobiloxanthone (9 mg) was obtained as a yellow solid from fraction
pool 2 by sephadex-LH 20 with methanol. The IR spectrum of compound 13 displayed a broad
signal at a frequency of 1622 cm™, which could be attributed to the ester moiety. In the *H
NMR spectrum (Figure 3A.8), the most deshielded proton resonated at 6 13.39 ppm
corresponding to hydrogen bonded (O-H-O) hydroxyl proton. The peak observed at ¢ 3.21 and
2.31 ppm could be attributed to the methylene proton, which is found to be diastereotopic.
Additionally, the methine proton of the furan moiety resonated at 6 3.43 ppm. In 3C NMR,
the peak resonated at ¢ 181.4 ppm is the characteristic peak of carbonyl carbon. The peaks
observed at 6 47.5 ppm and 6 20.34 ppm could be attributed to methine and methyl carbons in
furan moiety (Figure 3A.9). Finally, the structure was confirmed with ESI-HRMS, where the

compound showed molecular ion peak at m/z 435.1438, which is the [M+H]" peak.

b 33 29 So W

& 0%e]
8

Figure 3A.8: 'H NMR spectrum of cycloartobiloxanthone
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Figure 3A.9: C NMR spectrum of cycloartobiloxanthone

Compound 14, artobiloxanthone (24 mg) was obtained as a dark yellow solid from fraction 38-
39, by repeated silica gel column chromatography followed by sephadex-LH 20 column with
methanol. In the IR spectrum of compound 14, a broad peak was observed at 1642 cm™,
corresponding to carbonyl group stretching vibration. In *H NMR, the H-bonded hydroxyl
proton resonated at 6 12.51 ppm, and the exocyclic methylene protons were resonated at ¢ 4.82
and 4.58 ppm, respectively. Moreover, the diastereotopic methylene protons resonated at 6 3.44
and 2.67 respectively (Figure 3A.10). In * C NMR, the carbonyl carbon resonated at 6 180.3
ppm. The peak observed at ¢ 113.2 ppm corresponds to olefinic methylene carbon (Figure
3A.11). Finally, the mass spectrum of compound 14 displayed molecular ion peak at m/z
435.1441, is the [M+H]" peak. Based on the above spectral data and previous literature reports,

the compound was identified as artobiloxanthone.
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Figure 3A.11: *C NMR spectrum of artobiloxanthone
Fraction pool 4 was obtained by eluting the column with 50% ethyl acetate-hexane. It showed
the presence of two UV active spots both charring as yellow colour in p-Anisaldehyde- H2SO4
solution. Compound 15 was precipitated as a yellow crystalline solid quantitatively by adding
dichloromethane to the fraction pool, which was identified as the marker compound. The 'H
NMR spectra of compound 15 suggest the presence of four phenolic hydroxyl groups resonated
as broad singlets at ¢ values 13.25, 8.34, 8.20 and 7.81 ppm, among them the most deshielded
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hydroxyl group at 0 13.25 ppm corresponding to the intramolecular hydrogen-bonded OH of

the flavone ring. The olefine, methylene and two methyl protons on the isoprenyl substitution
resonated at 6 5.14 (d, J = 7.0 Hz, 1H), 3.17 (d, J = 7.0 Hz, 2H), 1.59 (s, 3H), 1.48 (s, 3H) ppm
respectively (Figure 3A.12). In BC NMR spectrum, the a,f- unsaturated carbonyl carbon

resonated at 6 182.4 ppm (Figure 3A.13). Finally, the structure was in good agreement with

ESI-HRMS spectra, where compound 15 displayed a molecular ion peak at m/z 437.16038,

which is the [M+H]" peak. And the above described spectral data

previous literature, compound 15 was identified as artonin E.
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Figure 3A.12: *H NMR spectrum of Artonin E

4 L] v~ - TNOATO NN ~N o
ks S A ® o NN~ OO Wi~ ~ o0~ rowvwwvion
9 - ®w o ] L - R ®er-a - @ o o WA
] da o wHEbcey mo® ® RS apFESIean
g @® o v < 00 L e - co®w ~ QAP NBI- TV O
G el - - e et gty g g - a -~ e R e Bl R I I s )
\ PSS LW ‘ REARAEN HEHEAEAEATASS

|
| Mo Ll |

78



Figure 3A.13: 3C NMR spectrum of Artonin E

The second UV active spot from fraction 4 was purified by repeated column chromatography
with 100-200 mesh silica followed by the sephadex LH-20 column. In *H NMR spectra, the
olefinic protons in the two isoprenyl substitutions resonated as a triplet at ¢ 5.18, 5.13 ppm
respectively with a coupling constant of J = 7.0 Hz. Moreover, the four methyl protons on both
substitutions resonated at ¢ 1.62, 1.61, 1.59, 1.43 ppm, respectively (Figure 3A.14). In 3C
NMR spectrum, the peak resonated at 6 182.6 ppm corresponding to a, - unsaturated carbonyl
carbon (Figure 3A.15). Finally, the structure was well in agreement with ESI-HRMS spectra,
where compound 16 showed a molecular ion peak at m/z 439.1756, which is the [M+H]".
Finally, the compound was identified as artonin V based on above spectral data and by the

previous literature reports.
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Figure 3A.14: *H NMR spectrum of Artonin V
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Figure 3A.15: 3C NMR spectrum of Artonin V

Compound 17 was isolated as a yellowish powder from fraction pool 5 (Fraction 64-69). In H
NMR spectra, compound 17 showed a peak at the chemical shift value 6 13.43 ppm, which is
the diagnostic peak of the flavonoid moiety (Figure 3A.16). The peaks resonated at ¢ values
6.27 ppm (d, J = 9.0 Hz), 5.44-5.41 ppm (1H, m), 1.97 (3H, s), and 1.70 ppm (3H, s) are
corresponding to the pirano group y,y-dimethyl allyl system. The proton signals of ring B at
6.42 ppm (1H, d, J = 2.5 Hz); 6.54 (1H, dd, J1= 2.0 Hz; J2= 8.5 Hz); 7.67 (1H, d, J = 8.5 Hz)
indicate the existence of substitution at positions 2’ and 4’. Moreover, the peak resonated at
3.93 ppm as a singlet corresponding to the methoxy group. The peak observed at 6 178.6 ppm
is the typical peak of o, B-unsaturated carbonyl carbon (Figure 3A.17). The position of the
prenyl substitution was determined by HMBC analysis. The interaction of prenyl group carbon
with the chelated OH, indicating the presence of a prenyl group at C-6 in ring A. The final
confirmation was made with HRESI-MS compound 17 showed a peak at m/z [M+H]-
435.1808. Based on the above spectra data and previous literature reports the compound is

identified as cycloartocarpin.
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Figure 3A.16: *H NMR spectrum of cycloartocarpin

Compound 18 was isolated from the fraction pool 5 as a yellow solid via precipitation with
dichloromethane. In the *H NMR spectra, a peak resonated at § 13.98 ppm depicts the presence
of a flavonoid moiety (Figure 3A.18). The spectrum also indicates the presence of a trans
olefine with two peaks observed at 0 6.76-6.72 ppm as a multiplet and a doublet at 6 6.61 ppm
with coupling constant J = 16.5 Hz. Moreover, the existence of an isoprenyl substitution was
confirmed by a set of olefinic protons resonated at ¢ 5.16-5.12 ppm as multiplet, which
displayed a HOMOCOSY relation with a methylene proton resonated at ¢ 3.14 ppm. The
presence of a single methylene group was further confirmed using **C NMR (Figure 3A.19)
and DEPT-135 analysis. Finally, the structure was identified as artocarpin from the ESI-
HRMS analysis which gave a (M+H)" peak at 437.1962.
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Figure 3A.18: *H NMR spectrum of artocarpin
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Figure 3A.19: 3C NMR spectrum of artocarpin

Fraction pool 6 obtained by eluting the column with 60% ethyl acetate-hexane showed the
presence of a UV-active compound in association with minor impurities. Hence, the fraction
was again chromatographed in 230-400 mesh silica and eluting with 50% ethyl acetate-hexane
afforded 90 mg of light brownish solid, which was identified as E-resveratrol (compound 19).
Structural elucidation of the molecule was done with IR, NMR (*H & *3C) and HRMS spectra.
In the IR spectra, compound 19 showed a broad signal at a stretching frequency 3411 cm+
corresponding to a hydroxyl group. In *H NMR, two peaks resonated at § 8.55 and 8.28 ppm
indicating the presence of phenolic hydroxyl groups. The peaks resonated at ¢ 7.03 and 6.90
ppm as a doublet with a coupling constant J = 16.5 Hz could be recognised to trans olefinic
protons. The aromatic protons at C2°, C6” and C3°, C5” are resonated at ¢ 7.43 and 6.85 ppm
respectively, each peaks having two proton integrations and a coupling constant of J = 8 Hz.
The remaining two aromatic protons on the C2 and C6 carbon resonated at 6 6.56 ppm as a
singlet (Figure 3A.20). In C NMR, the peaks observed at ¢ 158.7 and 157.3 ppm could be
attributed to aromatic carbon-bearing hydroxyl group. The trans olefinic carbon resonated at o
128.2 and 125.9 ppm (Figure.3A.21). Moreover, compound 19 displayed a molecular ion peak
at m/z 229.0868 in the ESI-HRMS spectra. From all the spectral data and on comparison with

the literature reports the compound was confirmed as E-resveratrol.
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Figure 3A.21: 13C NMR spectra of E-Resveratrol

Compound 20 (212 mg) was obtained as a white solid from fraction pool 6, and it was further
purified by crystallisation with water. In *H NMR spectrum (Figure 3A.22) of compound 20,
peaks resonated at 6 8.75-8.39 ppm indicating the presence of hydroxyl protons. Peaks
resonated at ¢ 7.35 and 6.91 ppm could be attributed to the presence trans olefinic protons. In
13C NMR spectrum, (Figure 3A.23) the peaks resonated at § 159.5, 159.1 and 156.9 ppm

corresponding to aromatic carbons-bearing hydroxyl group. Trans olefinic carbons resonated
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at 0 128.3 and 124.4 ppm. Finally, in the ESI-HRMS spectra, compound 20 showed a molecular
ion peak at m/z 245.0812, which is the [M+H]" peak. From all the above spectral data and in

comparison with the literature reports, the compound was identified as oxyresveratrol.
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Figure 3A.22: 'H NMR spectra of Oxyresveratrol
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Figure 3A.23: 3C NMR spectra of Oxyresveratrol
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3A.6. Conclusion: In this chapter, we have successfully isolated 10 molecules from the stem
bark of Artocarpus altilis viz., B-sitosterol, cycloartenol acetate, cycloartobiloxanthone,
artobiloxanthone, artonin E, artonin V, cycloartocarpin, artocarpin, E-resveratrol, and
oxyresveratrol. All the isolated molecules were characterized by 1D and 2D NMR techniques,

ESI-HRMS and on comparison with the literature reports.

3A.7. Experimental Section

General experimental details and procedures are discussed in chapter 2.

3A.7.1. Extraction of Artocarpus altilis

The stem bark of Artocarpus altilis was collected from Wayanad district, Kerala. This material
was thoroughly cleaned with water, chopped in to small pieces, and dried in a drier maintained
at 50 °C and powdered. The powdered stem bark (900 g) was subjected to sequential extraction
with hexane and acetone (2.5 L X 48 h). After extraction, the solvent was removed by Heidolph
rotary evaporator under reduced pressure. The acetone extract (45 g) was then column
chromatographed with hexane-ethyl acetate mixtures of varying polarity.

5A.7.2. Isolation of phytochemicals from Artocarpus altilis stem bark

The acetone extract (45 g) of the stem bark of Artocarpus altilis was subjected to column
chromatographic separation with 100-200 mesh silica and the system was eluted
successively with gradient mixtures of hexane and ethyl acetate of increasing polarities and
finally with 30% methanol in ethyl acetate. A total of 30 fractions of approximately 250
mL were collected, and pooled into 6 fraction pools based on their similarity in TLC profile
(Figure 3A.24).

Artocarpus altilis stem bark (900 g)

Extraction with Hexane at RT I

l

Hexane extract Residue
(12g) Extraction with Acetone
Acetone extract
(45g)
Silica gel CC

(Hex: EtOAc)

L L

1-30 34-36 38-39 46.59 64-69 78-89
Compound 11 (20 mg) Compound 13 (9 mg) Compound 14 (24 mg) Compound 15 (138 mg) Compound 17 (180 mg) Compound 18 (90 mg)

Compound 12 (110 mg) Compound 16(1.2 g) Compound 19(212 mg)
Figure 3A.24: Extraction and isolation of phytochemicals from stem bark of Artocarpus altilis.
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5A.8. Spectral Data

Compound 12: cycloartenol

acetate

Molecular formula: C32Hs20-

FT-IR (Neat) vmax: 2102, 1733, 1643, 1464, 1372,
1248 cm-1

'H NMR (500 MHz, CDCls): 6 5.10 (bs, 1H), 4.57 (d,
J = 5 Hz, 1H), 2.05 (s, 3H), 2.00-1.95 (m, 1H), 1.89-
1.87 (m, 2H), 1.76-1.73 (m, 1H), 1.68 (s, 3H), 1.60-
1.51 (m, 9H), 1.40-1.34 (m, 3H), 1.28-1.25 (m, 10H),
1.12-1.05 (m, 4H), 0.96 (s, 3H), 0.89 (s, 9H), 0.81(s,
3H), 0.58 (bs, 1H), 0.34 (bs, 1H) ppm.

13C NMR (125 MHz, CDCl3): 6 171.0, 130.9, 125.3,
80.7,52.3,48.9,47.9,47.2,45.3, 39.5, 36.4, 35.9, 35.6,
32.9,31.7,29.7,28.2, 26.9, 26.6, 26.0, 25.9, 25.8, 25.5,
25.0, 21.4,20.9, 20.2, 19.3, 18.3, 18.0, 17.7, 15.2 ppm.
ESI-HRMS: 469.4041 [M+H]*

Compound 13:
cycloartobiloxanthone

Molecular formula: CasH2207

FT-IR (Neat) vmax: 3404, 3100, 2975, 1640, 1622,
1431 cm-+

!H NMR (500 MHz, CD3COCDs): 6 13.39 (s, 1H),
9.04 (s, 1H), 8.88 (s, 1H), 6.93 (d, J = 10.0 Hz), 6.42
(s, 1H), 6.14 (s, 1H), 5.68 (d, J = 10.0 Hz, 1H), 3.42
(dd, J1= 15.0 Hz, J2= 7.0 Hz, 1H), 3.21 (dd, J1 = 15.0
Hz, J2= 7.0 Hz, 1H), 2.36 (t, J = 15.0 Hz, 1H), 1.66 (s,
3H), 1.47 (s, 3H), 1.45 (s, 3H), 1.33 (s, 3H) ppm.

13C NMR (125 MHz, CD3COCD3): 6 181.4, 162.6,
161.5, 159.5, 152.1, 151.6, 147.1, 137.9, 133.7, 127.9,
115.9, 112.7, 105.4, 105.3, 104.9, 99.9, 93.7, 78.7,
47.5,28.4, 28.3, 22.8, 20.3 ppm.
ESI-HRMS: 435.1438 [M+H] *

Compound 14: artobiloxanthone

Molecular formula: CasH2,07
FT-IR (Neat) vmax: 3421, 3150, 2097,1622, 1431 cm-
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!H NMR (500 MHz, CD3COCDs): ¢ 12.51 (s, 1H),
6.93 (d, J =10 Hz, 1H), 6.28 (s, 1H), 6.20 (s, 1H), 5.62
(d, J=10.0 Hz, 1H), 4.82 (s, 1H), 4.58 (s, 1H), 3.82 (d,
J = 8.5 Hz, 1H), 3.44 (dd, J1= 17.5 Hz, J2= 1.0 Hz,
1H), 2.67 (dd, J1=17.5 Hz, J2= 9.0 Hz, 1H), 1.84 (s,
3H), 1.50 (s, 3H), 1.46 (s, 3H) ppm.

13C NMR (125 MHz, CD3COCDs): § 180.3, 161.3,
160.1, 154.0, 143.3, 140.8, 131.7, 127.5, 118.1, 115.0,
113.2, 109.1, 105.6, 100.4, 100.0, 78.5, 35.4, 28.5,
28.2, 21.6, 21.2 ppm.

ESI-HRMS: 435.1441 [M+H] *

Compound 15: artonin E

Molecular formula: C2sH2407
FT-IR (Neat) vmax: 3423, 3375, 2978, 2912, 1645,

1560, 1356, 1286, 1155 cm-+

IH NMR (500 MHz, CD3COCD3): § 13.26 (s, 1H),
8.34 (s, 1H), 8.30 (s, 1H), 7.81 (s, 1H), 6.89 (s, 1H),
6.64 — 6.59 (m, 2H), 6.16 (s, 1H), 5.67 (d, J = 10.0 Hz,
1H), 5.15 (dd, J=7.7, 6.4 Hz, 1H), 3.17 (d, J = 7.0 Hz,
2H), 1.59 (s, 3H), 1.47 (d, J = 5.5 Hz, 3H), 1.46 (s, 6H)
ppm.

13C NMR (125 MHz, CDsCOCD3): ¢ 182.4, 161.9,
161.3, 159.1, 152.4, 148.9, 148.6, 138.2, 131.4, 127.1,
121.6, 120.8, 116.2, 114.6, 110.6, 104.7, 103.8, 100.7,
98.8, 77.9, 27.4, 24.9, 23.8, 16.7 ppm.

ESI-HRMS: 437.16038 [M+H] *

Compound 16: artonin V

Molecular formula: C2sH2607

FT-IR (Neat) vmax: 3413, 3345, 2912, 1632, 1510,
1315, 1294, 1140 cm-

'H NMR (500 MHz, CD3COCD3): 6 6.70 (s, 1H), 6.49
(s, 1H), 6.25 (d, J = 8.4 Hz, 1H), 5.49 (s, 1H), 5.18 (t,
J =73 Hz, 1H), 5.13 (t, J = 7.0 Hz, 1H), 3.38 — 3.32
(m, 3H), 3.13 (d, J = 6.9 Hz, 2H), 1.64 — 1.58 (m, 9H),
1.43 (d, J=6.2 Hz, 4H) ppm.
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13C NMR (125 MHz, CD3COCD3): J 182.6, 161.9,
161.2, 159.2, 155.6, 148.6, 148.3, 137.9, 131.6, 131.3,
130.8, 121.9, 121.5, 119.9, 116.0, 114.6, 110.8, 106.1,
103.9, 103.2, 97.5, 24.6, 24.5, 23.5, 20.9, 16.4, 16.2

ppm.
ESI-HRMS: 439.1756 [M+H] *

Compound 17: cycloartocarpin

Molecular formula: C2sH2606

FT-IR (Neat) vmax: 3390, 2958, 2866, 1683, 1481,
1471, 1352, 1259, 1149,1097 cm™*

IH NMR (500 MHz, CDsCOCD3): § 13.43 (s, 1H),
7.67 (d, J = 8.5 Hz, 1H), 6.74-6.69 (m, 1H), 6.57 (dd,
J1=8.0 Hz, J2 = 1.5 Hz, 1H), 6.46 (s, 1H), 6.42 (d, J =
2.5 Hz, 1H), 6.27 (d, J = 9.0 Hz, 1H), 5.78 (s, 1H),
5.44-5.42 (m, 1H), 3.94 (s, 3H), 2.51-2.45 (m, 1H),
1.97 (d, J = 1.0 Hz, 3H), 1.70 (d, J = 1.0 Hz, 3H), 1.12
(d, J =1.5 Hz, 3H), 1.12 (d, J =1.5 Hz, 3H) ppm.

13C NMR (125 MHz, CD3COCD3): 6 178.6, 162.5,
160.8, 159.0, 158.0, 155.2, 155.1, 142.7, 139.3, 125.3,
121.0, 115.7, 110.1, 110.0, 109.5, 108.9, 105.6, 104.4,
89.6, 77.3, 77.0, 76.8, 70.0, 56.0, 33.1, 25.9, 22.7, 18.7

ppm.
ESI-HRMS: 435.1814 [M+H] *

Compound 18: artocarpin

Molecular formula: CosH250s

FT-IR (Neat) vmax: 3390, 2958, 2866, 1680, 1481,
1471, 1352, 1259, 1205, 1149,1097 and 979 cm™

IH NMR (500 MHz, CDsCOCD3): & 13.98 (s, 1H),
8.84 (s, 2H), 7.23 (d, = 8.5 Hz, 1H), 6.74 (dd, J = 16.5
Hz, 7.0 Hz, 1H), 6.61 (dd, J = 16.5 Hz, 1.0 Hz, 1H),
6.59 (d, J = 2.0 Hz, 1H), 6.57 (s, 1H), 6.54 (dd, J = 8.0
Hz, 2.5 Hz, 1H), 5.16 - 5.12 (m, 1H), 3.98 (s, 3H), 3.14
(d, J=7.0 Hz, 2H), 2.49 - 2.42 (m, 1H), 1.59 (d, J = 1.0
Hz, 3H), 1.45 (s, 3H), 1.10 (s, 3H), 1.09 (s, 1H) ppm.
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13C NMR (125 MHz, CDsCOCDs): 5 182.4, 163.0,
161.6, 160.7, 159.0, 156.5, 156.4, 141.3, 131.4, 131.3,
121.7, 121.0, 116.1, 112.0, 108.9, 107.2, 104.7, 103.0,
89.6, 55.7, 33.1, 25.0, 23.8, 22.3, 16.8 ppm.
ESI-HRMS: 437.1962 [M+H]*

Compound 19: E-resveratrol Molecular formula: C14H1203

FT-IR (Neat) vmax: 3411, 2924, 2858, 1582, 1506,1440,

"o O 1379, 1143 cm+
Z O IH NMR (500 MHz, CDsCOCD3): 6 8.55 (s, 1H, -OH),
o on | 8.28 (s, 2H, -OH), 7.43 (d, J = 8 Hz, 2H), 7.03 (d, J =
16.5 Hz, 1H), 6.90 (d, J = 16.5 Hz, 1H), 6.85 (d, J = 8
Hz, 2H), 6.56 (s, 2H), 6.28 (s, 1H) ppm.
13C NMR (125 MHz, CD3COCD3): 6 158.7, 157.3,
139.9, 129.0, 128.2, 127.8, 125.9, 115.5, 104.8, 101.8

ppm.
ESI-HRMS: 229.0868 [M+H] *

Compound 20: oxyresveratrol Molecular formula: C14H1204

HO
Ol
OH

FT-IR (Neat) vmax: 3209, 2921, 1589 cm™,

oH !H NMR (500 MHz, CD3COCD:3): 6 8.75 (s, 1H, OH),

O 8.59 (s, 1H, OH), 8.39 (s, 2H, OH), 7.41 (d, J = 8.5 Hz,
OH 1H), 7.35 (d, J = 16.5 Hz, 1H), 6.91 (d, J = 16.5 Hz,

1H), 6.55 (d, J = 2.1 Hz, 2H, H-2, H-6), 6.45 (d, J =2

Hz, 1H), 6.40 (dd, J1= 8.5, J2= 2.5 Hz, 1H), 6.27 (t, J

=2 Hz, 1H) ppm.

13C NMR (125 MHz, CD3COCDs): ¢ 159.5, 159.1,

156.9, 141.7, 128.3, 126.3, 124.4, 117.3, 108.5, 105.5,

103.7, 102.4 ppm

ESI-HRMS: 245.1802 [M+H]*
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CHAPTER 3B

Exploring the Cytotoxic Effects of Natural Prenylflavones from
Artocarpus altilis against SAS Oral Squamous Cell Carcinoma

3B.1. Introduction

Phytochemicals are the privileged structural motifs recognized for their chemical diversity,
structural complexity, and pleiotropic nature and made major contributions to
pharmacotherapy from time immemorial. The majority of isolated phytomolecules from
numerous ethnomedicinal floras proffer promising anti-cancer potential along with cell-
specific toxicity and better efficacy paving the innovation of new chemotherapeutic drugs for
the benefit of all humanity [1-3]. The ease of availability of plant species, simple extraction
and isolation protocols, purification techniques, favourable safety profile and multiple
pharmacological activities hidden in the species are the beneficial features of natural products
that contributed to the development of more environmentally sound, economical, and effective
drug discovery processes.

Oral cancer, prominently known as oral squamous cell carcinoma (OSCC), is defined as a
malignant epithelial neoplasm unveiling squamous differentiation owing to the accumulation
of multiple genetic mutations in the cell [4]. OSCC is a common global malignancy, that
belongs to a distinct subtype of head and neck squamous cell carcinoma associated with the
highest rate of morbidity, mortality, and prevalence [5]. According to Global Cancer Statistics
2018, an estimated number of 354,864 new oral cancer incidences and 177,384 mortality
burdens are reported globally in the year 2018 [6]. Smoking tobacco, chewing betel quid, areca
nut, drinking alcohols, human papillomavirus infection, high consumption of red meat and
fermented foods, etc. are the major etiological factors that contributed to the progression and
development of OSCC and are the vital factors for its prevalence [7-10]. The traditional
treatment modalities of oral cancer including chemotherapy, radiotherapy, brachytherapy,
surgery, and targeted molecular therapy have numerous shortcomings such as adverse side
effects, non-specific cell death, recurrence of the tumour, chemoresistance, and radioresistance
[11,12]. Hence, the development of personalized, targeted therapies that might block an
individual pathway or a combination of pathways must be imperative for the rescue of the
development or progression of OSCC. Exploring natural secondary metabolites and their active

ingredients having persistent anti-cancer potential embarks the development of new
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chemotherapeutic agents and leads to its prevention and curation. In the present scenario, we
were intrigued by the tremendous biological potential hidden in these functional moieties and
initiated our expedition to the fascinating world of natural products by the isolation of
phytochemicals from traditionally highlighted floras for the mitigation and curation of various
infectious and lifestyle diseases [13-16]. Previously, we have reported the potential of two
bioactive triterpenoids viz., betulinic acid and koetjapic acid from Dillenia indica for inhibiting
the growth and proliferation of SAS oral cancer cells and illustrated the traditional wisdom
with scientific criterion [17].

The traditional knowledge of local millennia is embedded in their empirical observations and
cultural traditions are drawn on an impressive array of floras, most of which have not been
scrutinized by modern scientific support. The rich biodiversity of the Western Ghats and
traditional systems of medicine offered a golden opportunity for the exemplification of natural
products for the benefit of all humanity. The genus Artocarpus comprises 50 species of
evergreen, ramified deciduous trees, economically utilized for multiple applications such as
staple crops, construction materials, animal feeds, and folk medicines [18]. Moreover, the
genera have been recognized as a source of edible aggregative fruit viz, Artocarpus
heterophyllus, Artocarpus camansi, Artocarpus hirsutus, and Artocarpus altilis. Artocarpus
altilis (Parkinson) Fosberg is the primary component of traditional agroforestry systems native
to the Pacific and tropical Asia and is widely cultivated throughout the humid tropics. The
leaves of the plant are widely used as traditional medicine for curing hypertension, liver
cirrhosis, and diabetes [19]. The texture of the moderately ripe fruit is comparable to that of
baked bread, it is popularized under the common name breadfruit. The species can produce
diverse phytochemical entities, specifically aromatic compounds such as flavonoids,
stilbenoids, and arylbenzofurans for host-defense mechanisms and environmental stress
conditions [20] [21]. Many of the isolated molecules from Artocarpus altilis exhibit a broad
range of biological activities such as anti-malarial,[22] anti-bacterial, anti-fungal, anti-tumour
and, anti-leukemic activities, etc. Artonin E is an isoprenyl flavone isolated from the stem bark
of Artocarpus altilis alleviated drug-like behaviour with full acquiescence to Lipinski's rule of
five and decent physicochemical properties when compared with 95% of currently available
drugs. The molecule is shown to possess several pharmacological activities such as anti-
malarial [22,23], anti-cancer [24-27], anti-bacterial [28], and anti-estrogenic activity. The anti-
cancer potential of this moiety was demonstrated in various cancer cells such as triple-negative
breast cancer cells (MDA-MB-231) [25], MCF-7 [29], leukemia cells (P-388) [30], colon
cancer cells (LoVo & HCT116) [24], lung cancer cells (H460, H23, A549 and H292) [31], and
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ovarian cancer (SKOV-3) [27]. Artobiloxanthone, an aromatic flavone having a pyran moiety
attached to a xanthone ring reported from the stem bark of Artocarpus nobilis [32] Artocarpus
lanceifolius [33] and Artocarpus altilis [22]. Herein, we comprehensively explore the
chemotherapeutic potential of artonin E and artobiloxanthone isolated from the stem bark of
Artocarpus altilis for the suppression, prevention, and better management of OSCC (Scheme
1).

C =
Extraction

Artocarpus altilis  1solation Cell Cycle arrest

F ~ @«/)

f;&?aspf@se{!
. Mitochondria mediated apoptosis

Scheme 1: Flavones from Artocarpus altilis inhibit AKT/mTOR signaling pathway and

induces mitochondria mediated apoptosis

3B.2. RESULTS AND DISCUSSION

3B.2.1. Evaluation of Anti-proliferative potential of isolated phytochemicals against oral
squamous cell carcinoma (OSCC)

Initially, we analysed the anti-proliferative potential of isolated molecules (discussed in chapter
3A) against human OSCC cell line SAS and esophageal cancer cell line TTn in vitro using
MTT assay. The MTT cell proliferation assay is known to measure the viability and metabolic
activity of the cells by computing the percentage of live cells from the formazan crystals formed
by the reduction of MTT tetrazolium salt. Interestingly, we observed a drastic reduction in cell
viability with the increase in the concentration of the treated molecules such as artonin V
(AAL), artonin E (AA2), artobiloxanthone (AA3). The ICsovalues of AAL1, AA2, and AA3 in

94



SAS and TTn were found to be 50uM, 6 uM, 11 Mm in SAS cells and 92 uM, 8 uM, and 22
uM, in TTn cells respectively after 72 hr (Figure 3B.1). Moreover, we analysed the cytotoxic
potential of all the molecules against human keratinocyte cells (HaCaT) and are found to be
cytotoxic at higher concentrations only. Their 1Csg values in HaCaT cells are 92 uM, 72 uM,
and 70 uM for AA1, AA2, and AA3 respectively (Table 1). From the MTT proliferation assay,
based on the ICso values we have envisioned that compounds AA2 and AA3 (Figure 3B.2)
showed higher potential to inhibit the proliferation of SAS cells than that of TTn even at lower

concentrations.
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Figure 3B.1: Anti-proliferative potential of the isolated molecules against oral cancer cell lines
SAS, TTn and human keratinocyte cell line HaCaT. Anti-proliferative effect of AA1, AA2,
and AA3 on oral cancer cells were assessed using MTT assay after 72 hours of treatment. The
percentage of proliferation was calculated considering the untreated control as 100% and graph

was plotted using Graphpad prism software.

Table 1: Anti-proliferative potential of isolated molecules against various cancer cell lines

represented in terms of their 1Cso values.
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Compounds ICs0(uM)
SAS | TTn HaCaT

AAl 50 92 92
AA2 6 8 72
AA3 11 22 70

Artonin E (AA2) Artobiloxanthone (AA3)

Figure 3B.2: Structure of bioactive molecules against SAS oral cancer cells

3B.2.2. Computational screening of active candidates AA2 and AA3

Next, to provide a rational explanation of the experimental findings with theoretical support,
we expanded the screening strategy with computational simulation tools, where we envisage
the binding affinity of the bioactive candidates with the selected protein domains involved in
regulating different hallmarks of cancer by molecular docking approach. Besides, the
molecular dynamics protocols were employed to demonstrate the flexibility and suitability of
the molecules inside the binding pocket of the selected receptors.

3B.2.2.1. Molecular docking: Both AA2 and AA3 are docked with different protein domains
involved in regulating different stages of cancer such as proliferation, invasion, migration, etc.
The ligands AA2 and AA3 were docked against seven selected proteins such as BCI-2 (Protein
Data Bank (PDB) ID: 2021), caspase-3 (PDB ID:1GFW), caspase-9 (PDB ID:1JXQ), p53
(PDB ID:1TUP), COX-2 (PDB ID:1PXX), AKT (PDB ID:106L) and mTOR (PDB ID:4JSP).
We have observed that AA2 exhibited a better binding affinity with 2021, 1GFW, and 1JXQ,
having a dock score of -8.2 kcal/ mol. In the case of 1GFW, the hydrogen bonding interactions
between the hydroxyl groups of the ligand AA2 with polar amino acid residue SER209 and
hydrophobic PHE250 attributed to the high dock score of -8.2 kcal/mol. While with 1JXQ, the
H bond interaction with the amino acid residue PHE294 with the hydroxyl group of AA2
eventually contributed a maximum binding energy of -8.2 kcal/mol. Moreover, the ligand
effectively binds with the protein 2021 via two H bonds with the GLU133 and ALA146
offering a maximum binding energy of -8.2 kcal/mol (Figure 3B.3-3B.5). Similarly, AA3
showed a maximum binding affinity with 1GFW, having a dock score value of -7.9 kcal/mol
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and that of -7.8 kcal/mol with 1JXQ and -7.4 kcal/mol with 2021 respectively (Figure 3B.3-
3B.5). The higher binding affinity of the ligand AA3 with these proteins is associated with the

H bond interactions of the polar hydroxyl groups in the ligand with the various amino acid
residues such as ARG207 and HIS292 (Figure 3B.3-3B.5).
A B

O Metal

Figure 3B.3: Molecular docking with 2021 (A) AA2 (B) AA3
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Figure 3B.5. Molecular docking with IGFW (A) AA2 (B) AA3
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3B.2.2.2. Molecular Dynamics: Further, the molecular dynamics simulations (100ns, OPLS-
2005 forcefield) of the protein-ligand complexes, 2021-AA2 and 2021-AA3, were carried out
to demonstrate the stability and suitability of the complexes formed between the ligands and
the protein 2021 (Figure 3B.6). The RMSD plot consists of dual plots of both protein (left Y
axis) and the ligands-AA2/AAS3 (right Y axis), clearly distinguished in different colours and
adequately labeled. The RMSD plot indicates that the ligands AA2 and AAS3 are stable inside
the binding pocket of the receptor protein throughout the trajectories. The ligands are highly
stable inside the protein's binding pocket with RMSD of less than 1A. Even though the protein
shows fluctuations from the mean position initially, it seems stable at the end of the trajectory
with RMSD of less than 5A. The protein-ligand histogram depicts the H-bond interactions
(AA2 with ALA146 and AA3 with ARG106) and hydrophobic interactions are the primary
force of interactions that hold the ligands inside the binding pocket of the protein (Figure 3B.7).
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Figure 3B.6: RMSD Plots for the complexes (a) 2021-AA2 (B) 2021-AA3
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Figure 3B.7: P-L interaction histograms of the complexes, 2021-AA2 and 2021-AA3
Based on the cell-specific ICso values followed by molecular simulation approaches, the

selected candidates were subjected to further in-vitro screening assays.

98



3B.2.3. Effect of AA2 and AA3 in colony formation potential of SAS cells

Next, we performed colony formation assay/ clonogenic assay to evaluate the potential of the
active candidates both AA2 and AA3 on the ability of the individual SAS cells to form colonies.
As compared with the control, the administration of both AA2 and AA3 unveiled a significant
reduction in the formation of colonies in a concentration-dependent manner. In SAS cells
treated with AA2, more than 50% of colonies are diminished at a concentration of 2.5 pM and
greater than 90% of survival was inhibited followed by the treatment of 5 and 10 uM. Besides,
the cells treated with AA3 also reduce the clonogenic potential of SAS cells is not much
superior to that of AA2. However, at a concentration of 10 uM, the reduction in the number of
colonies was visualized profoundly and become almost vanquished at 20 uM. These results
together suggest that both AA2 and AA3 (Figure 3B.8) isolated from Artocarpus altilis possess
potential cytotoxic activities and anti-clonogenic potential against OSCC cells.
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Figure 3B.8: Inhibition of clonogenic potential of SAS cells treated with AA2 and AA3.

Quantification of the number of colonies was done with the help of Image J software. Results
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Concentration (uM)

presented are mean + SD of three independent experiments; *, p < 0.05 vs control

3B.2.4. Effect of AA2 and AA3 in the migration of SAS cells

Metastasis, a major culprit responsible for cancer-associated mortalities, we have
investigated the anti-metastatic potential of both candidates. It is well known the fact that a
promising anti-cancer agent should retard the invasion, collective migration, and metastasis of
tumour cells. The collective cell migration is allied to embryogenesis, wound repair, cancer

metastasis and many other physiological and pathological processes. We next examined the
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effect of AA2 and AA3 on the migratory potential of SAS cells. In the scratch assay, it was
seen that the control cells without treatment were able to close greater than 90% of the gap
created by the 100 uL tip within 24 hours whereas the cells treated with AA2 and AA3 could
not migrate at the same rate. As observed, by the end of 24 hours cells treated with AA2 of
1uM were found to have around 25% of wound remaining followed by 40% remaining for 2.5
uM, over 60% for 5 uM and over 75% for 10 uM treated cells. Similarly, AA3 of 5 uM treated
cells remained with over 45% of the gap area, over 60% for 10 uM cells, over 65% for 15 uM
and 90% of the area remaining to heal for 20 uM treated cells. These results illustrated that both
AA2 and AA3 have substantial potential to inhibit the migration of OSCC cells in vitro (Figure
3B.9).
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Figure 3B.9: Inhibition of the migration of SAS cells upon treatment with AA2 and AA3. Cells
were scratch-wounded and then treated with the indicated concentrations, followed by the
recording of wound areas at different time points. Wound area was calculated using Image J
software and graph was plotted using Graphpad Prism software. Results were represented as
mean £ SD of three independent experiments and asterisk denotes *, p < 0.05 vs control.
3B.2.5. Effect of both AA2 and AA3 in inducing cell death in SAS cells
Evading apoptosis is one of the long-known ‘hallmarks’ of cancer. Therefore, we aimed to
understand the effect of AA2 and AA3 on the apoptosis of SAS cells. Firstly, the PI-FACS
assay showed that both AA2 and AA3 induced cell death of SAS cells significantly in a
concentration-dependent manner. AA2 when treated with 10 uM was found to induce more
than 80% of cell death and AA3 of 20 uM was found to induce around 8% of cell death. Further,
annexin V assay, which is a more specific indicator of apoptosis showed that both AA2 and
AAS3 remarkably induced apoptosis in a concentration manner (Figure 3B.10).
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Figure 3B.10: Induction of cell death in SAS cells by AA2 and AA3.Cells were treated with the
indicated concentrations for 48 h, followed by PI staining and FACS analysis for the cell death profile.
Percentage of cell death was calculated using BDFACS diva software and was plotted using Graphpad

Prism software.

