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“For no matter how many promises God has made, they are “Yes” in Christ.
And so through him the “Amen” is spoken by us to the glory of God”

2 Corinthians 1:20



Abstract

Diabetes mellitus (DM) represents a group of chronic disorders with diverse multiple etiology. It
is characterized by high blood glucose (hyperglycemia) resulting from the malfunctioning in
insulin secretion and/or insulin action, leading to impaired metabolism of carbohydrates, lipids
and proteins in the body. According to 2013 WHO report, approximately 4.9 million people have
died thus far and around 415 million are currently suffering from DM worldwide. Different
approaches such as anti-diabetic drugs, insulin injection, and lifestyle modification are currently
being used to control/treat diabetes. However, these techniques are not so effective and suffer a
number of limitations which is why the development of novel potent anti-diabetic drugs is highly
anticipated.

Recent literature review revealed that the coumarins have potential to act as anti-diabetic agents
with excellent pharmacological profile. Hence, the aim of this project was to synthesize variedly
substituted coumarin analogues and to test their anti-diabetic potential under in vitro conditions.
Accordingly, three 4-methylcoumarins bearing hydroxyl moiety were synthesized using
substituted phenols and a P-ketoester using the Pechmann reaction. The hydroxyl group of
synthesized coumarins was then engaged in further transformations by its alkylation and
acylation using a variety of alkyl/acyl halides under basic conditions. The synthesized
compounds were structurally characterized using different spectroscopic techniques viz. proton
nuclear magnetic resonance spectroscopy (*H NMR, FT-IR and HR-MS). 2D NMR such as
heteronuclear multiple bond correlation (HMBC), heteronuclear single quantum coherence
spectroscopy (HSQC) and correlation spectroscopy (COSY) were also conducted to assign each
proton and carbon resonances of the compounds synthesized.

All the synthesized compounds were tested in vitro for their anti-diabetic activity using the
standard drug (acarbose) as a control. Some of the coumarin derivatives exhibited excellent anti-
diabetic activity, even better than the standard drug, based on the 1Csg data. The effect of alkyl
chain length and electronic nature (electron-donating/withdrawing) of substituents attached to
coumarin ring on the anti-diabetic activity was monitored, and a detailed structure activity
relationship (SAR) was established. The in vitro anti-oxidant activity of compounds further
revealed the importance of hydroxyl (-OH) groups in coumarins for their antioxidant activity.
The alkylation or acylation of coumarins significantly reduced their antioxidant activity. On the
other hand, the attachment of nitro (-NO) group to the aromatic ring of coumarin, impressively
increased the antioxidant activity. Molecular docking simulations were finally conducted to
predict the binding propensities of the compounds in the binding site of a-glucosidase, an
enzyme that regulates the sugar level in the body. Since, the X-ray data for this protein is not
available in protein data bank, its 3D model was generated using homology modelling technique.
The predicted free binding energies predicted these compounds to be good inhibitors for the
protein. Docking data suggested the importance of both the hydrogen bonding and hydrophobic
forces in their host-guest relationship.
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CHAPTER 1
Introduction

1.1. Diabetes mellitus

Diabetes mellitus (DM) is a group of metabolic diseases illustrated by abnormally high levels
of plasma glucose or hyperglycemia. Approximately, 382 million people are living with
diabetes mellitus worldwide {International Diabetes Federation (IDF), 2014} with greater
number of cases in developing countries particularly in the Middle East and North Africa. Since
1936, the two main distinctive clinical forms of diabetes (type 1 and type 2) have been
identified. Type 1 (T1D) or insulin-dependent diabetes, usually diagnosed in children and
young adults, is caused by the destruction of the insulin-producing beta cells of the Islets of
Langerhans in the pancreas, leading to a deficiency of insulin. Insulin is a peptide hormone that
is produced in the Islets of Langerhans in the pancreas and causes glucose uptake into liver,
fat, muscle and storage as glycogen in the muscle and liver. In T1D condition, the body does
not produce enough insulin that is required to perform these metabolic functions. Type 2
diabetes (T2D) or non-insulin-dependent diabetes mellitus (NIDDM) is the common form of
diabetes that is characterized by insulin resistance or reduced insulin sensitivity, combined with
reduced insulin secretion and hyperglycemia. T2D is usually accompanied by cardiovascular
and neurological complications (Zhao et al., 2015).The important contributing factors for T2D
include (i) body cell resistance to insulin (ii) increased hepatic glucose production (iii)
decreased insulin-mediated glucose transport into adipose tissue and muscle and (iv) impaired
beta-cell function leading to loss of early phase of insulin release in response to hyperglycaemic

stimuli.

Currently, a number of antidiabetic drugs targeting different receptors such as a-glucoside,
aldose reductase (ALR), dipeptidyl peptidase-4 (DPP-4), protein tyrosine phosphatase 1B
(PTP1B), peroxisome proliferator activated receptor-g (PPAR-g) and free fatty acid receptorl
(FFAL) are available in the market. Commonly used to treat diabetes but they produce various
complications (most notably high risk of hypoglycaemia, bodyweight gain and gastric
symptoms). Amongst these receptors, the o-glucosidase has gained significant attention of
medicinal chemists and various potent anti-diabetic agents have been designed and synthesised
by inhibition of this enzyme.

The a-glucosidase enzyme is present in the epithelium cells of intestine (Taha et al., 2015)
which catalyse the digestion/ break down of carbohydrates (Taha et al., 2015) into absorbable

monosaccharides leading to increased glucose level in blood. Hence, the inhibition of a-
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glucosidase reduces blood glucose level by delaying digestion of carbohydrates, and in turn
suppresses postprandial hyperglycaemia (Wang et al., 2016). However, the effectiveness of
existing a-glucosidase inhibitors has significantly been hampered by various unwanted side
effects including flatulence, diarrhea, and abdominal discomfort and anaemia. Hence, the
search for new a-glucosidase inhibitors with better pharmacological profiles is still underway
(Kazeem et al., 2016).

The a-amylase is another enzyme that catalyses the cleavage of glucose (Zhao et al., 2015),
and is also very effective in the treatment of DM. It is involved in the conversion of starch and
glycogen into glucose, the a-amylase enzyme hydrolyzes the alpha bonds of the alpha-linked
polysaccharides. To reduce the post-prandial increase of blood glucose, the activity of the
enzymes alpha-glucosidase and alpha-amylase must be inhibited.

1.2. Introduction to coumarins

Research on coumarins has increased significantly over the years due to their versatile
pharmacological and biochemical properties (Avo et al., 2013).The major factor being the
biological activities that they possess (Borges et al., 2005) and their low toxicity (Garazd,
Garazd et al., 2005).Their potential contribution in the prevention and treatment of diseases is
an attractive highlight in the pharmaceutical industry (Peng et al., 2013). Much attention has
been invested in coumarin derivatives ever since the coumarin which was classified as a toxic
substance by the Food and Drug Administration (FDA) in 1954 was declared safe. It was
classified as toxic because it caused liver tumours in rats. It has been proven that rats are a poor
model to compare with humans for this metabolism because rats excrete coumarin metabolites
in bile, hence causing liver tumours while humans and hamsters excrete them in urine (Lacy et
al., 2004).

Coumarins also known as 2-H-1-chromene-2-ones (Gao et al., 2013) belong to the lactone
family that has a benzopyrone framework (Figure 1.1), where a benzene ring is fused with a

pyrone ring.
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Figure 1.1: Structure of coumarin



The benzopyrone ring can be further subdivided into two groups, the a-benzopyrone and the
B-benzopyrone. The difference between the two is that the a-benzopyrone has a carbonyl group
at position number 2 and the 3-benzopyrone has a carbonyl group at position number 4 (Figure
1.2).
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Figure 1.2: Structures of the a-benzopyrone and the B-benzopyrone

The coumarins not only occur naturally but have been synthesized using different synthetic
methods (Lacy et al., 2004). Natural coumarins can be extracted from different plants using
difffernt methods such as maceration under sonification, supercritical fluid extraction and
infusion. Since these methods are time consuming and require sophisticated instruments, the
synthesis of coumarins has increased over the years (Tyagi et al., 2007). Different coumarins

have also been isolated from microorganisms and animals (Borges et al., 2005).

The first coumarin was extracted in 1820 from a tonka bean called Coumarouna odorata Aube
(Vogel,1820.; Borges et al., 2005) or Dipteryx odorata Wild, Fabaceae which is commonly
known as Coumarou, hence the name coumarin (Lacy et al., 2004). Subsequently, the coumarin
core has been discovered in naturally occurring antibiotics such as chlorobiocin, novobiocin
and coumermycin A: (Matos et al., 2012). Novobiocin (Figure 1.3) which is extracted from
Streptomyces niveus (Lanoot et al., 2002) is used in the treatment of methicillin-resistant
Staphylococcus aureus which causes most of the deadliest infections that are hard to treat
(Walsh et al., 1993).In addition, coumarins have also been isolated from other plant families
(Avo et al., 2013), where they have been localized in their roots, stems, leaves, flowers, fruits,

peels and seeds (Wang et al., 2013).

o= OH OH

Figure 1.3: Chemical structure of novobiocin



1.3. What makes coumarins effective?

Coumarins are common motifs found in drugs, spices, agricultural chemicals and dyes (Gao et
al., 2013). The benzopyrone framework of coumarins interact efficiently with the enzymes and
receptors by establishing strong bonding network. For instance, the n-n conjugated system that
is found in the fused structure of the benzene ring and the a-pyrone is electron rich and has
good charge-transport properties. Moreover, the coumarins have good bioavailability, and thus
are rapidly absorbed and distributed in the body. They have high partition coefficients which

increases their absorption rate once in the aqueous solution (Lacy et al., 2004).

1.4. Biological activities of coumarins

The major reason for the massive increase in the synthesis of coumarins and their derivatives
is because of the wide spectrum of biological activities that they possess. These include anti-
cancer (Hitotsuyanagi et al., 1996) and anti-HIV activities (Bedoya et al., 2005). They are also
known as antioxidants (Khoobi et al.; 2011), enzymatic inhibitors or vasorelaxants (Quezada
et al., 2010) including antidiabetic (Lee et al., 2004) activities which are commonly found in
natural coumarins. The 3,4-unsubstituted coumarins, being the most common naturally
occurring coumarins, show the potential of having activities like antimicrobial (Imran et al.,
2015), antimalarial (Cubukcu et al., 1990) and antitumor activity (Murakami et al., 1997).

The synthetic coumarin analogues are also equally important and exhibit a variety of biological
activities. For instance, Geiparvarin, a synthetic monoamine oxidase inhibitor is known to have
potent cytotoxic activity (Figure 1.4) (Miglietta et al., 2001).
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Figure 1.4: Geiparvarin as cytotoxic agent.

Similarly, the coumarins with anti-bacterial (Emami et al., 2008), anti-inflammatory
(Kontogiorgis et al., 2005), anti-carcinogenic (Nair et al., 1991) and analgesic activity (Gupta
etal., 2011) are documented in the literature. Coumarins have anticoagulant (Golfakhrabadi et
al., 2014) and antithrombotic properties (Jain et al., 2013). They also have antiviral (Hwu et
al., 2008), anti-osteoporosis (Sashidhara et al.,2013), antisepsis (Zhang et al., 2005),



hepatoprotective (Atmaca et al., 2011), anti-neurodegenerative (Jameel et al., 2015), antifungal
(Sardari et al., 1999), anti-parasitic (de Alcantara et al., 2015), antimycobacterial (Virsdoia et
al., 2010), anti-depressive (Sashidhara et al., 2011), appetite-suppressor (Link, 1959), anti-
allergic (Buckle et al., 1975), herbicidal (Nazemi et al., 2015), anthelmintic (Patil et al., 2015),
inhibition of platelet aggregation (Lee et al., 2003), immunomodulatory (Prousis et al., 2014)
activities. Activities like estrogenic (Jiménez-Orozco et al., 2011), molluscicidal (Schénberg
et al., 1954), anticonvulsant (Amin et al., 2008), tyrosinase inhibitor (Fais et al., 2009),
antihyperlipidemic (Yuce et al., 2009), anti-parkinsonism (Asif, 2015), antipyretics (Eissa et
al., 2009), brochodialator (Leal et al., 2000), antimoebic (Igbal et al., 2009) and antiulcer (Goel
et al., 1997) have also been reported. Coumarins are also active in the central nervous system
(CNS) (Borges et al., 2005), antinociceptive (de Almeida Barros et al., 2010; Alipour et al.,
2014) and anticholinesterase (Razavi et al., 2013; Emami et al., 2015). Dicoumarol (5) is an
example of coumarin with antibacterial activity (Goth, 1945) while warfarin (7) possesses

anticoagulant activity (Golfakhrabadi et al., 2014).

Figure 1.5: Chemical structure of Dicoumarol
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Figure 1.6: Chemical structure of warfarin.




1.5. How to enhance the activity of the coumarin?

The search for new drugs is crucially important as the old drugs have tendency to loose their
effectiveness after a certain period of time due to several sociological and physiological factors.
The structural manipulation of existing drugs or preparation of completely new chemical
entities with better pharmacological profiles are the main areas of current drug development.
Keeping this in view, several developments have been made to improve the activity profiles of
coumarin based drugs. For example, an increase in anti-inflammatory activity of coumarins has
been observed when a halogen is introduced at the 6™ position and any functional group (other
than hydrogen) and an Ar group is substituted at the 8" position (Pu et al., 2014). Another way
of increasing the biological activity of coumarins is by substituting fluoro and sulfonamide
moieties into the coumarin ring (Kalkhambkar, 2008). The presence of sulfonamide moiety has
been reported to increase the antibacterial and antitumor activities in several other
pharmacophores (Zani et al., 1998). Similarly, the incorporation of Schiff bases or the
positioning of hydrophobic groups at position 2, 3 and 4 into the coumarin have been observed
to increase its cytotoxic activity (Naik et al., 2006). Analgesic activity has also been amplified
by substituting 2, 4-dichloro or 2, 6-dihydro phenyl groups into the coumarin core (Asif, 2015).
Similarly, the same authors reported that having an acyl phenyl group at position 4 increases
the bacterial activity against H. pylon metronidazole resistant strains. Coumarins with
substitution at position 4 are also reported to exhibit good antimicrobial activity (Matos et al.,
2012).

1.6. Fluorine as a substituent

The introduction of fluorine into a heterocycle significantly influences the biological activity
of the compound in a positive way. More than 20% of existing pharmaceuticals (Sahoo et al.,
2012) contain fluorine in their structure e.g. Prozac (Wong et al., 1995) and ciprofloxacin

(Oxford Handbook of Infectious Diseases and Microbiology, 2009).

Due to the fact that fluorinated compounds are the least abundant naturally, the synthesis of
fluorine containing compounds has increased over the years (Miller et al., 2007). Fluorine
enhances the metabolic stability by lowering the susceptibility of nearby moieties to
cytochrome Paso enzymatic oxidation (Park et al., 2001). Having a CFs group or any F
substituent in a compound increases the potency of the compound (Roth et al., 1990). It is well
known that fluorine is the most electronegative element and the C-F bond is the strongest. C-

C bonds adjacent to this bond are also strengthened while C=C bonds are weakened (Smart,



1994). Intermolecular interactions are also influenced by the very low polarizability of
organofluorine substituents (Smart, 2001). An increase in potency is also experienced in cases
where C-F replaces a C=0 bond (Black et al., 2005).

When methoxy groups are replaced by trifluoromethoxy groups, stereoelectronic effects are
maximized because of the large size of fluorine (Miller et al., 2007). Introducing fluorine into
a piperidine ring is advantageous because it decreases the basicity of the nitrogen center while
increasing the oral bioavailability of the compound because of the o-inductive effect of fluorine
(Morgenthaler et al., 2007). When the amine basicity is increased by introducing fluorine, the
membrane permeability is also increased (Avdeef, 2001). Fluorine atoms can deprotonate an
amine at physiological pH, which increases the bioavailability of the compound (van Neil et
al., 1999). Organic fluorine has a very low proton affinity and is weakly polarizable (Paulini et
al., 2005). When substituted in the para position of benzyl ring, it enhances the binding affinity
by a factor of 6 (Olsen et al., 2003).

1.7. Synthetic methods of coumarins

Although, the coumarins occur naturally, their low abundance in plants, tedious isolation
procedures and considerably low yields necessitate their synthesis in the organic laboratories.
Traditionally, a number of methods such as Perkin reaction (Perkin, 1868). Pechmann
(Pechmann, 1884), Wittig (Wittig et al., 1954), Reformatsky (Reformatsky, 1887) and
Knoevenagel (Knoevenagel, 1898) reaction, have been used for the synthesis of coumarin
derivatives. The Perkin, Pechmann and Knoevenagel reactions are usually more favourable
when preparing coumarins that have substituents at the third and fourth positions. Different
acidic and basic catalysts have been used to catalyse these reactions. In addition, a range of
established synthetic methods viz. the Claisen rearrangement (Claisen, 1925), the Vilsmeier-
Haack (Vilsmeier et al., 1927) and Suzuki cross-coupling reactions (Suzuki, 1991), Nickel-
catalyzed cycloaddition (Nakai et al., 2015) and Pd-catalyzed site-selective cross-coupling
reactions (Zhang et al., 2007), Kostanecki-Robinson (Kostanecki et al., 1901), Ponndorf
(Ponndorf, 1925) and Houben-Hoesch reactions (Hoesch, 1915) have also been employed in
coumarin synthesis.The one-pot Wittig reaction/cyclization usually favours the formation of
3,4-unsubstituted coumarins (Wittig et al., 1954). Substitution of different functional groups
on the coumarin core, at different positions results in expansion of the properties of coumarin
chromophores. Some of the traditional reactions used in coumarin synthesis are briefly

described in the following section.



1.7.1. The Pechmann reaction

The Pechmann reaction (Scheme 1.1) involves the condensation of substituted phenols (7) with
B-ketoesters (8) (Pechmann, 1884) in the presence of an acid in catalytic amount. The
coumarins (9) synthesized using this approach are usually obtained in high yields. The
chromone (10) is the commonly observed side product in the Pechmann reaction. The usage of
corrosive acids, long reaction duration (>20 hr) and formation of side-products, are few

limitations of the reaction.
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Scheme 1.1.Pechmann reaction for synthesis of substituted coumarins.
1.7.2. Knoevenagel condensation

The knoevenagel condensation is also one of the simplest and most common methods that has
been used for the synthesis of coumarins (Knoevenagel, 1898). This reaction involves the
condensation of aldehydes (11) with methylene compounds that are activated in the presence
of ammonia or any other amine, yielding coumarin (1) (Schemel.2). This reaction is usually
conducted in organic solvents in the presence of catalytic amount of organic bases like pyridine
and piperidine. The disadvantages associated with the knoevenagel condensation include
expensive catalysts, laborious multi-step procedures, and long reaction time. The modification
of knoevenagel reaction where malonic acid and pyridine are used in the presence or absence
of piperidine, is known as the Doebner reaction (Doebner, 1902).
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Scheme 1.2.Synthesis of coumarin using the knoevenagel condensation reaction.



1.7.3. Wittig reaction

The Wittig reaction (Schemel.3) involves the formation of an alkene after the condensation of
ethoxycarbonylmethylenetriphenylphosphorane and 2-hydroxybenzophenones, which after
cyclization results into a coumarin system. The reaction proceeds through betaine and/or
oxaphosphetane intermediates. The Horner-Emmons-Wadsworth reaction is a modification of
the Wittig reaction where the ylide is replaced with a phosphine oxide carbanion or a

phosphonate carbanion (Wittig et al., 1954).

MeO OH Ph,P=CHCOOEt MO O °
o) > =

Ar Ar
13 14

Scheme 1.3. Synthesis of 4,7-substituted coumarin using the Wittig reaction.
1.7.4. Perkin condensation reaction

The Perkin condensation (Scheme 1.4) is another old method that is used for the synthesis of
coumarins. In this reaction ortho-hydroxyarylketones (15) are reacted with acid anhydride in
the presence of base which after cyclization yields coumarin scaffold (Perkin, 1868). This
method is commonly used to synthesize neoflavones that have complicated structures (Garazd
et al., 2005).The requirement of very strong acids, multi-step reactions and limited substrate

scope are few limitations of this reaction.
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Scheme 1.4. Synthesis of substituted coumarins via the Perkin reaction.

1.7.5. Kostanecki-Robinson reaction

This method is commonly used to synthesize 3-and 4-substituted coumarins, and involves the
acylation of ortho-hydroxyaryl ketones with aliphatic acid anhydrides and salts of the

corresponding acids. The acylation step is followed by cyclisation (Kostanecki et al., 1901).
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Scheme 1.5. Synthesis of 3,4-substituted coumarins via the Kostanecki-Robinson reaction
1.7.6. Reformatsky reaction

In this reaction, p-hydroxy esters are prepared by condensing ketones or aldehydes (21) with
organozinc derivatives of a-halo esters. When the reaction conditions are favourable,
lactonisation takes place yielding coumarins in good yields (Schemel.6) (Reformatsky, 1887).

The requirement of highly sensitive reaction conditions is one of the major limitations of this

reaction.
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Scheme 1.6. Synthesis of 4-substituted coumarin via the Reformatsky reaction.

1.7.7. Ponndorf reaction

This reaction is very useful to synthesize 3,4-dihydrocoumarins by reacting substituted phenols
with maleic or fumaric acids in the presence of sulfuric acid at elevated temperatures (Ponndorf,
1925).
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Scheme 1.7. Synthesis of 3,4-dihydrocoumarins coumarins using the Ponndorf reaction.
1.7.8. Houben-Hoesch reaction

In this reaction, the hydrochloride salt of imino coumarins (29) is first prepared using phenols
and 3-o0x0-3-phenylpropanenitrile as starting materials (Scheme 1.8, path b), which upon acid
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hydrolysis yielded the 4-arylcoumarins (30) in high yields. On the other hand, the coupling of
same phenols with (2E)-3-phenylprop-2-enenitrile (Scheme 1.8, path a) affords a hydrogenated
coumarin compound (28) that undergoes dehydrogenation in the presence of Pd/C to yield the
4-arylcoumarin (30) (Hoesch, 1915).
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Scheme 1.8. Synthesis of 4,7-substituted coumarin via the Houben-Hoesch reaction.
1.8. Applications of coumarins

Coumarins are not only used in medicinal chemistry but they are also used as additives in food
and cosmetics, to make insecticides, optical brighteners, dispersed fluorescent (Xu et al., 2015)
and laser dyes (Kalita et al., 2012), triplet sensitizers (Kallikat et al., 2012). “Their derivatives
have shown to be novel lipid lowering agents that have moderate triglyceride lowering activity.
Most of the coumarin derivatives can remove reactive oxygen species like hydroxyl free
radicals, super oxide radicals, or hypochlorous acid to prevent free radical injury (Chunduru et
al., 2013).” There are a number of coumarin derivatives that function as human
immunodeficiency virus (HIV) integrase inhibitors. Their inhibitory activity against serine
proteases and matrix metalloproteases (MMPSs) has led to their evaluation as anti-invasive

compounds (Chunduru et al., 2013).

They have a very strong fluorescence in the visible-light range which allows them to be used
as organic light-emitting diodes (LEDs) (Avo et al., 2013). Artificial ion receptors, biological
stains and fluorescent probes that have been derived from coumarins can be used to monitor
timely enzyme activity, complex biological events and to obtain accurate pharmacological and
pharmacokinetic properties. Coumarin-based derivatives also have applications in the fields of

bromatology, material and supramolecular chemistry (Peng et al., 2013). Also used in solar
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cells and optical data storage devices. Their stability and solubility in different organic solvents
combined with their photochemical characteristics has increased their potential to be used in
electronic and photonic applications and in beverage manufacture (Phadtare et al., 2013). Their
pleasant odour allows them to be used for such purposes (Bai et al., 2015).

Since salinity limits plant growth and seed germination as well as yield production, coumarins
which are known for their plant growth regulatory and cytotoxic properties, are used to improve
plant tolerance to salinity. Coumarin pre-treatment alleviates the adverse effect of salinity on
the growth of wheat seedlings by increasing the osmoregulation process and antioxidant
defence system (Saleh et al., 2015). They are used in the preparation of coumarino-pyrones,
chromenes, furocoumarins and 2-acylresorcinols, which are then used to synthesize

pharmaceuticals and agrochemicals (Calvino-Casilda et al., 2010).

1.9. Antidiabetic activity testing

Antidiabetic activity studies can either be done in vivo by making use of animal models or in
vitro by using isolated tissues, cell culture systems or tissue slice preparations. In vitro studies
are commonly used because they help determine the mechanism of action of a drug while in
vivo studies demonstrate how these mechanisms behave under clinical conditions (Thorat et
al., 2012). Antidiabetic activity can be tested by studying the inhibition of carbohydrate
digesting enzymes, inhibition of intestinal glucose uptake (Adolfsson et al., 1967), insulin
secretion from S cells of the pancreas (Santerre et al., 1981; Masuda et al., 1995; Asfari et al.,
1992) and models where the insulin target tissue is the muscle or adipocytes (Colca, 1995;
Kuehnle, 1996).

The three carbohydrate digesting enzymes that can be inhibited are a-amylase, a-glucosidase
and sucrase. For testing the a-amylase activity, an enzyme-starch system is used to study the
effect of a compound, which is made up of the mixture of sample and a-amylase (100mg) in
25mL of 4% potato starch solution. The mixture is then incubated at 37°C for 60 minutes.
When the incubation time has elapsed, 0.1M NaOH is added to stop the activity of the enzyme.
Centrifugation is carried out for 15 minutes, then the amount of glucose is determined in the
supernatant (Ou et al., 2001).

For both a-glucosidase and sucrase inhibitory activity assay, a crude enzyme solution of rat
intestinal a-glucosidase and sucrase is prepared by following Dahlqvist’s method (Dahlgvist,
1964). Ten microliters of enzyme solution is mixed with different concentrations of sample
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and incubated at 37°C for 10 minutes. Thereafter, the volume is made up to 210 uL with
maleate buffer at a pH of 6.0. Then to start the enzyme reaction when doing the assay for the
a-glucosidase inhibitory activity, 200uL of a 2mM solution of p-nitrophenyl-a-D-
glucopyranoside is added and the mixture is incubated for an additional 30 minutes at the same
temperature. The reaction is stopped by putting the mixture in boiling water for 5 minutes. The
absorption of free p-nitrophenol is read at 400 nm, after adding 1.0 mL of 0.1M disodium
hydrogenphosphate solution (Honda et al., 1993).