3B.2.6. Induction of apoptosis by annexin V assay

Annexin V binding and Pl uptake are one of the most frequently used assays to measure
apoptosis and necrosis.[34,35] The composition of the healthy cells is comprised of lipids that
are asymmetrically distributed on the inner and outer leaflets of the plasma membrane.
Phosphatidylserine (PS) is one of such lipids normally located at the inner leaflets of the plasma
membrane and its translocation to the external leaflets implemented the process of initiation of
apoptosis [36]. Annexin V is a 36-kDa calcium-binding protein showing greater binding
affinity with PS and the fluorescently labeled Annexin V can be used to detect PS and that
could be used to distinguish cells from apoptosis and necrosis. Hence, we evaluated the
potential of AA2 and AA3 in inducing apoptosis by annexin V staining. As compared with the
control, the administration of SAS with different concentrations of AA2 increases the
percentage of apoptotic cells in a dose-dependent manner. In SAS cells treated with 2.5 uM of
AA2 causes 8% of apoptosis that was enhanced to 18% at 5 uM and 22% at 10 uM respectively.
Similarly, in AA3 treatment, the percentage of apoptotic cells increases from 8% at 5 uMto
18% at 10 uM, 26% at 15 uM and 30% at 20 uM respectively (Figure 3B.11). Taken together
both results, AA2 and AA3 treatment furnishes a statistically evident increase in the number
of apoptotic cells thus leading to significant inhibition in the growth of SAS cells.
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Figure 3B.11: Induction of apoptosis by annexin V assay. Cells were treated with the indicated
concentrations for 48 h, followed by Annexin V staining and FACS analysis. The percentage
of cells in apoptotic phase was analysed using FACS diva software and is plotted using
Graphpad prism software. Statical significance was calculated and * represents p value is less
than 0.05.

3B.2.6. AA2, AA3 induced cell cycle arrest in SAS OSCC cells

As AA2 and AA3 inhibited cell proliferation and induced apoptosis, we further examined their
control over the cell cycle progression of SAS cells. Pl-based flow cytometry analysis showed
that both AA2 and AA3 induced S-phase arrest. We observed that after the treatment of AA2
and AA3 percentage of the cell population in the S-phase was increased significantly in a
concentration-dependent manner indicating the arrest of these cells at the S-phase (Figure
3B.12).
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Figure 3B.12: Induction of cell cycle arrest in SAS cells by AA2 and AA3. Percentages of each
cell cycle phase were obtained using FCS Express software. Percentage of cell population in
each phase was plotted using Graphpad prism software.

3B.2.7. Effect of AA2 and AA3 in the expression of critical players responsible for
survival, inflammation, cell cycle, angiogenesis, migration, and apoptosis of OSCC Cells
and the involvement of multiple signaling pathways in the mode of action

The membrane proteins such as MMP-9, COX-2, VEGF, AKT, BCI-2, Survivin, mTOR, and
STAT-3 are involved in the various hallmarks of cancers and the overexpression of these
receptors responsible for the proliferation, angiogenesis, survival, migration and invasion in
cancer cells [37,38]. To the best of our knowledge, the role of AA2 and AA3 on these gene
products in human oral squamous cell carcinoma is hitherto uninvestigated. COX-2, the rate-
limiting enzyme catalyses the synthesis of prostaglandins and thromboxanes and is frequently
associated with regulation and carcinogenesis in several tumours. It promotes angiogenesis,
metastasis and deregulates apoptosis in cancer cells and the significant elevation in the
expression of COX-2 is highly expressed in various cancers like breast, lung, colorectal and
squamous cell carcinoma [39]. AKT is a serine or threonine kinase that plays a pivotal role in
the regulation of numerous processes associated with the progression and development of
cancer. AKT is overexpressed in many human tumours and thereby promotes cancer cell
growth, metabolism, survival, angiogenesis and metastasis [40]. In oral cancer patients, an
elevation in the expression of proteins such as PI3K, AKT, and mTOR is frequently observed

in the tumour tissues [41]. Ribosomal protein S6 (RPS6), a downstream effector of the
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mammalian target of rapamycin pathway (mTOR), is triggered with the early event of the
tumour progression, hence it is treated as a potential biomarker for the early detection of OSCC
[42]. Survivin is a unique member of the inhibitor of apoptosis and is intuitively associated
with cell survival and apoptosis [43]. Furthermore, cellular proliferation, vascular permeability
and endothelial cell migration, etc. are accelerated by the fundamental regulator of
angiogenesis known as VEGF. It is a heparin-binding cellular protein mainly involved in
vascular permeability, hence the inhibition of VEGF expression leads to decreased cell
proliferation and tumour progression [44]. The role of VEGF in OSCC samples was elucidated
by various research groups such as the level of VEGF can be used as a tool for monitoring
cancer progression. Moreover, various studies have shown that MMP-2 and MMP-9 are
potential diagnostic markers for oral cancer detection [45].

To propose a detailed mechanism underlying the action of the bioactive candidates in the
various events of cancer progression, western blot analyses were employed. The critical protein
players such as survivin, caspase-3, caspase-9, MMP-9, S6, p-S6, mTOR, p-mTOR, AKT, p-
AKT, VEGF, COX-2, Bcl-2, STAT-3, p-STAT-3 are selected along with the positive control
a-tubulin for immunoblotting analysis. Apoptosis/ programmed cell death is the main
mechanism involved in the progression and homeostasis in normal tissue through the
elimination of unnecessary cells and caspase cascades are involved in both extrinsic and
intrinsic pathways of apoptosis. Here, we observed that both AA2 and AA3 treatment triggered
mitochondria-mediated apoptosis by the upregulation in the expressions of both caspase-3 and
caspase-9 cascades. Moreover, both compounds treatment causes a down-regulation in the
expression of anti-apoptotic proteins BCI-2. AA2 and AA3 were found to inhibit the expression
of critical players such as survivin, S6, phospho S6, phospho STAT-3, and COX-2 indicating
a reduction in the survival potential of SAS cells. Besides, the decrease in p-AKT and p-mTOR
was found to be in line with the increased expression of apoptotic genes. Further, reduced
expression of COX-2, VEGFA and MMP-9 after the treatment of AA2 and AA3 compared to
untreated control cells indicated that these compounds inhibited migration and invasion of SAS
cells (Figure 3B.13 & Figure 3B.14). Taken together, immunoblotting results showed that AA2
and AA3 triggered apoptosis, reduced survival and migratory potential of SAS cells by
inhibiting Akt/mTOR signaling (Figure 3B.15).
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Figure 3B.13: Expression of various proteins in SAS cells upon treatment with AA2 as

examined by Western blot analysis. a- tubulin was used as housekeeping control
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Figure 3B.15: Pathway deciphering the mechanistic mode of action with AA2 and AA3

treatment in SAS cells.

3B.3. Conclusions

We have unveiled the anti-cancer effect of two flavone isolated from the acetone extract of the
stem bark of Artocarpus altilis (Parkinson) Fosberg for the inhibition and prevention of the
growth and multiplication of SAS oral cancer cells. The disclosed bioactive flavonoids artonin
E (AA2) and artobiloxanthone (AA3) have isoprenyl substitution and pyranoxanthone moiety
respectively. Both AA2 and AA3 effectively inhibited the proliferation of SAS cells having an
ICso value of 6 uM and 12 uM respectively after 72 hr. The preliminary in-vitro screening was
further supported with insilico molecular modeling approaches such as molecular docking and
molecular dynamics simulations. Additionally, the various in-vitro screening assays Viz,
clonogenic assays, PI- FACS analysis, wound healing assay, annexin V staining, and western
blot analysis were performed to demonstrate the anti-cancer effect of the ubiquitous candidates.
Moreover, the mechanistic rationale behind the mode of action was illustrated with
immunoblotting analysis and demonstrated changes in the expression of various critical protein
players involved in cancer progression and development. The downregulation of the expression
of the anti-apoptotic protein BCI-2 and the activation of caspases including caspase-3 and

caspase-9 substantiates the induction of apoptosis and cell death by regulating mitochondria-
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mediated apoptotic pathway. The downregulation in the expression of the proteins such as
AKT, p-AKT, mTOR, p-mTOR, STAT-3, and p-STAT-3 indicated the involvement of the
AKT/ mTOR signaling pathway in their mode of action.

3B.4. Experimental Section

3B.4.1 General Experimental Procedure: The *H (500 MHz) and *3C (125 MHz) NMR
spectra were recorded on Bruker ASCENDTM- 500 MHz NMR spectrometer. Chemical shifts
are expressed in o (ppm) parts using TMS as an internal standard with solvent deuterated CHCl3
(CDCl3) having residual peaks at 64 —7.26 ppm, dc —77.30 ppm and with deuterated acetone
(CD3COCD:3) having residual peaks at 6n —2.05 ppm, 6c —29.70 and 206.70 ppm respectively.
Coupling constants in Hz with Multiplicity (s (singlet); d (doublet); t (triplet); g (quartet); dd
(double doublet); and m (multiplet). Mass spectra were recorded with Agilent QTOFG6545
spectrometer at 50,000 resolutions using ESI mode. Column chromatography was performed
by using 100-200 and 230-400 mesh silica (Merck, Darmstadt, Germany) and Thin Layer
Chromatography (TLC) by Merck precoated silica gel F2s4 plates. Spots were detected on TLC
under UV light and by charring the TLC plate after spraying with p-anisaldehyde-sulphuric
acid solution. Reagents were purchased at the highest commercial quality and used without
further purification. All solvents used for column chromatography were purchased from Merck.
3B.4.2. Plant Material: The stem bark of Artocarpus altilis was collected from Calicut,
Kerala, India. The plant material was identified by the taxonomists of Jawaharlal Nehru
Botanical Garden of India (JNTBGRI), Palode, Thiruvananthapuram, Kerala.

3B.4.3. Extraction and Isolation of Phytochemicals

The pulverised material (900 g) was subjected to sequential extraction with hexane, acetone
and ethanol at room temperature for 3 days. The corresponding crude extracts were
concentrated using a Heidolph rotary evaporator at a temperature of 50 °C afforded hexane (5g,
0.5%), and acetone (45 g, 5.0%) respectively. The bioactive candidates AA2 and AA3 were
isolated and purified from the acetone extracts using conventional silica gel column
chromatography and characterized by various NMR techniques (discussed in chapter 3A).
3B.4.4. Computational Screening and Molecular Dynamics Simulation: The minimization
of the proteins and the ligands, receptor grid generation and molecular docking were done with
Autodock Vina (Eberhardt et al., 2021). All the analysis and visualizations were done using
Chimera 1.13 and Maestro13.5.(Pettersen et al., 2004). The crystal structures of the proteins
were retrieved from the RCSB protein databank. All these proteins were refined by adding

hydrogens/missing side chains, charges, and minimized. Grids were generated around the

110



whole proteins, and different conformers of the ligands were chosen at different sites for their
binding. The conformer, which shows maximum affinity to a specific site of the protein, with
maximum dock score and minimum RMSD, is taken as the best pose. The binding affinities of
the ligands to a specific receptor were ranked using dock scores. To depict the stability of these
protein-ligand complexes and their interactions, molecular dynamics simulations were done
for 100ns using Desmond module of Schrodinger suite under OPLS-2005 force field.
(Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-
Desmond Interoperability Tools, Schrodinger, New York, NY, 2021.)

3B.4.5. Cell culture

SAS (human squamous cell carcinoma of tongue) and TTn (human squamous cell carcinoma
of esophagus) cell lines were generously gifted by Prof. Renu Wadhwa, AIST, Japan. These
cell lines cells were maintained in Dulbecco’s Minimum Essential Medium (DMEM; Gibco™,
Life Technologies, NY, USA) with 10% fetal bovine serum (FBS; Gibco®, NY, USA) and 1X
Pen-Strep (Invitrogen, CA, USA). The cells were cultured and maintained at 37 °C, 5% CO:
and 95% humidity unless otherwise stated.

3B.4.6. Cell proliferation MTT assay

MTT assay was performed to examine the cytotoxic effect of AA2 and AA3 on SAS and TTn
cells. Cells were trypsinized and approximately 2000 cells were seeded in 96-well plates per
well and incubated for 24 hours at 37°C in a COz incubator. Cells were then treated with various
concentration as indicated and incubated for 72 hours. Cells treated with vehicle control were
considered as control for the analysis. After the incubation period, 10ul of Smg/ml of MTT
(Sigma-Aldrich, Missouri, USA) was added to each well to the culture medium and incubated
for 4 hours. The culture medium was discarded and 100ul of DMSO (Merck, Darmstadt,
Germany) was added to all the wells. The absorbance was measured at 575nm after the
completion of 1h at room temperature. The absorbance was normalized using 0 hour reading
and percentage of proliferation was calculated considering the control as 100%.

3B.4.7. Colony formation assay

To evaluate the effect of compounds, AA2 and AA3, on the clonogenic potential of OSCC cells,
colony formation assay was conducted. Briefly, SAS cells were seeded at a density of 500 cells
per well in a 6-well plate and cultured in 2mL DMEM medium with 10 % FBS. After 24 hours
of seeding, 1, 2.5, 5 and 10 uM of AA2 or AA3 was added to each well. Untreated cells were
considered as control followed by 24 hours incubation. The media was then removed and

replaced with fresh media of 2mL and cultured for 10 days. Fresh medium was added as
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required. The placed were thoroughly washed with 1X PBS thrice and the cells were fixed with
70% ethanol. Ethanol was removed and plates were washed again with 1X PBS and stained
with 0.01% (w/v) crystal violet (SRL Pvt. Ltd., Mumbai, India). Plates were again washed
several times gently to remove the excess stain using 1X PBS. The images of each well were

captured. Plating efficiency and survival fraction was calculated using the formula:

PE, Plating efficiency = (Number of colonies counted/ Number of cells plated) x 100
SF, Survival fraction = (PE of treated sample/ PE of control) x 100
3B.4.8. Wound healing assay

Next, we evaluated the effects of AA2 and AA3 on the migratory potential of SAS cells using
scratch assay. For this, approximately SAS cells 5x10° cells were seeded per well of 6 well
plates and allowed them to form a monolayer. The medium was then replaced with serum-free
DMEM medium to inhibit the proliferation of cells. The cells were incubated in serum free
medium for 6-8 hours for the adaptation. A scratch was then introduced across the monolayer
using a 100 pL tip. The detached cells and debris were washed using 1X PBS and then treated
with the either AA2 or AA3 of 1, 2.5, 5, and 10 uM concentrations. The plates were then
monitored every 2 hours until the migration is completed in the control (untreated) wells.
Images were captured at different time intervals and analysed using image J software (NIH,
USA). The percentage of wound area remaining was then plotted using Graphpad Prism 9.0.
3B.4.9. PI-FACS analysis

Then we performed the propidium iodide (PI) based fluorescence-activated cell sorting (FACS)
assay to determine the effect of AA2 and AA3 on the SAS cell death rate. The SAS cells were
seeded at the density of 5 X 10* cells per well in a 6 well plate and incubated for 24 hours. The
cells were treated with 1, 2.5, 5, and 10 uM of AA2 or 5, 10, 15, 20 uM of AA3 to the plate.
Untreated was considered to be control. All the plates were then incubated for 48 hours. The
media was collected in the respective labelled polystyrene test tubes (5x77mm). The cells were
trypsinized and collected in the respective labelled polystyrene test tubes. These suspensions
were centrifuged at 4000 rpm for 10 mins at 4°C. Supernatant was discarded, and the pellet was
washed with 1X PBS and centrifuged at 4000 rpm for 10 minutes. This step was repeated three
times. The pellet was then suspended in 495 pl of PBS followed by the addition of 5 ul of PI
(Sigma-Aldrich, Missouri, USA). The cells were then analysed in flow cytometer (BD FACS
Celesta™, Becton-Dickinson, New Jersey, USA). The percentage of dead cells in each

condition was plotted using Graphpad Prism 9.0.
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3B.4.10. Annexin V assay

We performed annexin V assay to determine the percentage of cells undergoing apoptosis after
the treatment of AA2 and AA3. SAS cells were seeded at the density of 5x10* cells/well of 6
well plate. After 24 hours of incubation, the cells were treated with various concentrations of
AA2 (1, 2.5, 5, and 10 uM) or AA3 (5, 10, 15, 20 uM) for 48 hours. The cells which were not
treated were considered as control. After completion of 48 hours, medium was collected from
all the wells in the respective labelled polystyrene test tubes. The cells were trypsinized and
washed thrice with 1X PBS and pelleted at 4000 rpm for 10mins at 4° C. The control cells were
divided as stained (stained with both Pl and annexin V) and unstained. All the tubes with treated
cells and control (stained) cells were incubated with 2.5 uL of annexin and incubated for 20
minutes. The cells were then treated with PI. These stained cells were analysed using flow
cytometer (BD FACS Celesta™, Becton-Dickinson, New Jersey, USA). The percentage of cell
population stained with both PI and annexin in each condition were plotted using Graphpad
Prism 9.0.

3B.4.11. Cell cycle analysis

In the next step, we performed flow cytometry assisted cell cycle analysis using PI to understand
the effect of AA2 and AA3 on cell cycle progression of SAS cells. Briefly, 2x10° cells were
plated in 6 well plates and allowed to divide for 24 hours. Subsequently, the cells were collected
by trypsinization and washed with 1X PBS three times. The cells were then fixed with 75%
ethanol overnight at -20°C. Care was taken not to form the cell clumps during ethanol addition.
Ethanol was later removed by washing with 1X PBS and centrifugation at 4000 rpm for 10
minutes. The cells were stained with Propidium lodide (PI)/RNase solution and incubated for
20 minutes in the dark. After 20 minutes, cells were analyzed using flow cytometer (BD
FACSCelesta™, Becton-Dickinson, New Jersey, USA). The percentage of cells in each phase
of the cell cycle was analyzed using FCS express software and plotted using Graphpad Prism
9.0.

3B.4.12. Western blot analysis

Next, we performed immunoblotting analysis to understand the molecular mechanism behind
the AA2 and AA3 anti-cancer activities. Cells were seeded at the density of 1x10° cells in each
well of 6 well plate and incubated at 37° C incubator for 24 hours. The cells were treated with
different concentrations of AA2 (2.5, 5, and 10 uM) or AA3 (10, 15, and 20 uM) and untreated
was considered as control. Total protein lysates were prepared using lysis buffer (2 mM EDTA,
20 mM HEPES buffer, 0.1% (v/v) Triton-X100, 250 mM NaCl and protease inhibitors
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including 2 pg/mL Aprotinin, 1 mM DTT, 2 pg/mL Leupeptin hemisulfate and 1 mM PMSF).
Concentration of protein in the lysates were analysed using Bradford protein assay (Bio-rad,
California, USA). Equal concentrations of total protein were then loaded on to 10% on a 15%
sodium dodecy!l sulfate (SDS)-polyacrylamide gel with 5X Laemmli Buffer and ran at a voltage
of 90 V. The proteins were then transferred on to a nitrocellulose membrane and blocked using
5% non-fat dry milk (Amulya, India). The membrane was then probed with respective primary
antibodies for overnight at 4° C followed by three times wash with 1X TBST for 10 minutes
each at room temperature. The membrane was then incubated for 2 hours with secondary
antibody conjugated with horseradish peroxidase. the mebrane was again washed thrice with
1XTBST to remove unbound residual secondary antibodies. The blots were developed by
adding Clarity Western ECL substrate (Bio-Rad, California, USA) and ChemiDoc™ XRS
System (Bio-Rad, California, USA). Housekeeping genes GAPDH or a -tubulin was used as
loading control.

3B.4.13. Statistical analysis

All the experiments were repeated three times and Student’s t-test was employed. The data are
represented as mean and standard deviation. The statistical significance p-value < 0.05 as “*’,

p-value < 0.01 as “**’, p-value < 0.001 as “***’, was denoted as statistically significant.
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CHAPTER 4

An Organic Brensted acid, Pentacarbomethoxycyclopentadiene
(PCCP) catalysed Stereo-, and Regioselective Glycosidation of
Secondary metabolites in Conjunction with N-iodosuccinimide

4.1. Introduction

The success and efficiency of glycosidation reactions depends on several factors,
starting from protecting groups to match-mismatch between glycosyl donors and acceptors
[1,2]. Though there are number of methods available for glycosidation, based on different types
of donors, there exists the need to have a robust method for stereoselective and regioselective
glycosidation [3]. Pioneering studies from a number of laboratories suggests that O-2
protecting group has a profound influence on the control and extent of stereoselective
glycosidation [3-5]. Reports also points to the fact that the results of glycosidation reactions

cannot be predicted based on reactivity of donors and acceptors alone [6].

As part of our ongoing interest in natural products of phyto-origin, attaching the
saccharide appendages to the aglycones with complete regio- and stereoselectivity is a
formidable challenge and requires more focused investigation. Fraser-Reid et al. have utilized
the nuanced activation of donors and donor-acceptor matching to simplify the oligosaccharide
assembly utilizing n-pentenyl glycosyl donors (NPGs) and n-pentenyl orthoesters (NPOES) [7—
9]. The versatile use of NPG and NPOE by utilizing Lewis acids such as ytterbium and
scandium triflates are also reported by Fraser-Reid et al. [10-12]. In this context, we were
impressed by the pioneering report by Lambert et al. on synthesis of an organic Brgnsted acid,
pentacarbomethoxycyclopentadiene (PCCP, Fig. 1), which is efficiently utilized for catalysing
various organic reactions [13]. They have also shown that the pKa of PCCP can be manipulated
by changing the five ester groups leading to chiral and achiral PCCP derivatives [14]. There is
only sporadic information available on utilizing organic Brgnsted acid for saccharide coupling
[15-19]. We have initiated our studies on utilizing PCCP (A/B, Figure. 4.1), the unique organic
Bronsted acid for glycosidation reaction using NPOEs, the preliminary results of our

investigations are discussed in this chapter.
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Figure. 4.1 Structure of organic Brgnsted acid pentacarbomethoxycyclopentadiene (PCCP).

4.2. Results and Discussion

4.2.1. Synthetic route of Pentacarbomethoxycyclopentadiene (PCCP)

PCCP can be easily synthesized from readily available starting materials such as
dimethyl malonate (DMM) and dimethyl acetylene dicarboxylate (DMAD). This synthetic
strategy involves two steps that are summarized in the following scheme (Scheme 1). The
initial step IS the formation of  the regioisomer 1,1,2,3,45,6,7-
octacarbomethoxycycloheptadiene by the combination of DMM (1 equiv.) and DMAD (3
equiv.). In the second step, the formed regioisomer was heated under reflux with aqueous
potassium acetate followed by acidification with conc. HCI to generate PCCP as a crystalline
solid (60%).
4.2.1.1. Preparation of 1,1,2,3,4,5,6,7-Octacarbomethoxycycloheptadiene

Portion-wise addition of 2.5 mL of equal parts (by weight) of pyridine and acetic acid
to a stirred solution of 38 g (0.27 mol) of dimethyl acetylene dicarboxylate (DMAD) and 11.7
g (0.09 mol) of dimethyl malonate in 60 ml of absolute ether resulted in an exothermic reaction.
After the vigorous reaction had subsided, the dark red mixture was heated under reflux for 2 h.
The resulting solid was collected, washed with ether, and dried with anhydrous sodium
sulphate. Then the material was dissolved in minimum volume of methanol, filtered and dried
under vacuum. The structure assigned to the product (mixture of two isomers, a and b) was
confirmed by the spectral analysis including *H NMR and *C NMR. In 'H NMR spectrum,
the stereogenic protons in both (a) and (b) are resonated at different chemical shifts. The
asymmetric proton in (a) resonated as a singlet in the region of 6 4.72 ppm, whereas in (b) it
was as a doublet at 6 5.15 ppm. Moreover, all the methoxy protons were resonated at ¢ 3.88 -
3.69 ppm (Figure 4.2). In *C NMR, the carbonyl carbon of the ester moieties was resonated at
0 162.5-170.3 ppm. The stereogenic carbons were resonated at 6 44.3 and 34.7 ppm (Figure
4.3).
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Figure 4.3: 3C NMR spectrum of the regioisomer (a) and (b)

4.2.1.2. Preparation of 1,2,3,4,5-pentacarbomethoxycyclopentadiene (PCCP)

To the regioisomer (10 g), 16.5 g of KOAc (60% KOACc) was added and stirred for 5
h, which results in precipitation of the potassium salt of the Brgnsted acid. The resulting salt
was acidified with conc. HCI, filtered and dried under vacuum. In the *H NMR spectrum, the

methoxy protons resonated as a singlet in the region of ¢ 4.03 - 3.79 ppm. The -OH proton is
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highly deshielded due to the intramolecular hydrogen bonding with one of the ester moiety
which is observed in the region of ¢ 20.11 ppm (Figure 4.4). In 3C NMR, peaks resonated
between ¢ 173.0 to 164.3 ppm indicates the presence of ester carbonyl group. The methoxy
carbons resonated between ¢ 51.4 and 55.1 ppm. The olefinic carbons resonated between
109.2 to 134.3 ppm (Figure 4.5).
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Scheme 1: Two stage synthesis of Pentacarbomethoxycyclopentadiene
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Figure 4.5: 3C NMR spectra of PCCP

4.2.2. Synthesis of n-pentenyl orthoester (NPOE) donors

OBz OBn OAc
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Figure 4.6: Structure of glycosyl donors

3,4,6-Tri-O-benzoyl-B-D-glucopyranose-1,2-(pent-4-enyl orthobenzoate)-1a

p-Glucose (20.5 g, 0.114 mol) was dissolved in pyridine (250 mL) and cooled to 0 °C. Benzoyl
chloride (86.0 ml, 0.740 mol) was added slowly to the mixture with constant stirring and
continued the reaction for 24 h at room temperature. After completion of the reaction by

analysing TLC, the excess benzoyl chloride in the reaction mixture was quenched with ice
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water. Then the solid residue was dissolved in DCM and treated with 2N HCI, saturated
aqueous NaHCOg, washed with water, dried with anhydrous sodium sulphate, and concentrated
to afford crude pentabenzoate of glucose in 83% yield. The crude material (10 g, 0.014 mol)
was dissolved in freshly distilled DCM (60 ml) and cooled to 0 °C. 33% HBr/AcOH (55 ml,
0.982 mol) was added and the mixture was stirred at 0 °C to rt for 3 h. After the complete
disappearance of pentabenzoate, the mixture was diluted with ice-cold water and DCM. Then
the organic layer was washed with water, saturated aqueous NaHCOg, dried over anhydrous
sodium sulphate, and concentrated to obtain crude 2,3,4,6-tetra-O-benzoyl-p-po-glucopyranosyl
bromide in 92% yield. The crude glycosyl bromide (6.0 g, 0.009 mol) was dissolved in dry
DCM (30 ml), and 2,6-lutidine (2.92 ml, 0.027 mol), 4-pentenol (2.81 ml, 0.027 mol), and
tetra-butyl ammoniumiodide (3.36 g, 0.009 mol) were added. The reaction mixture was
refluxed under argon atmosphere overnight. After the complete disappearance of the glycosyl
bromide, the reaction mixture was dissolved in more DCM and washed with saturated copper
sulphate solution, water, dried over anhydrous sodium sulphate and concentrated. The product
1a was obtained as colorless syrup in 76% by silica gel column chromatography using 20%
EtOAc-Hex as an eluent system.
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Figure 4.7: *H NMR spectra of 1a
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The same protocol was also applied for the synthesis of galactose donor 1d.
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Figure 4.10: 3C NMR spectra of 1d

The donor 1a thus obtained was further subjected to desertification by freshly prepared NaOMe
solution for 10 min. The crude mixture thus obtained was purified by column chromatography
(EtOAC: Hex — 6:4) to afford a colourless syrup, triol. The resultant triol (2.0 g, 0.006 mol) was
dissolved in anhydrous N,N-dimethyl formamide (30 ml), and sodium hydride (1.36 g, 0.057
mol) was added in portion-wise to the reaction mixture and stirred at rt for 20 min. Benzyl
bromide (3.03 ml, 0.025 mol) was slowly added to the reaction mixture in an ice bath, and
continued stirring for 2 hr and diluted with DCM. Excess sodium hydride in the reaction
mixture was quenched with the careful addition of ice-cold water, washed with water, dried
with anhydrous sodium sulphate, and concentrated. The product 1b was obtained by column

chromatography as colourless syrup.
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Figure 4.14: 13C NMR spectra of 1e
For the synthesis of 1c, p-glucose (2.0 g, 0.011 mol) was dissolved in pyridine (25 ml) and
cooled to 0 °C, acetic anhydride (6.82 ml, 0.072 mol) was added slowly to the mixture with

constant stirring, and kept the reaction overnight at room temperature. The reaction mixture
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was quenched with ice-cold water after completion of the reaction as indicated by TLC. The
solid residue was dissolved in DCM and treated with 2N HCI followed by saturated aqueous
NaHCOz. The product was washed with water, dried with anhydrous sodium sulphate, and
concentrated to afford crude pentaacetate of glucose in 85% yield. The crude material (2 g,
0.005 mol) was dissolved in freshly distilled DCM (20 ml) and cooled to 0 °C, 33 % HBr/AcOH
(19.9 ml, 0.333 mol) was added and the reaction mixture was stirred at 0 °C to rt for 6 h. After
analysing TLC, the reaction mixture was diluted with ice-cold water and DCM. Then the
organic layer was washed with water, saturated NaHCOs3, dried with anhydrous sodium
sulphate and concentrated to obtain crude 2,3,4,6-tetra-O-acetyl-p-p-glucopyranosyl bromide
in 90 % vyield. The crude glycosyl bromide (1.0 g, 0.002 mol) was dissolved in dry DCM (15
ml), and 2,6-lutidine (0.85 ml, 0.007 mol), 4-pentenol (0.75 ml, 0.007 mol), and tetra butyl
ammonium iodide (0.898 g, 0.002 mol) were added. The reaction mixture was refluxed under
argon atmosphere overnight. After the complete disappearance of the glycosyl bromide, the
reaction mixture was dissolved in excess DCM and washed with saturated copper sulphate
solution, water, dried and concentrated. The product 1c was obtained as colourless oil in 80%

yield by column chromatography using 40 % EtOAc-Hex as an eluent system.
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Figure 4.15: *H NMR spectra of 1c
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Figure 4.16: 3C NMR spectra of 1c
4.2.3. Selection of glycosyl acceptors
In the present study, we mainly chose those molecules that possess hydroxyl group and isolated
from plant sources. Some of these molecules were isolated in our lab itself including
isomenthol and betulinic acid and some others were purchased from TCI chemicals (Figure
4.17). The remaining sugar acceptors are synthesized from p-glucose and p-ribose based on

previous literature reports.[1,2]

2d 2e 2f
OH OBn
o o
BnO H
BnO BnO
BnO BnO
OMe OMe
2g 2h

Figure 4.17: Structure of various glycosyl acceptors
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4.2.4. General procedure & optimization BA-mediated Glycosylation

Our initial experiment involved glycosidation using benzoyl (Bz) protected NPOE of p-glucose
(1a, Fig. 2) with a naturally occurring secondary alcohol (+)-isomenthol (2a, Fig. 2), a major
component of the wild mint Mentha arvensis, a species of flowering plant in the mint family
Lamiaceae. Reaction of 1a and 2a in the presence of a catalytic amount of PCCP (0.01 mol%)
and NIS (3.5 equiv.) in dichloromethane at 0 °C to room temperature afforded the glycoside
3aa (Scheme 2) in moderate yield, even after stirring the reaction mixture for 24 h. Hence, we
optimized the reaction conditions by varying the time, temperature, and solvents (Table 1).

NIS (3.5 equiv.) 0Bz
PCCP (0.01 mol %) 0
1a + 2 stozmoa
CH,Cl,, 4 AMS OBz
0°Ctort, 48 h
3aa
(93%)

Scheme 2: PCCP catalyzed glycosidation of 2a with NPOE 1a
Further optimization of the glycosylation strategy by varying solvent, temperature, etc. did not

further improve the glycoside formation, all the conditions are summarized in the Table 1.

Entry | Solvents Time/ Temperature Product / Yield
1 DCM 30 min/RT No reaction
2 DCM 1h/RT No reaction
3 DCM 2h/RT No reaction
4 DCM 6h/RT No reaction
5 DCM 12h/RT 3aa/ 10%
6 DCM 24h/RT 3aal 27%
7 DCM 24h/0°C-RT 3aa/ 68%
8 DCM 48h/0°C-RT 3aa/ 93%
9 Acetonitrile 48h/0°C-RT 3aa/ 58%
10 Toluene 48h/0°C-RT 3aa/ 49%
11 DCM 24h/-20°C-RT 3aa/ 19%

Table 1: Optimization table for BA mediated glycosylation by varying time, temperature and solvents.

The optimized reaction condition for glycosidation of 2a (1 equiv.) with 1a (1.5 equiv.) in the
presence of PCCP (0.01 mol%), NIS (3.5 equiv.) in dichloromethane (9 mL) and 4 A molecular
sieves (powdered), under inert atmosphere, from 0 °C to room temperature for a duration of 48
h afforded 1,2-trans glycoside 3aa in 93 % yield (Scheme 1). The structure of the product was
confirmed by *H, *3C NMR and ESI-HRMS analysis. In *H NMR the anomeric proton at C-1
found to be resonated at ¢ 4.79 ppm with a coupling constant of J = 8.0 Hz, indicating the

configuration of B glycoside (Figure 4.18). Moreover, the anomeric carbon (C-1) resonated at

133



PROTON CDCl3 {E:\Aswathy} niist 15

Glu-Bz-IM-BA

0 101.4 ppm (Figure 4.19). Finally, the product was confirmed by ESI-HRMS, where 3aa

showed a molecular ion peak at m/z 757.2995 which is the (M+Na)* peak.
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The first successful glycosidation reaction with catalytic PCCP and NIS prompted for
investigation of substrate scope of the reaction with b-glucose NPOESs bearing benzyl, benzoyl
and acetyl protection, and various aglycones comprising natural products cholesterol 2b,
betulinic acid 2c, methyl cholate 2e, deoxymethyl cholate 2f, and methyl-glycoside acceptors
2d, 2g-h (Figure.4.15), which afforded trans glycosides 3 in good to excellent yields (entry 1-
5, Table 1). The effect of protecting groups on the stereochemical outcome of glycosidation
was apparent. Benzoyl (1a) and benzyl (1b) protected NPOEs selectively afforded 1,2-trans
glycosides 3, whereas, acetyl protected NPOE 1c led to 1,2-cis and trans glycoside mixture of
4ce:3ce (1:0.3) and 4cf:3cf (1:0.33) (entry 6-7, Table 1). However, NPOEs bearing benzoyl,
benzyl protection on p-galactose (1d and 1e) with the aforementioned aglycones, invariably,
led to formation of 1,2-orthoester adducts (entry 8-13, Table 2). The glycosylated
products/1,2-orthoesters were identified from the coupling constants of the anomeric protons
in the *H NMR spectra. Anomeric protons of the 1,2-orthoester products exhibit a coupling
constant of 5-5.5 Hz, compared to 1,2-trans and 1,2-cis glycosides that exhibit 7-9 and 1-4 Hz,
respectively.

Table 2. Substrate scope of glycosidation reactions catalyzed by PCCP using NPOE donors?

__OR __OR ~ OR'
NIS (3.5 equiv.) R'O o R'O o RO o
PCCP (0.01 mol %) oR
1+ 2 (ROH RO R'O R'O
( ) o o) e} O,
CH,Cly, 4 A MSO OR >0
°C to rt, 12-48 h R"/J%o R"’go Ph™ R
3 4 5

where, R' = Bz/Bn/Ac; R" = Ph/Me

Entry | Glycosyl Donor | Glycosyl acceptor | Product(s) Yield® (%)
1 1a 2b 3ab 76 (94)
2 la 2¢ 3act 71 (89)
3 la 2e 3ae 96
4 1b 2a 3ba 79 (90)
5 1b 2e 3be* 91 (93)
6 1c 2e 3(c0e':34f§§° 92
! 1c 2f ?gggcg 92
8 1d 2f 5dfe 68 (85)
9 1d 2h 5dh 93
10 le 2¢ Sect 63 (91)
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Entry | Glycosyl Donor | Glycosyl acceptor | Product(s) Yield® (%)
11 le 2d Sed 67 (86)
12 le 2f Sefc 61 (76)
13 le 2g Seg 92

2 Reaction conditions: To the mixture of 1 (1.5 equiv.), 2 (16 to 28 mM, 1 equiv.) in CH,Cl, (10 mL) at 0 °C,
under 4 A MS, PCCP (0.01 mol%, 0.3 mM in CH.Cly), NIS (3.5 equiv.) were added, and slowly warmed to room

temperature. ° Isolated yields by column chromatography (yields in parenthesis represent values based on
recovered 2). ¢ C3 position glycosidated.
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Figure 4.20: *H NMR spectra of 3ab
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Figure 4.21: *H NMR spectra of 3ab

136



GLU-Bet-p2

niist 17

{E:\Aswathy}

PROTON CDC13

FrerrrrErErrddddddddddddddddddddddddcoocoo

.

Figure 4.22: *H NMR spectra of 3ac
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The reactivity order of the three OH groups in cholic acid was investigated by various research

Figure 4.23:

groups [20,21]. In the present study, a regioselective glycosidation of 2e with 1a at C3 position
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was the only product observed in 96% yield. Compound 3ae was confirmed by comparison
with respective chemical shifts in *C NMR spectra of hydroxy bearing carbons of 2e, which
are 71.9, 68.4, and 73.0 ppm for C3, C7, and C12, respectively. The chemical shifts of C3, C7,
and C12 of 3ae are 80.7, 68.0, and 72.8 ppm, respectively, which confirms the C3
regioselectivity of the glycosidation (Figure 4.24- 4.26). A similar 3C NMR chemical shift

analysis was carried out to confirm the C3 regioselectivity of the products 3ac, 3be, 3ce, 4ce,
3cf, 4cf, 5df, 5ec, and 5ef.
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Figure 4.24: 'H NMR spectra of 3ae

AM-0-3-1-R5
C13CPD ©DC13 {E:\Aswathy] niist 23

T T T T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 SO 80 70 60 50 40 30 20 10 ppm

Figure 4.25: 3C NMR spectra of 3ae
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Figure 4.27: *H NMR spectra of compound 3ba
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Figure 4.31: *H NMR spectra of mixture of 3ce and 4ce
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Figure 4.32: 3C NMR spectra of mixture of 3ce and 4ce
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Figure 4.48: 3C NMR spectra of Compound 5eg

Additionally, experiments were conducted with common Lewis acids (10 mol%) in
conventional glycosidation of 2a with la to ascertain the efficiency of PCCP catalyst.
Reactions catalyzed by Sc(OTf)z and Yb(OTf)s afforded 1,2-orthoester adduct 5aa in 90 and
93% vyields, respectively (Figure 4.42), similar to a report by Fraser-Reid et al.,[6] interestingly,
Zn(OTf)z afforded the 1,2-trans glycoside 3aa in 85% yield.
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Figure 4.42: Comparison of the *H & ** CNMR spectra of glycosylation of 2a with 1a catalyzed
by various metal triflates. (A) Sc(OTf)z gives 5aa (B) Yb(OTf)s gives 5aa (C) Zn(OTf)z gives
3aa

4.3. Plausible mechanism

Control experiments were conducted to decipher the role of PCCP in conjunction with NIS in
the glycosidation reaction, where attempts with either PCCP (0.01 mol%) or NIS (3.5 equiv.)
resulted in no reaction, which shows that activation of NIS by PCCP as the driving force behind
generation of iodonium ion. Interestingly, repetition of the optimized reaction condition by
replacing PCCP with other Brgnsted acids viz. BINAP or triflic acid at 10 mol% did not yield
the glycosidated product. Fraser-Reid et al. described that the activation of NPOE results in the
initial formation of oxocarbenium (1) and dioxolenium (I11) cations, which are interchanged
via trioxolenium (11) ion (Scheme 2) [22]. The second role of PCCP, perhaps, is to enhance the
nucleophilicity of the acceptor by hydrogen bonding similar to chiral phosphoric acids,[23]
resulting in 1,2-trans glycoside bond formation with I or 11 or 111 to afford 3 by Sn2 attack, the
steric difference in C2 benzoyl ester versus acetyl ester can be the reason behind 1,2-cis-
selectivity with 1c donor for the formation of 4. The rationale behind formation of 1,2-
orthoester 5 from 1d/1e could be owing to an intramolecular stabilization of oxocarbenium ion

(1) from C4 ether or ester, which ensue nucleophilic addition by acceptor alcohol on disarmed
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C2 ester 1V. As reported by Fraser-Reid et al. on reactivity of NPOEs in the presence of Lewis
acids [6], Sc(OTf)zand Yb(OTf)s afforded 1,2-orthoester adduct 5aa. However, the rationale
behind the formation of 1,2-trans glycoside 3aa in the presence of Zn(OTf)z can be attributed
to the spontaneous release of triflate, due to sheer size of zinc compared to the other two metals,
followed by formation of a glycosyl triflate intermediate[24] from oxocarbenium ion | and

subsequent nucleophilic Sn2 attack by the alcohol acceptor (Figure 4.43).

oxocarbenium trioxolenium dioxolenium
ion (I) ion (Il) ion (lll)
RO OR' RO OR'

m

Ph

intramolecular
stabilization

Ph

oxocarbenium
ion (1) from 1d/1e

Figure 4.43: Plausible mechanism

4.4. Conclusion

In conclusion, our preliminary investigation in utilizing the organic Brgnsted acid PCCP for
catalysing the glycosidation with NPOEs in conjunction with NIS led to the formation of 1,2-
trans glycosides with p-glucose, and variation of C2 position with acetyl group led to cis
selectivity. However, the o-galactose based-NPOEs, afforded 1,2-orthoester products, and a
reasonable mechanism behind the reactivity difference with donors is provided. Lewis acids
such as Sc(OTf)sand Yb(OTf)s afforded 1,2-orthoester product in contrary to reaction with
PCCP catalyst and p-glucosyl NPOEs 1a/1b/1c. To maintain the utility of the method towards
glycosidation of natural products, attempts with cholic acid derivatives afforded a C3
regioselectivity and 1,2-trans stereoselectivity in excellent yields. Though the glycosidation
with p-galactosyl donors led to 1,2-orthoesters, our preliminary studies showed the utility of

PCCP in glycosidation with p-glucosyl NPOEs.
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4.5. Experimental Section

4.5.1. General Experimental Methods:

All the reagents that were purchased are of the highest quality and used without further
purification. Freshly distilled dichloromethane over calcium hydride was used for the reactions.
Reactions were monitored by Merck precoated silica gel Fzs4 TLC plates and visualized by a
short wavelength UV lamp and by charring the TLC plate after spraying with 15% sulphuric
acid in methanol. Gravity column chromatography was performed using silica (100-200 mesh,
230-400 mesh), and mixtures of ethyl acetate-hexane were used for elution. NMR spectra were
recorded on a Bruker Ascend™ 500 MHz spectrometer (500 MHz for *H NMR, 125 MHz for
BC{1H} NMR). The chemical shifts (§) are given in ppm and referenced to the internal
standard TMS. *H NMR coupling constants (J) are reported in Hertz (Hz) and multiplicities
are indicated as s (singlet), d (doublet), t (triplet), m (multiplet), dd (doublet of doublets), etc.
HR-ESI-MS data were obtained from a Thermo Scientific Exactive mass spectrometer with

Orbitrap analyser and the ions are given in m/z.

4.5.2. General procedure for BA mediated Glycosylation

Glucose NPOE 1 (0.479 mmol, 1.5eq) and acceptor 2 (0.320 mmol, 1leq) were azeotroped
together with freshly distilled toluene. The resulting dry syrup was redissolved in freshly
distilled CH.ClI> (9 mL) and cooled to 0°C. N-iodosuccinimide (NIS) (1.121 mmol, 3.5 eq) and
powdered 4A° molecular sieves were added, stirred for 10 min and then BA (0.01 mol %) in
CHCI, was added. The reaction mixture was kept at 0°C- RT for 24-48 h, quenched with 10
% Na>S»03 and saturated NaHCO3 aqueous solutions. Then the molecular sieves were filtered,
washed with CH2Cl>. The organic layer was thus collected washed with water, brine and dried.
The crude residue was further subjected to conventional silica gel column chromatography

using ethyl acetate-hexane as mobile phase.

4.6. Spectral data

PCCP IH NMR (500 MHz, CDCl3): ¢ 3.78, 3.91, 3.98, 4.03
(s, 15H), 20.11 (s, 1H) ppm. ®C NMR (125 MHz,
CDCI3): 6 173.0, 171.0, 168.5, 164.3, 134.3, 129.0,
119.7, 109.2, 55.1, 54.9, 52.5, 51.4 ppm.

ESI-HRMS: 355.0656 [M-H]* (Observed)
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355.0670 [M-H]" (Calculated)

(@)
BzO
BzO
(@)

IH NMR (500 MHz, CDCls): 6 8.07-8.03 (m, 2H),
8.01—7.97 (m, 2H), 7.95—7.91 (m, 2H), 7.88-7.84 (m,
2H), 7.54 (m, 4H), 7.47 — 7.34 (m, 8H), 7.30 (dd, J; =
13.0 Hz, J2 = 5.3 Hz, 2H), 5.93 (t, J = 9.7 Hz, 1H), 5.73
—5.62 (m, 2H), 5.56 (dd, J1 = 9.7 Hz, J, = 7.9 Hz, 1H),
4.88 — 4.82 (m, 3H), 4.67 (dd, J; = 12.1 Hz, J, = 3.2
Hz, 1H), 4.53 (dd, J; = 12.1 Hz, J, = 5.3 Hz, 1H), 4.21
—4.16 (M, 1H), 3.95 (m, 1H), 3.58 (m, 1H), 2.05 — 1.90
(m, 2H), 1.72 — 1.63 (m, 3H) ppm. *C NMR (125
MHz, CDClz): 6 166.2, 165.9, 165.2, 165.1, 137.8,
133.4, 133.2, 133.1, 129.8, 129.8, 129.6, 128.9, 128.4,
128.4,128.3, 114.9, 101.3, 73.0, 72.2, 72.0, 69.9, 69.4,
63.3, 29.8, 28.6 ppm.

Compound 1b

'H NMR (500 MHz, CDCls): 6 8.05 — 8.03 (m, 2H),
759 (t, J=7.4Hz, 1H), 7.46 (t, J = 7.7 Hz, 2H), 7.42
— 7.39 (m, 2H), 7.38 (s, 3H), 7.36 (m, 2H), 7.34 (m,
2H), 7.33 — 7.29 (m, 9H), 7.21 (m, 2H), 7.16 (s, 4H),
5.66 (m, 1H), 5.32 - 5.27 (m, 1H), 5.04 — 4.93 (m, 1H),
4.86 — 4.84 (m, 2H), 4.83 - 4.80 (m, 1H), 4.71 — 4.66
(m, 3H), 4.62 — 4.56 (m, 2H), 4.56 — 4.49 (m, 2H), 3.93
—3.88 (m, 1H), 3.87 -3.82 (m, 2H), 3.79-3.72 (m, 3H),
3.69 — 3.61 (m, 1H), 3.60 — 3.54 (m, 1H), 3.51 — 3.46
(m, 1H), 2.04 - 1.92 (m, 2H), 1.68 — 1.55 (m, 2H) ppm.
13C NMR (125 MHz, CDCls): 6 165.2, 138.0, 133.0,
129.7,128.4, 128.3, 128.0, 127.8, 127.6, 114.7, 101.2,
82.8, 78.1, 75.0, 73.8, 73.6, 69.0, 29.9, 28.6 ppm.

Compound 1c

IH NMR (500 MHz, CDCls): 6 5.84 — 5.75 (m, 1H),
571 (d, J = 5.1 Hz, 1H), 5.19 (s, 1H), 5.00 (m, 2H),
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OAc

4.93-4.88(m, 1H), 4.32(dd, J1 = 5.4 Hz, J, = 2.4 Hz,
1H), 4.23 — 4.16 (M, 2H), 3.98 — 3.91 (M, 1H), 3.48 (m,
2H), 2.18 — 2.04 (m, 12H), 1.72 (s, 3H), 1.69 — 1.56 (m,
4H) ppm. B¥C NMR (125 MHz, CDCls): & 170.8,
169.7, 169.2, 137.9, 121.3, 115.0, 96.9, 73.1, 70.1,
68.2, 66.9, 63.1, 62.9, 30.2, 28.8, 20.8, 20.8, 20.7 ppm

Compound 1d

BzOOBz

(0]
BzO

0
Ph><§
M

IH NMR (500 MHz, CDCls): 6 8.02 (d, J = 7.7 Hz,
1H), 7.96 (d, J = 7.7 Hz, 2H), 7.90 (d, J = 7.7 Hz, 2H),
7.83 (d, J = 7.6 Hz, 2H), 7.52 (m, 4H), 7.39 (m, 8H),
7.32 - 7.25 (m, 3H), 5.90 (t, J = 9.6 Hz, 1H), 5.65 (m,
2H), 5.53 (t, J = 8.8 Hz, 1H), 4.86 — 4.79 (m, 3H), 4.64
(d, J = 11.9 Hz, 1H), 4.50 (dd, J; = 12.0 Hz, J, = 5.0
Hz, 1H), 4.19 — 4.11 (m, 1H), 3.93 (dd, J; = 15.4 Hz,
J2 = 6.4 Hz, 1H), 3.55 (dd, J1 = 15.8 Hz, J» = 7.1 Hz,
1H), 1.97 (m, 2H), 1.67 — 1.57 (m, 5H) ppm. 3C NMR
(125 MHz, CDCls): § 166.2, 165.9, 165.2, 165.1, 137.7,
1335, 133.2, 133.1, 129.8, 129.8, 129.8, 129.6, 129.3,
128.8, 128.4, 128.4, 128.3, 114.9, 101.3, 72.9, 72.2,
71.9, 69.8, 69.5, 63.2, 31.0, 29.8, 28.5 ppm.

Compound le

IH NMR (500 MHz, CDCls): 6 7.33 (t, J = 7.0 Hz,
6H), 7.31 — 7.25 (m, 13H), 7.16 (d, J = 7.3 Hz, 2H),
5.87 — 5.77 (m, 1H), 5.04 — 4.89 (m, 4H), 4.80 (dd, J;
= 14.7 Hz, J, = 11.0 Hz, 2H), 472 (d, J = 11.0 Hz,
1H), 4.57 (m, 3H), 4.38 (d, J = 7.8 Hz, 1H), 4.00 — 3.92
(m, 1H), 3.74 (d, J = 10.6 Hz, 1H), 3.67 (dd, J = 10.8
Hz, J2 = 4.7 Hz, 1H), 3.63 (d, J = 9.0 Hz, 1H), 3.56 (m,
2H), 3.45 (t, J = 8.4 Hz, 2H), 2.20 — 2.14 (m, 2H), 1.75
(m, 2H) ppm. 3C NMR (125 MHz, CDCls): § 165.2,
138.0, 133.0, 129.7, 128.4, 128.3, 128.0, 127.8, 127.6,
114.7, 101.2, 82.8, 78.1, 75.0, 73.8, 73.6, 69.0, 29.9

ppm.

Compound 3aa

IH NMR (500 MHz, CDCls): § 7.95 (d, J = 7.5 Hz,
2H), 7.88 (d, J = 7.5 Hz, 2H), 7.84 (d, J = 7.5 Hz, 2H),
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7.76 (d, J = 7.5 Hz, 2H), 7.48-7.41 (m, 4H), 7.37-7.26
(m, 8H), 7.23-7.19 (m, 3H), 5.84 (t, J = 10.0 Hz, 1H),
5.53 (t, J = 10.0 Hz, 1H), 5.47 (t, J = 8.0 Hz, 1H), 4.79
(d, J = 8.0 Hz, 1H), 4.56-4.53 (dd, J; = 12.0 Hz, J; =
3.0 Hz, 1H), 4.45-4.41 (dd, J. = 12.0 Hz, J> = 6.5 Hz,
1H), 4,13-4.09 (m, 1H), 3.68-3.65 (m, 1H), 1.78-1.72
(m, 1H), 1.65-1.54 (m, 4H), 1.28-1.21 (m, 3H), 1.59-
1.14 (brd, 1H), 1.12-1.08 (m, 2H), 1.06-1.00 (M, 2H),
0.95-0.85 (m, 1H), 0.82-0.76 (m, 1H), 0.71 (d, J = 7.0
Hz, 3H), 0.55 (d, J = 7.0 Hz, 3H), 0.50 (d, J = 7.0 Hz,
3H) ppm. 3C NMR (125 MHz, CDCls): § 166.1,
165.9, 165.3, 165.1, 133.5, 133.2, 133.1, 129.9, 129.8,
129.7, 129.4, 128.9, 128.8, 128.4, 128.3, 128.3, 128.2,
101.4, 78.8, 73.0, 72.1, 72.0, 70.1, 63.6, 53.4, 46.3,
37.9, 29.9, 27.3, 25.2, 20.8, 20.2, 19.6, 18.2 ppm.
ESI-HRMS: 757.2995 (M+Na)* (Observed)
757.2989 (M+Na)* (Calculated)

Compound 3ab

IH NMR (500 MHz, CDCls): 5 8.01 (d, J = 8.0 Hz,
2H), 7.96 (d, J = 7.5 Hz, 2H), 7.90 (d, J = 8.0 Hz, 2H),
17.83 (d, J = 8.0 Hz, 2H), 7.55-7.47 (m, 3H), 7.43-7.32
(m, 7H), 7.29-7.26 (m, 2H), 5.90 (t, J = 9.5 Hz, 1H),
5.63 (t, J = 9.5 Hz, 1H), 5.52-5.48 (dd, J. = 8.0 Hz, J
=15 Hz, 1H), 5.22 (d, J = 4.5 Hz, 1H), 4.95 (d, J = 8.0
Hz, 1H), 4.62-4.59 (dd, J1 = 12.0 Hz, J2 = 3.5 Hz, 1H),
4.54-451 (dd, J1 =12.0 Hz, J, =6.0 Hz, 1H), 4.18-4.14
(m, 1H), 3.55-3.51 (m, 1H), 2.19-2.12 (m, 2H), 2.02-
1.99 (m, 1H), 1.93-1.90 (m, 2H), 1.86 -1.78 (m, 1H),
1.73-1.70 (m, 1H), 1.63-1.46 (m, 5H), 1.44-1.33 (m,
8H), 1.26-1.21 (m, 2H), 1.17-1.05 (m, 7H), 1.06-0.94
(m, 5H), 0.92 (d, J = 6.5 Hz, 3H), 0.89 (s, 3H), 0.87 (d,
J=2.0 Hz, 3H), 0.86 (d, J = 2.0 Hz, 3H), 0.65 (s, 3H)
ppm. 13C NMR (125 MHz, CDCls): ¢ 166.1, 165.9,
165.3, 165.1, 140.3, 133.4, 133.2, 133.2, 133.1, 129.9,
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129.8, 129.8, 129.7, 129.7, 129.5, 128.9, 128.8, 128.4,

128.4, 128.4, 128.3, 122.0, 100.2, 80.5, 73.1, 72.1,

70.1,63.4,56.8,56.2,50.1, 42.3, 39.8, 39.5, 38.8, 37.1,

36.6, 36.2, 35.8, 31.9, 31.8, 29.6, 28.2, 28.0, 24.3, 23.8,

22.8,22.6,21.0,19.3, 18.7, 11.9 ppm.

ESI-HRMS: 987.5047 (M+Na)" (Observed)
987.5023 (M+Na)* (Calculated)

Compound 3ac

!H NMR (500 MHz, CDClz): 6 7.94 (d, J = 8.0 Hz,
2H), 7.88 (d, J = 7.0 Hz, 2H), 7.83 (d, J = 7.5 Hz, 2H),
7.76 (d, J=7.0 Hz, 2H), 5.82 (t, J = 9.5 Hz, 1H), 5.58-
5.54 (m, 1H), 5.44-5.40 (m, 1H), 5.23 (m, 1H), 5.15
(brd, 1H), 4.87 (d, J = 7.5 Hz, 1H), 4.54-4.51 (dd, J; =
12.0 Hz, J> = 3.0 Hz, 1H), 4.47-4.43 (dd, J1 = 12.0 Hz,
J2=6.0 Hz, 1H), 4.09-4.07 (m, 1H), 3.51-3.44 (m, 2H),
2.22-2.16 (m, 2H), 2.12-2.06 (m, 2H), 1.95-1.93 (m,
1H), 1.93-1.90 (m, 2H), 1.89-1.86 (m, 2H), 1.83-1.81
(m, 1H), 1.79-1.74 (m, 3H), 1.66-1.54 (m, 8H), 1.52-
1.47 (m, 4H), 1.43-1.42 (m, 2H), 1.39 (brs, 2H), 1.37-
1.32 (m, 4H), 1.32-1.29 (m, 2H), 1.27-1.20 (m, 8H),
1.16-1.15 (brs, 2H), 1.15-1.13 (m, 2H), 1.12-1.10 (m,
2H), 1.09-1.06 (m, 6H), 1.03-0.94 (m, 8H), 0.93 (s,
3H), 0.92-0.87 (m, 5H), 0.86-0.84 (brd, 9H), 0.83-0.82
(brd, 1H), 0.79 (brs, 2H), 0.77 (brs, 6H), 0.76 (s, 3H),
0.75 (s, 3H), 0.73 (brd, 3H), 0.61 (s, 3H), 0.37 (s, 3H)
ppm. 3C NMR (125 MHz, CDCls): ¢ 177.2, 166.1,
165.9, 165.3, 165.1, 140.8, 140.3, 133.4, 133.2, 133.1,
129.9, 129.8, 129.7, 129.6, 129.5, 128.9, 128.8, 128.4,
128.3, 128.3, 128.3, 122.0, 121.7, 100.2, 80.5, 73.1,
72.1,71.8,71.4,70.1,63.4,56.8, 56.5,56.2, 56.1, 54.4,
50.1, 45.8,42.3,40.1, 39.8, 38.8, 38.2, 37.3, 37.1, 37.0,
36.6, 36.5, 35.4, 33.9, 31.9, 31.6, 31.5,29.1, 28.3, 26.1,
24.3,24.2,23.1,21.3,21.1,21.0,19.8,19.4,19.3, 19.1,
18.8,12.3,12.1, 12.0, 11.8 ppm.
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ESI-HRMS: 1033.5109 (M-H)* (Observed)
1033.5107 (M-H)* (Calculated)

Compound 3ae

IH NMR (500 MHz, CDCls): J 7.94 (d, J = 7.5 Hz,
2H), 7.87 (d, J = 7.5 Hz, 2H), 7.84 (d, J = 7.5 Hz, 2H),
7.75(d, J = 7.5 Hz, 2H), 7.47 (t, J = 7.0 Hz, 1H), 7.44-
7.40 (m, 2H), 7.36-7.26 (m, 7H), 7.20 (t, J = 8.0 Hz,
2H), 5.82 (t, J = 9.5 Hz, 1H), 5.54 (t, J = 10.0 Hz, 1H),
5.39 (t, J = 8.5 Hz, 1H), 4.88 (d, J = 7.5 Hz, 1H), 4.56-
4.53 (dd, J; = 12.0 Hz, J2 = 3.0 Hz, 1H), 4.47-4.43 (dd,
J1=12.0 Hz, J = 6.0 Hz, 1H), 4.11-4.07 (m, 1H), 3.81
(brs, 1H), 3.70 (brs, 1H), 3.58 (s, 3H), 3.42-3.38 (m,
1H), 2.30-2.23 (m, 2H), 2.18-2.13 (m, 1H), 2.03-1.96
(m, 2H), 1.85-1.75 (m, 4H), 1.72-1.64 (m, 4H), 1.60-
1.57 (m, 3H), 1.48-1.46 (m, 2H), 1.37-1.34 (m, 4H),
1.32-1.21 (m, 9H), 1.08-1.00 (m, 2H), 0.88 (d, J = 5.5
Hz, 3H), 0.81 (t, J = 6.5 Hz, 3H), 0.74 (s, 3H), 0.57 (S,
3H) ppm. 3C NMR (125 MHz, CDCls): & 166.2,
165.9, 165.3, 165.1, 133.4, 133.2, 133.1, 133.0, 129.9,
129.8, 129.8, 129.7, 129.7, 129.5, 128.9, 128.8, 128.4,
128.3, 128.3, 128.2, 99.8, 80.8, 73.1, 72.8, 72.2, 72.0,
70.2,68.0,63.5,51.5,47.3,46.4,41.9,41.5, 39.5, 36.9,
35.1,34.7,34.5,31.9,31.4, 31.0, 30.9, 30.2, 29.7, 29.4,
27.4,27.1,26.7,23.1, 22.7, 22.6, 17.3, 14.1, 12.5 ppm.
ESI-HRMS: 1023.4525 (M+Na)" (Observed)
1023.4507 (M+Na)* (Calculated)

Compound 3ba

IH NMR (500 MHz, CDCls): 6 7.92 (d, J = 7.5 Hz,
2H), 7.48 (t, J = 7.5 Hz, 1H), 7.34 (t, J = 8.0 Hz, 2H),
7.29-7.18 (m, 9H), 7.17-7.14 (m, 3H), 7.07-7.03 (m,
5H), 5.21 (t, J = 8.5 Hz, 1H), 4.76 (d, J = 11.0 Hz, 1H),
4.66 (d, J = 11.5 Hz, 1H), 4.59 (brd, 1H), 4.54 (d, J =
5.0 Hz, 1H), 4.54-4.50 (m, 1H), 4.44 (d, J = 8.0 Hz,
1H), 3.74 (t, J = 9.0 Hz, 1H), 3.71-3.66 (t, J = 9.5 Hz,
2H), 3.64 (brd, 1H), 3.62 (brd, 1H), 3.49-3.47 (m, 1H),
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1.80-1.77 (m, 1H), 1.62-1.57 (m, 2H), 1.51-1.46 (m,
1H), 1.27-1.16 (m, 2H), 1.08-0.96 (m, 1H), 0.74 (d, J =
7.0 Hz, 3H), 0.56 (d, J = 6.5 Hz, 3H) ppm. 1*C NMR
(125 MHz, CDCIlz): ¢ 165.2, 138.3, 138.0, 137.9,
133.0, 130.2, 129.7, 128.5, 128.4, 128.3, 128.1, 128.1,
127.9, 127.7, 127.6, 127.6, 101.4, 82.9, 78.2, 78.1,
75.2,75.0,74.0,73.5,69.0, 46.2, 37.8, 29.9, 27.3, 25.3,
21.0, 20.6, 20.0, 18.6 ppm.

ESI-HRMS: 715.3606 (M+Na)* (Observed)

715.3611 (M+Na)* (Calculated)

Compound 3be

I1H NMR (500 MHz, CDCl3): 6 7.93 (d, J = 7.5 Hz,
2H), 7.48 (t, J = 7.5 Hz, 1H), 7.37-7.34 (m, 2H), 7.28-
7.15 (m, 11H), 7.10-7.03 (m, 5H), 5.47 (t, J = 9.0 Hz,
1H), 4.89 (d, J = 11.6 Hz, 1H), 4.57-4.48 (m, 3H), 4.43-
4.34 (m, 3H), 3.90 (s, 1H), 3.75 (s, 1H), 3.64 (s, 1H),
3.59-3.50 (m, 7H), 3.30 (m, 1H), 2.32-2.23 (m, 1H),
2.13 (m, 3H), 1.93 (m, 3H), 1.81-1.60 (m, 8H), 1.55
(brd, 2H), 1.43-1.23 (m, 9H), 1.23-1.06 (m, 6H), 0.98-
0.88 (m, 2H), 0.86 (d, J = 5.5 Hz, 3H), 0.84- 0.74 (m,
2H), 0.72 (s, 3H), 0.53 (s, 3H) ppm. 3C NMR (125
MHz, CDCl3): ¢ 174.9, 165.3, 138.5, 138.0, 137.8,
132.8, 130.5, 129.8, 128.5, 128.4, 128.3, 128.2, 127.9,
127.8, 127.7, 127.6, 127.6, 100.5, 80.2, 74.4, 73.7,
73.6,72.8,72.6,72.3,71.7,69.0,68.1,51.5, 46.9, 46.4,
41.8, 41.5, 39.5, 37.4, 35.2, 35.1, 34.8, 34.67, 31.1,
30.9, 28.3,27.4,27.2,26.5, 23.1, 22.6, 17.3, 12.5 ppm.
ESI-HRMS: 981.5133 (M+Na)* (Observed)
981.5129 (M+Na)* (Calculated)

Mixture of compound 3ce and 4ce

IH NMR (500 MHz, CDCls):  5.47 (t, J = 9.5 Hz,
1.34H), 5.39 (d, J = 2.5 Hz, 1.0H), 5.18 (t, J = 9.5 Hz,
0.50H), 5.02 (m, 2H), 4.85-4.81 (m, 2H), 4.68 (d, J =
8.0 Hz, 0.30H), 4.21-4.15 (m, 4H), 4.07 (t, J = 12.5 Hz,
2H), 3.92 (brs, 1H), 3.70-3.67 (m, 0.5H), 3.59 (s, 3H),

159




3.57-3.52 (m, 1H), 2.23-2.27 (m, 1H), 2.19-2.14 (m,
1H), 2.11 (brd, 1H), 2.03-2.02 (d, J = 5.0 Hz, 11H),
1.97-1.95 (m, J = 8.5 Hz, 11H), 1.91-1.77 (m, 5H),
1.76-1.72 (m, 3H), 1.69-1.65 (m, 2H), 1.63-1.58 (m,
2H), 1.55-1.48 (m, 1H), 1.45-1.44 (m, 3H), 1.38-1.19
(m, 9H), 1.07-0.98 (m, 2H), 0.89 (d, J = 6.0 Hz, 3H),
0.84 (s, 3H), 0.61 (s, 3H) ppm. B3C{1H} NMR (125
MHz, CDClz): ¢ 177.9, 177.8, 174.9, 170.9, 170.3,
169.7, 95.5 (B), 90.1 (), 73.3, 73.1, 72.0, 71.8, 71.1,
69.9, 68.5,68.4,67.1,62.0,51.5,48.2,47.2, 46.5, 42.0,
36.2,36.0,35.2,35.1, 34.1, 33.6, 31.1, 30.9, 30.3, 29.6,
28.5,27.4,27.1,26.1, 23.6, 23.1, 20.8, 20.7, 20.7, 20.6,
20.6, 17.3, 12.7 ppm.

ESI-HRMS: 775.3881 (M+Na)* (Observed)

775.3881 (M+Na)" (Calculated)

Mixture of compound 3cf and 4cf

'H NMR (500 MHz, CDCls): §5.48 (t, J = 10.0 Hz,
1.09H), 5.39 (d, J = 2.1 Hz, 1.0H), 5.23-5.16 (m,
0.48H), 5.02 (t, J = 10.0 Hz, 1.64H), 4.84-4.82 (m,
1.39H), 4.68 (d, J = 8.0 Hz, 0.33H), 4.22-4.17 (m,
2.10H), 4.10-4.04 (m, 2.10H), 3.91 (s, 1.93H), 3.60 (s,
5.28H), 3.56-3.52 (m, 1.97H), 2.33-2.27 (m, 2.18H),
2.20-2.14 (m, 2.75H), 2.03 (d, J = 4.5 Hz, 7.33H), 1.97-
1.95 (m, 7.61H), 1.84-1.66 (m, 18.49H), 1.63-1.59 (m,
5.19H), 1.55-1.51 (m, 2.89H), 1.48-1.44 (m, 8.13H),
1.36-1.24 (m, 13.25H), 1.21-1.19 (m, 4.96H), 1.10-
0.93 (m, 6.29H), 0.90 (d, J = 6.0 Hz, 5.42H), 0.84 (s,
5.35H), 0.61 (s, 5.14H) ppm. 3C{1H} NMR (125
MHz, CDCls): ¢ 174.8, 170.9, 170.2, 169.7, 95.5 (B),
90.1 (a), 73.2, 71.8, 71.2, 69.9, 68.5, 67.1, 62.0, 51.5,
48.2,47.3,46.5,42.0, 36.3, 36.0, 35.2, 35.1, 34.1, 33.6,
31.1,30.9, 30.4, 28.6, 27.5, 27.1, 26.1, 23.6, 23.1, 20.8,
20.7,20.7, 20.6, 17.3, 12.7 ppm.

ESI-HRMS: 759.3951 (M+Na)" (Observed)
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759.3932 (M+Na)" (Calculated)

Compound 5df

IH NMR (500 MHz, CDCls): § 7.87 (d, J = 7.5 Hz,
2H), 7.82 (d, J = 7.6 Hz, 2H), 7.79 (d, J = 7.5 Hz, 2H),
7.64-7.60 (m, 2H), 7.46 — 7.38 (m, 5H), 7.35-7.20 (m,
13H), 6.25 (d, J = 4.8 Hz, 1H), 5.68-5.63 (m, 1H), 5.49
(t, J = 5.0 Hz, 1H), 5.09-5.03 (m, 1H), 4.90 (t, J = 5.2
Hz, 1H), 4.48 (dd, J1 = 11.5 Hz, J,= 6.8 Hz, 1H), 4.38-
4.34 (m, 1H), 4.26 (dd, J1 = 11.5 Hz, J, = 5.2 Hz, 1H),
3.81 (s, 1H), 3.77 (s, 1H), 3.70 (m, 1H), 3.56 (s, 3H),
2.39 (d, J = 15.5 Hz, 1H), 2.26 (m, 2H), 2.16-2.09 (m,
2H), 2.00-1.95 (m, 1H), 1.81-1.75 (m, 3H), 1.70 (dd, J1
=20.1 Hz, J, =13.2 Hz, 2H), 1.64-1.59 (m, 2H), 1.59-
1.53 (m, 3H), 1.40-1.36 (m, 2H), 1.34 (d, J = 7.6 Hz,
3H), 1.19 (t, J = 9.0 Hz, 3H), 1.16 (s, 3H), 1.12 (s, 2H),
1.08-0.98 (m, 2H), 0.91 (t, J = 6.8 Hz, 1H), 0.85 (d, J
= 6.1 Hz, 4H), 0.80 (t, J = 7.6 Hz, 5H), 0.55 (s, 3H)
ppm. BC{1H} NMR (125 MHz, CDCls): § 174.6,
165.2, 137.3, 133.4, 133.2, 133.1, 129.9, 129.7, 128.5,
128.5, 128.4, 128.4, 128.3, 128.3, 126.1, 120.5, 98.1,
74.1,73.2,73.2,73.1,69.9, 68.8, 62.4,51.5,51.4, 48.3,
48.2,47.3,46.5, 35.1, 34.0, 33.7, 33.5, 31.9, 31.1, 30.9,
29.7,28.6,27.4,27.1,27.0, 26.1, 26.0, 23.6, 23.0, 17.3,
12.7 ppm.

ESI-HRMS: 1007.4574 (M+Na)" (Observed)

1007.4558 (M+Na)* (Calculated)

Compound 5dh

Bz0OBz
(0]
BzO OB
e) n
Ph><o
o (0]
BnO
BnO

OMe

IH NMR (500 MHz, CDCls): ¢ 7.89-7.81 (m, 9H),
7.58-7.55 (m, 3H), 7.47 (m, 7H), 7.35-7.18 (m, 32H),
7.14 (s, 2H), 7.09 (d, J = 7.5 Hz, 2H), 6.10 (d, J = 5.0
Hz, 1H), 5.72 — 5.70 (m, 1H), 5.40 (dd, J1 = 6.1 Hz, J2
= 4.1 Hz, 1H), 4.89 (d, J = 10.9 Hz, 1H), 4.77 (d, J =
10.7 Hz, 1H), 4.71 (dd, J: = 14.3 Hz, J» = 11.6 Hz, 3H),
4.65 — 4.62 (M, 2H), 4.57 (d, J = 12.1 Hz, 2H), 4.53 (d,
J = 3.3 Hz, 1H), 4.50 (dd, J; = 11.4 Hz, J; = 6.7 Hz,
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2H), 4.45 (d, J = 10.7 Hz, 2H), 4.41 (dd, J; = 11.2 Hz,
J2 = 5.7 Hz, 2H), 4.28 (dd, J1 = 11.4 Hz, J, = 5.8 Hz,
1H), 3.88 (t, J = 9.2 Hz, 1H), 3.64 (d, J = 8.1 Hz, 2H),
3.62-3.53 (m, 3H), 3.46-3.39 (m, 3H), 3.27 (s, 3H)
ppm. BC{1H} NMR (125 MHz, CDCls): § 165.2,
138.2, 133.4, 129.8, 129.7, 128.5, 128.4, 128.4, 128.1,
127.9,127.8, 126.1, 120.3, 98.0, 82.1, 79.9, 75.7, 75.0,
73.5,73.3,70.4, 69.4, 69.0, 66.6, 55.1 ppm.
ESI-HRMS: 1065.3698 (M+Na)* (Observed)
1065.3673 (M+Na)™ (Calculated)

Compound 5ec

IH NMR (500 MHz, CDCla): 6 7.97 (d, J = 7.4 Hz,
2H), 7.54 (t, J = 7.4 Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H),
7.31-7.25 (m, 5H), 7.23 (d, J = 6.6 Hz, 4H), 7.19 (s,
1H), 7.15-7.11 (m, 3H), 7.10 (dd, J1 = 12.3 Hz, J2=5.0
Hz, 3H), 5.59 (d, J = 10.0 Hz, 1H), 4.92 (d, J = 11.3
Hz, 1H), 4.67 (s, 1H), 4.63-4.58 (m, 1H), 4.55 (d, J =
11.9 Hz, 2H), 4.50-4.46 (m, 2H), 4.44 (d, J = 12.9 Hz,
2H), 4.39 (d, J = 4.3 Hz, 1H), 4.22 (s, 1H), 4.12 (dd, J;
= 10.0 Hz, J; = 2.1 Hz, 1H), 3.70 (t, J = 8.8 Hz, 1H),
3.65 (dd, J1 = 9.1 Hz, J, = 5.4 Hz, 1H), 3.12 (dd, J; =
11.4 Hz, J, = 4.8 Hz, 1H), 2.93 (td, J1 = 10.7 Hz, J; =
4.8 Hz, 1H), 2.23-2.17 (m, 1H), 2.11 (m, 1H), 1.90 (dd,
J1=17.3 Hz, J = 8.2 Hz, 2H), 1.62 (s, 3H), 1.60-1.51
(M, 4H), 1.50-1.41 (m, 4H), 1.41-1.31 (m, 5H), 1.30 (s,
2H), 1.18 (s, 1H), 1.16-1.08 (m, 2H), 0.99 (d, J = 8.9
Hz, 1H), 0.94 (t, J = 5.3 Hz, 2H), 0.90 (dd, J1 = 7.0 Hz,
Jo = 4.4 Hz, 6H), 0.87-0.84 (m, 3H), 0.84-0.76 (M, 3H),
0.75 (s, 3H), 0.68 (s, 3H) ppm.BC{1H} NMR (125
MHz, CDClz): 6 174.5, 150.6, 150.5, 138.5, 138.4,
138.2, 137.9, 128.4, 128.3, 128.3, 128.2, 127.9, 127.8,
127.7,127.6, 127.3, 109.7, 93.8, 82.7, 79.0, 75.0, 74.8,
73.5,72.9,68.2,56.6, 56.3, 55.4, 50.5, 49.3, 46.9, 42.4,
40.7,40.6, 38.9, 38.7, 38.4, 37.8, 37.2, 34.3, 32.2, 30.6,
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29.7,28.0,27.4,255,20.9,19.4,18.3,16.1, 15.9, 15.4,

14.7, 14.6 ppm.

ESI-HRMS: 1015.5708 (M+Na)* (Observed)
1015.5700 (M+Na)* (Calculated)

Compound 5ed

BnOOBN
(0]
BnO
(0]
(0]
PR,
(0]
(0]
<

H NMR (500 MHz, CDCls3): 6 7.51 (dd, J1 = 7.2 Hz,
Jo = 2.2 Hz, 3H), 7.29-7.14 (m, 27H), 5.88 (d, J = 4.9
Hz,1H), 4.85-4.76 (m, 3H), 4.60-4.52 (m, 4H), 4.50 -
4.44 (m, 2H), 4.42-4.30 (m, 4H), 4.24-4.20 (m, 1H),
3.88 (t, J = 6.8 Hz, 1H), 3.75 (s, 1H), 3.57-3.46 (m,
3H), 3.42-3.34 (m, 3H), 3.16 (s, 3H), 1.38 (s, 3H), 1.22
(d, J = 4.7 Hz, 3H) ppm. 3C{1H} NMR (125 MHz,
CDCls): ¢ 166.0, 138.3, 133.13, 129.9, 129.8, 128.6,
128.5, 128.5, 128.4, 128.4, 128.3, 128.1, 128.0, 127.9,
127.9, 127.8, 127.7, 110.0, 92.8, 91.0, 79.4, 78.7, 76.2,
74.7,745,73.6,72.6,72.1,71.7,69.6, 64.0, 30.2, 29.7,
26.4 ppm.

ESI-HRMS: 763.3109 (M+Na)* (Observed)

763.3094 (M+Na)" (Calculated)

Compound 5ef

IH NMR (500 MHz, CDCls): § 7.50 (dd, J1 = 7.6 Hz,
Jo = 1.8 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 7.32-7.18
(m, 20H), 5.50 (d, J = 4.7 Hz, 1H), 4.84-4.75 (m, 2H),
4.68 (d, J = 12.1 Hz, 1H), 454 (t, J = 10.7 Hz, 1H),
4.47 (dd, J; = 11.7 Hz, Jo = 4.7 Hz, 1H), 4.41-4.35 (m,
1H), 4.27-4.23 (m, 1H), 4.12 (m, 1H), 4.02-3.97 (m,
2H), 3.84 (s, 1H), 3.69 (m, 1H), 3.59 (S, 3H), 3.58 (d,
J=6.7 Hz, 3H), 2.30 (m, 1H), 2.15 (m, 1H), 1.79-1.65
(m, 5H), 1.63-1.56 (M, 3H), 1.50-1.38 (m, 4H), 1.35 (d,
J=8.7 Hz, 3H), 1.33-1.22 (m, 6H), 1.22-1.13 (m, 3H),
1.06 (d, J = 15.6 Hz, 1H), 1.04-0.92 (m, 2H), 0.89 (d,
J=6.1Hz, 3H), 0.76 (d, J = 9.3 Hz, 4H), 0.57 (s, 3H)
ppm. BC{1H} NMR (125 MHz, CDCls): 6 174.6,
165.2, 137.3, 133.4, 133.1, 129.9, 129.7, 128.3, 126.1,
120.5, 98.1, 76.8, 76.7, 74.1, 73.2, 73.2, 73.1, 69.9,
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62.4,51.4,48.2,46.5,42.1, 36.0, 35.1, 34.0, 31.1, 30.9,

29.7, 28.6, 27.4, 26.0, 23.6, 23.0, 17.3, 12.7 ppm.