In the case of testing the sucrase inhibitory activity, the enzyme reaction is started by adding
100uL of 60mM sucrose solution and the mixture is incubated for 30 minutes before it is
terminated with 200uL of 3,5-dinitrosalysilic acid reagent and leaving the mixture in boiling
water for 5 minutes. For this particular activity, the absorbance is read at 540nm. All
experiments are carried out in triplicates and the percentage of the inhibition is calculated with

the aid of the formula:

Abs control—Abs sample

%inhibition = x100

Abs control

Abs control = absorbance of the control (without test sample)
Abs sample =absorbance of the test sample (Honda et al., 1993).

When using a method where the muscle is the target tissue for insulin, either the total uptake
of glucose (Chaudry et al., 1975), or the transport of 2-deoxy-glucose are measured (Gliemann,
1972; Foley et al., 1981; Miiller et al., 1993).

1.10. Antioxidant activity assay

Diseases like cancer, neural disorders, cardiovascular and Alzheimer’s are caused by free
radicals (Kinnula et al., 2004). Aging is also caused by free radicals. Antioxidants are used to
prevent diseases caused by free radicals. There is a variety of biological tests that can be done
to investigate the antioxidant activity of a compound under in vivo and in vitro assays (Alam
et al., 2013). In vitro methods include radical scavenging methods like the 1-diphenyl-2-
picrylhydrazyl (a,0-diphenyl-g-picrylhydrazyl) (DPPH) (Manzocco et al., 1998), peroxynitrile
(Kooy et al., 1994), superoxide (Robak et al., 1988) and hydroxyl radical scavenging activities
(Kunchandy et al., 1990). The percentage inhibition of all the methods are calculated using an
equation similar to the equation used when testing for sucrase inhibitory activity. Some of the
methods are discussed below:
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1.10.1. DPPH scavenging activity

When testing for this activity, 0.2 mL of the sample or compound is diluted in methanol then
2 mL of 0.5 mM of DPPH solution is added to this mixture. The absorbance is measured at 517
nm after 30 minutes. The antioxidant potential is evaluated by monitoring the change in optical
density of the DPPH radicals (Manzocco et al., 1998).

1.10.2. Hydroxyl radical scavenging activity

The reaction mixture containing 100uL of 28mM 2-deoxy-Dribose in 20mM KH2PO4KOH
buffer at pH 7.4, 500uL of sample, 200uL mixture of 1.04mM EDTA and 200uM FeCls (v/v)
in equivalent ratio, 100uL of 1.0mM H20> and 100uL of 1.0mM ascorbic acid, is incubated for
1 hour at a temperature of 37°C. After the incubation period, 1ml of 1% thiobarbituric acid
and 1.0ml of 2.8% trichloroacetic acid is added to the mixture and incubated for another 20
minutes at 100°C. The mixture is allowed to cool then the absorbance is measured at 532nm
(Kunchandy et al., 1990).

1.10.3. Superoxide radical scavenging activity

The superoxide anion radical is first generated and when the reaction has been initiated, the
absorbance is measured at 560nm against a blank. A reaction vessel is charged with 3.5ml of
16mM Tris-HCI buffer which has a pH of 8.0, 0.5ml of 0.3mM nitroblue tetrazolium, 0.5ml of
0.936mM NaOH solution and 1.0ml sample. To start the reaction, 0.5ml of 0.12mM phenazine
methosulfate solution is added to the reaction vessel and the mixture is incubated at 25°C for

5 minutes then the absorbance is measured (Robak et al., 1988).

1.10.4. Hydrogen peroxide scavenging assay

For testing this activity a 40mM solution of hydrogen peroxide is first prepared in a 50mM
phosphate buffer at pH 7.4 then the concentration of hydrogen peroxide is determined by
measuring the absorption at 230nm. Then the extract, which is usually between 20-60ug/ml, in
distilled water is added to the hydrogen peroxide and the concentration is determined again
after 10 minutes (Ruch et al., 1989).

1.10.5. Thiobarbituric acid method

To 1ml of the sample solution, 2ml of 20% trichloroacetic acid and 2ml of 0.67% of
thiobarbituric acid is added. The mixture is put into boiling water for a period of 10 minutes
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then it is cooled at 3000rpm for 20 minutes. The mixture is centrifuged and the absorbance
activity of the supernatant is measured at 552nm when it has reached its maximum (Ottolenghi,
1959).

Other in vitro methods include, nitric oxide scavenging activity (Marcocci et al., 1994), trolox
equivalent antioxidant capacity method (Seeram et al., 2006), metal chelating activity (Dinis
et al., 1994), N,N-dimethyl-p-phenylene diamine dihydrochloride (DMPD) method (Fogliano
et al., 1999), Ferric reducing-antioxidant power (FRAP) assay (Benzie et al., 1999), cupric ion
reducing antioxidant capacity method (CUPRAC) (Apak et al., 2008), hydroxyl radical
averting capacity (HORAC) method (Ou et al., 2002), total radical-trapping antioxidant
parameter (TRAP) method (Ghiselli et al., 1995), ferric thiocyanate (FTC) method (Kikuzaki
et al., 1991), oxygen radical absorbance capacity (ORAC) method (Prior et al., 2003) and
phosphomolybdenum method (Prieto et al., 1999). The B-carotene linoleic acid method
(Kabouche et al., 2007) and the xanthine oxidase method (Noro et al., 1983) uses a slightly

different formula to calculate the percentage inhibition.

As
% inhibition = [1 — (E)] x 100

1.10.6. In vivo methods

In vivo methods include, the ferric reducing ability of plasma (Benzie et al., 1996), reduced
glutathione (GSH) estimation (Ellman, 1959), glutathione peroxidase (GSHPx) estimation
(Wood, 1970), Superoxide dismutase (SOD) method (McCord et al., 1969), catalase (CAT)
(Aebi, 1984), y-glutamyl transpeptidase activity (GGT) assay (Singal et al., 1982), lipid
peroxidation (LPO) assay (Ohkawa, 1979) and the LDL assay (El-Saadani et al., 1989).

1.11. Introduction to molecular modelling

The interest in computational chemistry to integrate structural data of the target or receptor
sites to determine the structure that has the best chance of showing a particular activity at its
optimum has increased over the years (Laurie et al., 2005; Geppert et al., 2012; Valkov et al.,
2012). Molecular docking is a computational approach used to design a virtual grid of
fragments and screens them for the best fragments which are then grown or linked together to
optimize the fragments to obtain a lead compound (Kumar et al., 2012). The virtual grid that is
created is a library of different receptors and it is created using receptor 3D structures. The grid
is usually large enough to cover the entire region of interest on the receptor. After generating

the grid, the docking of ligand is performed by generating its different conformations using

15



different sampling methods. During the docking process, the ligand conformations are
randomly oriented and minimized (Miller Il et al.,1975; Laurie et al., 2005; Singh et al., 2011;
Neuvirth et al., 2004), and the best orientation that form a stable complex with the protein of
interest is determined (Lengauer et al., 1996; Huang et al., 2010). Different scoring functions
available in different docking programs are employed to select the best conformation. The
scoring functions calculate a binding score using either a force-field based, knowledge based
or empirical scoring function, depending on the docking program used (Kitchen et al., 2004).
Force-field based scoring functions which are usually more expensive than the other scoring
functions are designed on first principles according to the non-bonded interactions like van der
Waals and electrostatic interactions (Jones, 1924; Miller Il et al., 1975). Docking programs
that use force-field based scoring functions include DOCK (Ewing et al., 2001), AutoDock
(Morris et al., 1998) and GOLD (Verdonk et al., 2003).

Scoring functions like SMoG (DeWitte et al., 1996), PMF score (Muegge et al., 1999) and
DrugScore (Gohlke et al., 2000) use the knowledge based scoring functions in which the
frequency and distance between experimental protein-ligand are determined from their
interactions. In this case, if interactions occur frequently, then that interaction is more likely to
be considered. The interactions are then converted into a scoring function. Priority is given to
attractive interactions over repulsive interactions. Unlike force-field based scoring functions,
knowledge based scoring functions are computationally cheap, fast and simple (Miller 111 et
al., 1975).

Like knowledge based scoring functions, empirical scoring functions are inexpensive and easy
to use. Empirical scoring functions are based on fitting together the data from receptor-ligand
complexes with known binding affinities (Miller 111 et al., 1975). Liu et al used an algorithm
to determine the protein-DNA binding sites that can be used in chromatin-immunoprecipitation
microarray experiments (Liu et al., 2002). The best way to describe the binding in docking
studies is to look at the protein or target as a lock and the ligand or any other receptor as a key.
When you are docking you are trying to find the best orientation of the key that will unlock the
lock (Jorgensen, 1991; Levinthal et al., 1975; Wodak et al., 1978; Kuntz et al., 1982; Salemme,
1976).

It is worth noting that docking, when used alone, is not 100% accurate because scoring
functions are accurate within a certain time frame that allows the screening of a certain amount

of receptors. It is highly recommended that after docking methods like molecular dynamics
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and molecular mechanical/ generalized born surface area should be used to confirm the results

since these are more accurate (Plewczynski et al., 2011).

1.12. Aim and objectives

The coumarins have great potential to act as anti-diabetic agents in addition to their diverse
wide spectrum of biological activities. For example, the coumarins isolated from many
medicinal plants such as Aegle marmelos (Mamun-or-Rashid et al., 2014), Zanthoxylum
schinifolium (Nguyen et al., 2016) and Persea americana (Lima et al., 2012), have shown
promising activity against diabetes. Similarly, the synthetic biscoumarins (Zawawi et al., 2015)
or those thiazole pharmacophoric unit (Wang et al., 2015) have shown impressive anti-diabetic

activity.

Hence, the aim in this work was to synthesize a variety of functionalized coumarins and to test
their anti-oxidant and anti-diabetic activities. Another motivation for this work originated from
a report where the presence of hydroxyl substituent at position 4 was observed to display
moderate inhibitory activity for a-glucosidase enzyme (Shen, 2010). It was envisaged that the
replacement of —OH group/s in the coumarin ring with the hydrophobic moieties such as the
alkyl group might increase its activity by promoting their interactions with the hydrophobic

cavity of a-glucosidase.

Objectives:

1. To synthesize —OH substituted coumarins.

2. To perform single and double O-alkylation of coumarins.

3. To synthesize few fluorine-containing 4-methylcoumarins.

4. To evaluate the synthesized coumarins for their antidiabetic and antioxidant activities
under in vitro conditions.

5. To perform in silico docking simulations to determine the binding modes of compounds

in the catalytic site of a-glucosidase.

Different recently published articles on the synthesis and biological activities of coumarins are
discussed in chapter 2. The details of experimental procedures and computational methods are
provided in chapter 3, whereas the detailed discussion of both synthetic and experimental
results is shown in chapter 4. Finally, the key findings of this study are summarized in chapter

5 along with relevant recommendations for future work.
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CHAPTER 2
Literature review

2.1. Past work on the coumarin and 4-methyl coumarin derivatives.

A careful review of the recent synthetic approaches employed by researchers worldwide to
prepare new coumarin analogues was conducted and discussed along with their biological
activity profiles (wherever applicable) and relevant structure activity relationship (SAR) in the

following sections.
2.2. 4-Methylcoumarins with antioxidant activity

A variety of functionalized coumarins were synthesized using 7-hydroxy-4-methylcoumarin
(31) as a precursor (Scheme 2.1), and tested for their antioxidant activities. The treatment of
31 with methylbromoacetate yielded methyl-((4-methyl-2-oxo-2H-chromen-7-yl) oxy) acetate
(32) which upon reaction with hydrazine hydrate resulted in 2-((4-methyl-2-oxo-2H-chromen-
7-yl) oxy) acetohydrazide (33). The reaction of 33 with KSCN resulted in 34 which after
cyclization in the presence of a base formed triazole substituted coumarin (37). Similarly, the
treatment of 33 with CS; and acetylacetone resulted in the oxadiazole (35) and pyrazole (36)
tagged coumarin analogues, respectively. An aldehyde moiety in 38 was introduced at 4-
position by the oxidation of 31 with SeO», and utilized in condensation with o0-aminothiophenol
to yield 39 in good yields. 7-hydroxy-2-oxo-2H-chromene-4-carbaldehyde (38) and 4-(benzo
[d] thiazol-2-yl)-7-hydroxy-2H-chromen-2-one (39) exhibited potent scavenging activity
compared to the standard drug (Vitamin C) (Al-Amiery et al., 2015).
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Scheme 2.1. Synthetic route for 4-methylcoumarin derivatives.
2.3. 4-Methylcoumarins with antimicrobial activities.

In another similar study, the 6-hydroxy-4-methylcoumarin (40) was prepared from
hydroquinone and ethyl acetoacetate, and alkylated with ethyl bromoacetate to give the
corresponding ester (41) (Scheme 2.2). The coupling of 41 with different amidoximes yielded
its hybrids with imidazoles (42) in high yields. Amongst the synthesized compounds, 42a, 42e
and 42f displayed good bacterial activity against the S.aureus and E.coli strains, even better
than ampicillin. Both 42e and 42f also showed good antifungal activity for A.terreus and

R.solani compared to the standard drug clotrimazole (Krishna et al., 2015).
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Scheme 2.2. Synthesis of 4-methylcoumarins with aryl groups.