ESI-HRMS: 965.5199 (M+Na)* (Observed)
965.5180 (M+Na)* (Calculated)

Compound 5eg 'H NMR (500 MHz, CDCls): 6 7.53-7.47 (m, 3H),
7.27-7.22 (m, 16H), 7.22-7.19 (m, 10H), 7.19-7.17 (m,
BnOOBN 10H), 7.16 (d, J = 8.7 Hz, 5H), 7.14-7.11 (m, 3H), 5.84
B0 % (d, J = 4.8 Hz, 1H), 4.88 (d, J = 10.9 Hz, 1H), 4.78 (d,
pf><° J=11.6 Hz, 1H), 4.73 (d, J = 10.8 Hz, 2H), 4.68 (d, J
Q = 12.1 Hz, 1H), 4.59-4.56 (m, 2H), 4.56-4.53 (m, 1H),
o
B%?‘m 4.53-4.51 (m, 2H), 4.48 (dd, J; = 11.1 Hz, J, = 6.0 Hz,
BnO
"™ Ome 2H), 4.40 (d, J = 3.5 Hz, 1H), 4.38 (d, J = 3.3 Hz, 1H),

4.32 (d, J = 11.8 Hz, 1H), 3.87 (dd, J1 = 17.3 Hz, J, =
8.0 Hz, 2H), 3.76 (s, 1H), 3.62 (dt, J1 = 10.3 Hz, J2 =
7.0 Hz, 4H), 3.50 (d, J = 6.6 Hz, 2H), 3.47-3.40 (m,
3H), 3.37 (dd, J1 = 7.0 Hz, J» = 2.5 Hz, 1H), 3.26 (s,
3H) ppm. BC{1H} NMR (125 MHz, CDCl5): 5 164.6,
138.8, 138.4, 138.2, 138.1, 133.4, 129.8, 128.6, 128.5,
128.4, 128.3, 128.3, 128.1, 128.0, 127.9, 127.6, 98.2,
92.9,91.1, 82.0,80.0, 75.8, 75.8, 75.0, 74.9, 74.8, 73.7,
73.6,73.4,72.7,72.0,70.7, 61.9, 55.2 ppm.
ESI-HRMS: 1023.4297 (M+Na)" (Observed)
1023.4295 (M+Na)* (Calculated)
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CHAPTER 5

a/p-Stereo- and Diastereoselective Glycosylation with n-Pentenyl
Glycoside Donors, Promoted by N-lodosuccinimide and Catalysed
by Chiral Brgnsted Acid

5.1. Introduction

Hydrolysis of the glycosidic bond by glycosidases or glycosylation by
glycosyltransferases is governed by acid-base catalysis by amino acids Asp, Glu and Tyr as the
catalytic residues in the active site [1,2]. It is intuitive that Brgnsted acid (BA) can take the role
of enzymes when used with appropriate glycosyl donors for synthetic glycosylation. Activation
of glycosyl donors by Lewis acids is dominant in glycosylation compared to BA-based
promoters that were employed, in general, for 1-hydroxy and trichloroacetimidate glycosyl
donors [3-8]. Sulfuric acid immobilized on silica as BA in combination with N-
iodosuccinimide (NIS) was utilized in activation of a thioglycoside for the synthesis of a
tetrasaccharide fragments [9,10]. Further, glycosylation attempts were made with chiral BA
(CBA) activation with an aim to achieve a/p-stereoselectivity, which include a tetrazole-amino
acid ionic liquid [7], chiral binaphthol (BINOL) phosphoric acids [11-13], and peptide bearing
carboxylic acid groups in combination with MgBr2 Lewis acid [14].

Recently, we reported the catalytic utility of the BA-PCCP (pentacarbomethoxy-
cyclopentadiene) for stereoselective glycosylation with n-pentenyl orthoesters (NPOE) of D-
glucose and D-galactose in the presence of N-iodosuccinimide (NIS) [15]. Oxidative hydrolysis
of n-pentenyl glucoside (NPG) with N-bromosuccinimide to a hemiacetal is an outcome of a
serendipitous observation by Fraser-Reid, which led to the inception of NPG and NPOE
glycosyl donors [16]. BA-PCCP catalysis was a pioneering contribution by Lambert et al., who
prepared the chiral version of this BA by appending naturally occurring (-)-menthol as an ester
and showed its utility in Mukaiyama-Mannich and oxocarbenium aldol reactions in an
enantioselective manner [17]. Toshima et al. utilized chiral BINOL phosphoric acid as BA that
resulted in enantioselective catalysis for glycosylation with trichloroacetimidate donors,
affording excellent o/B-stereo- and diastereoselectivity [11]. Inspired by these two reports, we
present herein our preliminary findings on stereoselective glycosylation with NPG donor in the

presence of NIS, by efficient chiral catalysis from (+)-isomenthol ester of PCCP, which offered
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chiral recognition of racemic aglycones viz. menthol, benzylic alcohols, and Boc-protected
serine.

5.2. Results and Discussion

5.2.1. Synthesis of chiral Brgnsted acids, CBA 1, CBA3 & CBA 4
1,2,3,4,5-Pentacarbomethoxycyclopentadiene (300 mg, 0.842 mmol, 1.0 equiv.), (+)-
isomenthol (1.316 g, 10.0 equiv.), and 1-methylimidazole (0.403 mL, 5.052 mmol, 6.0 equiv.)

were dissolved in toluene (10.0 mL). The reaction was heated in an ace pressure tube at a
temperature of 125 °C (Scheme 1). The reaction mixture was cooled after 48 h to room
temperature and concentrated. The crude mixture was purified by CC using a gradient
combination of MeOH/DCM (2 — 5%). The purified material was subsequently acidified with
3 M HCI (3 x 10 mL), dried with anhydrous Na.SOs, and concentrated in vacuum to yield a
black syrupy liquid, then it was dissolved in a small amount of hexane (10 mL), stirred with
200 mg of activated charcoal for 20 min, and filtered through celite-545® to yield a white solid
(750.57 mg, 91.2% yield). The structure of the molecule was confirmed with *H NMR, *3C
NMR, and ESI-HRMS analysis.

o 0-H

MeO,C  OMe “0 o
Z HO.,, 1- Methylimidazole (6 equiv.) o

o)

MeO,C OH +

PhMe, 125 °C, 48 h
MeO,C CO,Me W0 o
PCCP (+)-Isomenthol
(1.0 equiv.) (10.0 equiv.)

PCCP-(+)-Isomenthol ester
(CBA1)

(91.2%)

Scheme 1: Synthesis of CBA 1 from PCCP and (+)-isomenthol.

Similarly, we have synthesized the other two chiral Brgnsted acids CBA 3 and CBA 4.

0O o-H o © O’H o o : \/
o 'y Ko} / é/
o o o o}
\O;’/ s qi 7 o
PCCP-(+)-Isomenthol ester (R)-2 (S)-2 PCCP-(+)-menthol ester PCCP-(=)-menthol ester
(CBA 1) (CBA 3) (CBA 4)

Figure 5.1: Structure of CBAs
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5.2.2. Procedure for the synthesis of glycosyl donors 6, 7, and 8

p-Glucose (5.0 g, 0.03 mol) was dissolved in pyridine (30 mL) and cooled to 0 °C.
Benzoyl chloride (19.33 mL, 0.17 mol) was slowly added to the mixture with constant stirring
and kept the reaction at room temperature for 24 h. After completion of the reaction, as
indicated by TLC, the excess benzoyl chloride in the reaction mixture was quenched with ice-
cold water. The resulting solid residue was dissolved in DCM and treated with 2 N HCI,
saturated aqueous NaHCOs, washed with water, dried with anhydrous Na»>SOs, and
concentrated to afford crude pentabenzoate of p-glucose B in 83% yield. The product B (5 g,
0.01 mol) was dissolved in freshly distilled DCM (30 mL), cooled to 0 °C and 33% HBr/AcOH
(27.77 mL, 0.464 mol) was slowly added to the reaction mixture and stirred at room
temperature for 1 h. After the complete consumption of B, the mixture was quenched with ice-
cold water, and the organic layer was washed with water and saturated aqueous NaHCOg3, dried
over anhydrous Na»SOs4, and concentrated to obtain crude 2,3,4,6-tetra-O-benzoyl-a-p-
glucopyranosyl bromide C in 92% yield, which was directly used for the next step without
further purification. To the solution of C (5 g, 0.01 mol) in acetone (20 mL) at 0 °C in an ice
bath, 0.5 mL of water was added, followed by addition of Ag.CO3 (1.672 g, 0.01 mol) portion-
wise to the mixture. After completion of the reaction, as indicated by TLC, the mixture was
filtered, concentrated and purified by CC with EtOAc:hexane (3:7) and obtained D in 85%
yield. Compound D (4.028 g, 0.01 mol) and trichloroacetonitrile (2.37 mL, 0.024 mol) were
dissolved in freshly distilled DCM (15 mL), and then DBU (103 uL) was added to the mixture
at 0 °C. After 1 h, the reaction mixture was washed with water, and the organic layer was dried
over anhydrous Na»SOs4 and concentrated. The crude mixture thus obtained was further
subjected to silica gel CC using 30% EtOAc: Hexane as eluent, which resulted in E as a white
crystalline solid. Thus the obtained E (4.568 g, 0.006 mol) was further treated with 4-penten-
1-ol (765 pL, 0.01 mol) in freshly distilled DCM (5 mL) and cooled to 0 °C, 4 A powdered MS
was added followed by the addition TMSOTTf (15 mol%) in DCM after 10 min and stir the
mixture at room temperature for 12 h. After the complete consumption of the starting material,
powdered MS were filtered off and the mixture was extracted with DCM, washed the organic
layer with brine and dried over anhydrous Na>SO4 and concentrated. The compound F was
obtained as a white crystalline solid after CC using 20% EtOAC: Hexane as mobile phase.
Debenzoylation of F was carried out by treatment with NaOMe solution in 25 wt% in MeOH
that resulted in the formation of G, which was further purified by CC with gradient of polarities
from EtOAc to EtOAc-methanol (10%). The resultant G (1.120 g, 0.0045 mol) was dissolved
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in dry DMF (20 mL) and sodium hydride (1.08 g of 60% dispersion in oil, 0.045 mol) was
slowly added to the mixture in an ice bath and allowed to stir at room temperature for 20 min.
Benzyl bromide (2.95 mL, 0.025 mol) was added portion-wise to the reaction mixture and
continued to stir for 12 h. The excess sodium hydride and benzyl bromide were quenched by
the slow addition of water, and the mixture was extracted with DCM. The organic layer was
washed with water, brine and dried with anhydrous Na>SO4. The product, n-pentenyl glucoside
6 was obtained as a colourless oil in 72% yield by CC using the mobile phase as 10% EtOAc:
hexane. The overall reactions are summarised in the following scheme (Scheme 2). Similarly,

the glycosyl donors 7 and 8 were synthesized from p-mannose and p-galactose, respectively.

OH OBz OBz

o) BzCl, pyridine fo) 33% HBr-AcOH o0 H20, Ag,CO3 acetone,

HO BzO BzO >
HO OH — > BzO OBz — >~ "BzO
OH 0°C-rt, 24 h OBz DCM, 0°C, 1 hr OBZB 0 °C-rt, 20-40 min
’ ’ r
(A) (B)
OBz OBz \
CCI3CN DBU BzO O 4-penten-1-ol, DCM, 4 A MS 0
BzO BzO o)
OBz OBz o BzO
DCM, 1 hr 0°Ctort, 12 hr, TMSOTf OBz
o CCI3

(F)

NaOMe solution b NaH BnBr /m/ b
25 wt. % in methanol, 20 min DMF, 0 C tort
OBn

12 hr

(G)

Scheme 2: Synthesis of the glycosyl donor 6 from p-glucose

174



BM-2Z-Bn

niist 18

{E:\Aswathy}

BPROTON CDC12

T’

PSL
voL
LLL
LPT
19T
LT
£8T
[ 144
arY
£97
2ES
oS
LSS
595
SLS
vES
0z9
8e9
SS9
599
LL9
839
BZL
[+1-74
LSE
296
0LE
QL6
LLE
£6€
8TS
8ES
£95
LEBS
29
TTL
£EL
TLL
PEL
T08
£Z8
0T6
PEE
LSE
LLE
[ Lole]
B8ED
aT8
6Z8
0ST
S9T
| 414
voz
232
062
T0E
8Tc
TEE
orE

Ll o e e R RTINS I R R R

ppm

Figure 5.8: 'H NMR spectra of NPG 6

BM-Z2-Bn

niist 16

C13CPD CDCl3 {E:\Aswathy}

06T~
ST 0E

80"
LE”
0s”
£8°
6"
66"

Sww OO
S ]

NSNS

(1

e
i
o~

aL”

99°£0T
Q6 PTT
LS LTT
88°LTT
PO LTT
E4L7LTT
9L LTT
98°LTT
L6 LTT

SETBTT
8E°BTT
80°BET
LT BET
ST BET
PSBET
89 BET

g
%&\W/

110

T
160

170

180

ppm

a0 80 70 60 50 40 30 20 10

100

140 130 120

150

190

Figure 5.9: 3C NMR spectra of NPG 6
175



niist 33

BPROTON CDCl2 {E:‘\Rswathy!

AM-Mn-NPG-3

£
169°T g
TOL'T
SOL'T
STL'T
62T°2 Fe
orT' 2
EYT' 2
TE9°¢
£va'E
259°£ g
89 £+ B9 BE —_
LEL'E BE 08—
8BL €
95t £ 4 —Lz
99L°E E ™~ Mw.“wwf
LTO T cEL (@) TE L
620" o Zv 2L
0T ¥ prd 60°EL
PTIS B Zo EE L
gz v 0 5 s5-9L)
BES T Feo yat E.FW.
oFs'¥ 060 © SE'LL
SPS' T Lidd — 89 6L~"F
pss' T €0 % S.owx
LA n\lt.m.m o oﬂ_ﬂw\
LT T F =am [75) BE PR
ST9° Y hre Iod 00" 00T —_
999" v =) 08" PTT
pLap Naro- > vpLIT
089 P s = 85°LTTH |
LaL' ¥ Fw 150 09°LTT-} "
SQLL P 851 H LS LET
9BL" P |l flr 68 LIT
86L'TF B0 .. T6 LZL —
LOB T} I o 00’ 82T
€16 " v-if = f, oot — o 0z' 82T
ZT6 T Lo " »Z 83T
886 T P ) £€°82T
966 " 7 st - 8L 8T
800°5 ) > = 6P BT
azo s - mq = SLOLET
PEQ'S r 8 6T BET
Lgo's _ L ] 98" 8T
T S6TE: E
86T L J ]
LOE " g} =
LTE " L) F e -
TEE " LN I
BEE L 7o
&PE"L wva
TSE L 0
QSE "4 \ o mm..
g6E" L ]
zop =2d
sor" L
ZIe L
ST L E

ppm

Lo IJLI

100

| ' L
160 140 120
Figure 5.11: 3C NMR spectra of NPG 7
176

180

200




0000—

08s'T
59T
mwﬂv
189'T
860'
J5E
£89°€
60L°€
SLLET
S86°€
020'% 1
STI'F
S0E°H 1
eas
995'%+
184
0TS P
£FSP—
LOLP
SS67—
1e0s/

SLL'S
T6L°¢
808°¢
£78°¢

-2
=2
PROTON CDO3 {E:\Aswathy} nii

NPG-G.
NPG-G.

[

80°T
8L°T
0T
s
¥6°0)
£6°0)
FAs
L6°0,

S R R s T £ e

0T

F oo

8007

-1.0

-0.5

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

9.5

'H NMR spectra of NPG 8

Figure 5.12

TLL8T~
LEE0E

SL899
8T0°TL
0L8'TL
9¥0°TL
GOE'EL
mvv.mwv.
OFE9L
88L°9L
wo'LL
96T °LL
€EL08
8EL'T8
77988

£S6°S0T—

85T
STESTT
S9E°STT
TIP'82T

SEL'LET
SP6'LET
GET'BET
€TESET
SLY'8ET

=2
C13CPD CDCI3 {E:\Aswathy} niist 14

NPG-Gal-2

NPG-G

|

AL

180 170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10
f1 (ppm)

190

13C NMR spectra of NPG 8

Figure 5.13

177



5.2.3. General procedure for chiral Brgnsted acid mediated glycosylation with racemic
substrates

N-Pentenyl glycosides (6/7/8) (100 mg, 0.164 mmol, 1.0 equiv.) and acceptor + 5/ £
12/ £ 13/ %14 (2.0 equiv.) were azeotroped together with freshly distilled toluene (3 mL) thrice
on rotavapour and dried under high vacuum. The resulting dry syrup was redissolved in freshly
distilled DCM (9 mL) and cooled to 0 °C. N-lodosuccinimide (NIS) (92.39 mg, 0.4107 mmol,
2.5 equiv.) and powdered 4 A molecular sieves were added, stirred for 10 minute and then CBA
1 (10 mol%) in DCM was added, and the reaction mixture was slowly warmed to room
temperature. After 16 h, the reaction mixture was quenched with 10% aqueous Na>S>03 and
saturated NaHCOz solutions, filtered and washed with DCM. The organic layer was washed
with water, brine and dried with anhydrous Na.SOa4. The crude residue was further subjected
to CC using EtOAc-hexane as the mobile phase affording the corresponding diastereomeric
mixture. The diastereomeric ratio was determined by computing the area percentage of both
the peaks in the HPLC chromatogram and by comparison with the retention times of respective
glycosides of each individual enantiomer and / or from the integration of the anomeric protons
in 'H NMR spectra, identified by their respective chemical shifts of the glycosides with pure
enantiomers and HMQC spectra.
CBA 1 (Figure 1) was synthesized from PCCP and (+)-isomenthol as per the reported
procedure.?’ Racemic menthol 5 was chosen as the acceptor for exploring the chiral recognition
in CBA 1-catalyzed glycosylation reaction. The initial glycosylation attempt was performed
with benzyl-protected glucosyl-NPG 6 and 5 in the presence of NIS and CBA 1 (10 mol%),
under the optimized reaction conditions of our previous report with BA-PCCP,*® which
afforded B-glycoside 9 in 92% yield (entry 1, Table 1). The diastereomeric ratio of (B, 1S)-9
and (B, 1R)-9, determined by computing the area percentage of both the peaks in the HPLC
chromatogram and by comparison with the retention times of respective glycosides of each
enantiomer of menthol, were found to be 86.83% and 13.17%, respectively (entry 1, Table 1).
Thus, apart from p-selectivity with CBA 1, chiral recognition of the racemic menthol favouring
glycosylation of (+)-menthol afforded (B,1S)-9 with a diastereomeric excess of 74%.
Glycosylation with mannosyl-NPG 7 (o, B mixture) in the presence of CBA 1 afforded
glycoside 10 with the expected a-stereoselectivity (entry 2, Table 1). It is interesting to note
that glycosylation with the less studied galactosyl-NPG 8 produced a-stereoselectivity for
glycoside 11 (entry 3, Table 1). Once again, chiral recognition favoured glycosylation of (+)-
menthol to afford diastereoselective products (a,1S)-10 and (o,1S)-11, with both showing a

diastereomeric excess of 69% (entry 2 & 3, Table 1). The results of glycosylation with CBA 1
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motivated us to compare its role in o/p-stereo- and diastereoselectivity with other chiral and
non-chiral BAs under the optimized glycosylation conditions.*® Galactosyl-NPG 8 is rarely
explored for glycosylation reactions compared to NPGs 6 & 7. Hence, glycosylation with NPG
8 and BINOL-derived chiral phosphoric acid catalysts (R)-2 and (S)-2 (Figure 1) were
attempted, which also afforded a-glycoside like CBA 1; however, the diastereoselectivity was
poor and slightly favoured glycosylation of (-)-menthol (entry 4 & 5, Table 1). Glycosylation
attempt with NPG 8 in the presence of Lewis acid activator Sc(OTf)s, a conventional activator
for NPG donors,?! and BAs such as achiral PCCP and triflic acid afforded no stereoselectivity
(entry 6-8, Table 1). To assess the importance of the selection of (+)-isomenthol in CBA
synthesis, CBA 3 and CBA 4 (Figure 1) were synthesized from (+)-menthol and (-)-menthol,
respectively, and subjected to glycosylation with NPG 7. NPG 7 was chosen to study the effect
of steric hindrance of the B-face of oxocarbenium ion on glycosylation outcome, in the presence
of both CBA 3 and CBA 4 catalysts, the expected a-glycosides were formed, albeit with no

diastereoselectivity.

Table 1. Glycosylation reaction of benzyl protected NPGs 6/7/8 and racemic menthol 5.

BnO 5 BnO BnO B"C%A
BnO B o B o
OBn rESHO T3nO BnO
6 \JE

NIS (2.5 equiv.), 18)- 1R)-9 15)-10
BnO b CBA (10 mol%) (" (B1RY “

BnO
BnO _OBn BnO _OBn

BnO
CH,Cl,, 4 A MS, BnO o
° B o
0°Ctort, 16 h Tano BnO BnO ~
EnO BnO B

BnO _OBn 1\
&E&O Menthol
BnO (racemate, 2.0 equiv.)

oBn ‘
8 +5 (0‘15’)1“ (@,18)1 : (@ AR}

—_—

Entry Donor  Activator Yielg Yield (%)°
0,
0 B.15)-9 (B.1R)-9 (@,15)-1C (@,1R)-10  (v,1S)-11 (0,1R)-11
1 6 1 92 86.83% 13.17% - - - -
2 7 1 85 - - 84.74%  15.26% - -
3 8 1 94 - - - - 84.46%  15.54%
4 8 (R)-2 90 - - - - 40.14%  59.86%
5 8 (S)-2 83 - - - - 45.67%  54.33%
6 8 Sc(OTf)3 86 No stereoselectivity
7 8 PCCP 73 No stereoselectivity
8 8 CF3SO3H 35 No stereoselectivity
9 7 3 90 - - 54.23%  45.77% - -
10 7 4 85 - - 45.89%  54.11% - -
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Figure 5.14: *H NMR of glycosides (A) (B, 1R)-9 (B) (B, 15)-9 (C) mixture of (B, 15)-9 and

(B, 1R)-9
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Figure 5.15: 3C NMR of glycosides (A) (B, 1R)-9 (B) (B, 1S)-9 (C) mixture of (8, 1S)-9 and (B,
1R)-9
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Figure 5.16: HMQC of diastereomeric mixture of (B, 15)-9 and (B, 1R)-9
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Figure 5.17: HPLC chromatograms of (B3, 1S)-9
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Figure 5.18: HPLC chromatograms of (B, 1R)-9
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Figure 5.19: HPLC chromatograms of diastereomeric mixture of (B, 1S)-9 and (B, 1R)-9
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Figure 5.20:'H NMR of glycosides (A) (a,1R)-10 (B) (0, 1S)-10 (C) mixture of (a, 1S)-10
and (a, 1R)-10

A. AM-230-4
3

B. AM-226-4-3
MMZ

C. AM-210-H
-1

e 1 - JLALJLIIL ) A Ja“ l
1;0 1‘;0 1‘30 lén 110 160 9‘0 BVD ;0 GICI 5’0 410 3’0 Z'D 1’0 é
f1 (ppm)

Figure 5.21: 3C NMR of glycosides (A) (a,1R)-10 (B) (,1S)-10 (C) mixture of (a, 15)-10
and (a, 1R)-10
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Figure 5.22: HMQC of diastereomeric mixture of (a, 1S)-10 and (a, 1R)-10
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1 5.715| 3182753 352249 100.000
Total 3182753 352249 100.000

Figure 5.23: HPLC chromatogram of (a, 1S)-10
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Figure 5.24: HPLC chromatogram of (a, 1R)-10
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Figure 5.25: HPLC chromatograms of diastereomeric mixture of (a, 1S)-10 and (a, 1R)-10

185




A. AM-185-4

A

L

T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

C. AM-155-4

4.0 35 3.0 25 2.0 15 1.0 05 0.0
f1 (ppm)

Figure 5.26: *H NMR of glycosides (A) (a, 1R)-11 (B) (o, 1S)-11 (C) mixture of (a, 15)-11
and (o, 1R)-11 catalysed by CBA 1
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Figure 5.27: 3C NMR of glycosides (A) (o, 1R)-11 (B) (a, 1S)-11 (C) mixture of (o, 1S)-11
and (o, 1R)-11 catalysed by CBA 1
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Figure 5.28: HMQC of diastereomeric mixture of (a, 1S)-11 and (a, 1R)-11 catalysed by

CBA1l
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Figure 5.29: HPLC chromatograms of (a, 1S)-11
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Figure 5.30: HPLC chromatograms of (o, 1R)-11
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Figure 5.31: HPLC chromatogram of diastereomeric mixture of («, 1S)-11 and («, 1R)-11
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Figure 5.32: 'H NMR of glycosides catalysed by (A) PCCP (B) CF3SOsH (C) (R)-2 (D) (S)-2
(E) Sc(OTf)3 (entries 4-8, Table 1)
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Figure 5.33: 3C NMR of glycosides catalysed by (A) PCCP (B) CFsSOsH (C) (R)-2 (D) (S)-2
(E) Sc(OTf)s (entries 4-8, Table 1)
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Figure 5.34: HMQC of diastereomeric mixture of (a, 1S)-11 and (a, 1R)-11 catalysed by
(S)-2

F110

120

140

i L nL MLIJ“H

150

T T

T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f2 (ppm)

Figure 5.35: HSQC of diastereomeric mixture of (o, 1S)-11 and (o, 1R)-11 catalysed by (R)-2
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Figure 5.36: HSQC of stereoisomeric mixture of 11 catalysed by Sc(OTf)3
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Figure 5.37: HSQC of stereoisomeric mixture of 11 catalysed by PCCP
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Figure 5.38: HSQC of stereoisomeric mixture of 11 catalysed by CF3SOsH
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Figure 5.39: HPLC chromatogram of diastereomeric mixture of (o, 1S)-11 and (a, 1R)-11

catalysed by (R)-2
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Figure 5.40: HPLC chromatogram of diastereomeric mixture of (a, 1S)-11 and (a, 1R)-11
catalysed by (S)-2
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Figure 5.41: *H NMR of diastereomeric mixture of (o, 15)-10 and (a, 1R)-10 catalysed by (A)
CBA 3 (B) CBA 4
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Figure 5.42: 3C NMR of diastereomeric mixture of (o, 15)-10 and (o, 1R)-10 catalysed by
(A) CBA 4 (B) CBA 3
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Figure 5.42: HPLC chromatogram of diastereomeric mixture of («, 1S)-10 and («, 1R)-10
catalysed by CBA 3
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Figure 5.43: HPLC chromatogram of diastereomeric mixture of («, 1S)-10 and («, 1R)-10
catalysed by CBA 4

5.2.4. Mechanistic rationale behind the stereoselectivity of glycosylation

The benzyl protection of NPGs 6-8 was intended to avoid any participation effect
during glycosylation, similar to the approach by Toshima et al.1* Glycosylation, either in the
absence of CBA or NIS, did not occur, suggesting the role of CBA catalyst in the activation of
NIS. Next, we treated one of the obtained products (B,1S)-9 with CBA-1 and NIS under the
optimized glycosylation condition without the acceptor 5. The product (B,1S)-9 was
quantitatively recovered without any isomerization even after 24 h of reaction, which indicates
the stereo and diastereoselectvities of the reaction was driven by kinetic control. The
mechanistic rationale behind the stereoselectivity is shown in scheme 1 from the positioning
of the oxocarbenium ion, generated from NPG activation,?> and menthol on chiral
cyclopentadienyl anion platform, in line with the model proposed by Lambert et al. for
enantioselective addition on oxocarbenium with the necessary organizational element of H-
bonding.?® We surmise the H-bonding interactions of C-H bonds of C1, and C5 carbons
adjacent to the oxygen of the oxocarbenium ion and the cyclopentadienyl anion are the
conventional and CH/n H bonding interactions (Scheme 1a). During glycosylation, perhaps,

the menthol is positioned in the hydrophobic pocket formed by the (+)-isomenthyl groups and
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held by H-bonding with the carbony! of the catalyst. The organization of the donor and acceptor
on the cyclopentadienyl ring, prior to glycosylation, is the key for observed stereo- and
diastereoselectivity. As shown in the model, the o/p-stereoselectivity of glycosylation may be
governed by the steric hindrance by C2-OBn and C4-OBn groups for the incoming nucleophilic
attack on oxocarbenium ion. Accordingly, in the case of glucosyl-NPG 6, the less hindered p-
face is preferred for nucleophilic attack of the menthol oxygen atom, while the mannosyl-NPG
7 and galactosyl-NPG 8 prefer a-face. The B-selectivity with NPG 6 and a-selectivity with
NPG 7 and 8 reinforces the proposed model in scheme 1 as a highly conserved catalytic
platform with organizational elements to promote stereoselectivity. The rationale for
diastereoselectivity is governed by the steric interaction of the all-equatorial conformation of
the menthol with the axial-methyl group of (+)-isomenthyl of the catalyst. (-)-Menthol 5
exhibits van der Waals repulsion in the proposed model (Scheme 1b), favouring (+)-menthol 5
in glycosylation (Scheme 1a). Thus, based on the proposed model (Scheme 1), a/p-stereo- and
diastereoselectivity with NPGs 6-8 and chiral recognition of racemic menthol 5 (entries 1-3,
Table 1) can be rationalized. The choice of ester in the catalyst is essential, which was
demonstrated with menthyl esters of CBA 3 and 4 that possess all three groups in the equatorial
position of their most stable conformation, causing a lack of diastereoselectivity (entries 9-10,
Table 1). By the same token, the PCCP CBA catalyst with

(-)-isomenthyl group can offer the opposite chiral recognition; however, due to the lack of
commercial availability of (-)-isomenthol, we could not pursue synthesis of the catalyst. The
importance of CBA 1 catalysis was obvious in glycosylation; as attempts with chiral
phosphoric acid catalysts (R)-2 and (S)-2, though offered stereoselectivity, there was no

appreciable chiral recognition of racemic menthol (entries 4-5, Table 1).

a) 6 and (+)5 b) 6 and ()5
Me
BnO jy Me
NG ﬁ-face‘%)%\ 8o "o Bace, P
-Pr
. Q)a H/ Me - Om
W = ' e - OB h Me
BnO“"\£0 H 088\ iPr Me BnO""\£0 SH iPr MeX
(DS P T
i-Pr HO 10 iPr H —
o, o o _0
~— H 0 MeO/N —H 5 W

Scheme 3: Rationale for stereo- and diastereocontrol in glycosylation with CBA 1.
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We utilized density functional theory (DFT) calculations to establish a correlation between the
suggested mechanism responsible for the oxocarbenium intermediate-assisted transition state,
the presence of hydrogen bonding interactions among the three systems, and the electron
transitions from the acceptor to the oxocarbenium intermediate. Here we adopt the Gauss View
5.0 [5] program package to establish the atomistic model for the catalyst (CBA 1),
oxocarbenium intermediate and the acceptor systems (x5). A model containing
cyclopentadienyl ring as the core for the catalyst, and an oxocarbenium based core for the
intermediate were constructed. Based the above approximation we have developed a model
system having 215 atoms and 726 electrons, which is further used for the interaction studies.
The developed model was optimized via Density functional theory (DFT) calculation,1,2 which
was carried out using Gaussian-09 software by minimizing the total energy without symmetry
constrain. The electronic structure and bonding interaction existed in the proposed transition
state were studied by using Becke three-parameter Lee—Yang—Parr hybrid functional (B3LYP)
method. Calculation were performed for the optimized structures of CBA-1, oxocarbenium ion,
and menthol using 6-31G* basis set and B3LYP/6-31g (d,p) level of theory. Our experimental
analysis aligned seamlessly with DFT assessments, confirming the existence of three
significant hydrogen bonding interactions within the optimized geometries. The visual
depiction of DFT analysis, as illustrated in Figure 5.44, unveiled precise interactions: A
hydrogen bond forms between the hydrogen atom (H39) in the acceptor moiety's hydroxyl
group and the catalyst's carbonyl oxygen (O11) at an approximate length of 1.44 A. Another
discernible hydrogen bond interaction exists between the catalyst's carbonyl oxygen (O3) and
the hydrogen atom (H54) of the oxocarbenium intermediate, measuring approximately 1.47 A.
Furthermore, a m-hydrogen bond is observed between the catalyst and the oxocarbenium ion
(H67) by positioning a dummy atom (0O84) at the cyclopentadienyl system's center, with an
approximate bond length of 1.96 A. The consistency of these parameters with findings from
prior literature further substantiates the proposed mechanism. Moreover, the electron transition
between the oxocarbenium intermediate and the acceptor groups were illustrated by calculating
the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO) for the optimized geometry. The optimized structure of the materials was visualized
using Gauss view version 5.0. HOMO and LUMO energy levels were also evaluated. As given
in Table 2, the HOMO energy level (6.40 eV) is concentrated over the acceptor moiety, whereas
the LUMO energy level (3.04 eV) is concentrated over the oxocarbenium intermediate.
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Figure 5.44: B3LYP/6-31 g(d,p) optimised model for the transition state in two different

orientations.
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HOMO

LUMO

Table 2: HOMO, LUMO energy levels for the transition state

To assess the generality, we explored the chiral recognition with racemic substrates 12, 13, and

14 for CBA 1-catalyzed glycosylation reaction with NPGs 6-8 (Scheme 2). Exclusive

diastereocontrol in chiral recognition of the S-enantiomers of benzylic alcohols 12 and 13 in

the glycosylation reaction afforded 15-20 in excellent yields. Glucosyl-NPG 6 afforded f-

anomers 15 and 18 selectively, however, mannosyl-NPG 7 afforded anomeric mixtures 16, 19,

dominating in a-anomer, and galactosyl-NPG 8 produced anomeric mixtures 17, 20,

dominating in -anomer.

OH OH 0
Me Et HO/YJ\OH
NHBoc
+12 +13 +14
BnO—\ L2n0 @8N Bno OBN
n
" md® > BnO = /s
Me
me”

153, 87%
BnO
o [0
18 3, 92%

16 a/B (2.5:1), 80%

BnO OBn
BnO O
BnO

Tts)
t
19 o/P (2:1), 79%

17 B/a (3.3:1), 85%
o OBn

Bn
\&&mo’
BnO N
BnO (ts)

20 B/o (3:1), 87%

4Reaction conditions: To the mixture of 6/7/8 (1.0 equiv.), £12/+13/+14 (2.0 equiv.) in CHCl
at 0 °C, under 4 A MS, NIS (2.5 equiv.), CBA 1 (10 mol%) was added and slowly warmed to
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room temperature. The reported yields are isolated yields by column chromatography. The
ratios were determined from integration of the anomeric protons in *H NMR spectra, identified
by their respective chemical shifts of the glycosides with pure enantiomers and HMQC spectra,

dr is the diastereomeric ratio.

Scheme 4. Diastereocontrol in glycosylation of racemic acceptors 12, 13 and 14 with CBA 1
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Figure 5.44: 'H NMR spectra of glycosides of (A) (B, R)-15 (B) (B, S)-15 (C) Compound 15
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Figure 5.45: 3C NMR of glycosides of (A) (B, R)-15 (B) (B, S)-15 (C) Compound 15
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Figure 5.46: HMQC Spectra of compound 15
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Figure 5.47: *H NMR of glycosides of (A) (o, R)-16 (B) (a/p, S)-16 (C) Compound 16
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Figure 5.48: 3C NMR of glycosides of (A) (a, R)-16 (B) (a/B, S)-16 (C) Compound 16
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Figure 5.49: HMQC spectra of compound 16
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Figure 5.50: TH NMR of glycosides of (A) (o/p, R)-17 (B) (o/B, S)-17 (C) Compound 17
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Figure 5.52: HMQC spectra of Compound 17
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Figure 5.53: 'H NMR of glycosides of (A) (o/p, R)-18 (B) (B, S)-18 (C) Compound 18
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Figure 5.54: 3C NMR of glycosides of (A) (a/B, R)-18 (B) (B, S)-18 (C) Compound 18
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Figure 5.54: HSQC spectra of compound 18
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Figure 5.55: 'H NMR of glycosides of (A) (o/B, R)-19 (B) (o/p, S)-19 (C) Compound 19
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Figure 5.56: 1*C NMR of glycosides of (A) (o/, R)-19 (B) (a/B, S)-19 (C) Compound 19
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Figure 5.57: HMQC spectra compound 19
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Figure 5.58: *H NMR of glycosides of (A) (o, R)-20 (B) (a/B, S)-20 (C) Compound 20
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Figure 5.59: 3C NMR of glycosides of (A) (a, R)-20 (B) (o/p, S)-20 (C) Compound 20
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Figure 5.60: HMQC spectra of Compound 20

Mechanistic rationale for the stereo and diasterocontrol in glycosylation of 12 with CBA 1

a) 6 and (S)-12 b) 6 and (R)-12

Scheme 5: Rationale for the stereo and diastereocontrol in glycosylation of 12 with CBA 1.

Interestingly, glycosylation attempts with racemic Boc-protected serine 14, with free
carboxylic acid, also afforded chiral recognition with S-enantiomer in good yields, wherein,
glucosyl-NPG 6 afforded a-anomer 21 selectively, and mannosyl-NPG 7 afforded anomeric

mixture of 22, dominating in f-anomer. However, galactosyl-NPG 8 produced a-anomer 23
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selectively, and did not afford chiral recognition unlike its congeners. In line with the
mechanistic rationale outlined in scheme 3, the preference for the S-enantiomers of benzylic
alcohols 12 and 13 in the glycosylation reaction is shown in scheme 5. However, in the case of
racemic 14, intricate secondary interactions arising from the Boc and COOH groups in the

transition state for glycosylation reaction dictate the stereo- and diastereoselectivity, which is

difficult to comprehend.
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Figure 5.61: “"H NMR of glycosides of (A) (B, R)-21 (B) (o, S)-21 (C) Compound 21
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Figure 5.62: 3C NMR of glycosides of (A) (a, R)-21 (B) (o, S)-21 (C) Compound 21
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Figure 5.63: *H NMR of glycosides of (A) (a/p, R)-22 (B) (a/p, S)-22 (C) Compound 22
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Figure 5.65: HMQC spectra of Compound 22
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Figure 5.66: *H NMR of glycosides of (A) (o, R)-23 (B) (a, S)-23 (C) Compound 23
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Figure 5.67: 3C NMR of glycosides of (A) (a, R)-23 (B) (a, S)-23 (C) Compound 23
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5.4. Conclusions

As noted in the pioneering contribution by Lambert, chiral PCCP BA catalysis can be
made more efficient by optimization of the catalyst structure; herein, we modified their original
CBA 4 with (-)-menthol to CBA 1 with (+)-isomenthol and evaluated its catalytic role in
stereoselective glycosylation with NPG donors in the presence of NIS as the promoter. Apart
from o/B-stereoselectivity with NPGs, glycosylation reaction in the presence of CBA 1 was
efficient in chiral recognition of the racemic menthol, favouring (+)-menthol, with excellent
diastereoselectivity. The stereo- and diastereocontrol observed here with CBA 1 and NPGs is
superior to chiral BINOL phosphoric acid-catalyzed glycosylation with trichloroacetimidate
donors.* The mechanistic model behind CBA 1 catalysis by H-bonding organization of the
oxocarbenium ion, generated from NPG activation and menthol with the chiral
cyclopentadienyl anion platform, assisted in providing a rationalistic explanation behind the
lack of diastereocontrol with other chiral, BINOL-derived and menthyl CBA esters, and non-
chiral BAs. This preliminary investigation with CBA 1 catalyst motivated us to explore its

utility with other racemic aglycons and the resulting stereo- and diastereocontrol observed in
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glycosylation with NPGs suggest the potent benefits of CBA in myriad BA-catalyzed synthetic

organic transformations.

5.5. Experimental Section

All chemicals were commercially available of the best grade and are used without
further purification. Freshly distilled dichloromethane (DCM) over calcium hydride was used
for the glycosylation reactions. Thin layer chromatography (TLC) was performed on TLC silica
gel 60 Fzss aluminium sheets purchased from Merck Pvt. Ltd. Silica gel column
chromatography (CC) of 100-200 mesh was performed using and mixtures of hexane - ethyl
acetate (EtOAc), methanol (MeOH) - DCM were used for elution. Reactions were monitored
by TLC and compounds were visualized by a short wavelength UV lamp and by charring the
TLC plate after spraying with 15% sulphuric acid in methanol. NMR spectra were recorded
with Bruker Ascend™ spectrometer (500 MHz for *H NMR, 125 MHz for 3*C{*H} NMR)
instruments. The chemical shifts ¢ are given in ppm and referenced to the internal standard
TMS. *H NMR coupling constants (J) are reported in hertz (Hz) and multiplicities are indicated
as follows s (singlet), d (doublet), t (triplet), m (multiplet), dd (doublet of doublets), etc. Mass
spectra were recorded on ESI-HRMS from Thermo Scientific Exactive mass spectrometer
equipped with orbitrap analyzer. Diastereomeric ratios were examined with analytical High-
Performance Liquid Chromatography (HPLC) consisting of a Shimadzu LC-20AD system
controller, CHIRALPAK AD-H (PartNo.19325, Particle size 5 uM) (4.6mm ¢ x 250 mmL)
column, column oven (CTO-20A), an auto sampler injector (SIL-20AC HT), and a diode array
detector (SPD-M20A). The isocratic mobile phase was a mixture of n-hexane and 2-propanol
(97:3) with a run time of 20 min, flow rate of 0.5 mL/min and monitored by UV (200-400 nm).
The solution of glycosides (1 mg/mL) in hexane:2-propanol (9:1) was filtered through a 0.22
MM PTFE filter; and injected into the HPLC system with a volume of 10 pL. The column was
maintained at a temperature of 25 °C and LC Lab solutions software was used for data
acquisition and analysis.

5.6. Spectral data

CBA 1 IH NMR (CDCls): ¢ 20.29 (s, 1H), 5.19 (m, 1H), 1.85 —
1.26 (m, 48H), 0.95 (m 48H).

13C{!H} NMR (CDCls): § 171.9, 166.5, 162.8, 134.0,
118.7, 106.6, 78.6, 73.4, 72.5, 46.2, 45.6, 43.1, 36.2, 34.3,
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30.1, 29.7, 29.1, 27.7, 26.8, 26.2, 25.9, 22.6, 22.4, 21.2,
21.1, 20.9, 20.0, 19.4, 18.2, 17.6 ppm. ESI-HRMS
calculated for CeoHgsO10 [M-H]: 975.6925; found m/z
975.6929

CBA3

'H NMR (CDCls): 6 20.16 (s, 1H), 4.97 (m, 4H), 3.65 —
3.37 (m, 1H), 1.97 — 1.60 (m, 18H), 1.49 — 1.84 (m, 22H),
0.75-0.60 (m, 50H).

BC{*H} NMR (CDCls): ¢ 171.6, 167.7, 163.3, 133.0,
125.0, 107.0, 78.7, 69.6, 53.8, 52.3, 51.7, 45.9, 35.8, 31.9,
31.7, 30.9, 29.7, 29.3, 27.4, 26.0, 22.7, 20.9, 20.0, 18.3,
14.1.

ESI-HRMS: calculated for CeoHosO10 [M-H]: 975.6925,
found m/z 975.6940.

CBA4

IH NMR (CDCls): 'H NMR (CDCls): 6 4.77 (s, 5H), 2.21
(m, 3H), 2.03 (m, 5H), 1.65 (d, J = 11.0 Hz, 9H), 1.56 —
1.38 (m, 7H), 1.32 (m, 7H), 1.13 — 0.90 (m, 25H), 0.83 (d,
J=6.1Hz, 17H), 0.79 (d, J = 5.6 Hz, 17H).

13C{*H} NMR (CDClIs): 6 168.00, 116.99, 77.28, 77.03,
76.77, 74.35, 46.36, 38.83, 34.28, 31.70, 25.33, 23.18,
22.66, 21.13, 16.71.

ESI-HRMS calculated for CeoHoesO10 [M-H]: 975.6925,
found m/z 975.69309.

IH NMR (CDCls): J 7.30 (m, 18H), 7.16 (m, 2H), 5.88 —
5.74 (m, 1H), 5.05 — 4.90 (m, 4H), 4.80 (dd, J; = 14.7 Hz,
J2=11.0 Hz, 2H), 4.72 (d, J = 11.0 Hz, 1H), 4.57 (m, 3H),
4.38 (d, J = 7.8 Hz, 1H), 4.01 — 3.92 (m, 1H), 3.74 (d, J =
10.6 Hz, 1H), 3.69 — 3.61 (m, 2H), 3.56 (M, 2H), 3.45 (t, J
= 8.4 Hz, 2H), 2.22 — 2.12 (m, 2H), 1.76 (m, 2H).

13C{IH} NMR (CDCls): ¢ 138.7, 138.5, 138.3, 138.2,
138.1, 128.4, 128.4, 128.1, 128.0, 127.9, 127.8, 127.7,
127.6, 127.6, 127.6, 114.9, 103.7, 84.8, 82.3, 78.0, 75.7,
75.0, 74.9, 74.8, 73.5, 69.4, 69.1, 30.3, 29.0.
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BnO
BnO -0 \
BnO

OBn

7 O

'H NMR (CDCls): 6 7.44 —7.28 (m, 20H), 5.91 - 5.77 (m,
1H), 5.09 — 4.96 (m, 3H), 4.91 (t, J = 4.3 Hz, 1H), 4.79 (m,
2H), 4.67 (m, 2H), 4.64 — 4.58 (m, 1H), 4.58 — 4.47 (m, 3H),
4.42 —4.32 (m, 1H), 4.10 (m, 1H), 4.05-3.99 (m, 1H), 3.94
(s, 1H), 3.89 — 3.84 (m, 1H), 3.75 (m, 1H), 3.70 (m, 1H),
3.64 (m, 1H), 3.60 —3.55 (m, 1H), 3.41 —-3.32 (m, 1H), 2.16
(m, 2H), 1.72 (m, 2H).

13C{*H} NMR (CDCls): ¢ 138.9, 138.7, 138.6, 138.3,
138.2, 138.0, 137.7, 128.5, 128.4, 128.3, 128.2, 128.2,
128.0, 127.9, 127.9, 127.8, 127.7, 127.6, 127.6, 127.4,
114.8,114.8,104.0, 100.0, 84.2,82.3,81.1, 80.4, 79.7, 79.6,
75.3, 745, 73.6, 73.5, 73.4, 73.4, 73.1, 72.4, 72.3, 70.4,
69.4, 68.9, 67.3, 30.4, 30.3, 29.0, 28.7.

BnO

BnO

OBn

8 OBn

iy

IH NMR (CDCls): 6 7.27 (m, 20H), 5.80 (dd, J1 = 16.5 Hz,
J2 =7.6 Hz, 1H), 5.03 (s, 1H), 5.00 — 4.93 (m, 1H), 4.72 (d,
J=11.7 Hz, 1H), 4.58 — 4.44 (m, 6H), 4.30 (d, J = 11.7 Hz,
1H), 4.12 (d, J = 6.9 Hz, 1H), 4.03 — 3.97 (m, 2H), 3.78 (s,
1H), 3.70 (m, 3H), 3.44 — 3.35 (m, 1H), 2.10 (d, J = 6.8 Hz,
2H), 1.65 (m, 2H) ppm.

BC{*H} NMR (CDCls): § 138.5, 138.3, 138.2, 137.9,
137.7, 128.4, 128.4, 128.3, 128.3, 128.3, 128.0, 127.9,
127.8, 127.7, 127.6, 127.6, 114.8, 106.0, 88.6, 82.7, 80.7,
76.3,73.4,73.3,72.0,71.9, 71.0, 66.9, 30.3, 28.8 ppm.

8 7.20 — 7.09 (m, 19H), 7.00 (m, 2H), 5.67 (m, 1H), 4.90 —
4.74 (m, 4H), 4.61 (m, 4H), 4.51 — 4.28 (m, 4H), 4.23 (d, J
= 7.7 Hz, 1H), 3.82 (m, 1H), 3.57 (t, J = 9.9 Hz, 1H), 3.49
(m, 3H), 3.41 (m, 2H), 3.29 (t, J = 8.3 Hz, 2H), 1.98 (m,
2H), 1.60 (m, 2H).

13C{*H} NMR (CDCl3): § 138.6, 138.5, 138.2, 138.1,
128.4, 128.2, 128.0, 128.0, 127.9, 127.8, 127.7, 127.6,
114.9, 103.7, 84.7, 82.3, 75.7, 75.0, 74.9, 73.5, 69.4, 69.0,
30.3, 29.0.
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BnO o
BnO
Bno&wohﬂ

OBn

(B, 15)-9

IH NMR (CDCls): 6 7.34 - 7.27 (m, 20H), 4.91 (m, 2H),
4.80 (d, J =10.7 Hz, 1H), 4.71 (s, 2H), 4.60 (d, J = 11.7 Hz,
1H), 4.46 (m, 2H), 4.41 - 4.34 (m, 2H), 4.32 (d, J = 7.5 Hz,
1H), 4.09 (d, J = 6.7 Hz, 1H), 3.87 (s, 1H), 3.82 — 3.76 (m,
1H), 3.58 (m, 2H), 3.55 — 3.50 (m, 2H), 3.35 (td, J; = 10.5
Hz, J2= 4.4 Hz, 1H), 2.41 - 2.32 (m, 1H), 2.21 (d, J = 12.4
Hz, 1H), 1.76 — 1.69 (m, 1H), 1.44 (m, 1H), 1.10 (m, 2H),
0.99 (d, J = 6.7 Hz, 2H), 0.98 — 0.92 (m, 3H), 0.87 (d, J =
6.5 Hz, 3H), 0.80 (d, J = 6.9 Hz, 3H), 0.66 (d, J = 6.9 Hz,
3H).

13C{*H} NMR (CDCls): ¢ 138.9, 138.7, 138.5, 138.1,
128.4,128.4,128.2,128.1, 127.9, 127.8, 127.6, 104.8, 82.9,
81.3, 79.8, 75.3, 74.4, 73.6, 73.4, 73.0, 69.4, 48.7, 43.6,
34.3, 31.8, 29.7, 24.6, 22.8, 22.3, 21.3, 15.9.

ESI-HRMS calculated for CasHssNaOs [M+Na]™:
701.3818; observed: 701.3836

BnO o
BnO
Bngk/o

OBn

(B, 1R)-9

\_/
&

'H NMR (CDCls): 6 7.38 — 7.26 (m, 20H), 4.93 (t, J = 10.7
Hz, 2H), 4.73 (m, 3H), 4.61 (d, J = 11.8 Hz, 1H), 4.44 (d, J
= 11.6 Hz, 1H), 4.39 (m, 2H), 3.85 (d, J = 2.5 Hz, 1H), 3.78
—3.72 (m, 1H), 3.55 (m, 2H), 3.53 — 3.47 (m, 2H), 3.43 (td,
J1 =10.5 Hz, J> = 4.1 Hz, 1H), 2.35 (m, 1H), 2.12 (d, J =
11.7 Hz, 1H), 2.04 (s, 2H), 1.70 — 1.62 (m, 3H), 0.96 (m,
2H), 0.88 (d, J = 5.8 Hz, 6H), 0.75 (d, J = 6.8 Hz, 3H).
13C{*H} NMR (CDCls): 5 138.9, 138.8, 138.7, 138.0,128.4,
128.3, 128.3, 128.3, 128.2, 127.9, 127.7, 127.6, 127.5,
127.5, 101.6, 82.7, 79.5, 78.4, 75.2, 74.5, 74.0, 73.6, 73.2,
69.3,48.1,41.2,34.5,31.5,29.7,24.9,23.1,22.2,21.2,15.7.
ESI-HRMS calculated for CasHssNaOs [M+Na]™:
701.3818; observed: 701.3839
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OBn

BnO
BnO 0
BnO

O/,,'I

(0, 15)-10

IH NMR (CDCls): 6 7.25 (m, 18H), 7.14 (m, 2H), 5.10 (d,
J = 4.5 Hz, 1H), 4.69 — 4.60 (m, 4H), 4.55 (t, J = 8.1 Hz,
1H), 4.44 (d, J = 11.7 Hz, 1H), 4.40 (s, 2H), 4.35 (d, J =
11.5 Hz, 1H), 4.23 (t, J = 7.7 Hz, 1H), 3.94 (dd, J1 = 7.5 Hz,
J2 = 4.7 Hz, 1H), 3.81 (dd, J1 = 7.7 Hz, J2 = 5.4 Hz, 1H),
3.68 (dd, J1 = 10.8 Hz, J>= 5.3 Hz, 2H), 3.62 (dd, J1 = 10.2,
J> = 4.4 Hz, 1H), 3.55 (m, 1H), 3.38 (td, J1 = 10.6 Hz, J> =
4.2 Hz, 1H), 2.36 (m, 1H), 1.96 (d, J = 8.9 Hz, 1H), 1.63 —
1.56 (M, 2H), 1.27 — 1.21 (m, 3H), 0.94 — 0.88 (m, 1H), 0.85
(d, J=6.5Hz, 3H), 0.83 - 0.74 (m, 4H), 0.71 (d, J = 7.1 Hz,
3H), 0.66 (d, J = 6.8 Hz, 3H).

1BC{!H} NMR (CDCls): & 138.9, 138.4, 138.4, 137.8,
128.5, 128.5, 128.3, 128.3, 128.3, 128.3, 128.2, 128.2,
127.9, 127.9, 127.7, 127.7, 127.6, 127.5, 127.5, 127.4,
127.4, 96.9, 83.4, 80.3, 79.4, 78.7, 73.3, 72.8, 72.4,
72.3,70.4, 47.7, 40.6, 34.4, 31.5, 31.0, 29.7, 24.5, 23.0,
22.4,21.2, 16.1.

ESI-HRMS calculated for CasHssNaOs [M+Na]*:
701.3818; observed: 701.3823

(o, 1R)-10

IH NMR (CDCls): 6 7.27 (m,18H), 7.09 (m, 2H), 4.92 (app
s, 1H), 4.78 (d, J = 10.5 Hz, 1H), 4.73 (d, J = 12.5 Hz, 1H),
4.60 (d, J = 13.5 Hz, 4H), 4.44 (d, J = 11.4 Hz, 2H), 3.97 (t,
J=9.4Hz, 1H), 3.79 (dd, J1 = 9.5 Hz, J, = 2.9 Hz, 1H), 3.73
(dd, J; = 17.4 Hz, J» = 7.0 Hz, 2H), 3.64 — 3.58 (m, 2H),
3.34 (td, J1 = 10.6 Hz, Jo = 4.1 Hz, 1H), 2.07 (dd, J; = 16.6
Hz, J2=9.3 Hz, 1H), 1.75 (d, J = 12.0 Hz, 1H), 1.21 (s, 2H),
1.07 (dd, J1 = 22.7 Hz, Jo = 11.7 Hz, 1H), 0.85 (t, J = 9.2
Hz, 2H), 0.82 (s, 2H), 0.78 (d, J = 7.0 Hz, 3H), 0.72 (m,
2H), 0.64 (d, J = 6.9 Hz, 3H).

13C{IH} NMR (CDCls): ¢ 138.7, 138.5, 138.5, 138.4,
128.4, 128.3, 128.3, 128.2, 128.1, 127.8, 127.7, 127.6,
127.6, 127.5, 127.4, 94.6, 80.3, 75.8, 75.4, 75.2, 75.0, 73.5,
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72.9, 724, 72.2, 69.2, 47.9, 39.7, 34.5, 31.3, 25.2, 22.8,
22.3,21.2,15.4.

ESI-HRMS calculated for CasHssNaOs [M+Na]*:
701.3818; observed: 701.3833

BnO _OBn
(0]
BnO

BnO 0., 1

(o, 15)-11

'H NMR (CDCls): 6 7.31 — 7.20 (m, 18H), 7.14 (m, 2H),
5.09 (d, J = 3.4 Hz, 1H), 4.65 (m, 3H), 4.54 (d, J = 11.9 Hz,
1H), 4.45—4.41 (m, 1H), 4.40 (s, 2H), 4.35 (d, J = 12.0 Hz,
1H), 4.23 (t, J = 7.5 Hz, 1H), 3.97 — 3.92 (m, 1H), 3.83 -
3.78 (m, 1H), 3.68 (d, J = 4.6 Hz, 1H), 3.63 (d, J = 10.8 Hz,
1H), 3.54 (m, 2H), 3.46 (d, J = 11.0 Hz, 1H), 3.38 (t, J = 8.9
Hz, 1H), 2.39 — 2.33 (m, 1H), 2.14 (d, J = 12.8 Hz, 1H),
1.96 (d, J = 11.9 Hz, 1H), 1.55 (m, 2H), 1.22 (m, 3H), 0.85
(d, J=6.0 Hz, 3H), 0.80 (m, 3H), 0.71 (d, J = 7.1 Hz, 3H),
0.66 (d, J = 6.6 Hz, 3H).

BC{*H} NMR (CDCls): ¢ 138.9, 138.3, 137.8, 128.4,
128.3, 128.3, 128.3, 128.2, 127.9, 127.7, 127.6, 127.5,
127.3, 96.9, 83.4, 80.3, 79.4, 78.7, 73.3, 72.8, 72.4, 72.2,
70.4,47.7,40.6, 34.4, 31.5, 24,5, 22.9, 22.4, 21.1, 16.1.
ESI-HRMS calculated for CasHssNaOs [M+Na]™:
701.3818; observed: 701.3834

BnO _OBn

@)
BnO \E{/
BnO -

(o, 1R)-11

IH NMR (CDCla): 6 7.25 (m, 17H), 7.14 (m, 3H), 5.06 (d,
J=4.0 Hz, 1H), 4.64 (m, 5H), 4.46 — 4.36 (m, 5H), 4.22 (t,
J=7.2 Hz, 1H), 3.96 (m, 1H), 3.86 (t, J = 6.7 Hz, 1H), 3.75
—3.70 (m, 1H), 3.64 (dd, J; = 10.4 Hz, J» = 3.2 Hz, 1H),
3.52 (dd, J1 = 10.2 Hz, J2 = 6.4 Hz, 1H), 3.25 (td, J1 = 10.5
Hz, J, = 4.1 Hz, 1H), 2.31 — 2.21 (m, 2H), 1.53 (d, J = 12.0
Hz, 2H), 1.22 (m, 3H), 1.02 (m, 1H), 0.95 — 0.88 (m, 1H),
0.88 — 0.83 (m, 2H), 0.78 (d, J = 6.9 Hz, 3H), 0.73 (s, 3H),
0.66 (d, J = 6.9 Hz, 3H).

13C{!H} NMR (125 MHz, CDCls): 6 139.1, 138.3, 137.8,
128.4, 128.3, 128.3, 128.1, 127.8, 127.7, 127.6, 127.5,
127.2, 101.8, 84.0, 81.5, 80.9, 80.1, 80.0, 73.4, 72.9, 72.4,
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72.3, 70.7, 48.4, 43.6, 34.3, 31.7, 24.9, 22.9, 22.3, 21.1,
15.9.

ESI-HRMS calculated for CasHssNaOs [M+Na]*:
701.3818; observed: 701.3833
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Natural products can be viewed as a promising tool for the discovery of scaffolds with high
structural diversity and various bioactivities that can be directly developed or used as starting
points for optimization into novel drugs. Among them, the anti-cancer potential of these
ubiquitous moieties were extensively documented and a developing area of research nowadays.
In this scenario, our efforts are directed towards the identification of phytochemicals with

promising anti-cancer potential from readily available, traditionally highlighted floras.

Chapter 1 deals with an overview of the challenges and opportunities of secondary metabolites
in drug discovery process. In addition, this chapter also highlighted the importance of catalytic
glycosylation in natural product chemistry. In chapter 2, we have explored the anti-cancer
potential of a medicinal plant Dillenia indica and its active triterpenoids for the inhibition and
prevention of oral cancer. We have also elucidated the anti-cancer mechanism of both
candidates by various apoptotic and metastatic assays. In chapter 3, part A deals with the
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glycosides (NPGs) in the presence of N-iodosuccinimide as the promoter that offered a chiral

recognition of the racemic substrates.
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ABSTRACT: Triterpenoids are ubiquitously distributed secondary metabolites,
primarily scrutinized as a source of medication and preventive measures for various
chronic diseases. The ease of isolation and excellent pharmacological properties of
triterpenoids are notable reasons behind the exponential rise of extensive research on
the bioactive triterpenoids over the past few decades. Herein, we attempted to explore
the anticancer potential of the fruit extract of the ethnomedicinal plant Dillenia indica
against oral squamous cell carcinoma (OSCC) and have exclusively attributed the
efficacy of the extracts to the presence of two triterpenoids, namely, betulinic acid
(BA) and koetjapic acid (KA). Preliminary in vitro screening of both BA and KA
unveiled that the entities could impart cytotoxicity and induce apoptosis in OSCC cell
lines, which were further well-supported by virtual screening based on ligand binding
affinity and molecular dynamic simulations. Additionally, the aforementioned

Apoptotic potential
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\

metabolites could significantly modulate the critical players such as Akt/mTOR,
NF-«B, and JAK/STATS3 signaling pathways involved in the regulation of important
hallmarks of cancer like cell survival, proliferation, invasion, angiogenesis, and metastasis. The present findings provide insight and
immense scientific support and integrity to a piece of indigenous knowledge. However, in vivo validation is a requisite for moving to

clinical trials and developing it as a commercial drug.
KEYWORDS: Dillenia indica, triterpenoids, OSCC, cytotoxicity

C ancer is one of the leading causes of death worldwide,
and according to GLOBOCAN 2018, it accounted for
approximately 18.1 million new cases and around 9.6 million
deaths globally in the year 2018. Oral cancer, or its
predominant form, oral squamous cell carcinoma (OSCC), is
a major cause of morbidity and mortality in India. It is one of
the most aggressive malignancies occurring globally, affecting
approximately 354 864 people every year and causing 177384
deaths per year.' " Due to its extremely high recurrence rate,
the survival rate percentage of oral cancer patients is one of the
lowest among all cancer types. Lifestyle factors like chewing
tobacco, areca nut, consumption of alcohol, smoking, high
intake of red meat, and fermented food are major risk factors of
oral cancer and are the prime reason for its high
prevalence.”"*~'® Despite the significant advancement in the
diagnosis and treatment of disease, the incidence of oral cancer
is rising quickly due to the lack of sensitive diagnostic methods
and effective drugs. The conventional treatment modalities of
oral cancer, ie., surgery, radiation therapy (external beam
radiotherapy and/or brachytherapy), and chemotherapy, face

© 2021 American Chemical Society

WACS Publications

numerous limitations such as adverse side effects, high
treatment cost, toxicity to healthy cells, chemoresistance,
radio resistance, recurrence of the tumor, and so on.>>>'*!”
Thus, there has been a growing interest in developing nontoxic
and cost-effective treatments for oral cancer, which comprise
complementary and alternative therapies. Exploring natural
products and their active components, which exhibit significant
chemopreventive and chemotherapeutic potential, has been an
area of great attraction for researchers all over the world for the
last few decades.'®™*°

Dillenia indica (DI), commonly known as elephant apple,
belonging to the family Dilleneaceae, is typically found in the
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moist forests of the sub-Himalayan region in northeastern
India.”® Fruits of the plant are widely used as a traditional
medicine among the tribal population of Mizoram for the
treatment of mouth ulcer, diarrhea, and ]';1undice.26’27 In
addition to this, it is a common culinary ingredient in Assam
and is used for preparing jams, pickles, and curries. Besides, the
extracts of leaves, fruits, and bark are found to possess
medicinal properties and thus are given orally to treat diabetes,
cancer, and stomach disorders in the tribal areas of
northeastern India.”**” The leaves and bark extracts possess
antioxidant potential and are also used as a laxative and an
astringent agent.”" " A thorough investigation of the plant
chemistry revealed that it was enriched with triterpenoids,
especially the pentacyclic triterpenoids belonging to the lupane
group.”>™*” Betulinic acid (BA), a naturally abundant
triterpenoid isolated from DI, is reputed as a cytotoxic agent
against various malignant tumors.”®*~** Because of its
incredible antitumor potential and nontoxic nature towards
normal cells, it was established as an excellent cytotoxic agent
in a number of cancer cell lines and entered in preclinical trial
1 phase.

Herein, we documented a scientific validation of indigenous
knowledge of DI, and identified novel, safe, cost-effective, and
multi-targeted anticancer agents from its fruit extract against
OSCC. In addition to this, we also identified the bioactive
molecules in the species conferring to the corresponding
activity via preliminary cytotoxicity assays and in silico
screening methods. Two of the identified candidates, viz., BA
and KA, belong to the class of pentacyclic triterpenoids
(Scheme 1). Even though BA is explored as an anticancer
agent against numerous malignant tumors, limited reports are
available on its potential against OSCC.*>** To the best of our
knowledge, this is the first report on the anticancer potential of
KA against OSCC. The anticancer activity of the identified
entities was evaluated using various in vitro assays such as 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
assay, clonogenic assay, wound healing assay, fluorescent
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assisted cell sorting (FACS) analysis, and live and dead assay.
Further, Western blot analysis revealed that treatment with DI
extracts and compounds significantly modulated multiple
signaling pathways such as Akt/mTOR, NF-kB, and JAK/
STATS3, thereby exerting anticancer potential.

B RESULT AND DISCUSSION

Extraction Strategy and lIsolation Procedure of BA
and KA. Initially, the sequential extraction of the fruits of
Dillenia indica Linn. (900 g) were carried out with methanol
(2.5 L) as well as water (500 mL) for 3 days; 45 g of methanol
extract (DI-ME Ext) and 11 g of aqueous extract (DI-H,O
Ext) were obtained. As a part of our attempt to validate the
integrity of the known medicinal properties popularized among
the tribal communities, such as the potential of the fruit of DI
to cure mouth ulcers and sores, we first analyzed the
antiproliferative potential of the fruit extracts through MTT
assay against an oral cancer cell line, SAS. The MTT cell
proliferation assay is known to assess the metabolic activity of
the cells. The amount of insoluble violet-blue formazan
produced via the reduction of MTT tetrazolium salt by
mitochondrial dehydrogenases determines the percentage of
live cells. In this assay, SAS cells treated with an increasing
concentration of DI showed reduced growth and proliferation
rates of tumor cells, with ICg, values of 14 and 12 pg/mL for
DI-H,O Ext and DI-ME Ext respectively (Figure S1).

Because of our keen interest in divulging the phytochemicals
in the species which has conferred to the corresponding
pharmacological activity, isolation of molecules from DI-ME
Ext was performed. For this purpose, DI-ME Ext was preferred
over DI-H,O Ext owing to its lower ICy, value. The isolation
procedure involved different chromatographic separation
techniques, including thin-layer chromatography (TLC),
column chromatography (CC) over silica gel (100—200 and
230—400 mesh), sephadex LH 20, and precipitation methods
(Figure S2). Surprisingly, two among the ten isolated
molecules showed immense cytotoxicity against SAS cell line

https://dx.doi.org/10.1021/acsptsci.1c00011
ACS Pharmacol. Transl. Sci. 2021, 4, 834—847



ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

(Figure S3). Both these molecules belong to the category of
triterpenoids: BA, [(3/)-3-hydroxy-lup-20(29)-en-28-oic
acid], a pentacyclic triterpenoid is reputed as a cytotoxic
agent in various malignant tumor cells and KA is a seco-A-ring
oleanane group triterpenoid, hitherto uninvestigated from the
species, however, reported from the same genus.”> Character-
ization was done with sophisticated NMR techniques ('H and
3C) (Tables S1—S10), and structures of the identified
bioactive molecules are represented in Figure 1.

A ®)

Figure 1. Chemical structures of bioactive molecules (A) BA and (B)
KA isolated from DI-ME Ext.

The selection strategy of the entities made by preliminary
antiproliferative assay, wherein BA and KA inhibited
proliferation at ICy, values of 6 and 20 uM respectively after
72 h of treatment (Figure S4).

Computational Screening of BA and KA. Next, the
screening strategy was further extended to computational
simulation tools, where we employed the molecular docking
approach to predict the affinity of the previously screened
molecules to bind with the selected protein domains involved
in regulating the different hallmarks of cancer (Table S11).
Moreover, the flexibility and suitability of the molecules inside
the binding pocket of the selected receptors were screened by
molecular dynamics protocol.

Molecular Docking. BA was docked against the selected
proteins: Akt (Protein Data Bank (PDB) ID: 106L), p-Akt,
mTOR (PDB ID: 4JSP), p-mTOR, MMP-2 (PDB ID: 3AYU),
and VEGF-A (PDB ID: 1FLT) (Table S1). It was found that
BA showed a better binding affinity with Akt (D/G-score, —7.5
kcal/mol) and mTOR (D/G-score, —8.4 kcal/mol) (Table 1).
In the case of 106L, the carboxylate group from the ligand
forms H-bonds with polar Thr162 (1.8 and 2.1 A), while with
4JSP, the carboxylate ion forms a salt bridge with positively
charged Lys1452. The salt bridge formation is comparatively
stronger and in this case, the ligand is deeply buried inside the
binding pocket, thus resulting in maximum binding affinity
with 4JSP (Figure 2). Subsequently, KA was docked against
NF-«B (1SVC), p-NF-xB, mTOR (4JSP), p-mTOR, STAT3
(6N]JS), p-STAT3, CXCR4 (30DU), COX-2 (SIKQ), survivin
(1E31), MMP-2 (1HOV), and VEGE-A (1ELT) (Table 1).
Among these, KA showed a better binding affinity with NF-xB

(D/G-score, —7.4 kcal/mol), mTOR (D/G-score, —8.1 kcal/
mol), and STAT3 (D/G-score, —6.9 kcal/mol) (Table 1). In
the binding pocket of 1SVC, one of the carboxylate ions forms
H-bonds with positively charged Lys149 (1.9 and 2.2 A). With
6N]JS, one of the carboxylates forms two salt bridges with
positively charged Lys573, Lys574, and one H-bond with
LysS74 (2.1 A), and the other carboxylate ion forms H-bond
with Asn567 (2.2 A). Even though two salt bridges are formed
with 6NJS, the positioning of the conformer within the binding
pocket is not as deep as in the other two cases, which leads to
the comparatively lower score with 6NJS. One of the
carboxylate ions from KA forms an H-bond with polar
Asnl1421 (1.8 A), while the second carboxylate group forms
a salt bridge with positively charged Arg2217, eventually
contributing to the maximum affinity with 4JSP (Figure 2).
The interaction analysis figured out the stability of the ligands
inside the binding pocket of the receptor, which is somewhat
more in BA as it is well inside the site.

Molecular Dynamics. To visualize the suitability and
stability of the ligands inside the binding pocket of the
receptor, molecular dynamics simulations were carried out for
the complexes 4JSP—BA and 4JSP—KA for 10000 ps under
the OPLS-2005 force field. The RMSD plots (Figure 3) clearly
depicts the stability of the complex. Even though the protein
shows an initial fluctuation, it is almost stable under 4 A during
the interaction with the BA and KA, whereas the ligands are
stabilized inside the protein throughout the trajectory. 4JSP—
BA is comparatively more stable with less root-mean-square
fluctuations. The P—L histograms (Figure 4) show that the H-
bonded interactions are the major force of attraction that holds
the ligands inside the protein. The simulation event analysis
pointed out the H-bond formation of carboxylate ion of BA
with positively charged Lys1452, which lasts for 45% of the
simulation time, while that with polar Ser1584 lasts for 49% of
the simulation time. However, carboxylate ions of KA form H-
bond with positive charged Arg2217 (81 and 96%), hydro-
phobic Tyr1587 (35%), and polar Ser1584 (52%). Some of the
KA residues also form water bridges with both of them. All
these factors together subsidize the higher binding affinity of
the ligands with mTOR. After evaluating the primary screening
based on cancer cell-specific cytotoxicity, followed by
molecular docking analysis, the selected candidates were
subjected to the next-level studies.

DI Inhibited the Clonogenic Ability of OSCC Cells. We
further confirmed the effect of DI on the ability of the
individual SAS cells to form colonies by clonogenic assay.
Compared with the control, the administration of DI extracts
at two different concentrations (10 and 15 pug/mL) caused a
significant reduction in the number of colonies. Besides, the
treatment of SAS cells with 10 and 15 yM concentrations of
both BA and KA was able to reduce the number of colonies in

Table 1. D-Score Values and Residues of BA and KA Interacting with Selected Proteins

mTOR (4JSP)

Akt (106L)
D-score (kcal/mol) interacting residues
BA =7.5 Thr162
NE-kB (1SVC)

mTOR (4]SP)

D-score (kcal/mol)
—8.4

interacting residues

Lysl452
STAT3 (6NJS)

D-score (kcal/mol) interacting residues

KA -7.4 Lysl49 -8.1

D-score (kcal/mol)

836

interacting residues D-score (kcal/mol) interacting residues

Arg2217 Lys573
—6. LysS74

Asnl421 ? ySS
AsnS67

https://dx.doi.org/10.1021/acsptsci.1c00011
ACS Pharmacol. Transl. Sci. 2021, 4, 834—847



ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

A

PRO
1426

G
142

ALA
1429

ALA
1439

HIS
1454

LEv LEy
1433 1453
o )

~—_""+%

452 )

) Charged (negative) ) Polar
) Charged (positive) & Unspecified residue
Glycine Water
Hydrophobic Hydration site
o Metal X Hydration site (displaced) e—e

Figure 2. 2D interaction diagrams of (A) BA and (B) KA.

ILE
214 1629
2558

TR
1587

ASN.
ALA
1421 1429

----- —e Pi-cation
— Salt bridge

Solvent exposure

Distance

H-bond

» Halogen bond
Metal coordination
Pi-Pi stacking

A)
6 4)JSP-BA
4
rotein RMSD (A)
2 —— Ligand RMSD (&)
0

0 2000 4000 6000 8000 10000

Figure 3. RMSD plots of (A) 4JSP—BA and (B) 4JSP—KA.

2

0 2000

(B)

4JSP-KA

—— Protein RMSD (A)
—— Ligand RMSD (A)

6000

8000 10000

(A)

J— —
A b 4 S T S T T )
3 I R S S - T T S S S
XYY YIIIIIFIITITITY ‘.
o’ 3 B N b O 8 o & O
VEV VIS EEae Sy
M H-bonds

Figure 4. P—L interaction histogram of (A) 4JSP—BA and (B) 4JSP—KA

(B)

&P @ \ » PRSP LS Qg A &N S
§ \ ] ! L ) 3N NN E
» \\\ \\ . . Q\-v . g9 Q\h D v .'\
6 ) AT AT AT & & YA o by o 6
FPESTSECEEEEFETESEELE S

Hydrophobic I lonic I Water bridges

a dose-dependent manner (Figure S). In accordance with the
clonogenic assay result, it was inferred that KA was superior to
BA for inhibiting the colony-forming ability of SAS cells.

DI Induced Cell Death in OSCC Cells. In order to
confirm the role of DI in inducing cell death, propidium iodide
(PI)-FACS staining was conducted following the treatment of
SAS cells with 10 and 20 pug/mL concentrations of both the
extracts. Flow cytometric results revealed that the percentage
of cell death increased from 14 to 19% in SAS cells treated with
DI-H,O Ext and from 8 to 10% in SAS cells treated with DI-
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ME Ext after 72 h compared with the untreated control. A
similar strategy was followed for elucidating the death inducing
potential of BA and KA. Our results showed that BA increased
the percentage of cell death from 25% at 10 uM to 36% at 25
UM, whereas KA increased the percentage of cell death from
20% at 25 uM to 33% at SO uM, respectively (Figure 6(1)).
Similarly, in the live and dead assay, treatment with DI led to a
dose-dependent toxic effect on OSCC cells. Therefore, the
results stated that treatment with the extracts, BA and KA
resulted in cell death in SAS cells in a dose-dependent manner.

https://dx.doi.org/10.1021/acsptsci.1c00011
ACS Pharmacol. Transl. Sci. 2021, 4, 834—847
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Figure 5. Inhibition of clonogenic potential of SAS cells by (A) DI-
H,O Ext (B) DI-ME Ext (C) BA (D) KA. Untreated cells were kept
as the control. Quantification of the number of colonies was done
with the help of Image]J software. Results presented are mean + SD of
three independent experiments; *, p < 0.05 vs control.

Effect of DI in Inducing Apoptosis in SAS Cells. Next,
we evaluated the potential of DI in inducing apoptosis in SAS
cells using Annexin V assay. SAS cells were treated with 10 and
25 ug/mL of DI-H,0 Ext and 25 and 50 ug/mL of DI-ME Ext
for 72 h individually. As shown in Figure 7, the percentage of
apoptotic cells increased from 1.7% in control to 19.8% under
DI-H,0O Ext treatment and from 1% in control to 9% under
DI-ME Ext treatment. The percentage of apoptotic cells
increased from 3.2% in control to 14.3% in 50 M BA-treated
SAS cells and from 3.2% in control to 12.6% in 50 uM KA-
treated SAS cells respectively (Figure 7). These results indicate
that BA treatment causes a statistically evident increase in the
number of apoptotic cells thus leading to significant growth
inhibition in SAS cells.

DI Induced Cell Cycle Arrest in OSCC Cells. To further
examine the mechanism of action of DI on SAS cells, the cell
cycle distribution was investigated by flow cytometry analysis.

We found that the cells upon treatment with different
concentrations of DI-H,0O Ext, DI-ME Ext, BA, and KA
showed cell cycle arrest at different phases in comparison to
the untreated cells. The SAS cells treated with DI-H,O Ext and
DI-ME Ext exhibited G1 and G2 phase arrest, respectively,
while BA and KA treated SAS cells demonstrated S phase
arrest. This result indicates that the decrease in cell
proliferation and viability of the DI-treated SAS cells may be
due to the induction of cell cycle arrest at various phases of the
cell cycle (Figure 8).