The ethyl 2-(4-methyl-2-oxo0-2H-chromen-7-yloxy) acetate (43) was prepared by refluxing a
mixture of 7-hydroxy-4-methylcoumarin (31) with ethyl chloroacetate in the presence of
anhydrous potassium carbonate, and transesterified to 44 using different alcohols (Scheme
2.3.1) (Zayane et al., 2015). The in vitro antibacterial testing further revealed the compounds
44b and 44e to be the most active against P.savatonoi with inhibition zones (1Z) of 11mm and
13mm, respectively, although weaker relative to ampilcillin (1IZ = 22mm). Similarly, the two
compounds 44a (I1Z = 10mm) and 44d (13mm) which were found to be potent anti-fungal
activity against A.niger exhibited weaker activity in comparison to the standard compound

carbendazime (IZ = 32.5mm).

CH, CH, CH,

) CICH,CO,Et X 1) NaOH X
J— . \/O —_—> RO
HO 070 K,CO,/DMF o 0 N0 2)HC N o 0 X0

reflux, 5 hr o 3) I,, ROH (excess) e}

3 43 (70%) reflux, 1 hr 30 min 44 a-f

(40-55%)
OH
dR=
a)R= Ho)\”” \E\
b)R= NN OH

IR= A~ T A

)R O/‘-V“

Scheme 2.3.1. Synthesis of esterified coumarins.
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In another investigation (Scheme 2.3.2), ethyl 2-(4-methyl-2-0x0-2H-chromen-7-yloxy)
acetate (43) was reacted with hydrazine hydrate to yield 2-(4-methyl-2-oxo0-2H-chromen-7-
yloxy) acetohydrazide (44), which was coupled with few aromatic aldehydes to form imines
46 (Zayane et al., 2015). A thiourea analogue (47) was also prepared by refluxing 45 with
phenyl isothiocyanate in dry dioxane. All the compounds (46-47) showed weaker activity (1Z
= 8.5 to 11mm) against Pseudomonas huttiensis relative to the ampicillin (1IZ = 18mm). In their
antifungal activity evaluation, only compounds 46 were found to be active. The antifungal
activity of the compounds 46a-c showed activity against Aspergillus niger with inhibition

zones of 9, 10.5 and 11mm, respectively.

CH, CH;
\/O\[(\O 0 o0 EtOH/Reflux H2N'N\[(\O o0~ 0
0 2 hr o)
43 45 (63%)
PhNCS 0
Dioxane/Reflu H J\ Ar
24 hr
EtOH/Reflux
CHs 1 hr
= S CH;
N
0”0 o/\[( NTON H =
H H N
0 ATSNTY N0 0 o
47 (86%) 0
a) Ar = p-N(Me), CcH, 46 a-c (80-85%)

b) Ar = 3,4-di(MeO) CcH;
c) A r=p-tBu C4H,

Scheme 2.3.2. Synthesis of imines.

The refluxing of 2(2-((4-methyl-2-o0x0-2H-chromen-7-yl)oxy) acetyl)-N-
phenylhydrazinecarbothioamide (47) under basic conditions led to the formation of
triazolethione (48) in low yields (Scheme 2.3.3.) (Zayane et al., 2015). On the other hand, a
thiadiazole (49) was obtained in 82% yield when the same starting material (47) was reacted
with H2SO4 at room temperature. The in vitro antibacterial evaluation studies further revealed
that the conversion of 47 into a triazolethione and thiadiazole led to the decrease in its activity

against Pseudomonas huttiensis with inhibition zone (IZ) from 11mm to 9 and 9.5mm,
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respectively. Similarly, no significant change in the antifungal activity of 47 against A.flavus

and A. niger was observed after its transformation.

ref Tux

ZD\ 48 (35%)
= q S /@
0”0 OWN‘ A

N~ H
H N CH
o) 3
. H,SO0, /rt =
L =
N
0”0 07 N
N
e
49 (82%) \H

Scheme 2.3.3. Synthesis of a triazolethione and a thiadiazole.

Two sets of hybrids (Scheme 2.3.4) of coumarin with pyrazoles and pyrroles were synthesized
by refluxing 45 with different diketones in ethanol (Zayane et al., 2015). The three compounds
(50, 52 and 52) displayed potent activity against A. tumefasciens with 1Z values of 9, 10.5 and
11mm. Compounds 52 and 53, on the other hand, were active against P. savatonoi.
Additionally, compounds (50, 51, 52 and 53) showed good antifungal activity against A. niger
with inhibition zone value of 10, 9.5, 11 and 11mm, respectively.

CH,

£y
0 070 O/H(N‘NH2
(@) (@) O
Ay . T
(@)

CH,
N.
0”0 O/\[( N 0”0 o/\(
50 (45%) 51(55%) Oso
CH3
o) O/\r i@ Jjj@\
52 (60%) 53 (20%)

Scheme 2.3.4. Synthesis of pyrazole and pyrrole derivatives.
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Different esterified coumarins (55) were synthesized by the I,-assisted esterification of 54 with
different alcohols (Scheme 2.4.1) (Medimagh-Saidana et al., 2015). In parallel, the coumarin
Schiff-bases (57a-f) were also synthesized by the condensation reaction of 56 with different
aromatic aldehydes (Scheme 2.4.2). The antibacterial activity of the synthesized compounds
tested against Pseudomonas sp. (Pa 499) and Bacillus sp. (Bp 420) suggested the 55f, 55h and
57e to be good against Pseudomonas sp. (Pa 499) with the respective inhibition zones 5,5 and
8mm, although lower than ampicillin (IZ = 20mm). Only compound 55i was found to be active
against Bacillus sp. with 1Z value of 6mm when the compounds were tested for their antifungal
activity against Aspergillus niger, Botrytis cinerea and Fusarium oxysporum f. sp. lycopersici.
Except 55a, 55e, 57a and 57f, all the remaining compounds showed good activity against
Fusarium oxysporum f. sp. lycopersici with inhibition zones between 11 and 16mm, better than
the standard drug carbendazim (I1Z =10mm).

T T CH;
1) NaOH (5%
—_— - =
O
HO 0 X0 DMF/reflux >~ m/\o 0" Yo 2HC HOWAO 0 X0
© O
31 43 (72%) 54 (67%)
CH,4
X
I, / reflux .
54 + R—OH OR\[(\
— > (0] O O
0 55 a-j (22-79%)
a)R'= \)\/‘% HR'= YLW
HR= HO T PR = A~
OR= HOJ\/% h)R'= M

OH

M ) D
d)R'= R'=
OH
= N .
IR IR = O/%

Scheme 2.4.1. Esterification reaction of 7-O-substituted coumarin.
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Scheme 2.4.2. Synthesis of imines with aryl groups.

2.4. Coumarins with photochromic properties

A series of bis-spiropyrans (60) were synthesized by condensing 3H-indolium perchlorates 58
with 6,8-diformyl-5,7-dihydroxy-4-methylcoumarin (59) in the presence of trimethylamine in
moderate yields (Scheme 2.5)(Nikolaeva et al., 2015). When the bis-spiropyran in spirocyclic
form 1S (ground state) were irradiated, different merocyanine forms (1SM, 1MS, 1MM) were

formed. These compounds in the merocyanine form either had one or two cyclic rings opened.

_R2
M OH Me
e Et;N, 2-PrOH
RZ Me OHC SN 3 Rz Me
>—Me t A ,5h,40-55% Me
Nt ~ HO 0~ 0
\ C104
R! CHO
58
59

a,d)R'=Me, e) R! =Bn, a,¢) R>=H, b) R?= Me, ¢) R*=Cl, d) R*=NO,

Scheme 2.5. Synthesis of bis-spiropyrans.
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2.5. Coumarin derivatives with catalytic activity

In another report (Aleksanyan et al., 2014), a thiophosphorylated imine 67, initially prepared
from the condensation between 65 and o-(diphenyl-thiophosphoryl) aniline, was utilized in
chelation reactions to form metal-complexes (68 and 69) with Re and Pd (Scheme 2.6). The
ligand in these complexes acted as a tridentate utilizing its heteroatoms (O, N, and S) in the
metal chelation process. When the o-(diphenyl-thiophosphoryl) aniline and compound 65 were
reacted with copper (11) acetate, copper (I1) bis(hydroxylate) complex (70) was obtained as a
product. However, the similar reaction with zinc acetate led to the formation of k3-O,N,O-

complex (71) which had two anions of the ligand coordinated to the zinc atom.

X X
CHs o
|_Ph HO 0" Yo Re(COsBr 0 0 Yo
S . PSg  HCOOH (PdCI(NCPh),) Mo
= - 5 M.
o o ——> N% N

s
1 _Ph
NH, P P
07 H P
66 67
65 68,69

69: M=Re, Ln= (CO)3, yield is 91%
70: M=Pd, L= Cl, yield is 55%

I_Ph
A P
+
HO 0~ o NH,
0 H
65 66
CHs
[o) _Q 0 (0] /Ph
) ol A o /=N P-Pn
\ d b_ (0] \ \ /O CH;
o) O0—-Zn—0 \
HC 70% HaC /

Scheme 2.6. Synthesis of metal containing 4-methylcoumarins.

The synthesis of 4-methylcoumarin-7-O-B-D-glucoside (72) was reported (Duo et al., 2015)
from the reaction between 7-hydroxy-4-methylcoumarin (31) and tetra-O-acetyl-a-D-glucosyl
bromide (Scheme 2.7). The coupling of 72 with long-chain fatty acids via enzymatic
esterification using immobilized lipase (Novozym 435) afforded 73 in good yields (54-70%).
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b)  Tetra-O-acetyl-a-D-glucosyl bromide, CHCI;, K,CO3, tetrabutylammonium bromide (TBAB), 50-60°C.
¢) CH;OH, Na, r.t.
d)  Long chain fatty acids, Novozym 435, acetone/pyridine, 3A molecular sieves, 40-50°C.

Scheme 2.7. Synthesis of 4-methylcoumarins with long chain fatty acids.
2.6. 4-Methylcoumarins with antibacterial activity.

The oxirane ring (75), formed as an intermediate in the reaction between 7-hydroxy-4-
methylcoumarin (prepared using Pechmann reaction) and epichlorohydrin in the presence of a
base, was nucleophilically opened with different amines to synthesize a range of coumarinyl
amino alcohols (76) (Scheme 16) (Singh et al., 2015). All the compounds synthesized were
then tested for their antibacterial activity against B. subtilis, P. aeruginosa, E.coli, K.
pneumoniae, P. vulgaris and S. aureus strains, using novobiocin and erythromycin as
standards. Compound 76e exhibited potent activity against E. coli (MIC = 16ug/mL) two-fold
higher than erythromycin (MIC = 32 pg/mL) and novobiocin (MIC = 30pg/mL). Additionally,
76e exhibited potential activity against K. pneumoniae (MIC= 6.25ug/ml) where erythromycin
was resistant and novobiocin showed lower activity (MIC = 25ug/ml). The testing of all
compounds for their antifungal activity against C. albicans, C. terreus and S. cerevisiae

revealed the compound 76e to be most active against S. cerevisiae (MIC=3.125 pg/ml) better
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than the standard drug amphotericin B (MIC=12.5 pg/ml). Compound 76i also showed a good
activity against C. albicans (MIC= 6.25ug/ml) and S. cerevisiae (6.25 pug/ml.

QM—»@ Am

- m
—_— > R.
N 0 0”0
1
RTOH 76(a-j) (56-80%)
1IN\ — —
) RR'N= [>—NH f)RR'N = CH,(CH,),NH-
N — —
b) RR'N = QNH g) RRIN=CH;(CH,);;NH-
©) RRIN = < : _ h) RRIN =  CH3(CH,);sNH-
ORRIN= /N i) RRIN = CH;(CH,);CH=CH(CH,)sNH-

jH)RR!N= COOH(CH,);NH-
¢) RR'N = CH;3(CH,);NH-

Reagents and conditions: a) conc. H,SOy,, 0°C, 24h b) epichlorohydrin, K,CO;, reflux c) RRNH, ethanol, r.t., 4-6h.

Scheme 2.8. Synthesis of nitrogen containing 4-methylcoumarins.
2.7. 4-Methylcoumarins where no activity was tested.

A comparative study (Rajabi et al., 2015) was recently conducted to synthesize 4-
methylcoumarins (79) from a phenol with a B-ketoester in the presence of a catalyst Co/SBA-
15, under solvent and solvent-free conditions (Scheme 2.9.1). It was discovered that the
coumarins can be obtained in higher yields (>90%) under solvent-free conditions, and was
employed to synthesize a variety of similar coumarin derivatives (82) using different phenols
(80) (Scheme 2.9.2).

OH CH;
OH 0 0 Co/SBA-15 (0.1 mol%) AN
+ -
M OAc Solvent-free, 110°C, 3 hr o X0
OH
78
79

Scheme 2.9.1 Synthesis of 8-hydroxy-4-methylcoumarin.
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Scheme 2.9.2 Synthesis of 4-methylcoumarin via a Co/SBA-15 catalysed reaction.

d) R=

Similar green approach was used in another study (Tahanpesar et al., 2015) to prepare different
4-methylcoumarins from phenols with a B-ketoester in the presence of a catalyst using

Sawdust-SOsH as a catalyst (Scheme 2.10). The catalyst was found to be inexpensive, efficient,
and recyclable for such reactions.
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Scheme 2.10. Synthesis of 4-methylcoumarin via a sawdust-SO3zH catalysed reaction.

Two different series of o-substituted coumarin derivatives (86, 87) were synthesized by

employing a three-component reaction between 7-hydroxycoumarins, acetylenic diesters and

aryl aldehydes in the presence of trimethylamine in tetrahydrofuran (Scheme 2.11) (Asghari et

al., 2015).