DI Inhibited the Migration of OSCC Cells. The wound
healing analysis of SAS cells showed inhibition in the migration
of these cells with an increase in the concentration of DI. The
images taken at 12 hr in case of DI-H,O Ext and DI-ME Ext,
or 24 hr in case of BA and KA showed that the wound area was
completely healed while the treated cells exhibited changes in
cell morphology and a significant reduction in the migration of
SAS cells compared to the untreated cells. These results
indicate that DI controls the migration of SAS cells (Figure 9).

DI Modulated the Expression of Various Proteins
Responsible for Survival, Inflammation, Cell Cycle,
Angiogenesis, Migration, and Apoptosis of OSCC Cells
and the Involvement of Multiple Signaling Pathways in
the Mode of Action. Studies have evidenced that the
upregulation of various proteins like MMP-2, COX-2, VEGEF,
Akt, NF-kB, CXCR-4, Bcl-2, Survivin, mTOR, and STAT-3 are
responsible for enhanced proliferation, survival, angiogenesis,
invasion and migration in cancer cells. However, the effect of
DI on these gene products in human OSCC cells has not yet
been elucidated. COX-2 catalyzes the first step in the synthesis
of prostanoids and is often linked with carcinogenesis and
inflammatory diseases. It promotes angiogenesis, migration,
invasion of tumors, and deregulates apoptosis. As compared to
healthy subjects, a significant upsurge in the expression of
COX-2 was seen in cancer patients and patients with
premalignant lesions.*~*’ Furthermore, survivin is known to
play a critical role in cell survival by regulating cell division and
apoptosis. It has been noted that the upregulation of survivin is
frequently observed in OSCC samples. This protein is essential
for in the development of OSCC and, and it is mostly
associated with the more aggressive form.”*>* VEGF-A is a 46
kDa heparin-binding homodimeric glycoprotein. It respectively
binds to its receptor to promote endothelial cell differentiation
and proliferation. Many studies have demonstrated the
increase in the expression of VEGFs in different types of
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Figure 6. (1) Induction of cell death in SAS cells by (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were treated with the indicated
concentrations for 72 h, followed by PI staining and FACS analysis for the cell death profile. (2) Live and dead assay was performed to evaluate the
cytotoxic effect of the indicated concentrations of (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA on SAS cells.
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Figure 7. Induction of apoptosis in SAS cells upon treatment with (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were treated with
the indicated concentrations for 72 h, followed by Annexin V staining and FACS analysis.
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Figure 8. Induction of cell cycle arrest in SAS cells by (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Percentages of each cell cycle phase
were obtained using FCS Express software.

carcinoma. Macrophages, neutrophils, and fibroblasts, upon cancer cell proliferation. Furthermore, MMPs cleave the FAS
stimulation by the TGEF-$ and IL-8, secrete MMPs, and receptors, and modulate the function of natural killer cells and
maintain the bioavailability of growth factors, thus promoting the apoptosis mechanism. They are also known to promote

839 https://dx.doi.org/10.1021/acsptsci.1c00011
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Figure 9. Inhibition of the migration of SAS cells upon treatment with
(A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were
scratch-wounded and then treated with the indicated concentrations,
followed by the recording of wound areas at different timepoints.

angiogenesis and metastasis. Various studies have shown that
MMP-2 and MMP-9 are potential diagnostic markers for oral
cancer detection.’>™° In addition, CXCR4 overexpression in
cancer cells contributes to tumor growth, proliferation,
invasion, angiogenesis, metastasis, relapse, and chemoresist-
ance. CXCR4 antagonism disrupts tumor-stromal interactions,

reduces tumor growth and metastatic burden, and sensitizes
cancer cells to cytotoxic drugs. CXCR4 is the target for not
only therapeutic interference but it is also an important
candidate for noninvasive checking of disease progression.””
Also, Bcl-2 family proteins that regulate the intrinsic
mitochondrial apoptosis pathway are activated in response to
several stress stimuli, including growth-factor deprivation,
cytokine-withdrawal, Ca**-flux, or DNA-damage, caused by
UV or gamma-irradiation, but they can also contribute to cell
death triggered by members of the tumor necrosis factor family
member such as FAS, TNF, or TRAIL. Deregulation of Bcl-2
protein is a frequent feature of human malignant diseases and
causal for therapy resistance.”>” NF-kB plays an essential role
in inflammatory and immune responses and controls the
expression of multiple genes associated with different hallmarks
of cancer. The effect of DI on NF-kB as well as the diverse
gene products regulated by NF-«B in human OSCC cells has
not been elucidated yet. Therefore, in our study, we tried to
explicate the effect of DI extracts, BA and KA on the
expression of these proteins (Figure 10). Our findings revealed
that the SAS cells treated with DI-H,0O Ext exhibited
downregulation of VEGF-A, survivin and Bcl-2 via inhibition
of the STAT3 pathway. However, similar trend was not
observed in case of CXCR4. In addition, SAS cells treated with
DI-ME Ext demonstrated downregulation of p-mTOR
(S2448), and p-STAT-3 (S727), the crucial constituents of
the Akt/mTOR and JAK/STAT signaling cascade. Besides,
this extract was also found to inhibit the expression of CXCR4.
Further, Western blot analysis showed that the DI constituents,
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Figure 10. Expression of various proteins in SAS cells upon treatment with (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA as examined by

Western blot analysis. GADPH was used as housekeeping control.
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in SAS cells.

BA caused dose-dependent downregulation of the expression
of VEGF-A and MMP-2 via inhibition of the Akt/mTOR
pathway. Similarly, KA was found to reduce the levels of COX-
2, survivin, MMP-2 and VEGF-A through modulation of the
NF-kB, mTOR and STAT3 pathways. A decrease of Bcl-2
expression was observed in DI-H,O Ext treated SAS cells,
indicating that the activation of the mitochondria-dependent
apoptotic pathway, at least in part, plays a role in DI-induced
apoptosis. Akt1 is a crucial signaling protein involved in cellular
survival pathways. It regulates survival by inhibiting apoptosis.
The transcription factor NF-kB is constitutively expressed in
head and neck squamous cell carcinoma (HNSCC), and the
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persistent expression of this protein is one of the root causes of
the cancer cell proliferation, survival, invasion, metastasis, and
poor survival of patients. Our results showed that the
phosphorylated forms of Aktl and NF-kB were significantly
downregulated upon treatment with BA and KA respectively. It
is possible that both the p-Akt1(S473) and p-NF-«xB (S536)
proteins are intracellular targets of DI that mediates its
cytotoxic effects on SAS cells. Taken together, our results
showed that the DI extracts and their active constituents, BA
and KA modulated the expression of several critical proteins
involved in the development and progression of OSCC (Figure

https://dx.doi.org/10.1021/acsptsci.1c00011
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11). These results provide an insight into the precise
mechanism of action of DI and its constituents (Figure 11).

In summary, we have interpreted indigenous knowledge with
scientific criteria and identified new cytotoxic agents against
OSCC. The fruit extracts of the ethnomedicinal plant DI might
vanquish the adverse side effects of conventional modalities of
treatment. In order to recognize the bioactive scaffolds in the
plant extract, we performed detailed phytochemical profiling.
Ten compounds were isolated and characterized, out of which,
five compounds, namely, koetjapic acid, palmarumycin JCI,
ferulic acid, 3-oxykojic acid, and 2-(1’,2'dihydroxy)-kojic acid,
were reported for the first time from this species. All the
isolated molecules were screened through preliminary
antiproliferative assay and the leads, BA and KA were
identified. They were again subjected to virtual screening
based on ligand binding affinity and molecular dynamic
simulations for providing theoretical support to the scientific
validation. Both of the selected candidates displayed significant
anticancer potential in vitro by imparting antiproliferative,
cytotoxic, anti-clonogenic, anti-metastatic, and apoptotic
effects. Our findings were further supported by the reduced
expression of various proteins involved in the development and
progression of OSCC. However, further in vivo studies are
required to validate our findings and also elucidate the precise
mechanism of action, which may provide a basis for developing
chemopreventive and chemotherapeutic strategies for the
better management of OSCC.

B EXPERIMENTAL SECTION

Plant Material. Fruits of DI were collected from Guwahati,
Assam, and were identified by the taxonomists of Jawaharlal
Nehru Botanical Garden of India, Palode, Thiruvananthapur-
am, Kerala. A voucher specimen number JNTBGRI 93635 was
deposited at the herbarium of JNTBGRI, Kerala.

Cell Line. The OSCC cell line, SAS, was obtained from
National Center for Cell Sciences (NCCS, Pune, India). The
cells were maintained in DMEM supplemented with 10% heat-
inactivated FBS and 1% Penstrep. The cells were grown in an
incubator under optimum conditions of 5% CO, and
temperature at 37 °C.

Reagents. Penstrep, Trypsin EDTA, DMEM medium, and
FBS were obtained from Gibco, USA. MTT and PI were
obtained from Invitrogen and Sigma-Aldrich respectively, while
DMSO used was procured from Merck Life Science Pvt. Ltd.
The live and dead assay kit was obtained from Invitrogen,
USA. Crystal violet was procured from SRL Pvt. Ltd., India.
The Optiblot ECL Detection Kit was procured from Abcam,
Cambridge, USA.

Extraction of DI Fruits. Fruits and leaves of DI were
collected in March 2018. These were thoroughly cleaned, dried
(in an oven maintained at a temperature of S0 °C for 3 days)
and powdered. A 1 kg sample of the powdered fruits was
extracted with methanol (2.5 L X 48 h) at room temperature
thrice and was filtered. The completion of extraction was
checked with TLC. The filtrate was concentrated under
reduced pressure using a Heidolph rotary evaporator at a
temperature of 50 °C yielded 45 g of crude extract. The
residue thus obtained was further extracted with water,
lyophilized, and yielded 11 g of aqueous extract.

Isolation of Phytochemicals from Methanol Extract.
TLC of the methanol extract in various combinations of n-
hexane—ethyl acetate was studied. The residue was subjected
to silica gel (100—200 mesh, Merck) column chromatography
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(CC) at different compositions of hexane, ethyl acetate, and
methanol to afford 50 fractions (fractions 1—50). Each of these
pooled fractions was concentrated by removing the solvent
under reduced pressure using a Heidolph rotary evaporator.

Compound 1 (f-sitosterol, 10 mg) was obtained from
fractions 1—3 via CC using 5% ethyl acetate—hexane, which
recrystallized as white needle-shaped crystals with the same
polarity.

Compound 2 (n-hentriacontanol, 7 mg) showed an intense
spot in a cerium sulfate/phosphoric acid charring solution and
was obtained as a white solid in 10% ethyl acetate—hexane.

Compound 3 (lupeol, 20 mg) was isolated from fraction 9 in
20% ethyl acetate—hexane and was further subjected to
crystallization.

Compound 4 (betulinic acid, 4g) was obtained from 30%
ethyl acetate in hexane as white solid, which was identified as
the marker compound of the species.

Compound § (koetjapic acid, 17 mg) was isolated from a
pool of fractions 30—34 by Sephadex LH 20 column with
methanol as the eluent.

TLC of fractions 35—38 eluted from the column in 50—60%
ethyl acetate in hexane showed an intense UV active spot,
which was further purified by repeated CC by using sephadex
LH 20 in methanol, yielding compound 6 (ferulic acid, 15 mg).

Compound 7 (palmarumycins JC1, 40 mg) eluted in 70%
ethyl acetate in hexane, which was further purified by using
sephadex LH 20 and recrystallized in methanol.

Compound 8 (3-oxykojic acid, 45 mg) and compound 9
((2-(1",2’-dihydroxy)-kojic acid, 30 mg) were obtained as a
mixture of both from fractions 42—44, which were further
purified by using Sephadex LH 20.

Compound 10 (f-sitosterol-f-p-glucopyranoside, 30 mg)
was obtained from fractions 45—50 as an amorphous solid and
was further purified by precipitation using acetone. All
molecules were identified by 'H and "*C NMR spectra and
HR-ESIMS (Tables S1—S10).

Characterization of Phytochemicals. NMR spectra were
recorded on Bruker Avance AMX 500 MHz NMR
spectrometer. Chemical shift was reported in parts per million
using TMS as an internal standard with solvent residual peaks
(CDCly: 8 —7.26 ppm, 5. —77.3 ppm), (DMSO-dq: 8 —2.50
ppm, 8¢ —39.5 ppm), and (acetone-dg: Sy —2.0S ppm, 5
—29.8 ppm). Multiplicities were given as s (singlet); d
(doublet); t (triplet); q (quartet); dd (double doublet); and
m (multiplet). Coupling constant, ], was expressed in Hz.
Optical rotation was recorded on Jasco P-1020 polarimeter,
and absorbance was recorded on a UV 1800 Shimadzu UV
Spectrophotometer. Mass spectra were recorded under ESI-
HRMS at 60 000 resolution on a Thermo Scientific Exactive
Column, and IR spectra were recorded on Bruker Alpha FT-IR
spectrometer. All solvents used for UV, IR, MS, and
chromatography were purchased from Sigma-Aldrich and
Merck (HPLC-grade). For CC, silica gel with different mesh
sizes (100—200 and 230—400) and Sephadex-LH 20 were
used.

Computational Screening and Molecular Dynamics
Simulation. The optimization and minimization of the
proteins, binding site analysis, receptor grid generation, ligand
conformation generation, ADME/T screening, molecular
docking, and dynamics were done with Schrodinger suite
2020—1.°° For this, protein preparation wizard, Sitemap,
LigPrep, QikProp, Glide XP docking, and Desmond tools were
used in Maestro 11.2 interface in OPLS-2005 force field.”' The

https://dx.doi.org/10.1021/acsptsci.1c00011
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crystal structures of the proteins were retrieved from the RCSB
Protein Data Bank: protein kinase B, Akt (PDB ID: 106L);
mammalian target of rapamycin, mTOR (PDB ID: 4JSP);
matrix metalloproteinase-2, MMP-2 (PDB ID: 3AYU);
vascular endothelial growth factor-A, VEGF-A (PDB ID:
1FLT); nuclear factor kappa-light-chain-enhancer of activated
B cells, NF-«xB (PDB ID: 1SVC); signal transducer and
activator of transcription 3, STAT-3 (PDB ID: 6NJS); C-X-C
chemokine receptor type 4, CXCR-4 (PDB ID: 30DU),
cyclooxygenase-2, COX-2 (PDB ID: SIKQ); and survivin
(PDB ID: 1E31).”> All these proteins were refined by adding
hydrogens/missing side chains, optimized, and minimized. The
phosphorylated forms of the Akt, mTOR, NF-kB, and STAT-3
were generated successively by adding a phosphate group to
the corresponding serine residues using build structure
protocol. Site map analysis was carried out to identify the
suitable binding pockets in the case of these receptors, and the
grids were generated around site 1 which were used for further
docking. The different conformers of the BA and KA were
generated using LigPrep module and screened their ADME/T
(Absorption, Distribution, Metabolism, and Excretion/Tox-
icity) properties by QikProp analysis. The docking simulations
were done by Glide docking, and the binding affinities were
ranked using docking score (D-score) and glide score (G-
score). Molecular dynamics simulations further analyzed the
best ones for 10000 ps using the Desmond module of
Schrédinger suite under OPLS-2005 force field.

Cell Proliferation Assay. A total of 2 X 10 SAS cells per
100 yL media were seeded into each well of two 96-well plates
and incubated for 24 h. The cells were then treated with
different concentrations of the DI-H,O Ext, DI-ME Ext, BA,
and KA individually, and the MTT assay was performed at 0
and 72 h. A 10 uL aliquot of MTT at a concentration of 5 mg/
mL in PBS was added to each well and incubated for 2 h. Next,
the cell culture medium was discarded, and 100 yL of DMSO
was added to each well and incubated for 1 h in the dark. Color
conversion of the MTT reaction was measured with a
microplate reader at a wavelength of 570 nm. Control cells
were defined as 100% proliferation, and the percentage
proliferation was calculated to the following formula:
(Absorption of treated cells X 100)/(Absorption of control
cells (untreated)).

Colony-Forming Assay. A total of 1 X 10* cells per 2 mL
were seeded in a 6-well plate and incubated for 24 h. The cells
were then treated with DI-H,O Ext, DI-ME Ext, BA, and KA
separately and incubated for another 24 h. The next day, the
media of the wells were replaced with fresh media, and the cells
were allowed to form colonies for 9 days. On 9th day, colonies
were fixed with ethanol, stained with 0.3% crystal violet (SRL
Pvt. Ltd,, India) solution for 20 min and washed. Images were
captured for each well and the number of colonies was
quantified using ImageJ software.

Cell Death Analysis. A total of 2 X 10* SAS cells per 2 mL
of media were seeded in a 6-well plate and incubated for 24 h,
followed by treatment with different concentrations of DI-H,0
Ext, DI-ME Ext, BA, and KA individually. After 72 h of drug
treatment, the media from the wells were collected in labeled 5
X 77 mm? polystyrene test tubes. Adhered cells were washed
with PBS, trypsinized, and collected in their respective tubes.
The cell suspension was then centrifuged at 4000 rpm for 10
min at 4 °C. After centrifugation, the supernatant was
discarded, and the pellet was washed with 1 mL of PBS and
centrifuged at 4000 rpm for 10 min, and the step was repeated
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twice. Finally, the pellet was suspended in 495 uL of PBS, and
S uL of PI (Sigma-Aldrich) dye was added. The cells were then
analyzed in BD FACS Diva software. PI dye is impermeable to
the live cells as they have an intact cell membrane and thus
emit less fluorescence; however, PI can easily penetrate the
dead cells because of the damaged plasma membrane, thereby
emitting a high red fluorescence.

Live and Dead Assay. DI-mediated cell death in SAS cells
was studied using the Live—Dead assay kit (Invitrogen, USA).
The kit contains two fluorescent dyes, calcein-AM and PI. In
principle, calcein-AM can enter any cells but labels only live
cells. It is converted by cellular cytoplasmic esterases to a
highly green-fluorescent calcein. PI is excluded by live cells
with an intact membrane but enters dead cells with a broken
membrane to stain their nuclei red. Therefore, live cells
fluoresce green, whereas dead cells fluoresce red. SAS cells
were seeded at 2000 cells per 100 xL of media in 96-well tissue
culture plates. After 24 h, the cells were treated with DI-H,O
Ext, DI-ME Ext, BA, and KA individually. Cells were then
stained with the live/dead reagent and incubated at 37 °C in
the dark for 20 min. Cells were then analyzed under an
inverted fluorescence microscope (Olympus, Japan).

Apoptosis Assay. Apoptosis is marked by the trans-
location and accumulation of the membrane phospholipid
phosphatidylserine from the cytoplasmic edge of the
membrane to the extracellular surface. The membrane
perturbation can be detected by using Annexin V which
binds to the phosphatidylserine of the apoptotic cells. A total
of 5X 10* SAS cells per 2 mL of media were seeded in a 6-well
plate and incubated for 24 h, followed by treatment with
different concentrations of DI-H,O Ext, DI-ME Ext, BA, and
KA individually. After 72 h of drug treatment, the media from
the wells were collected in labeled 5 X 77 mm? polystyrene test
tubes. Adhered cells were washed with PBS, trypsinized, and
collected in their respective tubes. The cell suspension was
then centrifuged at 4000 rpm for 10 min at 4 °C. After
centrifugation, the supernatant was discarded, and the pellet
was washed with 1 mL of PBS and centrifuged at 4000 rpm for
10 min. The PBS was discarded, and 20 uL of binding buffer
was added to the tubes and the tubes were centrifuged again.
Then the untreated control was divided into unstained (does
not contain either PI or Annexin V) and double-stained
(contain both the dyes) tubes, and the positive control was
divided into PI-positive and Annexin V-positive tubes. A 2.5
uL aliquot of Annexin V added to all the tubes except the
unstained and PI-positive ones and incubated in the dark for
20 min containing different concentrations of DI The tubes
were incubated in dark for 20 min. Centrifugation was done
again, and the supernatant is discarded. A 20 uL aliquot of
binding buffer is added, and 2.5 uL of PI (Sigma-Aldrich) dye
was added. The cells were then analyzed in BD FACS Cell
Quest software.

Cell Cycle Analysis. A total of 2 X 10° SAS cells per 2 mL
of media were seeded in a 6-well plate and incubated overnight
for cell adhesion. The cells were then treated with different
concentrations of DI, and the untreated sample was used as a
control. Following 24 h of individual treatment of DI-H,O Ext,
DI-ME Ext, BA, and KA , the media was collected in
polystyrene tubes, and the adhered cells were washed with PBS
twice. Then, 300 uL of trypsin was added to detach the cells.
The detached cells were harvested in their respective tubes and
centrifuged at 4000 rpm for 10 min at 4 °C. The supernatant
was discarded, and the pellet was washed with 1 mL of PBS

https://dx.doi.org/10.1021/acsptsci.1c00011
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and centrifuged at 4000 rpm for 10 min at 4 °C. Then the
supernatant was discarded, and S mL of 70% ethanol was
dropwise added to the pellet under constant vortexing and kept
for overnight incubation at 4 °C for fixation. The next day, the
suspension was centrifuged at 4000 rpm for 10 min at 4 °C,
and the supernatant was discarded. Following the removal of
ethanol by centrifugation, the cells were washed twice with
PBS and stained with PI/RNase solution for 30 min in the
dark. Cell cycle distribution was detected using FACS Celesta
(Becton-Dickinson, Franklin Lakes, NJ), and the data were
analyzed using FCS Express (BD Biosciences). The
fluorescence intensity of the stained cells correlates with the
amount of DNA they contain.

Cell Migration Assay. A total of 5 X 10° SAS cells per 2
mL of media were seeded in a 6-well plate and incubated for
12 h to form the monolayer. After the monolayer was formed,
the media was replaced with serum-free media and incubated
for 8 h. Thereafter, the media was removed, and a vertical
scratch or wound was made with the help of a 200 uL tip at the
center of the well. The wells were then washed with PBS twice
to remove the debris. Cells were then treated with different
concentrations of DI-H,O Ext, DI-ME Ext, BA, and KA
individually. The untreated cells were used as control. The
directional migration of SAS cells was observed under an
inverted microscope (Nikon T1-SM, Tokyo, Japan), and
images were taken at 0 and 12 or 24 h depending upon the
healing timepoint of the wound. Images were compared to
quantify the migration of SAS cells after treatment.

Western Blot Analysis. A total of 6 X 10° cells per 3 mL
of media were seeded in 60 mm culture plates and were
allowed to grow for 24 h. The cells were then treated with
different concentrations of DI-H,O Ext, DI-ME Ext, BA, and
KA individually and incubated for the next 24 h. Protein was
isolated from respective treatment plates using lysis buffer (20
mM HEPES, 2 mM EDTA, 250 mM NaCl, and 0.1% NP40) in
the presence of protease inhibitors (2 wpg/mL leupeptin
hemisulfate, 2 pg/mL aprotinin, 1 mM PMSF, and 1 mM
DTT) and quantified using Bradford’s reagent. Equal amount
of protein (30 pug) was mixed with SX Laemmli Buffer (250
mM Tris-HCI, 10% SDS, 30% glycerol, 5% fp-mercaptoethanol,
and 0.02% bromophenol blue) and separated by 12% SDS-
PAGE and transferred to nitrocellulose membrane (Biorad) by
using a Trans-blot Turbo (Biorad), the membrane was blocked
with 5% nonfat skim milk in tris-buffered saline containing 1%
tween 20 (TBST). For the phospho-antibodies, the mem-
branes were treated with 5% BSA in tris-buffered saline
containing 1% tween 20 to block the nonspecific binding sites.
The membranes were then incubated with primary antibodies
for MMP-2, COX-2, VEGE-A, Aktl, p-Akt, NF-kB, p-NF-xB,
CXCR-4, cyclin D1, Bcl-2, survivin, mTOR, p-mTOR, STAT-
3, p-STAT-3, and GAPDH overnight at 4 °C. Afterwards, the
blots were washed with 1X TBST buffer and then incubated
with horseradish peroxidase conjugated secondary antibody for
2 h at room temperature. The bands representing different
proteins were visualized with the help of Clarity Western ECL
Substrate (Biorad) in a ChemiDoc XRS System (Biorad).
GAPDH was used as the housekeeping control.

Statistical Analysis. Statistical analysis was performed
using Student’s ¢ test. All the data are represented as mean =+
standard error (SE). p < 0.05 was defined as statistically
significant.
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1 | INTRODUCTION

Abstract

Natural products serve as the single most productive source for the discovery of drugs
and pharmaceutical leads. Among the various chemicals derived from microbes, plants,
and animals, phytochemicals have emerged as potential candidates for the
development of anticancer drugs due to their structural diversities, complexities,
and pleiotropic effects. Herein, we discuss betulinic acid (BA), a ubiquitously
distributed lupane structured pentacyclic triterpenoid, scrutinized as a promising
natural agent for the prevention, suppression, and management of various human
malignancies. Ease of availability, common occurrences, cell-specific cytotoxicity, and
astonishing selectivity are the important factors that contribute to the development of
BA as an anticancer agent. The current review delineates the mechanistic framework
of BA-mediated cancer suppression through the modulation of multiple signaling

pathways and also summarizes the key outcomes of BA in preclinical investigations.

KEYWORDS

anticancer, apoptosis, betulin, betulinic acid, cytotoxicity, hydrosolubility, pharmacokinetics

in the market are nonspecific, cytotoxic, expensive, and inadequate
which necessitates the requirement of alternative drugs that are safe,

Cancer is a multifactorial malaise that arises due to the dysregulation
of multiple signaling pathways and their regulated molecules in the
body.[1’3] The conventional treatment modalities for this disease
include surgery, radiation, chemo, immuno, and hormone therapies
which are associated with numerous side effects and adverse
limitations.*" 1 The standard anticancer drugs currently available

cost-effective, and efficacious.'1"2°! Hence, the development of
alternative approaches for the prevention and treatment of cancer
becomes imperative.

Since the dawn of current pharmacopeia, natural products have
served as a prolific source of potential drug candidates.l*31¢:21-2]
The chemicals derived from microbes, plants, and even animals have

Abbreviations: AIF, apoptosis-inducing factor; AKT, protein kinase B; Bax, Bcl-2-associated X protein; CDK, cyclin-dependent Kinases; CHOP, C/EBP homologous protein; ER, estrogen
receptor; HIF-1a, hypoxia-inducible factor-1a; MMP, matrix metalloproteinase; AWm, mitochondrial membrane potential; mTOR, mammalian target of rapamycin; MVD, microvessel density;
NF-kB, nuclear factor-kB; NLRC4, NLR family CARD domain-containing protein 4; PARP, poly (ADP-ribose) polymerase; PI3K, phosphatidylinositol 3-kinase; ROS, reactive oxygen species;
Smac, second mitochondria-derived activator of caspases; STAT-3, signal transducer and activator of transcription-3; TIMP-2, tissue inhibitor of metalloproteinases-2; VEGF, vascular

endothelial growth factor.

J Biochem Mol Toxicol. 2022;e23206.
https://doi.org/10.1002/jbt.23206

wileyonlinelibrary.com/journal/jbt

© 2022 Wiley Periodicals LLC. 1 of 18



ASWATHY ET AL

2 of 18
291 | \WiLEY

been an invaluable source of therapeutic agents, and the structurally
diverse phytochemicals with potent biological activities were the
most significant among them, which have been extensively docu-
mented.[!719:2530-44] pglyphenolic compounds, including alkaloids
and flavonoids, are some of the pleiotropic phytoconstituents that
exhibit promising antitumor activities in a plethora of cellular and
animal models.[t1624-26:421 |n addition, a wide range of polyphenolic
secondary metabolites has successively completed different phases
of preclinical/clinical trials.[*>=*! For instance, a bioactive ingredient
of turmeric, curcumin, is reputed as an excellent therapeutic agent and
is presently under human clinical trials for various chronic diseases
such as Alzheimer's disease, cancers of the colon, pancreas, and blood
cells, myelodysplastic syndromes, and psoriasis.l*¢434450-54 Fyrther-
more, resveratrol, a major phytochemical isolated from grapes and
red wine species, has drawn the worldwide attention of many
research groups and confronted a huge number of key outcomes of
preclinical as well as clinical trials.[*>°>°¢] One of the past studies by
Newman and Cragg®® reported that approximately 60% of the
current anticancer drugs were isolated either from natural products
or their structural analogs. In addition, various research groups have
explored the anticancer properties of the synthetic modifications of
isolated natural products for the development of potential drug
candidates.l®”? Our research group was intrigued by the tremendous
biological potential hidden in these ubiquitous functional moieties,
and we commenced our expedition to the fascinating world of
natural products by the isolation and screening of phytochemicals
from Zingiber zerumbet against the a-glucosidase enzyme, aldose
reductase enzyme, and their antiglycation properties.[58] Later, our
group also unraveled the isolation of (+) and (-)-hopeaphenol from
Ampelocissus indica (L) and Vateria indica Linn, isolation of
resveratrol oligomers from Hopea ponga (Dennst.) Mabb., and

[59]

so on. Recently, we reported the isolation of bioactive

triterpenoids from the fruit extract of the ethnomedicinal plant
Dillenia indica which showed cytotoxic effects against oral cancer
due to the presence of two triterpenoids, namely, betulinic acid (BA)

d.t¢°!

and koetjapic aci Triterpenoids are the oligomers of

(A)

(B)

isopentenyl pyrophosphate cyclized from squalene, representing
one of the largest plant metabolites with various subgroups such as
ursane, oleanane, lupane, dammarane, and euphane. In addition,
multiple shreds of evidence have reported the promising anticancer
properties of biologically potent phytochemicals such as lupeol,
taraxasterol, a-amirin, B-amirin, and BA.[62:62]

BA/3B-hydroxy-lup-20(29)-en-28-oic acid (BA), one of the
bioactive compounds reported from the family Betulaceae, belongs
to the category of triterpenoid with lupane core (Figure 1). The
tremendous anticancer potential of this unique phytochemical was
disclosed by Pisha et al., in 1995, and thereafter BA has entered as a
promising candidate under different phases of preclinical trials as an
excellent chemotherapeutic agent.[*®! Moreover, accumulating evi-
dence has also reported the chemosensitizing potential of BA in
preclinical settings.[é‘” Because of our keen interest in exploring
bioactive leads/agents from traditionally highlighted flora, we have
emphasized the anticancer properties of BA against oral cancer.[¢%
The immense biological potential of the natural products as a
selective and excellent therapeutic agent in various cancers has
played a pivotal role in its development from a phytoconstituent to a
potential anticancer agent.[65'66] However, lack of aqueous solubility,
poor bioavailability, less intestinal permeability, and rapid elimination
after oral administration are some of the significant challenges
associated with the application of BA as a therapeutic agent.[67]
Nevertheless, various approaches, including structural modifications,
combinatorial treatments with other drugs, and various formulations,
may be employed to improve the stability and effective transport of
this bioactive molecule.

Thus, this review aims to depict the contemporary landscape of
BA, within the last few decades, and the molecular mechanism of its
chemopreventive and chemotherapeutic potential against various
cancers. Particular emphasis has been given to the efficacy of BA in
modulating various signaling pathways and its associated oncogenic
proteins, which are highly involved in tumorigenesis. In addition, this
review also summarizes the anticancer potential of BA in different
preclinical studies.

FIGURE 1
pendula (source: discoverlife.org).

(A) Chemical structure of B-betulinic acid (3B-hydroxy-lup-20(29)-en-28-oic acid). (B) Source of betulinic acid, that is, Betula
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2 | BOTANICAL SOURCES OF BA

BA is majorly isolated from the birch tree (Betula spp.), through the
conventional processes of extraction, isolation, separation, and
purification; and via semisynthesis from betulin. The birch tree
(Betula spp.) from the Betulaceae family is a widely reported source
for the isolation of BA. Other sources reported in the literature were
from various species including Alphitonia excelsa (Rhamnaceae),
Artocarpus integrifolia (Moraceae), Dillenia indica (Dilleniaceae), and

Zizyphus jujube (Rhamnaceae).[68:¢%]

3 | BIOLOGICAL ACTIVITIES OF BA

BA is one of the renowned plant triterpenoids which is shown to
possess promising biological activities against various human diseases.
It exhibits enormous pharmacological activities against cancer,
diabetes, parasitic infections, viruses such as human immuno-
deficiency virus, and sepsis. BA also acts as an immunomodulatory
and antinociceptive agent.[70’75] Among these, the anticancer activity
of BA is the most promising area of research due to its immense
potential as a cytotoxic agent and its ease of availability, better
selectivity, and low cost of production. The antitumor potential of BA

.13 one of the researchers of the

was first disclosed by Pisha et a
Illinois University of Chicago, in melanoma cancer via induction of
apoptosis. Later, Fulda et al.”®! introduced BA as a novel cytotoxic
entity against malignant brain tumors. Numerous studies have also
explored the anticancer potential of BA in various breast cancer cell
lines through the modulation of multiple signaling pathways. Among
them, the anticancer property of BA against MDA-MB231 and MCF-7
breast cancer cell lines was observed to be highly efficacious./*77-8%]
BA also inhibited pulmonary metastases of breast cancer cells in 4T1
xenograft by inhibiting matrix metalloproteinases (MMPs).BY |n
addition, lactoferrin-attached BA nanoparticles were promptly deliv-
ered to triple-negative breast cancer and laryngeal cancer cell lines
and inhibited cell growth and induced considerable cell death in MDA-
MB-231 and HEp-2 cell lines.®? Moreover, BA induced anticancer
activity against cervical cancer and rhabdomyosarcoma via induction
of apoptosis and inhibition of cell proliferation.®®%”) In vivo studies
also showed that BA suppressed tumor growth in various animal
models.®4%8 |n 2021, Wang et al®”! reported that BA induced
apoptosis in gallbladder cancer cells by repressing stearoyl-CoA
desaturase-1 enzyme. In addition, various studies have demonstrated
the anticancer potential of BA in several cancer cell lines by inhibiting
their proliferation and inducing apoptosis via the activation of
caspases.[66'87'89’103] BA also substantially decreased the viability
and migratory potential of pancreatic ductal adenocarcinoma cell lines
(Mia PaCa-2, SUIT-2, and hTERT-HPNE) without impacting normal
pancreatic cells.*** Additionally, Soica et al.””! reported the antic-
ancer activity of BA complexed with gamma-cyclodextrin in the
B164A5 murine melanoma cell line and was found to induce GO/G1
phase cell cycle arrest and suppress cell proliferation. Furthermore,
Wang et al.l*%) reported that the efficacy of nanohybrid suspension

of BA in combination with paclitaxel in MCF-7 breast cancer cell line is
through the induction of GO/G1 phase cell cycle arrest and inhibition
of mitochondrial membrane potential (AWm) and cell migration.
Moreover, administration of BA encapsulated liposomes in SW480
colon cancer xenograft suppressed tumor growth and improved the
survival outcome. The BA liposomal composition was also found to be
bioavailable in this model.’*°* Various in vitro and in vivo studies of
BA against various carcinomas are discussed in Table 1 and Table 2,

respectively.

4 | MOLECULAR TARGETS OF BA

BA exhibits its anticancer potential by modulating multiple signaling
pathways and its downstream targets associated with the different
hallmarks of cancer (Figure 2). The most prominent and effectively
characterized mechanism is the induction of apoptosis via the
mitochondrial-dependent pathway.!”>1% BA treatment was found
to disrupt AWm and decrease B-cell lymphoma-2 (Bcl-2) and caused
the release of cytochrome c (cyt c), the second mitochondrial
activator of caspase (Smac), and apoptosis-inducing factor (AIF) into
the cytoplasm. BA treatment also leads to the induction of
caspases.[72 1141351381 Additionally, it was shown to induce apoptosis
through suppression of nuclear factor-kB (NF-«kB) and Janus kinase
(JAK)/signal transducer and activator of transcription factor-3
(STAT-3) signaling.l*°”! BA was also reported to enhance chemosen-
sitization via glucose-regulated protein 78 mediated pathway.[64] It
suppressed transforming growth factor-B-induced cell growth and
proliferation in the Mv1Lu mink lung cancer cell line by upregulating
the nuclear translocation of p-Smad2.12! In addition to targeting the
aforementioned proteins, BA also inhibited some specific targets like
estrogen receptors and multidrug resistance proteins in breast
cancer."*? Furthermore, BA also manifested several mechanistic
trajectories including inhibition of vascular endothelial growth factor
(VEGF), and STAT-3/hypoxia-inducible factor-1 (HIF-1)/VEGF signal-
ing in hypoxic prostate cancer models!*3”! (Figures 2 and 3).