R CO,R!
joo WY
HO 0 o

CO,R!
R=CHj, CF; R'=Me, t-Bu
30 84

NEt,

| dry THF, r.t.

X=4-NO,, 2-NO,, 4-CN,
4-CF3, H, 4-CH;, 4-OCH;,
4-F, 4-Cl, 4-Br.

85

Scheme 2.11. Preparation of o-substituted coumarin derivatives.
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In a recent communication (Farahi et al., 2015), a series of sulfonamide-tagged coumarins (90)

was reported from the reaction of N-sulfonyl

imines (89) with 5,7-dihydroxy-4-
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methylcoumarin (88) using ag. NaOH (40%) as a base. The N-sulfonyl imines in turn were

prepared by the condensation reaction between p-toluensulfonamide and different aromatic

aldehydes.
OH
OH N
NSO,Ar'  NaOH
N — >
H “Ar CH,OH HO 0~ o
HO O O reflux
88 89 Ar'O,SHN™ MAr
Ar' = 4-CH;-Ph 20

Ar = Ph, 4-Br-Ph, 4-Cl-Ph, 4-NO,-Ph, 4-CH;-Ph, 4-OCH;-Ph

Scheme 2.12. Synthesis of sulfonamide-containing coumarins.

Gadakh et al. synthesized substituted methylcoumarins by reacting B-substituted acrylates with
substrates containing electron-donating and electron-withdrawing groups via C-H bond

activation using Rh2(OAc)s as a catalyst (Scheme2.13).

OH R!
N O\H/ o Rh,(OAc), (Z.Smol"f) | N X
R/l =~ O T come 98% HCO,H (Iml) NF
o LH (1ml) R 0~ o
91 92 NaOAc (1.5 equiv) 93 (70-88%)
R=alkyl, alkoxy, Br, NO,, OH 3-11h, 100°C
R!=Me

Scheme 2.13. Synthesizing 4-methylcoumarins from B-substituted acrylates.

2.8. Coumarins with phytotoxic activity

The 6-methoxy-4-methylcoumarin 95 was obtained by refluxing a mixture of ethyl acetoacetate
and 4-methoxyphenol in the presence of HSO4 (80%) (Scheme 2.14) (Pan et al., 2015). The
7-amino-4-methylcoumarin analogue (97), on the other hand, was synthesized in the presence

of a Lewis acid (zinc chloride) using m-aminophenol and ethyl acetoacetate as starting

materials.
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Reagents and conditions: (a) ethyl acetoacetate, 80% H,SO,, 100°C.
(b) ethyl acetoacetate, ZnCl,, 80°C

Scheme 2.14. Synthesis of simple 4-methylcoumarins.
2.9. Coumarins with cytotoxic activity

The microwave-assisted synthesis of three coumarins (99a-c) was achieved by reacting
substituted phenols (98) with ethyl acetoacetate. Subsequently, the synthetic potential of 114
was explored with a range of electrophiles to afford the 7-O-substituted coumarins in high
yields (Scheme 2.15). Compound 31 reduced cell viability by 24.14% and the cell count by
44.52% at a concentration of 50uM (Vianna et al., 2015).
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Reaction conditions: i) allyl bromide, K,CO3, MeCN, 70W, 70°C, 15min, 81%.
ii) ethyl 2-bromoacetate, K,CO3, MeCN, 70W, 70°C, 15min, 85%.
iii) tosyl chloride, Et;N, MeCN, 70W, 70°C, 20min, 99%.
iv) benzyl bromide, K,CO3;, MeCN, 70W, 70°C, 20min, 93%.

Scheme 2.15. Synthesis of 7-hydroxy-4-methylcoumarin derivatives.

In other similar study (Li et al., 2015), 7-hydroxy-4-methylcoumarin 31, synthesized from
resorcinol 25 and ethyl acetoacetate (Scheme 2.16.1), was coupled with 3-bromopropionic acid
in the presence of a base to yield 3-(4-methyl-2-ox0-2H-chromen-7-yloxy) propanoic acid 103.
In parallel, the substituted benzaldehydes 104 were reacted with O, O’-dialkylphosphite to
form O, O’-dialkyl ((N-(phenylmethylene)-a-amino)-a-(substituted phenyl) methyl)
phosphonates 105 which upon acid hydrolysis yielded the corresponding free bases 107. The
coupling of a-aminophosphonates with 7-hydroxy-4-methylcoumarins was then performed to
obtain different phosphonated coumarins 108 (Scheme 2.16.2). The cytotoxicity evaluation of
the compounds revealed that the compounds bearing -CHz and Phenyl substituents as R; and

R2 were the most potent agents with the activity 11 to 12 fold higher than the lead compound
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4-methylcoumarin. Moreover, the increasing order of cytotoxicity was; methoxy > bromine >

chlorine > fluorine, when these substituents were on the phenyl group.

CH,

BrCH,CH,COOH AN
HO OH ethyl acetoacetate X e - HOOC m
- = o
~"0 )
(6) O

NaHSO,.H,0, 110°C HO Me,CO, K,CO3, 56°C
25 31

103

Scheme 2.16.1.Synthesis of 3-(4-methyl-2-0x0-2H-chromen-7-yloxy) propanoic acid.

R 0
R2 20
O NH, Ac S=NIR! HCI CIH;N i P” Ot
— > R! ? OEt
2
R! R 0 O=P—OEt
104 EtO_Z_H Ot 106
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H,0
<«——  HNRPC
EtO— PJ\ )v 0 EDAC,HOBt */ OEt
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Scheme 2.16.2. Synthesis of coumarins containing aminophosphonates.

2.10 Coumarins with antifouling properties.

The synthesis of 7-hydroxy-4-methylcoumarin, in another report (Perez et al., 2016) was
accomplished from resorcinol and ethyl acetoacetate using the HiaNaPsW30O110 Preyssler
heteropolyacid in equivalent ratio. The 7-hydroxy-4-methylcoumarin synthesized showed

some antifouling properties against micro and macrofoulers.

CH,

O O H;4NaPsW3,0 X
" M -
HO OH O 130°C, lhr ~ HO 0~ Yo
109
110 111 (92%)

Scheme 2.17. Synthesis of 7-hydroxy-4-methylcoumarin via the Pechmann reaction.
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CHAPTER 3
Experimental Section

3.1. General experimental procedure

All chemicals (laboratory grade) and solvents used in this study were purchased from Sigma
Aldrich and Merck, and used as such without any further purification. The moisture sensitive
reactions were carried out under nitrogen atmosphere. Dimethylformamide was dried for 12
hours using molecular sieves 3A which were preheated at 250°C to regenerate them. The
progress of reactions and the purity of the compounds were determined using aluminium
backed TLC plates (Kieselgel 60 F254 plates) that were purchased from Merck. The spots were
visualized using ultraviolet light with a short wavelength of 254nm. The Nuclear magnetic
resonance (NMR) analysis was recorded on a Bruker AVANCE 111 400 MHz spectrometer
(399.995 MHz for *H and 100.4296 MHz for $3C). 1°®F NMR spectra for fluorine-containing
compounds were also recorded at 376.4 MHz. Chemical shifts (3) were reported in parts per
million (ppm). The solvents used for NMR analysis were deuterated chloroform and dimethyl
sulfoxide-ds. The chemical shifts for *H and *3C are referenced to CDCls at 7.24 ppm and CDCls
at 77.23 ppm or DMSO-ds at 2.50 ppm and DMSO-dg at 39.51 ppm. The 2D NMR experiments
such as HSQC, HMBC, COSY and NOESY were conducted with 4 K x 128data points (t2 x
t1). The spin multiplicities are abbreviated as follows: singlet (s), broad singlet (bs), doublet
(d), doublet of doublets (dd), doublet of doublet of doublet of doublets (dddd),triplet (t) and
triplet of triplets (tt). The NMR data was analyzed using TopSpin 3.1 software (Bruker).
Melting points of compounds were determined in an electrothermal melting point apparatus
(Electrothermal 1A9100) using sealed capillary tube, and are uncorrected. Infrared spectra were
recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer with universal ATR sampling
accessory. High resolution mass data were obtained for novel coumarins using a Bruker
microTQF-Q Il ESI instrument which is operated at ambient temperatures. The concentration

of each sample used in HRMS analysis was approximately 1 ppm.
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3.2.1. Synthesis of 4-methylcoumarins (A-C)

Approximately 5.0 grams of a phenol (phloroglucinol/resorcinol/ orcinol) was dissolved in 6ml
of ethyl acetoacetate. The solution was then poured slowly into 20ml sulfuric acid at 0°C in
such a way that the temperature of the reaction does not rise above 10°C. After the complete
addition, the reaction mixture was allowed to stir for 30 minutes at room temperature. The
reaction progress was monitored using thin layer chromatography (TLC). After the completion
of the reaction, the mixture was poured into crushed ice to precipitate the solid product, and
then filtered under suction. The crude product was recrystallized from ethanol. The respective
yield of compound A, B and C was 71%, 88% and 60%, respectively.

7-hydroxy-4-methyl-2H-chromen-2-one (A)

o Physical description: Cream white crystals
5 44 Cﬁh Molecular formula: C10HsOs3
m Molecular weight: 176.17 gmol*
Pll(? g 829" Ol Percentage yield: 71%
Rrvalue: 0.44

Melting point:190.0-192.0 °C; FT-IR data: vmax(cm™): 1664.42 (C=0 stretch), 1595.90
(aromatic ring), 3432.15 (O-H stretch), 3095.33 (C-H stretch); 'H NMR data (400MHz,
DMSO-ds): & 10.5 (bs, 1H, OH), 7.57 (dd, 1H, J = 8.44, 2.48 Hz, H-6), 6.79 (d, 1H, J = 8.64
Hz, H-5), 6.69 (s, 1H, H-8), 6.11 (s, 1H, H-3), 2.50 (d, 3H, J=0.92 Hz, H-9); 13C NMR data
(100MHz, DMSO-ds): 6 161.1, 160.2, 154.8, 153.5,126.6, 112.8,111.9, 110.2, 102.1 and 18.1.

7-hydroxy-4,5-dimethyl-2H-chromen-2-one (B)

Physical description: Light brown crystals

12H3 C9H3 Molecular formula: C11H1003
S \4 3 Molecular weight: 190.20 gmol*
HO ! 6n 0 20 Percentage yield: 88%
= ! Rsvalue: 0.54

Melting point: 248.0-250.0 °C; FT-IR data: vmax(cm™): 3377.12 (O-H stretch), 2986.37 (C-
H stretch), 1650.78 (C=0 stretch), 1598.61 (aromatic ring), 1249.99 (C-O stretch); 'H NMR
data (400MHz, DMSO-ds) 8 10.5 (s, 1H, OH), 6.61 (s, 1H, H-6 or H-8), 6.56 (s, 1H, H-6 or
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H-8), 6.04 (d, 1H, J=1.16 Hz, H-3), 2.53 (s, 3H, H-9 or H-10), 2.27 (s, 3H, H-9 or H-10); 13C
NMR data (100MHz, DMSO-ds): 6 159.8, 156.4, 154.8, 154.5, 142.7, 111.8, 111.7, 107.7,
106.5, 23.4 and 21.1.

5,7-dihydroxy-4-methyl-2H-chromen-2-one (C)
Physical description: Light brown crystals

10
OH C

9
I}s Molecular formula: C1gHsO4
N

Molecular weight: 192.17 gmol*

~N
[
o
oo
o W

HO
11

a? O| Percentage yield: 60%
Rfvalue: 0.25

Melting point: 282-284 °C; FT-IR data: vmax(cm™): 3410.09 (O-H stretch), 2934.32 (C-H
stretch), 1663.83 (C=0 stretch), 1616.02 (aromatic ring), 1237.10 (C-O stretch); 'H NMR data
(400MHz, DMSO-dg): 8 10.5 (s, 1H, OH), 10.3 (bs, 1H, OH), 6.25 (d, 1H, J=2.36 Hz, H-6 or
H-8), 6.16 (d, 1H, J =2.36 Hz, H-6 or H-8), 5.83 (d, 1H, J =0.72 Hz, H-3), 2.48 (d, 3H, J =0.68
Hz, H-9); *C NMR data (100MHz,DMSO-ds): & 160.9, 160.1, 157.9, 156.4, 154.9, 108.7,
102.0, 99.2, 94.5 and 23.4.

g 8

3.2.2. Acetylation of 4-methylcoumarins (A-C)

Approximately 0.5g of the 4-methylcoumarin (A or B) was dissolved in acetic anhydride (3eq)
and refluxed in 2ml of acetic acid for 1 hour. For 4-methylcoumarin C, the acetic anhydride
was comparatively used in excess (7eq). After completion of the reaction (monitored by TLC),
the contents of the flask were poured into crushed ice. The solid product obtained was filtered
and washed with hexane. The percentage yield of compounds A1, B1 and C1 were 81, 75 and

97 respectively.

4-methyl-2-0x0-2H-chromen-7-yl acetate (Al)

9 Physical description: White solid
S 40 4 Molecular formula: C12H1004
0 3 N 32 Molecular weight: 218.21 gmol*
11)1%() g 8a ? O | Percentage yield: 81%
Rrvalue: 0.48

Melting point: 150.0-152.0 °C; FT-IR data: vmax(cm™): 3054.06 (C-H stretch), 1756.20
(C=0 stretch), 1698.76 (C=0O stretch),1623.90 (aromatic ring), 1154.90 (C-O stretch); H
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NMR data (400MHz, DMSO-ds):  7.82 (d, 1H, J=8.60 Hz, H-5), 7.26 (d, 1H, J=2.12 Hz, H-
8), 7.18 (dd, 1H, J=2.12, 8.60 Hz, H-6), 6.39 (s, 1H, H-3), 2.44 (d, 3H, J=0.56 Hz, H-9), 2.31
(s, 3H, H-11); 13C NMR data (100MHz, DMSO- dg): & 168.8, 159.6, 153.5, 152.9, 152.8,
126.4, 118.4, 117.5, 113.7, 110.1, 20.8 and 18.1.

4,5-dimethyl-2-oxo0-2H-chromen-7-yl acetate (B1)

10 o Physical description: White fluffy solid
SCHAfa CI4{3 Molecular formula: C13H1204
X3 , )
)(J)\ ] , | Molecular weight: 232.23 gmol *
5 1107 ka ? O | Percentage yield: 75%

Rrvalue: 0.51

Melting point:192.0-193.7°C; FT-IR data: vmax(cm™): 3053.83 (C-H stretch), 1728.26 (C=0
stretch), 1623.24 (aromatic ring), 1213.62 (C-O stretch); *H NMR data (400MHz, CDCls): &
7.06 (s, 1H, H-8), 6.79 (d, 1H, J=0.84 Hz, H-6), 6.17 (s, 1H, H-3), 2.47 (d, 3H, J=1.12 Hz, H-
10), 2.42 (s, 3H, H-12), 2.37 (s, 3H, H-9); 13C NMR data (100MHz, CDClz): § 169.3, 159.0,
153.9, 151.2, 147.3, 142.6, 120.7, 115.3, 114.9, 110.9, 21.9, 21.1 and 20.7.

4-methyl-2-ox0-2H-chromene-5,7-diyl diacetate (C1)

0 Physical description: White solid
13)150 3H3 Molecular formula: C14H120e
o 6 285 | Molecular weight: 276.24 gmol™
00 ’ a0 20 Percentage yield: 97%
! : Rrvalue:0.48

Melting point:116.3-117.9 °C; FT-IR data: vmax (cm™): 2939.44 (C-H stretch), 1732.73 (C=0
stretch), 1616.11 (aromatic ring), 1198.43 (C-O stretch); 'H NMR data (400MHz, DMSO-
ds): 6 7.22 (d, 1H, J=2.12 Hz, H-6), 7.08 (d, 1H, J=2.40 Hz, H-8), 6.38 (d, 1H, J=1.08 Hz, H-
3), 2.45 (d, 3H, J=0.96 Hz, H-9), 2.36 (s, 3H, H-11 or H-13), 2.29 (s, 3H, H-11 or H-13); 13C
NMR data (100MHz, DMSO-ds): 6 169.0, 168.5, 158.7, 154.4, 151.9, 151.0, 148.1, 115.7,
114.3,111.3, 108.4, 21.9, 21.1 and 20.8.

3.2.3. Alkylation of 4-methylcoumarins (A-C)

Approximately 1.0 gram of 4-methylcoumarin (A/B/C) was dissolved in dry DMF. The
activated K>COz (1eq for A and B and 2eq for C) was then added under nitrogen. After stirring
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the reaction mixture for 10 minutes, the alkyl halide (1eq for A and B and 2eq for C) was added
at 0°C. The reaction mixture was allowed to stir for 18-24 hours at room temperature. The
progress of the reaction was monitored using TLC (50% ethylacetate-hexane mixture). After
completion, the mixture was poured into crushed ice, and the solid product was obtained
through filtration. The O-alkylated coumarins (A2-Al13, B2-B14 and C2-C12) were obtained
in good yields.

7-methoxy-4-methyl-2H-chromen-2-one (A2)

Physical description: Cream white solid

3 Molecular formula: C11H1003

10 Molecular weight: 190.20 gmol*

~o

~N
o W

8a @)

Percentage yield: 81%

Rrvalue:0.66

Melting point:159-160 °C; FT-IR data: vmax(cm™): 3069.40 (C-H stretch), 1727.97 (C=0
stretch), 1606.65 (aromatic ring), 1071.57 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): & 7.67 (d, 1H, J=8.40Hz, H-5), 6.96-6.94 (m, 2H, H-6/8), 6.20 (s, 1H, H-3), 3.85 (s, 3H,
H-10), 2.39 (s, 3H, H-9); *C NMR data (100MHz, DMSO-ds): 6 162.3, 160.1, 154.7, 153.4,
126.4,113.1, 112.0, 111.1, 100.7, 55.9 and 18.1.

9
CH
5 42 |4
AN
O
8

7-ethoxy-4-methyl-2H-chromen-2-one (A3)

Physical description: White solid

9
] 5 4a CT Molecular formula: C12H1203
3 :
10 m Molecular weight: 204.22 gmol*
-0 0 0
1

Percentage yield: 81%

Rrvalue:0.67

Melting point:106-108°C; FT-IR data: vmax(cm™): 2986.02 (C-H stretch), 1732.66 (C=0),
1624.07 (aromatic ring), 1143.61 (C-O stretch); *H NMR data (400MHz, DMSO- dg): & 7.66-
7.64 (d, 1H, J=9.2 Hz, H-5), 6.94-6.92 (m, 2H, H-6/8), 6.18 (d, 1H, J=1.16Hz, H-3), 4.12 (q,
2H, J=6.99Hz, H-10), 2.38 (d, 3H, J=0.92Hz, H-9), 1.35 (t, 3H, J=6.96 Hz, H-11); 1*C NMR
data (100MHz, DMSO-de): & 161.6, 160.1, 154.7, 153.3, 126.4, 112.9, 112.3, 110.1, 101.0,
63.9, 18.1 and 14.3.
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4-methyl-7-(propan-2-yloxy)-2H-chromen-2-one (A4)

9 Physical description: White fluffy solid

Q

Hs Molecular formula: C13H1403

1 > a s _
)\ ; ) Molecular weight: 302.28 gmol*
0" o
1

121007 5 8a Percentage yield: 77%

Rr value:0.68

Melting point:86.0-87.0 °C; FT-IR data: vmax(cm™): 2978.90 (C-H stretch), 1707.79 (C=0
stretch), 1605.55 (aromatic ring), 1112.84 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): & 7.64 (d, 1H, J=8.60 Hz, H-5), 6.94-6.90 (m, 2H, H-6/8), 6.18 (d, 1H, J=1.16 Hz, H-3),
4.79-4.73 (m, 1H, H-10), 2.38 (d, 3H, J=1.16 Hz, H-9), 1.29 (d, 6H, J=6.04 Hz, H-11/12); 1*C
NMR data (100MHz, DMSO-ds): 6 160.6, 160.1, 154.8, 153.3, 126.4, 113.0, 112.8, 110.9,
101.9, 70.1, 21.6 and 18.0.

7-butoxy-4-methyl-2H-chromen-2-one (A5)

9 Physical description: Cream white solid
S C§33 Molecular formula: C14H1603
12 10 /7©:4J12 Molecular weight: 232.28 gmol*
13/\11/\0 g Sa? O | Percentage yield: 79%
Rrvalue:0.73

Melting point:41-43 °C; FT-IR data: vmax(cm™): 2947.83 (C-H stretch), 1708.00 (C=0
stretch), 1614.82 (aromatic ring), 1126.33 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): & 7.67 (t, 1H, J=1.76Hz, H-5), 6.96-6.94 (m, 2H, J=1.44 Hz, H-6/8), 6.19 (d, 1H,
J=1.12Hz, H-3), 4.07 (t, 2H, J=6.52Hz, H-10), 2.39 (d, 3H, J=0.88Hz, H-9), 1.75-1.68 (m,
2H,H-11), 1.48-1.39 (m, 2H, H-12), 0.93 (t, 3H, J=7.44 Hz, H-13); 1*C NMR data (100MHz,
DMSO-ds): 6 161.8, 160.1, 154.7, 153.4, 126.4, 112.9, 112.4 , 111.0, 101.1, 67.9, 30.4, 18.6,
18.1 and 13.6.

4-methyl-7-(prop-2-en-1-yloxy)-2H-chromen-2-one (A6)

9 Physical description: White solid
) 5 4 CH33 Molecular formula: C13H1203
lgHi\x ; A > | Molecular weight: 216.23 gmol™*
R TR 83? Ol Percentage yield: 90%
Rs value: 0.67
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Melting point: 72.0-75.0 °C; FT-IR data: vmax(cm™): 2919.25 (C-H stretch), 1717.96 (C=0),
1608.78 (aromatic ring), 1067.88 (C-O stretch); *H NMR data (400MHz, DMSO-ds): 6 7.68
(d, 1H, J=9.48Hz, H-5), 6.99-6.96 (m, 2H, H-6/8), 6.20 (d, 1H, J=1.20Hz, H-3), 6.10-6.00 (m,
1H, H-11), 5.45-5.40 (m, 1H, H-12a or H-12b), 5.31-5.27 (m, 1H, H-12a or H-12b),4.69-4.67
(m, 2H, H-10), 2.39 (d, 3H, J = 0.96 Hz, H-9); *C NMR data (100MHz, DMSO-ds): & 161.2,
160.1, 154.6, 153.4, 132.9, 126.4, 118.0, 113.2, 112.5, 111.2, 101.4, 68.7 and 18.1.

4-methyl-7-[(3-methylbut-2-en-1-yl)oxy]-2H-chromen-2-one (A7)

9 Physical description: White solid
5 4 Cﬂh Molecular formula: C15H1603
j;/lo\ 76 h 32 Molecular weight: 244.29 gmol™*
3127 9 ¥ 8 9| Percentage yield: 104%

Rrvalue: 0.64

Melting point:155.7-156.2 °C; FT-IR data: vmax(cm™): 1721.19 (C=0 stretch), 1615.53
(C=C stretch), 1522.61 (aromatic ring), 1069.94 (C-O stretch); *H NMR data (400MHz,
DMSO-ds): & 7.64 (d, 1H, J=8.56Hz, H-5), 6.94 (m, 2H, H-6/8), 6.18 (s, 1H, H-3), 5.45-
5.42(m, 1H,H-11), 4.62 (d, 2H, J=6.72Hz, H-10), 2.38 (s, 3H, H-9), 1.73 (d, 6H, J=9.88 Hz,
H-13/14); 13C NMR data (100MHz, DMSO-ds): & 161.5, 160.1, 154.7, 153.3, 137.9, 126.3,
119.1,112.9, 1125, 110.9, 101.3, 65.1, 25.4 and18.0.

7-(benzyloxy)-4-methyl-2H-chromen-2-one (A8)

4

2!

(9:H Physical description: White solid
3
> 4a L4 . | Molecular formula: C17H1403
6 X
6 10 7 2 | Molecular weight: 266.30 gmol™*
5 0" “{"8aQ” "0

Percentage yield: 85%

3!

Rrvalue:0.75

Melting point:181.0-182.0 °C; FT-IR data: vmax(cm™): 2929.82 (C-H stretch), 1716.33 (C=0
stretch), 1606.98 (aromatic ring), 1153.48 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): & 7.44 (d, 1H, J=8.72Hz, H-5), 7.40-7.34 (m, 5H,Ar), 7.06-7.01 (m, 2H,H-6/8), 6.19 (d,
1H, J=1.08Hz, H-3), 5.22 (s, 2H, H-10), 2.38 (d, 3H, J=1.24Hz, H-9); ¥C NMR data
(100MHz, DMSO-dg): 6 161.3, 160.1, 154.6, 153.3, 136.3, 128.5, 128.0, 127.8 ,126.4, 113.2,
112.7,111.2, 101.6, 69.8 and 18.1.
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7-[(2,4-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one (A9)
9 Physical description: White powder

5 404 4 Molecular formula: C17H12F203
6 X .
6 10 m Molecular weight: 302.28 gmol™
5 .
P9 g8 0 Percentage yield: 68%

1

Fog s 2"F Rs value: 0.63

Melting point:150.3-151.6 °C; FT-IR data: vmax(cm): 3081.91 (C-H stretch), 1706.35 (C=0
stretch), 1600.24 (aromatic ring), 1076.89 (C-F stretch); 'H NMR data (400MHz, CDCls): §
7.50-6.94 (m, 2H, Ar), 6.93-6.85 (m, 4H,Ar), 6.15 (d, 1H, J=0.88 Hz, H-3), 5.14 (s, 2H, H-10),
2.40 (d, 3H, J=1.24 Hz, H-9); 13C NMR data (100MHz, CDCIls): 6 164.4, 164.3, 161.9, 161.2,
155.2,152.4, 130.9, 125.7, 114.1, 112.5, 111.7, 111.5, 104.2, 103.9, 101.9, 63.7 and 18.6; 1°F
NMR data (376.4 MHz, CDCls): 109.1-109.2 (m, 1F),113.9 (q, 1F). HRMS data: [m/z]:
325.0654 (Calculated for C17H12F203Na, 325.0652).