41 | Inhibition of topoisomerases

Topoisomerases/DNA topoisomerases are the isomerase enzymes,
which play a pivotal role in the topology of DNA during its replication,
transcription, recombination, and chromosomal segregation during
mitosis.'*3! On the basis of structure and mechanism of action,
topoisomerases are broadly classified into two types, topoisomerase |
and topoisomerase Il. Topoisomerase | cleave only one strand of
DNA via the breakage of the opposite strand, while topoisomerase Il
cleaves both the strands of DNA and is involved in regulating cell
growth, proliferation, and apoptosis.** Studies have shown the
catalytic inhibition of both topoisomerases | and Il by BA.[*4>146] Thjs
compound achieved the catalytic inhibition of topoisomerases | via
blocking its interaction with oxidatively damaged DNA thereby
promoting DNA fragmentation in prostate cancer.[**”! Furthermore,



ASWATHY ET AL

WILEY

4 of 18

[e6]

[z6]

[£8]
[eg]
[o0T]
[s8]

[z8]

[9]
[v8l

[£4]

[64]

[8]

[86]

[94]

[06]

ECRIEYETEN |

awoseajoud
ay3 jo saiiAie Gf pue ‘zd ‘Tdl ‘TMAd?T
‘TLNTDT ‘4D3IAT ‘souad 323463 4|HT OT-4IHT

uoljesausd SOy,

‘dWONT ‘ddVd paaes|d|, ‘g-asedsed,
‘}sauie aseyd 19H/09, ‘UonejuawSely
pue ‘uoljesusapuod Jeappnuy, ‘sisoydody |,

uonesauad SOy ‘Lzdl
‘Tzdy (80€4Ul) INV-dT (€£#49S) INV-dT
‘(G8d) MEIdT ‘(e0TTd) MeIdT ‘Pedl ‘6-osedsed|

uonjesayljoudr ‘sisoydody |,

WhVT ‘uonesdiwt ‘9sauie aseyd 19/09
SISAj02A|S d1qosse T DAN-IT ‘ulualed-g1 ‘g/dyod
A1121x0303A2 |, ‘uonesayijoid T

‘dOHD{ ‘d ‘M¥3d-dl
‘ss213s Y3 parelpaw-g/dy9y,

TdST ‘2-1Pg T ‘sisoydode], ‘uonesajijoid T
sisoydode |, ‘uonesasijoid T

1sa.uie aseyd IN/2DY ‘BLZ-YNYWT ‘0TdLEZ)
‘pdsT ‘edsT ‘1dST ‘sisoydode, ‘uonesayijold |2D T
uopjes3iwT ‘uonesajold |91

8uieusis dOHD
/d3d{ ‘TdsT ‘98ewep yNQ@ | ‘uonesspjod (9T

d¥vdJ| ‘- ‘c-sasedses,
‘aseslal 2 142 ‘uonejuswsel) YNQJ ‘sisordody
6-dININT ‘(LE9S Pue 1Z]) lleus
pue 3njs7T ‘uoiseAulT ‘uonessiwt ‘xeg, ‘dyvd
panesP | ‘dNOWT 252opD 1T ‘ZopDT ‘2IPD T
‘ UlpAdT ‘19 ulPAdT ‘sisoudsu, ‘sisoydody

uoijoe JOo WSIUEeYIIN

(UzT) Wroe

(Ye) lw/3r gg'6€ =9D|

(U8Y) M 6£°C F TH'0E = °DI
(U9€) NN 9T'Z FG/L'6E =0DI
(UZ) WA ELT F6£99=99D]

(TET -AN-VAW) WY G581 = 9<D1 “(£-40W) I 90°6T =9DI

(T€Z -aN-VAN) I 0z > %DI
(TET-aN-VAW) |w/3r g =0])

(TEZ-9N -VAW) WM 5902 =D
(£-4DW) WM TT#°8T = 05D

(U8p) w/3r geT =09D)

(U#Z) WM OT 595D

U g/ 1a1e (09MS) |w/3M 0T (SSMS) |w/31 9 (TGMS)
Jw/3M £ (6MS) [w/3M 6°(£EMS) |w/3M ZT (2THS) |w/3r 8
(6THS) lW/BM 9T “(LT)S) W/3M TT (FINS) [w/3rigT
‘(eLen) lw/3n 9 ‘[epe] Jw/3r G (TGZN) |W/3M G (8ETN)
Jw/3r 66 (8TTN) |w/3M G (2£TV) lw/3r 8 (TaIN)
[w/31 GT (FHHW) [w/3r & (EHHIN) [W/31 0T (THHIN)
Jw/3r ¢ (T€Q) lw/3M G/ (€8zA 9 Aoeq) |w/3r ¢ = 05A3

(£€99) |w/3r g'gg =09D)
(€-DNINN) |wy/Br z'gg =057

SUoIjeljuaduod IAIY

e1oH

(9TAdH) eHIS

e19H

TEZ-GN-VANW ‘L-4ON

£-40N

00T-19H ‘615-19 ‘T€Z-9N-VAIN
T€C-aN-VYain

TEZ-GN-VAW ‘L-4O
T€C-AN-VAW ‘£L-40N
£-40N

TEC-AN-VAN
£-4DN ‘T€C-9N-VAN

Gd ‘€d ‘TLTV DINLEN

O9NS ‘SSAS
TGS ‘6WMS “LENS TS ‘6TAS

‘LTAS VIMS ‘€LEN ‘EVEN DNTSZN
‘OINBETN DNBTTN ‘TLTV ‘TEIN ‘YHHIN
‘CHHW ‘THHI ‘P3N T¥€QA ‘PAN €82 ‘Aoed

££9S ‘S-DNINN ‘bT-1
(s) aulf 1192

SJadUed snoleA jsuleSe g JO SIIPN3S OJYA U|

Jadued [edIAIe)

Jaoued jsealg

Jowny ulelg

Jadued Jappelqg

9dA} Jadue)

T 314avl



50f 18

WILEY

(senunuo))

T sisoydode] ‘4DIAT ‘Yieap 19D

€6dy ‘T-PNT
‘Z-1297T ‘98enes|d dyvdJl ‘c-osedsed

for1] paAesp | ‘6- ‘8- ‘c-sesedsed, ‘sisojdody

HOLW/IMVY/AEIdT ‘29dT ‘T-ulj93qy ‘lI-a€01d

[s11] ‘ASeydojne, ‘z-]pg1T ‘c-osedsed paaes|d|, ‘xegl

ZANILL ‘6-dININT ‘T-dWINT ‘uonjesauad
SOY| ‘c-osedsed panes|p, ‘xegl ‘z-]2g9T

Wil ‘W T ‘uonejuswsedy Jespnuy, ‘sisoydody |

I-INT

err] dSVAT ‘UoiseAulT ‘uonelsjijoid (|92 ‘UolesSINT

upaypes-3

iy uUdayped-NT ‘sisojdode] ‘uoiseAult ‘uoiesSINT

14 WPAT ‘IMIHT ‘sisojdode,

17 ‘uonjejndod aseyd ST ‘uonesajjoud |90,

z-PaT xegl
‘ddVd paAes|d, ‘6- ‘c-sasedsed paaes|d,
68l 23427 ‘T @DS1T ‘sisordode, ‘uoiessyijoid T

493A T DOT-4IHT ‘o pue to-uusajur

fotT] ‘AlIAIRoe asepijodd T ‘sisayjuAsolq uadefjod

£-1V1ST ‘@-dNT “x-]oat
“TA UIPAIT AN-2T pEI-dT ‘God gi-4N-d T
wou /oA T ‘e-1v1s-dT ‘Zyvr-d T ‘sisopdody |

C-dWILL ‘6-dINNT ‘T-dIWNT ‘uoiseAult
‘uones3iw ‘uonesausald sOY| ‘WhvT

[s6] ‘2-1297 ‘c-osedsed panes|d| ‘xeg| ‘sisoidody

€5dl (8¥1TsS) do1w T (e£¥S) DIv-dT
‘ASeydoine| ‘diNV1d ‘II-07 03 T-D14
{801l ‘SOAV ‘€6d] ‘ddvd paAes, ‘sisordody

07918z7T ‘BLZ-VNYWT ‘uonessussd
SOY! ‘T WPAIT Y493 T ‘G9dT 4DIAT

WM '8 =0)]

(lw/8u 0€) ZOdV PUE (NW OT) vd

(U8Y ‘TTLL-DNINS) INT 6'8Z = 05D
(48P ‘2OdaH) WM 8t = 99D

AT 0Y-6C

(U8Y ‘TTLL-SPINW) INT 6T > 05D
(48t ‘€28-294d) INM o€ > %D

(U8p) lw/3r 66CT
(49¢€) |w/3r9g'GT
(Ut2) lw/3r Gz'8T =05D|

(ZON ‘4yzs) Wiog =091

(Ut2) |w/3r QT pue g

(U8H) INM 0T = 95D

(U8 ‘T-a1q) |w/3r o = 95|
(U8% ‘087MS) Iw/3r Og = 05|
(U8¥ ‘9TTLOH) lw/8M OT =D

(U8t ‘6ZLH) NN GZT =D
(U8% ‘087MS) INT 8 = 05D
(U8Y ‘9TTLOH) WH8/T =05D|

I ewod.es ssodey|

S/4¥8d/21d ‘LHNH

TCLL-DNINS ‘TOdaH

HL6DDHIW ‘€N ‘zDdaH  ewouidled Jejnjjao0iedsH

SPINW ‘€28-094

£8N-IDN ‘9T-NNS

SOV J92UED DlI3SeD)
as-289 ‘T-99H3 ‘'966-29S ONJ0 ZON Jaoued Jappejq|es
BWOUIDIBI0USPY
emeIys| Jeljawopuy
6¢-1H

1-d1A ‘08¥MS ‘9TTLOH

6CZ-1H ‘08YMS ‘9TTLOH

ASWATHY ET AL

[£0T] ‘UINAINS T ‘pdST ‘edST ‘TdST ‘Yamods |0 T (496 pue gy) N 6= 087MS ‘OXY
(LXO) Jw/3r 00T = €| (3uesisas uijedijexo) ¥-1XO/SD
(L¥1) lw/8r 8T = %€)]  -NINS ‘(aue3sisal uedajoull) y-1¥1/53-NNS
1901] Z2-12971 goasedsed, ‘sisojdody |, (N4) Jw/3r 9 =€y ‘(auesisal [1peanotonfi-g) ¥-N45/5D-NNS Jaoued |e3da10j0)
S92U3IJY uol3de JO wsiueydsn SUOI1EJ3USIUOD SAIDY (s) auij 19D adA} Jdue)

(penupuod) T 374dVL



ASWATHY ET AL

WILEY

6 of 18

[zoT]

[66]
[96]

[9zT]

[99]

[£9]

[16]

[szT]

[vet]

[ezT]

[zzT]

[tzT]

[ozT]

[611]

[8TT]

[z8]

S92UR.9)9Y

sisojdode |, ‘uonjesajijoid [|9D 7T

159.4e
aseyd 19/09, ‘uonessyoid 9071

yyeap |92, ‘c-asedsed |
vdsT ‘edst ‘Tdst

sisojdode |,
‘uonejuswsely-yNQ| ‘1sa.le sseyd-19-gns

sisojdode |, ‘uonjesajijoid 90T

Jsa.ue aseyd
19/09 ‘¥saule aseyd S|, ‘uonesayijoid ([0 T

€6dT DT-4IHT
‘Aemyzed ujuajed-g/JuMT ‘geNSO-dT
‘Aplusgouop T ‘dyvdy ‘pead xegl ‘z-pgt

‘78 UlpAdT ‘1@ UlPAdT ‘TgdT sauie sseyd 19
1908V T PAN-2T ‘T-PNT
‘T-PaT ‘Ha1v T ‘ee1adt ‘esdl ‘Tedl

‘uonjes3iwT ‘uonesayijold 927 ‘Isaute aseyd 19|,
oljes

Z-1pg/xeg] ‘uINAINST ‘z-jpg T ‘xegy, ‘sisojdody
1saude aseyd |\/z9, ‘ones Z-Pg

/xeql ‘z-1Pg1 ‘xegl ‘Audiussouod? ‘sisojdody
6- ‘g-sasedsed |,

-12g 7T ‘z-PaT xegl ‘dOHDJ ‘sisoydody
ymou3

192 pa2npul-1g-491 T ‘T-IVd{ ‘€/zpews-d]

1saute aseyd IN/ZD| TV WIPAT ‘TdST

Aemyred p-4N1/SOY ‘g- ‘c-sasedsedt ‘Why T

sisojdode |, ‘}saule
aseyd 79-gns] ‘A3101X03103A2 ], ‘uonesajijod-|eD071

uoljde JO WSIUeYdIN

(TODY2 ‘Y96) N £'ZT =05D]
(IMNAIPN ‘Y 96) N1 9°€T = 05D

(U2 W9y =]
(sAep 9 ‘Z1IN-MS) WH 0T 03 §=0%D]

(496 ‘ssarlIRIN) INT €€ = 05D
(496 IMNAIR) INT T°E€ = 95D

(P-13W) lw/3r gy = 05a3
(€-13INW) lw/8r g’ =05a3
(2-13INW) lw/8r o'z = %5a3
(T-13W) lw/3r 7' =05Q3

(£1-Q) N1 65°8T =2D|
Utz ‘T-1912) W Z'8T =95D|
Utz ‘T-12) W 05'€Z =°5D|

WMot

(YzL ‘AlPARRIadsal ‘%98 PUe ‘%68 ‘%T6) INTT T
IML 4493 WM 0T pue vg AT O

(Ust) W 0g =]

(ws1343UAS) g |w/3rl ¢ pue qiusjesos |w/3r g1

|w/31 G-9:0
(49¢) Wrioe

(295)) |w/3n £6°€T = 0D
(VT-9M) |w/3r 9T°0T = 05D

Jw/3n § = 053

suoljeljuaduod aAIY

T09¥ IMNAlPN

- (dull (193 dULNN) SVY9Td
O3U-NFHN
CTAN-MS

SLEV

‘(sau| |92

ewoue[aw auinba) ssaf|RIA ‘IMNAISIN

7-13IW ‘€-1IW ZT-1ANW ‘T-13NW

(sauy 122 auiued) 1-1971D ‘T-1D

€0LTH-IDN ‘8SEH ‘61SV

€CH ‘66ZTH TOTMMH

G/61H pue /Z8D0H

09%H

LTPV ‘8SEH ‘6¥SV

(lewiue YulN) NTAN
66CTH 65V

295 ‘VI-9M

z-daH
(s) aun 119

ewouela|n

ewoydwAT

J9oued 3un

elwayNa

ewouldJed [eaguhler

(panunuo?)

adAy J9oue)

T 314avl



7 of 18

WILEY

ASWATHY ET AL

(senunuo))

[seT]

[veT]

[eeT]

[vot]

[zeT]

[teT]
[16]

[oeT]

[09]

[62T]

[8zT]

[6]

[zeT]

[eoT]
S92UR.9)9Y

Ageydoine| ‘MdWv-d| ‘Yolw-dT ‘z-pgt
‘xeg|, ‘g- ‘c-sosedsed panes|d|, ‘sisojdode,
‘uonjes8iwt ‘uoiseault ‘uoizesaijosd 2071

MdWV{ ‘oueNT ‘41207 ‘zxosT
‘uones8iwt ‘uoiseaul 1 ‘1 IN3T ‘uonresayjod (01T

493AT ‘TdST ‘uonjessyijoid (BT

TODVLT ‘LINY10dT
‘TVOdVL ‘YOYINT ‘vonesiw?t ‘Ayjiqeln 971

AjaRoe 21uU930UoPT WdVINT ‘INV
/METAT TA WPAIT DAN-OT ‘Tzd] ‘Isaute
aseyd zo| ‘uonessyijod |97 ‘Ayljiqeln DT

2-1P97T ‘xegy ‘6- ‘g- ‘c-sosedsed
paAes|d, ‘sisoidode ‘uoljesuspuod JesjanN|
1sadue aseyd g, ‘uonesaijoud (901
xeg1 ‘sasedsed ‘sisojdody |

¢-dNINT “dOolw-dT
HO1w T ‘IIv-dT Iy T ‘sisordode,
‘lenauajod olua8ouo|d1 ‘uoizesayijold DT

uopeziisuasolpel], ‘N3LdJ ‘TdST

€-1v1s-dl‘cgd] ‘uonessusd
SOY! ‘T uIPAdT saale sseyd 19/091
‘Z-Pa1T xegl ‘sisoydode, ‘uonesajoid (971

asealal

2 1A0], “IX-]pg7T ‘z-12g 7T ‘sesedsen ‘sisoydody
Q_V_NNQF hﬁn_u\EmEHNQ/_s
PO T 2V ulPAdT ‘ysauie aseyd S| ‘ogy|-d T
‘I1-dT ‘G9d @¥-AN-dT ‘gH-INT ‘Uopessuss

SO¥! ‘T-PAT 2340 ‘d¥vd panesp
‘6— ‘g- ‘c-sasedsed paaes|d | ‘xeg| ‘sisojdody |

T-uPaq T ‘29dd ‘II-€D14 ‘c-osedsen, ‘sisojdody |,

uoljde JO WSIUeYdIN

(U¥Z ‘066TMS) N 8E = 0D
(U¥Z ‘T-ONVd) WM L7 =99

N 05~ 9<D]
2l

wrloz-§

(U2 “ANdH-LY¥3 1Y) INT 689°G = 05D
(U2 ‘T-LINS) WM 50570 = 95D
(Ytz ‘z-eDed BlA) INT€8/°T = 95D

(Upe ‘[T-ueded] %/°G ¥ /65
Yz ‘[e-0dxa] %T0T ¥2'Ch
Ytz ‘[T-2dsV] %L'€ F8'6S)
AT 9

(U ) NN Lyt = 09D
N 65°8T =950
(Uzy) lwysrg

(UzgL) WAy =05D)
(Y¥2) N 0T =052

N 00T

(U2T'92CZ8 INdY) INT Op~ 9D
(UzT ‘992Nn) INM og~ %DI

(49¢) lw/390'eT =05D|
(Ype) w/3r9g /LT = 05D
(Yet) |w/3r 6z°zT = °D|

suoljeljuaduod aAIY

066TMS ‘T-ONVd

T-DONVd ‘C-8Ded BlN

94 ‘T-ONVd ‘€-0dxd

ANdH-1431Y ‘Z-1INS ‘T-eded eln

T-ueded ‘g-Ddxg ‘T-DdsVY

08/¢V

(sau 1192 auued) /1-Q

GZJ2S ‘620S

SVS
€8-821 /T-TVD

a

C¢3ND

9228 INdY ‘992N

SII92 ENM
(s) auy 1190

J9dUEd dljeaIdUEd

Jasued uelenQ

eul024esoa3sQ

Jadued [elQ

ewouried
|ea8uAieydoseN

ewopAw a|diyniA

adAy J9oue)

(penupuod) T 374dVL



ASWATHY ET AL

WILEY

8 of 18

U2804153 ‘Y3 ‘UOIHSUEL} [BWAYDUSSIW-0}

‘0T Suluiejuod ulewop g g pue Jaduly duiz ‘0T-g197 1039e) YIMOoJ3 |eljayjopua JejndseA ‘4HJA ‘utajosdoydsoyd paje|nwils-103e[IposeA ‘dSWYA 0-1030e) SISoudau
Jowny ‘“O-4N | ‘g-saseulaloldoljelsw Jo Joqiyul anssh ‘g-dIAIL € uondLosues] Jo J0JeAllde pue Jadnpsues) [eudis ‘- |1 S ‘Sasedsed JO J0JeAI1de PAALISP-BLIPUOYI0NW PUOIIS DBWS (T 3sedniesap yoD-|Aoleals
‘T-ADS ‘sarads uadAxo aAldeal ‘SOY ‘g-1V1S-palejAloydsoyd ‘g-1v1S-d YO lw-pajejAioydsoyd Yo w-d ‘g aseupy snuer-oydsoyd ‘gyvyr-d ‘g/oy-oydsoyd ‘g od|-d (1yv-oydsoyd ]y y-d oseuny-g
|jonsouljApireydsoyd Meg|d Dseury wninoiaJ dluwse|dopus a1|-(YMd) ¥ aseun] uiejoid MyId osesawAjod asoqu-dav-Alod ‘dYvd ‘i uisroad Suiuieiuod-utewop gy Ajlwel YN ‘YU TN ‘gX-1010e) Jesppnu ‘gu-4N
‘upAwedel Jo 1931e] UelleWWEW ‘YO LW YNY J193uassaw ‘YNYW ‘|erpuajod sueiquusw [eLIpuoyd0iw ‘WY 9seulajoldoljelaw Xujew ‘diAN @seuny uiejosd pajealde-uadoiu Mdy|A uoledijljdwe |ewlayiost
pajelpaw-doo| ‘dINV] ‘D 3seun| gX| ‘DY M| ‘UOI3esjuddu0d AloJIqIyul |ewixew-jey 0SH| o1 -1030e4 3|qIanpul-eixodAy ‘OT-4|H 8/ uldloid pajen3al-asoon|3 ‘8/dyYD ‘T Jo1odsuely 9so0dn|3 ‘T 1 N7 ‘103dadal

12ynda ‘I |NT ‘D3eJ Uolje|l) Jejniawo|d pajewnss ‘Y497 D awo4yd203Ad ‘3 JAd ‘uigjoid snoSojowoy dg3/D ‘dOHD ‘g seun| Juspuadap-ul[dAd ‘ZypD ‘g 32Ad UOISIAIP

1192 ‘Z opD ‘98.4e| Baxa-BWOYdWA| [[93-g “IX-]2g ‘ulajoid X pajedosse-g-[og ‘Xeq :pioe dluljniaq ‘yg ‘aseuny uiajoid pajeal}de-diNy MdINY ‘saseuasospAysp apAyaple ‘HATV ‘d aseuny uisjoud ‘| Yy :suoleinaiqqy

[98]

[88]

[6€T]

[8€T]

[zeT]

[9€T]

[9zT]

S92UR.9)9Y

24917 ‘THOLdT ‘2O T TIIO7T ‘sisoydody |

uuayped-3| ‘¢-dWILT ‘UuawWIAl ‘6-dWINY ‘¢
-dANY ‘SOYY ‘WhVT ‘2-1Pg T ‘xeg| ‘sisojdody |

-ANT PIT DYMI-AT ‘ddVd pParesd

‘6- ‘c-sosedsed paAea|d|, ‘9ses|al 3 JAd,
‘T-Pa T xegl ‘TieM/Tedl ‘saute sseyd 19/09]

/zd]l ‘uainnst

‘sgna adnw T ‘T-PINT ‘INVT ‘ddvd

paAeap| ‘g ‘T4z3aT ‘WIPDT ‘2PDT ‘TAPDT

‘TA UIPADT ‘TG UlPAdT W UlPAdT ‘Isadle
aseyd 5/19¢ ‘dIv{ 2ewS] 2342 ‘sisojdody
493AT ‘€-LVLIST ‘€-1v1S-dT DI-JIHT

o3eAes|d
dyvdd OUAIT PGHI-dT ‘@i-INT ‘sisordody |

TQ UIPAIT Yy T ‘Buliappe| YN ‘@8eAes)d
d¥vdl ‘UAANST 4DIAT ‘pdST ‘edsT ‘TdST

uoljde JO WSIUeYdIN

(Uzs ‘ay) |wy/3r g e =050
(UZL ‘ST-SINY) |w/8M '€ = 95|
(UZL'0e-HY) |w/81 G = 05D

(U8h) WM GT =05
(Y¥2) N 8g =05D|

(Yzz) Wriot
(%09) WM 6

(sAep 9 ‘deDN1T) N G-T =95D]

suoljeljuaduod aAIY

ay ‘€T-SWY ‘0g-HY

NHOV ‘0-98£

SYTNA ‘dedNT

€2d ‘G¥TNA ‘deIN1
€-2d

€-0d

deON1
(s) aun 119

ewodJesoAwopgeyy

Jadued |euay

Jaoued a3e}sold

(panunuo?)

adAy J9oue)

T 314avl



9 of 18

WILEY

ASWATHY ET AL

(senunuo))

[ovT]

[e9]

[611]

[soT]

[oT1]

[Tl

[86]
[zTT]
[68]

[sé]

[z0T]

[sot]

[e8]

[s8]

siseysezow Sun

ymou3 Jowny

ymous Jowny T

[eAIAINS |, ‘Yymous sown] T

£6d] ‘ymoud sowny T
T-dAWT £9-DIT ‘Ymoa3 Jown T
Aemyjed

8uieusis JOHD/MYId ! ‘TdST ‘|eAIMNS |, ‘Yamoig Jown T

C-dNINT ‘£9-IMT ‘siseiserdN T
VYNDdT ‘T@dsT ‘ezis jown T

g-asedsed panes|d| ‘+/9-M7T ‘T-dINIWT ‘Ymou3 Jown) T

¥dsT ‘edsT

‘7ds 1 ‘ySiam Jown3 P ‘Yymoas Jowni T ‘Own|oA Jown] T

|EAIAINS S21W |, ‘Dwn|oA Jown] T

1-AeD | ‘sisojdode

‘uonesajijoad |90 1 ‘AjiAi3oe 21341004187 ‘Yymous Jowny T

siseyseyow T

‘8/ddD) ‘LNIT ‘6-dINNT ‘T-dWINT ‘uonjewoy Auojod T
SOSAINT ‘siseyserow 1 ‘g 1v1S-dT ‘6

g dWINT ‘Z-dWIN T £9-T WySiom Jown] T ‘Ymoss Jowny T

(9]

[£4]

dOHDJ ‘8£d¥Dl ‘£9-MT ‘sisoydody |

uolseAultT ‘uorjesayijordt

‘sissuadol3uer ‘azis JownyT ‘uoijewo) sowny t

ungojgo.oiw-zg T ‘UAIAINST ‘4DIAT

6 PAST ‘edsT ‘TdsT ‘0T4LEaZ) ‘WSem Jownyt ‘ozis Jown] T

'SJ9Y

S9W021N0 Ad)Y

vd Aep/3)

/8W QT JO 9SOp pauIqwod 3Y3 Jo uoijesisiujwpe [esuoliadesiul Ajleq

sAep T Jo) Aep yrinoy

A1ans ‘3/3w 0OG puUe ‘05Z ‘0S 4O uoljesisiulwpe [esuojiiadeliu|

SEEI

7 10} sAep € AJaAs aduo 85/8w QT 4O uoljeJSIUjWpE [eauoiLadeliu]

syjuow ¢ 10j yoam Jad sawiy 334y}

sawosodi| g |w/Sw G jo |1 QOZ JO UOIIel)SIUILpPE SNOUSABIIU|

sAep Tg 1o} shep g AJans zOdv 81 00T yum
v 85/38W Qg 40 9S0p pPauIqUIOd By} JO UOIIeIISIUIWPE [ESUOYLIdEIIU|

sAep gT 404 B/3w QT pue g Jo uopeisiuiwpe [eauojladenul Ajleq

yjuow T J0J YoM €

sawi} 934y} 33/3w G Jo uonjeisiulwpe |esuojiiadesju|
sAep Tz 4o} 33/3w Of Jo uonessiulwpe [esuojiuadesiul Ajleg
sAep 8z 4o} Aep/3x/3w Qg pue QT JO uoljesisiuiwpe |eauolliadesju|

sAep Tz 10j 3/3w Qg pue QT JO uonjesjsiuiwpe |esuojiiadesul Ajleq

sAep gg 10} Aep puodas

Asans Aep/35/8w Gz Jo uonesssiujwpe [eauojiadesiu)

Syjuow ¢ 10j }9am Jad sawiy 924y}

sawosodi| g |w/Sw G Jo M Q0Z 4O UOIIBAISIUILIPE SNOUSABIIU]

pzb ‘S)/8w 05z Vg o uones)siulwpe [esuojiadesiu)

S%/8w 05z Jo uonessiulwpe [eauoliiadesiu]

sAep Tz Joj 83/3w QT JO uonessiuiwpe
|esuojiiadeajul Ajleq

veg 3%/38w gz J0 uoljesisiuiwpe [esuojiadesiul Ajleq

(s|entaqul sAep {-¢ 3e UaAIS sasop XIS)
3/3w Q0T pue QG JO uoneJisiuiwpe [eauojuadesiul Ajleq

shep Tg

10J Aep/3/3w Qg Jo uopjeJisiuiwpe [eauoliadenjul Ajleq

uonessiuiwpe/asoq

eiSousx padnpul 07497

ea3ousx padnpul z-13IN

1jeaSouax paonpul 66ZTH

}eiSouax paonpul 645y

1yeiSouax pasnpul ZHNH
Yea3ouax paonpul zodsH

Jea3ouax pasnpul
SII® DINLBN JUEISISAI-ZINL

ei3ouax pasnpul 9T-NNS

}4eigouax paonpul-ZON

}jes3ouax padnpul 9TTIOH

}jesSouax paonpul OXY

1Jei3ouax paonpul 08rMS
ea3ouax
1A-Z-4DN ‘21w F JAAD-ALNIN

3edgouax paanpul TEZ-dN-VAW

14esSouax paonpul 71y

eigouax pasnpul TEZ-gN-YAW

}es3ouax padnpul /Z-4ON

1yei8ouax pasnpul TEZ-GIN-VYAW

|opow jewiuy

ewoue|a|

Jasued Sun

ewould.ed Jejnjjad03edaH

ewo3se|qol|D
J32Ued dlISeD

Jaoued Jsppe|qjes

JaJued |e139.40|0D)

Jaoued jsealg

9dA} Jadue)

SJ92UED SnoLIeA JsujeSe g JO SJUSWIEaJ] OAIA U] Z 319V L



ASWATHY ET AL

WILEY

10 of 18

‘0T Sululeuod ujewop g1g pue Ja8uly duiz ‘QT-g1d7Z ‘403084 UIMOJS [elj9YIopud JBINISEA ‘{DIA DpIWO|oZowd) ‘ZIN L ‘Td-1010e) Ymmous Sulwiojsuely ‘Tg-49] ‘T aseunjesap

VOD-jA0Je3)S ‘T-(DS ‘sAep g AJans ‘pgb ‘g uonduosuesy Jo JojeAl}de pue Jadnpsued) [eusis-pajejAloydsoyd ‘g- | 1S-d ‘Dseury wnjnoipas dlwsejdopua aXi|-(Ydd) ¥ dseuny uisjold ‘Hy3d ‘ussiue Jespnu
]190 Sunjesajijoud “YNDd ‘gX-10308) Jeapnu ‘gy-4N ‘A}SUSP [9SSIA0.DIW ‘JAIN ‘OSeurajoidojielaw Xuzew ‘dININ S||92 Jossaiddns paaliap-plojsAw ‘SOSAIN 8/ U1s3oid palejn8ai-as0dn|8 ‘g/dyD ‘uoijisuesy
[ewAYdUSsaW-0)-el[aynda ‘] N7 93elojydiad aujueAdogiedopuljAyiawenal- g e e e-JAdaperdolp-, T T ‘I ‘uisload snosojowoy dg3/D ‘dOHD PIde d1ulnIaq ‘vg ‘g aseuny uiajodd ‘MY :suoneiraiqqy

3urjeudis shep 971
fog] 8oya8pay1 ‘sisoydodeT ‘ymous JjownyT ‘@wnjoAa sowny J04 Aep puodas AJana 33/3w Of JO uoljessiulwpe [esuojiiadeliu] ea3ouax pasnpul £T-SINY ewod.iesoAwopgeyy
88l 6-dININT ‘£9-DIT ‘Ymmou8 Jown] T sAep GT J0j Ajlep aouo 8y/Sw QT pue G Jo uoijesjsiujwpe dl3seselju| YeaSouax paosnpul O-98/ Jaoued [euay
1@ ulpPAd?T “a03dadau uadolpuet
tget] ‘uonesaijoudt ‘sissuagolduer ‘sisoydode ‘siowny AtewndT  sAep 4T Joj sswil TT 834/8w QT pue g Jo uoljesisiuiwpe dlisedesju| 901w dluadsuesy dINVYL
493AT ‘dST ‘sisoudsu ‘eidAje
foz1] lelaydar ‘AjAnoe opoyw T ‘ysiom JowniT ‘ymous Jowny p/33%/8w QZ pue QT JO uoljesisiuiwpe dlisedelju| Yea3ouax paodnpul dedNT J92ued 93e3sold
[se1] ymoJs Jownit ‘ysivm Jowny T ‘ownjoA sownj sAep Qg 404 p/3>/38w Qf 4O uolessiuiwpe dujseselu) Jes8ouax pasnpul T-ONVd
NoaMm e sawly 994y} 3/3w 0’0
i ymou3 Jownit ‘493A7T ‘sissuadoiduer ‘sgAlN Jownyt ‘Tdst yum 3uoje yg Jo 3/3w QT 4O uonjesisiujwpe [esuoiuadesjul Hea3ousax paonpul T-ONVJ pue 94 J9oued dpjealdued
sAep Qg 40J Aep e ul duo
ftpr]  UOMBIBIWT ‘ZT-dININT ‘£9-IMT ‘UImous Jowny T ‘azis Jown T 3/3w of Jo uoneuisiuiwpe [eauoiiadenul Ajleq Yea3ouax paonpul EAOMS J22UBd UBlIBAQ
1821] e-1v1s-dT ‘egd] ‘awnjoA sown] T SY99M € 404 33/3w OGT-0G JO uoljesisiuiwpe [esuojiiadeu] Jea3ousx pasnpul gy Jaoued |elQ
Lz1l God gX-4NT ‘Ymmous Jowny? T ‘@wnjoA sownj s|eAJalul sAep-¢ 3e /8w Oz 4O uoljelisiuiwpe [eauojliadediu) eaSouax paosnpul 99zZN ewoRAN a1diyN|A
'sjoy S9WO0231N0 Ad) uoneqsiuiwpe/asoq |opow [ewiuy/ adAy J9oue)

(penupuod) z 374VL



ASWATHY ET AL

Wl LEY 11 of 18

APOPTOTIC PROTEINS

Bcl-2, Bax, Bad, Bid, Caspases -3,-
8,-9, Bak, PARP, cyt c,

OTHERS

CELL CYCLE PROTEINS

Ki-67, E-cadherin, TNF- a,
GRP-78

TRANSCRIPTION FACTORS P

‘ HIF-1a, NF-kB
27, p65, STAT.3, Spl

KINASES

, c-Myc, p21, == ( MOLECULAR TARGETS OF BA ) e—

AKT, JNK, Cdk, p34, p38- MAPK,
PI3K, AMPK, p21 waf/cip

Cyclin-Al,B1,D1, Cdk-
1,2,4,p27,p21

/ RECEPTORS AND GROWTH FACTORS

VEGF, EGFR, TGF-B1, CXCR4

ENZYMES

‘ MMP-2,-7,-9

FIGURE 2 Molecular targets of BA. AKT, protein kinase B; AMPK, AMP-activated protein kinase; BA, betulinic acid; Cdk,cyclin-dependent
kinase; EGFR, estimated glomerular filtration rate; HIF-1a, hypoxia-inducible factor-1a; JAK, Janus kinase; MAPK, mitogen-activated protein

kinases; MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor-kB; PARP, poly-ADP-ribose polymerase;
PI3K, phosphatidylinositol 3-kinase; STAT-3, signal transducer and activator of transcription 3; TGF-B1, transforming growth factor-p1; TNF-a,

tumor necrosis factor-a; VEGF, vascular endothelial growth factor.

a halo derivative of BA, 2a-bromo-dihydrobetulonic acid, acts as a
reversible catalytic inhibitor of topoisomerase lla by inhibiting its
DNA binding activity in cervical cancer.!*®! BA was also shown to
induce cell cycle arrest and apoptosis in MDA-MB-231 breast cancer
cells by suppressing topoisomerase | and 1147 In addition, BA
suppressed aphidicolin induced DNA breakage within RET oncogene,
an event of carcinogenic rearrangements found in thyroid cancer, in

HTori thyroid epithelial cells.!*>%!

4.2 | Mitochondria-mediated apoptosis induction

Apoptosis, also known as programmed cell death, is a genetically
regulated process that plays a prominent role in embryonic
development and maintenance of tissue homeostasis in multicellular
organisms.[lsmsz] It removes abnormal, mutated, and damaged cells
from the body, and maintains a balance between the death and
survival of tissues and cells.*>*53! The cancer cells have the
potential to suppress the apoptotic pathways, thereby increasing
their survival, proliferation, migration, and invasion, and finally
leading to carcinogenesis. Multiple lines of evidence have shown
the efficacy of BA in inducing apoptotic cell death in many
cancers.[87:92111.114.131L141.154] £or axample, BA-induced apoptosis
in breast, colon, lung, pancreatic, and prostate cancers through the
modulation of various proteins such as Bcl-2-associated X protein
(Bax), Bcl-2, B-cell lymphoma-extra large (Bcl-xL), poly-ADP-ribose
polymerase (PARP), and caspases.!10>112:133-140] Eyrther, Damle and
his group demonstrated the treatment of MCF-7 xenograft mice with
BA-induced apoptosis and decreased tumor growth.””! Moreover,
BA was shown to induce apoptosis in liver cancer, gastric cancer,
Kaposi's sarcoma (KS), and leukemia via regulation of AWm and
various molecules such as Bcl-2, Bax, Mcl-1, caspases, reactive

oxygen species (ROS), MMPs, tissue inhibitors of metalloproteinases
(TIMP), and p53.1*271%8] Similarly, a study in 2002 by Thurnher

et al.ltsd

reported that BA-induced apoptosis in head and neck
cancer cell lines (SCC9 and SCC25) by elevating the caspases and
decreasing Bax expression. Studies have shown that BA could pass
through the mitochondrial membrane due to its extreme solubility in
lipids and act directly on this organelle.®>1°8! |t could decrease AWm,
consequently increasing the outer membrane permeability, ROS
generation, and downregulation of Bcl-2 family proteins in different
cancer cell lines.[70:9295100.114.118] 14 4qdition, BA-induced cell cycle
arrest and caspase-mediated cell death in T-24, UMUC-3, and 5637
human bladder cell lines via AWm loss and activation of intrinsic
mitochondrial pathway.[9°] This compound also caused caspase-
independent apoptosis and cell death in SiHa cervical cell line
through nuclear condensation and fragmentation, ROS generation,
and mitochondrial membrane disruption.[”?! Moreover, Zeng et al.”*!
reported that BA-induced apoptosis in HCT116, SW480, and DLD-1
human colorectal cancer cell lines through the upregulation of Bax
and caspase-3 and repression of Bcl-2, AWm, and ROS generation.
BA also induced the expression of proapoptotic proteins like
caspases, and Bax, thereby successively killing CNE2 NPC cells.””)
Furthermore, BA was found to induce apoptosis via the Bcl-2/Bax
signaling pathway in lung cancer.[*22124125] Moreover, the combined
treatment of BA with sorafenib induced cell death in A549, H358,
and A427 NSCLC cell lines through the upregulation of C/EBP
homologous protein (CHOP), Bax, and caspases and suppression of
Bcl-2 and Bcl-xL.[*?Y! Besides, combination therapy of BA and betulin
demonstrated proapoptotic activity against canine T-cell/B-cell
lymphomas and canine osteosarcoma.”" BA also induced the release
of Cyt c, AIF, and Smac from mitochondria to the cytosol which
further leads to the activation of caspase-9,

PARP resulting in apoptosis.[*27138]

caspase-3, and
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FIGURE 3 Role of BA in multiple signaling pathways involved in the regulation of cancer. AKT, protein kinase B; BA, betulinic acid; HIF-1a,
hypoxia-inducible factor-1a; JAK, Janus kinase; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor-kB; PI3K, phosphatidylinositol
3-kinase; PTEN, phosphatase and tensin homolog; STAT-3, signal transducer and activator of transcription 3; TNF, tumor necrosis factor;

TNFR, tumor necrosis factor receptor.

In addition, BA induced G2/M phase cell cycle arrest and
apoptosis in gastric adenocarcinoma cells via the suppression of Hiwi
and cyclin B1.""Y Further, a study by Kim et al.,”®! showed that BA
induced apoptosis in T-24, UMUC-3, and 5637 human bladder cancer
cell lines by causing cell cycle arrest and cell death via the caspase-
dependent mitochondrial apoptotic pathway. Additionally, BA treat-
ment was also shown to activate caspases in brain tumor cell lines by
regulating the mitochondrial-dependent apoptotic pathway.m’] It has
also been reported that BA induced apoptosis and inhibited cell
viability and proliferation in HepG2, LM3, and MHCC97H HCC cell
lines via upregulation of Bax and caspases, and downregulation of

Bcl-2 family proteins.*¥

Furthermore, BA induced caspase-
dependent apoptosis in ovarian cancer through the activation of
caspases-3, -8, and -9, thereby suggesting the involvement of
both mitochondria-mediated intrinsic and extrinsic apoptotic

pathways.[*3114 The putative role of BA in inducing apoptosis

was also explored in the KB oral squamous cell carcinoma (OSCC) cell
line.'28! For instance, it was shown that BA induced cell cycle arrest
and mitochondrial apoptosis by enhancing the expression of
caspases-3, -9, p53, and Bax, and by decreasing the expression of
Bcl-2 in this cell line. The same study also reported high ROS
generation with BA treatment in these cells.[*?®! Thus, BA possesses
high potential in inducing apoptosis in various cancer cell lines
through the modulation of various molecules associated with the

intrinsic and extrinsic apoptotic pathways.