7-[(2,6-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one (A10)

9 Physical description: White powder
5, Gt Molecular formula: C17H12F203
a
3 .

F 6 Molecular weight: 302.28 gmol*
cel 107 2
3 p 0T Sa? O | Percentage yield: 77%
YN F Rr value:0.68

Melting point:178.3-179.6°C; FT-IR data: vmax(cm™): 3077.39 (C-H stretch), 1697.48 (C=0
stretch), 1614.48 (aromatic ring), 1053.51 (C-F stretch); 'H NMR data (400MHz, CDCls): &
7.51(d, 1H, J=8.56 Hz, H-5), 7.38-7.33 (m, 1H,Ar), 6.99-6.92 (m, 4H, Ar), 6.15 (d, 1H, J=1.16
Hz, H-3), 5.19 (s, 2H, H-10), 2.40 (d, 3H, J=1.16 Hz, H-9); *C NMR data (L00MHz, CDCls):
6 163.1-163.0, 161.4-161.2, 160.6-160.5, 155.2, 152.5, 131.3-131.1, 125.6, 114.0, 112.7-
112.2,111.9-111.4, 101.9, 58.4 and 18.6; °F NMR data (376.4 MHz, CDCls): 114.4 (t, 2F,
J=6.66 Hz). HRMS data: [m/z]: 325.0654 (Calculated for C17H12F203Na, 325.0652).
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7-[(3,4-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one (Al11)

Physical description: Cream white solid

9
5 4a Cih Molecular formula: C17H12F203
6 3 _
6 10 m Molecular weight: 302.28 gmol
5 0 0~ o
1

Percentage yield: 64%

Fa Y5 Rr value:0.73

Melting point: 73.4-74.8 °C; FT-IR data: vmax(cm): 2935.27 (C-H stretch), 1716.89 (C=0
stretch), 1604.39 (aromatic ring), 1154.76 (C-O stretch), 1071.30 (C-F stretch); *H NMR data
(400MHz, DMSO-ds): & 7.53 (d, 1H, J=1.92 Hz, H-5), 7.49-7.42 (m, 1H,Ar), 7.35-7.32 (m,
2H,Ar), 7.06-7.01 (m, 2H, H-6/8), 6.20 (d, 1H, J=0.96Hz, H-3), 5.20 (s, 2H, H-10), 2.38 (s,
3H, H-9); 13C NMR data (100MHz, DMSO-ds): 8 160.9, 160.0, 154.6, 153.3, 150.4, 148.0,
134.1,126.5, 124.7, 117.6, 116.9, 113.4, 112.6, 111.3, 101.7, 68.5 and 18.1.

7-[(2,6-dichorobenzyl)oxy]-4-methyl-2H-chromen-2-one (A12)
9 Physical description: White solid

5, Cljs Molecular formula: C17H12Cl,03
6 3
N _— .
6;1 " mz Molecular weight: 335.18 gmol™
5' 0 0~ 0

Percentage yield: 93%

* 3 2 Cl Rf value:0.67

Melting point: 170.2-171.5 °C; FT-IR data: vmax(cm™): 3068.97 (C-H stretch), 1708.59
(C=0), 1610.07 (aromatic ring), 1135.93 (C-O stretch), 750.75 (C-Cl stretch); 'H NMR data
(400MHz, DMSO-ds): & 7.70 (d, 1H, J=8.76 Hz, H-5), 7.58-7.48 (m, 3H, Ar), 7.19 (d, 1H,
J=2.48Hz, H-8), 7.06 (dd, 1H, J=2.48, 8.76Hz, H-6), 6.23 (d, 1H, J=0.72Hz, H-3), 5.34 (s, 2H,
H-10), 2.40 (d, 3H, J=0.64 Hz, H-9); 13C NMR data (100MHz, DMSO-ds): & 161.3, 160.0,
154.7, 153.3, 136.1, 131.8, 130.9, 128.8, 126.6, 113.6, 112.4, 111.4, 101.4, 65.5 and 18.1.
HRMS data: [m/z]: 357.0074 (Calculated for C17H12C20O3Na, 357.0061).
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4-methyl-7-[(4-nitrobenzyl)oxy]-2H-chromen-2-one (A13)

9 Physical description: Light yellow solid
5, Cljs Molecular formula: C17H13NOs
3 .
6 10 g N , | Molecular weight: 311.29 gmol™*
5 9% 8aci O| Percentage yield: 70%
ON"4™] 2 Rr value: 0.66

Melting point: 204.0-205.0 °C; FT-IR data: vmax(cm™): 3092.94 (C-H stretch), 1715.76
(C=0O stretch), 1601.84 (C=C stretch), 1341.08 (Nitro), 1514.97 (aromatic ring); *H NMR data
(400MHz, CDCls): & 8.27 (d, 2H, J=8.8 Hz, Ar), 7.62 (d, 2H, J=8.52 Hz, Ar), 7.54 (d, 1H,
J=8.80Hz, H-5), 6.95 (dd, 1H, J=2.48, 8.72Hz, H-6), 6.87 (d, 1H, J=2.52Hz, H-8), 6.16 (d, 1H,
J=1.20Hz, H-3), 5.24 (s, 2H, H-10), 2.41 (d, 3H, J=1.00 Hz, H-9); 13C NMR data (100MHz,
CDCl3): 6 161.0, 160.9, 155.2, 152.4, 147.8, 143.2, 127.7, 125.8, 123.9, 114.3, 112.7, 112.5,
101.9, 69.0 and 18.7.

7-methoxy-4,5-dimethyl-2H-chromen-2-one (B2)

T Physical description: White solid
5CH431a Cih Molecular formula: C12H1203
. 76 N 32 Molecular weight: 204.22 gmol*
T0T Ysa ? O | Percentage yield: 74%

Rfvalue:0.58

Melting point: 134.4-134.8 °C; FT-IR data: vmax(cm™): 2943.79 (C-H stretch), 1714.13
(C=0 stretch), 1607.01 (aromatic ring); *H NMR data (400MHz, DMSO-ds): & 6.79 (s, 2H,
H-6/8), 6.12 (d, 1H, J=0.76Hz, H-3), 3.86 (s, 3H, H-11), 2.50 (s, 3H, H-9), 2.37 (s, 3H, H-10);
13C NMR data (100MHz, DMSO-ds): & 159.5, 157.6, 154.6, 153.9, 143.2, 112.7, 109.3,
107.9, 107.4, 56.1, 23.6 and 21.4. HRMS data: [m/z]: 227.0683 (Calculated for C12H1203Na,
227.0684).
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7-ethoxy-4,5-dimethyl-2H-chromen-2-one (B3)

10 o9 Physical description:White solid
CH43a G Molecular formula:C13H1403
6 3 .
o N , | Molecular weight:218.25 gmol?
5 0T s (1) Ol Percentage yield:68%

Rrvalue: 0.65

Melting point: 137.7-138.2 °C; FT-IR data: vmax(cm™): 2979.95 (C-H stretch), 1726.82
(C=0), 1108.12 (C-O stretch), 1620.04 (C=C), 1607.87 (aromatic ring); 'H NMR data
(400MHz, DMSO-dg): 6 6.77 (d, 2H, J=3.56 Hz, H-6/8), 6.13 (d, 1H, J=0.56 Hz, H-3), 4.10
(9, 2H, J=6.94 Hz, H-11), 2.53 (d, 3H, J=0.88 Hz, H-9), 2.36 (s, 3H, H-10), 1.40 (t, 3H, J=6.96
Hz, H-12); 1*C NMR data (100MHz, DMSO-ds): & 159.5, 156.9, 154.6, 154.0, 143.2, 112.8,
109.2, 108.6, 107.4, 64.6, 23.8, 21.4 and 14.4; HRMS data: [m/z]: 241.0834 (Calculated for
C13H1403Na, 241.0841).

4,5-dimethyl-7-(propan-2-yloxy)-2H-chromen-2-one (B4)

Physical description: White solid
CH3 CH3

5| an Molecular formula: C14H1603
)\ m Molecular weight: 232.28 gmol*
110 i

Percentage yield: 57%

Rrvalue: 0.51

Melting point: 81.3-82.7 °C; FT-IR data: vmax(cm™): 2967.34 (C-H stretch), 1716.33 (C=0),
1610.51 (aromatic ring), 1114.36 (C-O stretch); *H NMR data (400MHz, DMSO-ds): & 6.79
(s, 1H, H-6), 6.74 (s, 1H, H-8), 6.09 (d, 1H, J=1.08 Hz, H-3), 4.77 (m, 1H, H-11), 2.52 (d, 3H,
J=1.08 Hz, H-9), 2.35 (s, 3H, H-10), 1.34 (d, 6H, J=6.00 Hz, H12/13); 3C NMR data
(100MHz, DMSO-dg): & 159.5, 155.8, 154.8, 154.1, 143.1, 112.8, 109.5, 108.9, 107.9, 70.7,
24.1,21.6 and 21.4; HRMS data: [m/z]: 255.0991(Calculated for C14H1603Na,255.0997).

7-butoxy-4,5-dimethyl-2H-chromen-2-one (B5)

100 9 Physical description: White powder
C?34 CI4{33 Molecular formula: C1sH1gO3
13 11 A = », | Molecular weight: 246.30 gmol™?
14/\12/\0 g 820" O Percentage yield: 68%

R+ value: 0.73
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Melting point: 117.9-118.0 °C; FT-IR data: vmax(cm™): 2956.78 (C-H stretch), 1716.00
(C=0), 1602.75 (aromatic ring), 1114.65 (C-O stretch); *H NMR data (400MHz, DMSO-ds):
8 6.77 (d, 2H, J=2.20 Hz, H-6/8), 6.10 (s, 1H, H-3), 4.05 (t, 2H, J=6.32Hz, H-11), 2.52 (s, 3H,
H-9), 2.35 (s, 3H, H-10), 1.79-1.74 (m, 2H,H-12), 1.49-1.44(m, 2H, H-13), 0.95 (t, 3H, J=7.36
Hz, H-14); 3°C NMR data (100MHz, DMSO-ds): & 159.5, 157.0, 154.6, 153.9, 143.2, 112.8,
109.2, 108.5, 107.3, 68.5, 30.6, 23.8, 21.4, 18.9 and 13.6; HRMS data: [m/z]: 269.1148
(Calculated for C15sH1803Na, 269.1154).

7-(hexyloxy)-4,5-dimethyl-2H-chromen-2-one (B6)

10 9 Physical description: White powder
CH; CH,
; S| 4atd s Molecular formula: C17H2203
X
15 13 11 7 2 Molecular weight: 274.35 gmol™*
N0 0 N0
16 14 12 g 52 Percentage yield: 56%

Rrvalue: 0.75

Melting point: 89.5-90.9 °C; FT-IR data: vmax(cm™): 2940.29 (C-H stretch), 1724.43 (C=0),
1606.03 (aromatic ring), 1243.87 (C-O stretch); *H NMR data (400MHz, DMSO-ds): & 6.75
(s, 2H, H-6/8), 6.09 (d, 1H, J=0.64Hz, H-3), 4.03 (t, 2H, J=6.36 Hz, H-11), 2.51 (d, 3H, J=0.60
Hz, H-9), 2.35 (s, 3H, H-10), 1.81-1.74 (m, 2H, H-12), 1.47-1.39 (m, 2H, H-15), 1.33-1.29 (m,
4H, H-13/14), 0.88 (t, 3H, J=6.84 Hz, H-16); 1*C NMR data (100MHz, DMSO-ds): 8 159.5,
157.0, 154.6, 153.9, 143.2, 112.8, 109.2, 108.5, 107.3, 68.8, 30.9, 28.4, 25.3, 23.8, 21.9, 21.3
and 13.8; HRMS data: [m/z]: 297.1459 (Calculated for C17H2203Na, 297.1467).

4,5-dimethyl-7-(prop-2-en-1-yloxy)-2H-chromen-2-one (B7)

Physical description: Cream white solid

10 9
sc}ff C{f Molecular formula: C14H1403
6 a 3 .
13 11 A ) Molecular weight: 230.26 gmol*
X
\12/\0 73 SaC]) O| Percentage yield: 89%

Rrvalue: 0.68

Melting point: 110.9-111.5 °C; FT-IR data: vmax(cm™): 2926.36 (C-H stretch), 1716.51
(C=0 stretch), 1601.05 (C=C stretch), 1489.94 (aromatic ring); ‘H NMR data (400MHz,
DMSO-de): 8 6.79 (d, 2H, J=1.76Hz, H-6,8), 6.16-6.05 (m, 2H, H-3/12), 5.46-5.30 (m, 2H, H-
13), 4.67-4.66 (m, 2H, H-11), 2.53 (d, 3H, J=1.12Hz, H-9), 2.35 (s, 3H, H-10); *C NMR data
(100MHz, DMSO-dg): 6 159.5, 156.4, 154.6, 153.7, 143.1, 133.0, 118.2, 112.9, 109.5, 109.0,
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107.5, 69.7, 23.9 and 21.3; HRMS data: [m/z]: 253.0837 (Calculated for Ci14H1403Na,

253.0841).

4,5-dimethyl-7-[(3-methylbut-2-en-1-yl)oxy]-2H-chromen-2-one (B8)

15

11
S

6

10 9
CH; CH;
5 4
4a X3
2

Physical description: Cream white solid
Molecular formula: C16H1803

Molecular weight: 258.31 gmol*

14137, 97 80" O] Percentage yield: 78%

Rrvalue: 0.74

Melting point: 85.5-86.9 °C; FT-IR data: vmax(cm™): 2916.17 (C- stretch), 1726.72 (C=0),
1609.20 (aromatic ring), 1244.00 (C-O stretch); 'H NMR data (400MHz, DMSO-ds): &
6.81(s, 1H, H-6), 6.76 (s, 1H, H-8), 6.09 (d, 1H, J=1.00Hz, H-3), 5.52-5.48 (m, 1H, H-12),
4.62 (d, 2H, J=6.68Hz, H-11), 2.49 (d, 3H, J=1.16Hz, H-9), 2.35 (s, 3H, H-10), 1.75 (d, 6H,
J=13.3 Hz, H-14/15); *C NMR data (100MHz, DMSO-ds): & 159.5, 156.8, 154.6, 153.9,
143.1, 137.8, 119.1, 112.8, 109.3, 109.0, 107.5, 65.7, 25.4, 23.7, 21.4 and 18.0; HRMS data:

[m/z]: 281.1155 (Calculated for C16H18O3Na, 281.1154).