4.3 | Inhibition of VEGF receptor

VEGEF is identified as an angiogenesis factor that is specific to the

receptors (VEGFR) on the vascular endothelial cells.*5>1%¢! |t is a

cascade process that deals with the uncontrolled proliferation of
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blood vessels from a pre-existing endothelium and act as a crucial
marker in various human disorders, predominantly cancer.[*>7:158]
Previous studies have reported that VEGF is highly expressed in
various malignancies and is known to induce cell proliferation,
angiogenesis, migration, and invasion.”>13%15%! |nterestingly, in a
recent study, Kim et al.l”®! reported the downregulation of hypoxia-
induced HIF-1a and its targeted genes such as VEGF, glucose
transporter 1, and protein 3-phosphoinositide-dependent protein
kinase-1 in the Hela cervical cancer cell line treated with BA. In
addition, BA was shown to induce antiangiogenic effect by
suppressing VEGF and HIF-1a in human Ishikawa endometrial
adenocarcinoma cells.**! Further, in breast cancer, BA inhibited
the expression of Sp-regulated VEGF and its receptor, VEGFR, and Sp
proteins thereby suppressing cell proliferation and tumor growth in in
vitro and in vivo models, respectively.[m In addition, BA was shown
to decrease the expression of VEGF, survivin, and Sp regulated genes
such as Sp1 transcription factors (Sp1, Sp3 and Sp4), in RKO and
SW480 colon cancer cell lines which leads to repression of cell
proliferation. In vivo study also showed a reduction of tumor growth
in SW480 xenograft mice which improved their survival.'°”) Further,
a study by Martucciello et al.l"”! demonstrated that BA suppressed
cell proliferation in KS cells via VEGF regulation. BA was also shown
to induce antiangiogenic responses in prostate cancer, by decreasing
the levels of Sp-regulated VEGF and survivin.'2¢! Furthermore, a
combination of BA and mithramycin A was shown to downregulate
the expression of VEGF and Sp1 proteins in pancreatic cancer which
resulted in suppression of cell proliferation, angiogenesis, and

invasion of pancreatic cancer cells.[*3%

4.4 | Inhibition of STAT-3 activation cascade

STAT-3 is a member of the family of STAT proteins which are
activated by cytokines, growth factors, and other polypeptidic
ligands. They act as transcriptional activators and modulate the
action of major downstream proteins in the cell nuclei after
phosphorylation.l'°?1¢%! One of the studies has shown that BA could
downregulate the activation of STAT-3 and suppress STAT-3
regulated gene products such as Bcl-xL, Bcl-2, cyclin D1 and
survivin, leading to cell death in multiple myeloma.[léol Further,
treatment of BA increased the expression of phosphorylated-STAT-
3 (p-STAT-3) via the ROS/p53 signaling pathway in KB OSCC cell
lines.[*28 Furthermore, Shin et al.'*®”) demonstrated that BA inhibited
hypoxia-mediated p-STAT-3 in androgen-independent PC-3 prostate
cancer cell line. BA could also induce apoptosis in colorectal cancer
via the inhibition of proliferation in HT-29 cells by suppressing the

STAT-3 signaling pathway.!*°”!

4.5 | Inhibition of NF-kB signaling

NF-kB is a transcription factor responsible for modulating a wide

range of molecular and cellular processes such as cell survival,

DNA transcription, and cytokine production. It is normally located in
the cytosol as a complex with the inhibitory protein IkBa in an
inactive state.”*3?) Most cancers are associated with the over-
expression of NF-kB. Studies have shown that BA targets different
signaling pathways including NF-kB in colorectal cancer, gastric
cancer, and multiple myeloma.**3%27! |t also exhibited substantial
dose-dependent cytotoxicity in cancer cells by inhibiting proliferation
and causing apoptosis via suppressing the NF-kB and hedgehog
signaling.[86’113'127] Another study by Gupta et al.[*3¢! demonstrated
that the treatment of human prostate cancer cell line, PC-3, with BA
effectively inhibited phosphorylated-NF-kB. Additionally, BA was
shown to induce apoptosis and inhibit cell proliferation and migration
of SNU-16 and NCI-N87 gastric cancer cell lines by targeting the NF-

[112]

kB signaling pathway. Besides, BA induced apoptosis and

suppressed proliferation in colorectal cancer via inhibition of the

NF-kB signaling pathway.“og]

4.6 | Induction of autophagy

Autophagy is a natural process of removing unnecessary or
dysfunctional components of the cells for maintaining degradation
and recycling of cellular components.[*°®! Accumulating studies have
shown the ability of BA in regulating autophagy and its associated
proteins. In line with this, BA was found to induce autophagy in
colorectal cancer via inhibition of the protein kinase B/mammalian
target of rapamycin (AKT/mTOR) signaling pathway.“og] In addition,
BA inhibited hepatocellular carcinoma and pancreatic cancer by
targeting autophagy and apoptotic processes through suppression of

the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signaling
pathway.!11>13]
47 | Effect of BA on Sp transcription factors

Sp1 is the first transcription factor that functions as a transcriptional
activator of various genes, including housekeeping genes, cell cycle
regulators, and tissue-restricted genes.!'®”*Y Sp1 constitutively
regulates the expressions of the multiple genes both in normal and
tumor cells. It is mostly overexpressed in many types of cancer and is
linked to poor prognosis.*®Y Therefore, the suppression of these
transcription factors has high potential in the management of cancer.
In accordance with this, several studies have reported that BA
inhibited the expressions of Sp transcription factors in different
cancers.[”8197:1291 BA treatment was shown to induce antitumor
activity against the H1299 lung cancer cell line and xenograft by
causing degradation of the Sp1 transcription factor.**”! In addition,
this compound suppressed the proliferation of MCF-7, and MDA-
MB-231 breast cancer cell lines by modulating Sp1.8% Further, a
study have also shown that BA-induced chemosensitization in
glioblastoma cells via repression of Spl and activation of
kinase R (PKR)-like
CHOP mechanism.[”®! Furthermore, BA enhanced radiosensitization

protein endoplasmic reticulum kinase/
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in OSCC cells by inducing phosphatase and tensin homolog and Sp1
SUMOylation.*??! Thus, all the abovementioned findings reveal the
prominent role of BA in modulating Sp transcription factors which

might be a promising strategy in the management of cancer.

4.8 | Effect of BA on cell cycle proteins

The cell cycle or cell-division cycle is a series of processes that
includes DNA replication, partitioning of cytoplasm, and cell division
to generate two new daughter cells. Cyclins and cyclin-dependent
kinases (Cdks) are the groups of proteins that regulate cell cycle
progression through their association in different phases of the
cycle.[t62163] These proteins are highly deregulated in different
cancers, therefore the agents targeting these proteins have high
potential in the treatment of these diseases.'® In line with this,
studies have shown the potential of BA in modulating the cell cycle
proteins. For instance, BA was shown to downregulate cyclin D1 and
induce G2 phase cell cycle arrest in pancreatic ductal adenocarci-
noma.lt%? Recently, Yung et al. reported the potential of BA in
inhibiting bladder cancer via cell cycle arrest, necrosis, and
apoptosis.[gol BA also substantially decreased the expressions of cell
cycle proteins such as cyclin B1, cyclin A, Cdk 2, cell division cycle
(Cdc)2, and Cdc25c¢ in bladder cancer.l”®!

5 | PHARMACOKINETICS AND
BIOAVAILABILITY OF BA

Pharmacokinetics is essential to understand the movement and
distribution of a drug in the body. It helps in determining the
absorption and bioavailability of a drug in the biological system.[*¢4
Previous studies have reported the pharmacokinetics of BA in
different experimental settings. For example, Udeani et al.[16%
reported the pharmacokinetics and tissue distribution of BA in
CD-1 mice using a two-compartment, first-order pharmacokinetics
modeling, in which they identified the peak serum concentration of
BA after intraperitoneal administration of 250 or 500 mg/kg doses at
0.146 and 0.228 h, respectively. These administered doses (250 or
500 mg/kg) of BA exhibited distribution volumes of 106 and 108 L/kg
with half-lives of 11.5 and 11.8h, respectively. Intraperitoneal
administration of 500 mg/kg BA showed the highest distribution in
the fat tissues with 2260 pg/g while the least distributed concentra-
tions were observed in the liver (223.9 ug/g) and kidney (95.8 ug/g)
after 24 h.1*%%! Another study by Shin et al.[réél reported that the
intraperitoneal administration of a 500 mg/kg dose of BA analysed
through liquid chromatography-electrospray ionization mass spec-
trometry in the melanoma model had the highest concentration at
(452.2+261.2 ug/g)
(223.9 +80.3 ug/g). Lack of aqueous solubility is one of the major

the tumor site followed by liver

challenges associated with BA, which provides golden opportunities

for investigating various formulation techniques to improve its

bioavailability. In this regard, polyvinyl pyrrolidone-BA complex,
spray-dried mucoadhesive microparticles, phospholipids nanosome
formats, and synthetic modifications are some of the relevant
preparation techniques used to overcome the aforementioned

drawbacks.[167-167]

Further, liposomes, transdermal applications,
nanoemulsions, and slow-release materials are some of the emerging
carriers to improve the selectivity, activity, and pharmacokinetics

properties of BA without altering its anticancer potential.

6 | CONCLUSION AND FUTURE
PERSPECTIVES

Despite the significant advancement in the field of diagnosis and
treatment modalities for cancer, it is one of the life-threatening
diseases with a significant rate of morbidity and mortality around the
globe. High expense, nontargeted action, toxicity to normal cells, and
inefficacy still troubles the potency of the currently existing drugs.
Extensive research is being carried out globally to develop nature-
based therapeutic drugs that are safe, cost-effective, and nontoxic
for the treatment of cancer. The phytomolecule BA is one such
potential candidate, established as an efficacious chemopreventive
and chemotherapeutic agent against various human cancers.
The present review summarizes the botanical sources and putative
mechanisms of action of BA against various cancers such as the
modulation of multiple signaling pathways such as PISK/AKT/mTOR,
NF-kB, JAK/STAT, HIF-1, and hedgehog. BA also modulated the
expression of many proteins such as p53, cyclins, Cdks, VEGF, Bcl-2,
Bcl-xL Bax, Bid, MMPs, TIMPs, and Sp. It was also shown to inhibit
oxidative stress in different cancers through the modulation of ROS
generation. Pharmacokinetics studies have suggested that BA is
highly distributed in the fat tissues and the intraperitoneal adminis-
tration of BA at a dose of 500 mg/kg BA was shown to have a half-
life of 11.8h. However, limited aqueous solubility and poor
bioavailability are the major limitations associated with this drug.
Nonetheless, these limitations could be managed by structural
modifications, combination treatments with other drugs, and differ-
ent formulations, and complexes. Thus, improving the potency,
selectivity, as well as pharmacokinetics properties of BA would help
us to develop a potential drug for the prevention and treatment of

cancer.
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Herein, we report our preliminary results in utilizing the organic Brgnsted acid, pentacarbomethox-
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ycyclopentadiene (PCCP), for catalysing the glycosidation with n-pentenyl orthoesters (NPOE) of p-glucose and p-
galactose in the presence of N-iodosuccinimide (NIS). Benzoyl and benzyl protection in p-glucosyl NPOEs led to

1,2-trans glycosides, while acetyl protection in NPOE led to a mixture of 1,2-cis and trans glycosides with >75%
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cis selectivity, and p-galactosyl NPOE:s led to 1,2-orthoesters. Substrate scope was demonstrated with acceptors of
natural product relevance. This article highlights the prospect of utilizing the organic Brgnsted acid, PCCP, for
stereoselective glycosidation.

1. Introduction

The success and efficiency of glycosidation reactions depends on
several factors, starting from protecting groups to match-mismatch be-
tween glycosyl donors and acceptors [1,2]. Though there are number of
methods available for glycosidation, based on different types of donors,
there exists the need to have a robust method for stereoselective and
regioselective glycosidation [3]. Pioneering studies from a number of
laboratories suggests that O-2 protecting group has a profound influence
on the control and extent of stereoselective glycosidation [3-5]. Reports
also points to the fact that the results of glycosidation reactions cannot
be predicted based on reactivity of donors and acceptors alone [6].

As part of our ongoing interest in natural products of phyto-origin,
attaching the saccharide appendages to the aglycones with complete
regio- and stereoselectivity is a formidable challenge and requires more
focused investigation. Fraser-Reid et al. have utilized the nuanced
activation of donors and donor-acceptor matching to simplify the
oligosaccharide assembly utilizing n-pentenyl glycosyl donors (NPGs)

Abbreviations: PCCP, pentacarbomethoxycyclopentadiene.

and n-pentenyl orthoesters (NPOEs) [7-9]. The versatile use of NPG and
NPOE by utilizing Lewis acids such as ytterbium and scandium triflates
are also reported by Fraser-Reid et al. [10-12]. In this context, we were
impressed by the pioneering report by Lambert et al. on synthesis of an
organic Brgnsted acid, pentacarbomethoxycyclopentadiene (PCCP,
Fig. 1), which is efficiently utilized for catalysing various organic re-
actions [13]. They have also shown that the pKa of PCCP can be
manipulated by changing the five ester groups leading to chiral and
achiral PCCP derivatives [14]. There is only sporadic information
available on utilizing organic Brgnsted acid for saccharide coupling
[15-19]. We have initiated our studies on utilizing PCCP (A/B, Fig. 1),
the unique organic Brgnsted acid for glycosidation reaction using
NPOEs, the preliminary results of our investigations are discussed in this
article.

2. Results and discussion

Our initial experiment involved glycosidation using benzoyl (Bz)
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Fig. 1. Structure of organic Brgnsted acid pentacarbomethoxycyclopentadiene (PCCP).

protected NPOE of p-glucose (la, Fig. 2) with a naturally occurring
secondary alcohol (+)-isomenthol (2a, Fig. 2), a major component of the
wild mint Mentha arvensis, a species of flowering plant in the mint family
Lamiaceae. Reaction of 1a and 2a in the presence of a catalytic amount
of PCCP (0.01 mol%) and NIS (3.5 equiv.) in dichloromethane at 0 °C to
room temperature afforded the glycoside 3aa (Scheme 1) in moderate
yield, even after stirring the reaction mixture for 24 h. Hence, we opti-
mized the reaction conditions by varying the time, temperature, and
solvents (see, Supporting Information, Table S1). The optimized reac-
tion condition for glycosidation of 2a (1 equiv.) with 1a (1.5 equiv.) in
the presence of PCCP (0.01 mol%), NIS (3.5 equiv.) in dichloromethane
(9 mL) and 4 A molecular sieves (powdered), under inert atmosphere,
from 0 °C to room temperature for a duration of 48 h afforded 1,2-trans
glycoside 3aa in 93% yield (Scheme 1).

The first successful glycosidation reaction with catalytic PCCP and
NIS prompted for investigation of substrate scope of the reaction with p-
glucose NPOEs bearing benzyl, benzoyl, and acetyl protection, and
various aglycones comprising natural products cholesterol 2b, betulinic
acid 2c, methyl cholate 2e, deoxymethyl cholate 2f, and methyl-
glycoside acceptors 2d, 2g-h (Fig. 2), which afforded 1,2-trans glyco-
sides 3 in good to excellent yields (entry 1-5, Table 1). The effect of
protecting groups on the stereochemical outcome of glycosidation was
apparent. Benzoyl (1a) and benzyl (1b) protected NPOEs selectively
afforded 1,2-trans glycosides 3, whereas, acetyl protected NPOE 1c led
to 1,2-cis and trans glycoside mixture of 4ce:3ce (1:0.3) and 4cf:3cf
(1:0.33) (entry 6-7, Table 1). However, NPOEs bearing benzoyl, benzyl
protection on p-galactose (1d and 1e) with the aforementioned agly-
cones, invariably, led to formation of 1,2-orthoester adducts (entry
8-13, Table 1). The glycosylated products/1,2-orthoesters were identi-
fied from the coupling constants of the anomeric protons in the 'H NMR
spectra. Anomeric protons of the 1,2-orthoester products exhibit a
coupling constant of 5-5.5 Hz, compared to 1,2-trans and 1,2-cis gly-
cosides that exhibit 7-9 and 1-4 Hz, respectively.

The reactivity order of the three OH groups in cholic acid was
investigated by various research groups [20,21]. In the present study, a
regioselective glycosidation of 2e with 1a at C3 position was the only
product observed in 96% yield. Compound 3ae was confirmed by
comparison with respective chemical shifts in 13C NMR spectra of hy-
droxy bearing carbons of 2e, which are 71.9, 68.4, and 73.0 ppm for C3,
C7, and C12, respectively. The chemical shifts of C3, C7, and C12 of 3ae

are 80.7, 68.0, and 72.8 ppm, respectively, which confirms the C3
regioselectivity of the glycosidation. A similar 3C NMR chemical shift
analysis was carried out to confirm the C3 regioselectivity of the prod-
ucts 3ac, 3be, 3ce, 4ce, 3cf, 4cf, 5df, 5ec, and 5ef. Additionally, ex-
periments were conducted with common Lewis acids (10 mol%) in
conventional glycosidation of 2a with 1a to ascertain the efficiency of
PCCP catalyst. Reactions catalyzed by Sc(OTf)3 and Yb(OTf)3 afforded 1,
2-orthoester adduct 5aa in 90 and 93% yields, respectively, similar to a
report by Fraser-Reid et al. [6], interestingly, Zn(OTf), afforded the 1,
2-trans glycoside 3aa in 85% yield.

Control experiments were conducted to decipher the role of PCCP in
conjunction with NIS in the glycosidation reaction, where attempts with
either PCCP (0.01 mol%) or NIS (3.5 equiv.) resulted in no reaction,
which shows that activation of NIS by PCCP as the driving force behind
generation of iodonium ion. Interestingly, repetition of the optimized
reaction condition by replacing PCCP with other Brgnsted acids viz.
BINAP or triflic acid at 10 mol% did not yield the glycosidated product.
Fraser-Reid et al. described that the activation of NPOE results in the
initial formation of oxocarbenium (I) and dioxolenium (III) cations,
which are interchanged via trioxolenium (II) ion (Scheme 2) [22]. The
second role of PCCP, perhaps, is to enhance the nucleophilicity of the
acceptor by hydrogen bonding similar to chiral phosphoric acids [23],
resulting in 1,2-trans glycoside bond formation with I or II or III to
afford 3 by SN2 attack, the steric difference in C2 benzoyl ester versus
acetyl ester can be the reason behind 1,2-cis selectivity with 1¢ donor for
the formation of 4. The rationale behind formation of 1,2-orthoester 5
from 1d/1e could be owing to an intramolecular stabilization of oxo-
carbenium ion (I) from C4 ether or ester, which ensure nucleophilic
addition by acceptor alcohol on disarmed C2 ester IV. As reported by
Fraser-Reid et al. on reactivity of NPOEs in the presence of Lewis acids
[6], Sc(OTf)3 and Yb(OTf)3 afforded 1,2-orthoester adduct 5aa. How-
ever, the rationale behind the formation of 1,2-trans glycoside 3aa in the
presence of Zn(OTf), can be attributed to the spontaneous release of
triflate, due to sheer size of zinc compared to the other two metals,
followed by formation of a glycosyl triflate intermediate [24] from
oxocarbenium ion I and subsequent nucleophilic SN2 attack by the
alcohol acceptor.
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Fig. 2. Structures of NPOE donors and acceptors.
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Scheme 1. PCCP catalyzed glycosidation of 2a with NPOE 1a.

Table 1
Substrate scope of glycosidation reactions catalyzed by PCCP using NPOE
donors.”

OorR' OR' RO OR

R'O, RO,
Pgéi(ﬁ)%?ﬁ; l/") R‘M/OR R'M‘ R‘oﬁ
1+ 2ROH) ———> o o 5
oigzgzr'p“w;yash R R"&gR PhXE()JR
3 4 5
where, R' = Bz/Bn/Ac; R" = Ph/Me

Entry Glycosyl Donor Glycosyl acceptor Product(s) Yield” (%)
1 la 2b 3ab 76 (94)
2 la 2¢ 3ac® 71 (89)
3 la 2e 3ae“ 96

4 1b 2a 3ba 79 (90)
5 1b 2e 3be® 91 (93)
6 1c 2e 3ce:4ce” (0.3:1) 92

7 1c 2f 3cfidef (0.33:1) 92

8 1d 2f 5df* 68 (85)
9 1d 2h 5dh 93

10 le 2¢ Sec® 63 (91)
11 le 2d Sed 67 (86)
12 le 2f Sef® 61 (76)
13 le 2g Seg 92

# Reaction conditions: To the mixture of 1 (1.5 equiv.), 2 (1 equiv.) in CH,Cl,
at 0 °C, under 4 A MS, PCCP (0.01 mol%), NIS (3.5 equiv.) were added, and
slowly warmed to room temperature.

b Isolated yields by column chromatography (yields in parenthesis represent
values based on recovered 2).

¢ C3 position glycosidated.

3. Conclusions

In conclusion, our preliminary investigation in utilizing the organic
Brgnsted acid PCCP for catalysing the glycosidation with NPOEs in
conjunction with NIS led to the formation of 1,2-trans glycosides with p-
glucose, and variation of C2 position with acetyl group led to cis-
selectivity. However, the p-galactose based-NPOEs, afforded 1,2-
orthoester products, and a reasonable mechanism behind the reac-
tivity difference with donors is provided. Lewis acids such as Sc(OTf)3
and Yb(OTf)s afforded 1,2-orthoester product in contrary to reaction
with PCCP catalyst and p-glucosyl NPOEs 1a/1b/1c. To maintain the
utility of the method towards glycosidation of natural products, at-
tempts with cholic acid derivatives afforded a C3 regioselectivity and
1,2-trans stereoselectivity in excellent yields. Though the glycosidation
with p-galactosyl donors led to 1,2-orthoesters, our preliminary studies
showed the utility of PCCP in glycosidation with p-glucosyl NPOEs.
Based on the results of this study, an expansion of the method with chiral
Brgnsted acids for stereoselectivity, diastereoselectivity with racemic
alcohol acceptors for resolution is currently under progress, which will
be communicated shortly.
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A stereoselective glycosylation method catalyzed by (+)-isomenthol
ester of pentacarbomethoxycyclopentadiene as chiral Brgnsted
acid with n-pentenylglycosides (NPGs) in the presence of N-
iodosuccinimide as the promoter is described that offered a chiral
recognition of the racemic substrates.

Hydrolysis of the glycosidic bond by glycosidases or
glycosylation by glycosyltransferases is governed by acid-base
catalysis by amino acids Asp, Glu, and Tyr as the catalytic
residues in the active site.1? Intuitively, Brgnsted acids (BAs) can
act as enzymes when used with appropriate glycosyl donors for
synthetic glycosylation. Activation of glycosyl donors by Lewis
acids is dominant in glycosylation compared to BA-based
promoters that were employed, in general, for 1-hydroxy and
trichloroacetimidate  glycosyl donors.3-10  Sulfuric acid
immobilized on silica as BA in combination with N-
iodosuccinimide (NIS) was utilized to activate a thioglycoside for
the synthesis of tetrasaccharide fragments.11-13 Further,
glycosylation attempts were made with chiral BA (CBA)
activation to achieve a/B-stereoselectivity, which includes a
tetrazole-amino acid ionic liquid,® chiral binaphthol (BINOL)
phosphoric acids,#16 and peptide bearing carboxylic acid
groups in combination with MgBr; Lewis acid.”

Recently, we reported the catalytic utility of the BA-PCCP
(pentacarbomethoxycyclopentadiene)  for
glycosylation with n-pentenyl orthoesters (NPOE) of p-glucose
and p-galactose in the presence of NIS.18 Oxidative hydrolysis of
n-pentenyl glucoside (NPG) with N-bromosuccinimide to a
hemiacetal is an outcome of a serendipitous observation by
Fraser-Reid,1® which led to the inception of NPG and NPOE
glycosyl BA-PCCP catalysis was a pioneering
contribution by Lambert et al., who prepared the chiral version
of this BA by appending naturally occurring (-)-menthol as an

stereoselective

donors.
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ester and showed its utility in Mukaiyama-Mannich and
oxocarbenium aldol reactions in an enantioselective manner.20
Toshima et al. utilized chiral BINOL phosphoric acid as BA,
resulting in an enantioselective catalysis for glycosylation with
trichloroacetimidate donors and racemic acceptors, affording
excellent o/B-stereo- and diastereoselectivity.* Inspired by
these two reports, we present our findings on stereoselective
glycosylation with NPG donor in the presence of NIS, by efficient
chiral catalyst from (+)-isomenthol ester of PCCP, which offered
chiral recognition of racemic aglycones viz. menthol, benzylic
alcohols, and Boc-protected serine.

PCCP-(+)-Isomenthol ester (R)-2 (S)-2

(CBA1)
Rl il
oAb
. Qi
O:/O%Q /@

PCCP-(+)-menthol ester PCCP-(=)-menthol ester
(CBA 3) (CBA 4)

Figure 1. Chiral Brgnsted Acids (CBAs).

CBA 1 (Figure 1) was synthesized from PCCP and (+)-isomenthol as
per the reported procedure.?’ Racemic menthol 5 was chosen as the
acceptor for exploring the chiral recognition in glycosylation reaction
catalyzed by CBA 1. The initial glycosylation attempt was performed
with benzyl-protected glucosyl-NPG 6 and 5 in the presence of NIS
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Table 1. Glycosylation reaction of benzyl protected NPGs 6/7/8 and racemic menthol 5.2

BnO ,
BnO no HO.1 B%cﬁo

: NIS (2.5 equiv.),
CBA (10 mol%)

S

BnO ~ BnO
BnO H BnO
anO BnO

(B,1S)-9 : (B,1R)-9 (0,1S5)-1

1 CH,Cly, 4 AMS, BnO—, OBn BnO ~OBn BnO OBOn
0°Ctort, 16 h B%%&‘ﬁ BnO ~
BnO _OBn \ BnO R
E O,, Oald
O ob Menthol @ @
BnO obn (racemate, 2.0 equiv.) 10
8 +5 (@ 1R)- (@,18)-11 : (@, 1R)-11
Entry Donor Activator Yield (%)b Ratio of diastereomeric glycosides (%)¢
(B,1S)-9 (B,1R)-9 (a,15)-10 (0, 1R)-10 (0,15)-11 (o, 1R)-11
1 6 1 92 86.8% 13.2% - - - -
2 7 1 85 - - 84.7% 15.3% - -
3 8 1 94 - - - - 84.5% 15.5%
4 8 (R)-2 90 - - - - 40.1% 59.9%
5 8 (S)-2 83 - - - - 45.7% 54.3%
6 8 Sc(OTf)s 86 Neither stereoselective nor diastereoselective
7 8 PCCP 73 Neither stereoselective nor diastereoselective
8 8 CF3SOsH 35 Neither stereoselective nor diastereoselective
9 7 3 90 - - 54.2% 45.8% - -
10 7 4 85 - - 45.9% 54.1% - -

aReaction conditions: To the mixture of 6/7/8 (1.0 equiv.), + 5 (2.0 equiv.) in CH2Cl2

at 0 °C, under 4 A MS, NIS (2.5 equiv.), CBAs (10 mol%) activators other than CBA (15

mol%) were added and slowly warmed to room temperature. Isolated yields by column chromatography. ¢ Ratio of diastereomeric glycosides obtained from the area%

of HPLC chromatogram.

and CBA 1 (10 mol%), under the optimized reaction conditions of our
previous report with BA-PCCP,8 which afforded B-glycoside 9 in 92%
yield (entry 1, Table 1). The diastereomeric ratio of (B, 15)-9 and
(B, 1R)-9, determined by computing the area percentage of both
the peaks in the HPLC chromatogram and by comparison with
the retention times of respective glycosides of each enantiomer
of menthol (see the Supporting Information), were found to be
86.83% and 13.17%, respectively (entry 1, Table 1). Thus, apart
from B-selectivity with CBA 1, chiral recognition of the racemic
menthol favouring glycosylation of (+)-menthol afforded (B,15)-
9 with a diastereomeric excess of 74%. Glycosylation with
mannosyl-NPG 7 (o, B mixture) in the presence of CBA 1
afforded glycoside 10 with the expected a-stereoselectivity

Please do not

(entry 2, Table 1). It is interesting to note that glycosylation with
the less studied galactosyl-NPG 8 produced glycoside 11 with a-
stereoselectivity (entry 3, Table 1). Once again, chiral
recognition favoured glycosylation of (+)-menthol to afford
diastereoselective products (a,15)-10 and (a,15)-11, with both
showing a diastereomeric excess of 69% (entry 2 & 3, Table 1).
The results of glycosylation with CBA 1 motivated us to compare
its role in a/B-stereo- and diastereoselectivity with other chiral
and non-chiral BAs under the optimized glycosylation
conditions.’® Galactosyl-NPG 8 is rarely explored for
glycosylation reactions compared to NPGs 6 & 7. Hence,
glycosylation with NPG 8 and BINOL-derived chiral phosphoric
acid catalysts (R)-2 and (S)-2 (Figure 1) were attempted, which
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also afforded a-glycoside 11 like CBA 1; however, the
diastereoselectivity was poor and slightly favoured
glycosylation of (-)-menthol (entry 4 & 5, Table 1). Glycosylation
attempt with NPG 8 in the presence of Lewis acid activator
Sc(OTf)s, a conventional activator for NPG donors,?! and BAs
such as achiral PCCP and triflic acid afforded neither
stereoselectivity nor diastereoselectivity (entry 6-8, Table 1). In
all three attempts, we observed the formation of the R/S
mixture of both a and B glycosides of corresponding NPGs. To
assess the importance of the selection of (+)-isomenthol in CBA
synthesis, CBA 3 and CBA 4 (Figure 1) were synthesized from (+)-
menthol and (-)-menthol, respectively. NPG 7 was chosen to
study the effect of steric hindrance of the p-face of
oxocarbenium ion on glycosylation in the presence of both CBA
3 and CBA 4 catalysts, a-glycosides 10 were produced as an
outcome with no diastereoselectivity.

The benzyl protection of NPGs 6-8 was intended to avoid any
participation effect during glycosylation, similar to the approach by
Toshima et al.1* Glycosylation, either in the absence of CBA or NIS,
did not occur, suggesting the role of CBA catalyst in the activation of
NIS. Next, we treated one of the obtained products (B,15)-9 with
CBA-1 and NIS under the optimized glycosylation condition without
the acceptor £ 5. The product (B,15)-9 was quantitatively recovered
without any isomerization even after 24 h of reaction, which
indicates the stereo and diastereoselectvities of the reaction was
driven by kinetic control. The mechanistic rationale behind the
stereoselectivity is shown in Scheme 1 from the positioning of the
oxocarbenium ion, generated from NPG activation,22and menthol on
chiral cyclopentadienyl anion platform, in line with the model
proposed by Lambert et al. for enantioselective addition on
oxocarbenium with the necessary organizational element of H-
bonding.2® We surmise the H-bonding interactions of C-H bonds of
C1, and C5 carbons adjacent to the oxygen of the oxocarbenium ion
and the cyclopentadienyl anion are the conventional and CH/mt H
bonding interactions (Scheme 1a).22 During glycosylation, the
menthol is positioned in the hydrophobic pocket formed by the (+)-
isomenthyl groups and held by H-bonding with the carbonyl of the
catalyst. The organization of the donor and acceptor on the
cyclopentadienyl ring, prior to glycosylation, is the key to the
observed stereo- and diastereoselectivity. As shown in the model,
the a/B-stereoselectivity of glycosylation is governed by the steric
hindrance by C2-OBn and C4-OBn groups for the incoming
nucleophilic attack on oxocarbenium ion. Accordingly, in the case of
glucosyl-NPG 6, the less hindered B-face is preferred for nucleophilic
attack of the menthol oxygen atom, and galactosyl-NPG 8 preferred
the a-face. While the mannosyl-NPG 7 exhibited the conventional a-
selectivity. The B-selectivity with NPG 6 and a-selectivity with NPG 7
and 8 reinforces the proposed model in Scheme 1 as a highly
conserved catalytic platform with organizational elements to
promote stereoselectivity. The rationale for diastereoselectivity is
governed by the steric interaction of the all-equatorial conformation
of the menthol with the axial-methyl group of (+)-isomenthyl of the
catalyst. (-)-Menthol 5 exhibits van der Waals repulsion in the
proposed model (Scheme 1b), favoring (+)-menthol 5 in glycosylation

This journal is © The Royal Society of Chemistry 20xx
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(Scheme 1a). Thus, based on the proposed model (Scheme. 1), &/Bs
stereo- and diastereoselectivity with NPGs 6:82and dhiralPécognitidn
of racemic menthol 5 (entries 1-3, Table 1) can be rationalized. The
choice of ester in the catalyst is essential, which was demonstrated
with menthyl esters of CBA 3 and 4 that possess all three groups in
the equatorial position of their most stable conformation, causing a
lack of diastereoselectivity (entries 9-10, Table 1). By the same token,
the PCCP CBA catalyst with (-)-isomenthyl group can offer the
opposite chiral recognition; however, due to the lack of commercial
availability of (-)-isomenthol, we could not pursue synthesis of the
catalyst. The importance of CBA 1 catalysis was obvious in
glycosylation; as attempts with chiral phosphoric acid catalysts (R)-2
and (S)-2, though offered stereoselectivity, there was no appreciable
chiral recognition of racemic menthol (entries 4-5, Table 1).

a) 6 and (+)5 b)

Scheme 1. Rationale for stereo- and diastereocontrol in glycosylation with CBA
1.

We utilized density functional theory (DFT) calculations to establish
a correlation between the suggested mechanism responsible for the
oxocarbenium intermediate-assisted transition state, the presence
of hydrogen bonding interactions among the three systems, and the
electron transitions from the acceptor to the oxocarbenium
intermediate. Our experimental analysis aligned seamlessly with DFT
assessments, confirming the existence of three significant hydrogen
bonding interactions within the optimized geometries. The visual
depiction of DFT analysis, as illustrated in Figure (S1) (see supporting
information), unveiled precise interactions: A hydrogen bond forms
between the hydrogen atom (H39) in the acceptor moiety's hydroxyl
group and the catalyst's carbonyl oxygen (011) at an approximate
length of 1.44 A. Another discernible hydrogen bond interaction
exists between the catalyst's carbonyl oxygen (03) and the hydrogen
atom (H54) of the oxocarbenium intermediate, measuring
approximately 1.47 A. Furthermore, a m-hydrogen bond is observed
between the catalyst and the oxocarbenium ion (H67) by positioning
a dummy atom (084) at the cyclopentadienyl system's center, with
an approximate bond length of 1.96 A. The consistency of these
parameters with findings from prior literature further substantiates
the proposed mechanism.22 Moreover, the electron transition
between the oxocarbenium intermediate and the acceptor groups
were illustrated by calculating the highest occupied molecular
orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO) for the optimized geometry. As given in Table S1 (See
supporting information), the HOMO energy level (6.40 eV) is
concentrated over the acceptor moiety, whereas the LUMO energy
level (3.04 eV) is concentrated over the oxocarbenium intermediate.

J. Name., 2013, 00, 1-3 | 3
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Which confirms the nucleophilic as well as electrophilic nature of the
acceptor and intermediate system respectively.

To assess the generality, we explored the chiral recognition with
and 14 for CBA 1-catalyzed
glycosylation reaction with NPGs 6-8 (Scheme 2). Exclusive

racemic substrates 12, 13,

diastereocontrol in chiral recognition of the S-enantiomers of
benzylic alcohols 12 and 13 in the glycosylation reaction
afforded 15-20 in excellent yields. Glucosyl-NPG 6 afforded B-
anomers 15 and 18 selectively, however, mannosyl-NPG 7
afforded anomeric mixtures 16, 19, dominating in a-anomer,
and galactosyl-NPG 8 produced anomeric mixtures 17, 20,
dominating in B-anomer. Interestingly, glycosylation attempts
with racemic Boc-protected serine 14, with free carboxylic acid,
also afforded chiral recognition with S-enantiomer in good
yields, wherein, glucosyl-NPG 6 afforded a-anomer 21
selectively, and mannosyl-NPG 7 afforded an anomeric mixture
of 22, dominating in B-anomer. However, galactosyl-NPG 8
produced a-anomer 23 selectively and did not afford chiral
recognition, unlike its congeners. In line with the mechanistic
rationale outlined in Scheme 1, the preference for the S-
enantiomers of benzylic alcohols 12 and 13 in the glycosylation
reaction is shown in Scheme S3 (Supporting Information).
However, in the case of racemic 14, intricate secondary
interactions arising from the Boc and COOH groups in the
transition state for glycosylation reaction dictate the stereo-
and diastereoselectivity, which is difficult to comprehend.

OH o
0 o on
NHBoc
+13

+12 +14
BnO o BBSO Bno OBn
n
Bno? Q BnO é&ﬂ,o
BnO (s) /—©
Me
Me ‘S)
15, 87% 16 /B (2.5:1), 80% 17 Blot (3.3:1), 85%
BnO
BnO BnB?10 BnO OBn
Hiobs Q o, O o,
n (s) BnO -
BnO h " Bno s

18 B3, 92% 19 o/ (2:1), 79% 20 B/o (3:1), 87%

BnO _OBn

B0\ o BnO NHBoc
"o S 3
" Bho| tooC BnO BnO NHBoc
OH BnO
Wg/ OH
21 0, 92%
dr (SiR) = 78:22

aReaction conditions: To the mixture of 6/7/8 (1.0 equiv.), +12/+13/+14 (2.0
equiv.) in CH2Cl, at 0 °C, under 4 AMS, NIS (2.5 equiv.), CBA 1 (10 mol%) was added
and slowly warmed to room temperature. The reported yields are isolated yields
by column chromatography. The ratios were determined from integration of the
anomeric protons in *H NMR spectra, identified by their respective chemical shifts
of the glycosides with pure enantiomers and HMQC spectra (see the Supporting
Information), dr is the diastereomeric ratio.

22 /o (10:1), 76% 230, 87%

4| J. Name., 2012, 00, 1-3

Scheme 2. Diastereocontrol in glycosylation of racemic acceptqys 12/:(mc%e35d
with CBA 1.
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In conclusion, as noted in the pioneering contribution by
Lambert, chiral PCCP BA catalysis can be made more efficient by
optimization of the catalyst structure; herein, we modified their
original CBA 4 with (-)-menthol to CBA 1 with (+)-isomenthol
and evaluated its catalytic role in stereoselective glycosylation
with NPG donors in the presence of NIS as the promoter. Apart
from a/B-stereoselectivity with NPGs, glycosylation reaction in
the presence of CBA 1 was efficient in chiral recognition of the
racemic menthol, favouring (+)-menthol, with excellent
diastereoselectivity. The stereo- and diastereocontrol observed
here with CBA 1 and NPGs are superior to chiral BINOL
phosphoric acid-catalyzed glycosylation with
trichloroacetimidate donors.1* The mechanistic model behind
CBA 1 catalysis by H-bonding organization of the oxocarbenium
ion, generated from NPG activation and menthol with the chiral
cyclopentadienyl anion platform, assisted in providing a
rationalistic explanation behind the lack of diastereocontrol
with other chiral, BINOL-derived and menthyl CBA esters, and
non-chiral BAs. The present investigation with CBA 1 catalyst
motivated us to explore its utility with other racemic aglycons
and the resulting stereo- and diastereocontrol observed in
glycosylation with NPGs suggest the potent benefits of CBA in
myriad BA-catalyzed synthetic organic transformations.
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