7-(benzyloxy)-4,5-dimethyl-2H-chromen-2-one (B9)

10 9 Physical description: White powder
CH; CH,
6 5 4a \4 3 Molecular formula: C1gH1603
s & p Uo7 > | Molecular weight: 280.32 gmol*
0 0
©Z\ 8 8a Percentage yield: 85%
4Y
3 Rsvalue: 0.76

Melting point: 141.1-142.3°C; FT-IR data: vmax(cm™): 3054.98 (C-H stretch), 1694.61 (C=0
stretch), 1615.01 (aromatic ring), 1245.75 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): & 7.50-7.34 (m, 5H, Ar), 6.91 (s, 1H, H-6), 6.79 (s, 1H, H-8), 6.09 (d, 1H, J=0.68Hz, H-
3), 5.18 (s, 2H, H-11), 2.44 (d, 3H, J=0.60Hz, H-9), 2.36 (s, 3H, H-10).23C NMR data
(100MHz, DMSO-ds): 6 159.5, 156.6, 154.6, 153.8, 143.1, 136.1, 128.5, 128.4, 128.1, 112.9,
109.6, 109.1, 107.6, 70.7, 23.9 and 21.4; HRMS data [m/z]: 303.0994 (Calculated for
C18H1603Na, 303.0997).
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7-[(2,4-difluorobenzyl)oxy]-4,5-dimethyl-2H-chromen-2-one (B10)

F 4

2 F

10

8

9

1

Physical description: White powder

CH; CH,
sl da 4, Molecular formula: CigH14F203
A
6 11 7 » | Molecular weight: 316.30 gmol™
5 o 8207 Y0

Percentage yield: 84%

3 R+ value: 0.45

Melting point: 155.3-157.2 °C; FT-IR data: vmax(cm™): 2935.33 (C-H stretch), 1713.11
(C=0 stretch), 1601.49 (aromatic ring), 1069.48 (C-F stretch); ‘H NMR data (400MHz,
DMSO-dg): 6 7.69-7.67 (m, 1H, Ar), 7.37-7.31 (m, 1H,Ar), 7.18-7.15 (m, 1H, Ar), 6.97 (s, 1H,
H-6), 6.83 (s, 1H, H-8), 6.09 (d, 1H, J=1.04Hz, H-3), 5.20 (s, 2H, H-11),2.38 (s, 3H, H-10),
2.36 (d, 3H, J=1.12Hz, H-9); 13C NMR data (100MHz, DMSO-ds): & 163.8, 163.7, 159.4,
156.3, 154.6, 153.6, 143.2, 132.7, 119.5, 113.1, 111.7, 109.8, 109.1, 107.6, 104.2, 64.4, 23.4
and 21.3; HRMS data[m/z]: 339.0808 (Calculated for C1gH1403F2Na, 339.0809).

7-[(2,6-difluorobenzyl)oxy]-4,5-dimethyl-2H-chromen-2-one (B11)

0 9 Physical description: White solid
CH; CH;
5] 4o |4 , | Molecular formula: CisHiaF20s
6 X
F6v 11 7 > | Molecular weight: 316.30 gmol™*
> 0 820" 0 :
I 8 a1 Percentage yield: 78%
4 ,
. F Rr value: 0.63

Melting point: 149.9-151.3 °C; FT-IR data: vmax(cm™?): 2929.41 (C-H stretch), 1719.26
(C=Ostretch), 1607.59 (aromatic ring), 1235.00 (C-O stretch), 1105.29 (C-F stretch); 'H NMR
data (400MHz, DMSO-ds): & 7.55 (tt, J=6.7, 8.4 Hz, H-4"), 7.21 (t, 2H, J=8.2 Hz, Ar), 7.02
(s, 1H, H-6), 6.84 (s, 1H, H-8), 6.07 (d, 1H, J=0.80 Hz, H-3), 5.23 (s, 2H, H-11), 2.39 (s, 3H,
H-10), 2.29 (s, 3H, H-9); *C NMR data (100MHz, DMSO-dg): & 159.8-162.3 (d), 159.8,
159.4, 156.1, 154.6, 153.3, 143.3, 131.9-132.1(t), 113.1, 111.97-111.91 (d), 111.78-111.72(d),
110.0, 109.0, 107.5, 58.6, 23.1 and 21.3; °F NMR data (376.4 MHz, DMSO-dg): 114.9 (t,
2F, J=7.10Hz, F-2'/6"); HRMS data [m/z]: 339.0808 (Calculated for CigH1403F2Na,
339.0809).
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7-[(3,4-difluorobenzyl)oxy]-4,5-dimethyl-2H-chromen-2-one (B12)

10 9 Physical description: White solid
CH; CH;
; Sl 4ald Molecular formula: C1gH14F203
X
¢ 11 7 > | Molecular weight: 316.30 gmol*
5 0 00
1 8a .
N 8 1 Percentage yield: 121%
F 4™ %
4 : 3 R value: 0.73

Melting point: 170.8-172.4°C; FT-IR data: vmax(cm): 3369.09 (C-H stretch), 1715.08 (C=0
stretch), 1607.44 (aromatic ring), 1068.72 (C-F stretch); 'H NMR data (400MHz, CDCls): §
7.24-7.14 (m, 3H, Ar), 6.79 (s, 1H, H-6), 6.58 (s, 1H, H-8), 6.06 (d, 1H, J=1.20Hz, H-3), 5.06
(s, 2H, H-11), 2.49 (d, 3H, J=0.96 Hz, H-9), 2.39 (s, 3H, H-10); 1*C NMR data (100MHz,
CDCls): 6 160.8, 156.5, 155.4, 153.7, 151.8-151.5, 149.2-148.9, 143.1, 132.9, 123.9, 117.7,
116.9, 113.8, 110.9, 108.4,108.3, 70.0, 24.6 and 21.9; °F NMR data (376.4MHz, CDCls3): &
136.6-136.7 (m, 1F), 137.6-137.8 (m, 1F).

7-[(2,6-dichlorobenzyl)oxy]-4,5-dimethyl-2H-chromen-2-one (B13)

10 Physical description: White solid

4|

1’
2rCl

8

CH, CH
I 4a 433 Molecular formula: C1H14Cl203
A .
Cé. 1 7 ) Molecular weight: 349.21 gmol*
S o) 820" Y0

Percentage yield: 85%

3 Rfvalue: 0.70

Melting point: 201.7-202.4 °C; FT-IR data: vmax(cm™): 2927.42 (C-H stretch), 1721.12
(C=0O stretch), 1611.84 (aromatic ring), 1102.86 (C-O stretch), 650.03 (C-Cl stretch); 'H NMR
data (400MHz, DMSO-ds): 6 7.61 (t, 2H, J=0.96 Hz, Ar), 7.50 (dd, 1H, J=7.24, 8.84 Hz, Ar),
7.07 (s, 1H, H-6), 6.87 (d, 1H, J=0.40Hz, H-8), 6.08 (d, 1H, J=1.16Hz, H-3), 5.34 (s, 2H, H-
11), 2.42 (s, 3H, H-10), 2.24 (d, 3H, J=1.12Hz, H-9); 3C NMR data (100MHz, DMSO-ds):
6 159.4, 156.5, 154.6, 153.3, 143.5, 135.9, 131.9, 130.9, 128.9, 113.2, 110.0, 108.8, 107.4,
65.9, 23.1 and 21.4; HRMS data[m/z]: 371.0221 (Calculated for C1sH1403Cl2Na, 371.0218).
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4,5-dimethyl-7-[(4-nitrobenzyl)oxy]-2H-chromen-2-one (B14)

0 9 Physical description: Light yellow solid
CH; CH;
] S 4atd 5 Molecular formula: C1gH1sNOs
X
6 11 7 » | Molecular weight: 325.32 gmol™
> o 820~ O I
8 1 Percentage yield: 72%
. 2!
N4 3 Rf value: 0.59

Melting point: 196.3-197.4 °C; FT-IR data: vmax(cm™): 2916.07 (C-H stretch), 1714.90
(C=0 stretch), 1603.88 (aromatic ring), 1345.94 (nitro), 1078.96 (C-O stretch); 'H NMR data
(400MHz, DMSO-ds): & 8.29 (d, 2H, J=8.68 Hz, Ar), 7.79 (d, 2H, J=8.76 Hz, Ar), 6.91 (s,
1H, H-6), 6.84(s, 1H, H-8), 6.14 (d, 1H, J=1.16Hz, H-3), 5.38 (s, 2H, H-11), 2.50 (d, 3H,
J=1.32Hz, H-9), 2.36 (s, 3H, H-10); 13C NMR data (100MHz, DMSO-ds): & 159.4, 156.2,
154.7, 153.6, 147.2, 143.9, 143.2, 128.9 , 123.7, 113.1, 109.9, 109.2 , 107.7 , 69.5, 23.9 and
21.4.

5,7-dimethoxy-4-methyl-2H-chromen-2-one (C2)

1\1 9 Physical description: White solid
6 05 4 CI4{33 Molecular formula: C12H1204
10 7 5 Molecular weight: 220.22 gmol™
"o g 829 "O| percentage yield: 61%

Rs value: 0.60

Melting point: 172.0-173.0°C; FT-IR data: vmax(cm™): 2936.41 (C-H stretch), 1721.79 (C=0
stretch), 1605.55 (aromatic ring), 1080.83 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): 8 6.57 (d, 1H, J=2.40Hz, H-6), 6.49 (d, 1H, J=2.36Hz, H-8), 6.01 (d, 1H, J=0.88Hz, H-3),
3.85 (s, 6H, H-10/11), 2.48 (d, 3H, J=0.76 Hz, H-9); 3C NMR data (100MHz, DMSO-ds): &
162.7,159.7, 158.9, 156.3, 154.2, 110.6, 103.9, 95.6, 93.6, 56.0, 55.9 and 23.6.

5,7-diethoxy-4-methyl-2H-chromen-2-one (C3)
Physical description: White solid

12 9
13/\0 CH,

6 134, \4 3 _ .
10 4 Molecular weight: 248.27 gmol

11/\0 s 8a 0 "O| Percentage yield: 56%
1
Rt value: 0.60

Molecular formula: C14H1604
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Melting point: 152.0-153.0°C FT-IR data: vmax(cm™): 2988.43 (C-H stretch), 1727.86
(C=0), 1606.23 (aromatic ring), 1171.46 (C-O stretch); *H NMR data (400MHz, DMSO-ds):
& 6.51 (d, 1H, J=2.36Hz, H-6), 6.41 (d, 1H, J=2.32Hz, H-8), 5.97 (d, 1H, J=0.92Hz, H-3),
4.12-4.05 (m, 4H, H-10/12), 2.49 (s, 3H, H-9), 1.39-1.32 (m, 6H, H-11/13); 3C NMR data
(100MHz, DMSO-ds): 6 161.9, 159.7, 158.1, 156.3, 154.2, 110.5, 103.7, 96.2, 93.8, 64.6, 63.9,
23.7,14.3 and 14.2.

4-methyl-5,7-bis (propan-2-yloxy)-2H-chromen-2-one (C4)

15 Physical description: Light brown crystals
)\ 9 Molecular formula: C16H2004
1430 ch,
1 6134 \4 3 | Molecular weight: 276.33 gmol™
)\ 7 2 | Percentage yield: 57%
1 Rt value: 0.54

Melting point: 85.2-85.9°C; FT-IR data: vmax(cm™): 2976.03 (C-H stretch), 1712.86 (C=0),
1596.84 (aromatic ring), 1074.21 (C-O stretch); *H NMR data (400MHz, DMSO-ds): & 6.51
(d, 1H, J=2.28Hz, H-6), 6.42 (d, 1H, J=2.24Hz, H-8), 5.95 (d, 1H, J=0.76 Hz, H-3), 4.79-4.71
(m, 2H, H-10/13), 2.49 (s, 3H, H-9), 1.31-1.28 (dd, 12H, J=6.19 Hz, H-11/12/14/15); *C NMR
data (100MHz, DMSO-de): 6 160.9, 159.7, 157.7, 156.5, 154.3, 110.5, 104.2, 97.7, 94.5, 70.8,
70.0, 23.9 and 21.6-21.5. HRMS data: [m/z]: 299.1255 (Calculated for CisH2004Na,
299.1259).

5,7-dibutoxy-4-methyl-2H-chromen-2-one(C5)

6 14 . Physical description: Cream white solid
17/\15/\05 ) Cz{3 Molecular formula: C1gH2404
b1 j X 32 Molecular weight: 304.38 gmol™
13/\11/\0 : ga? o | Percentage yield: 55%
Rrvalue: 0.71

Melting point: 63.6-63.9°C; FT-IR data: vmax(cm™): 2932.68 (C-H stretch), 1713.42 (C=0),
1610.08 (aromatic ring), 1239.16 (C-O stretch); *H NMR data (400MHz, DMSO-ds): & 6.51
(s, 1H, H-6), 6.43 (s, 1H, H-8), 5.96 (s, 1H, H-3), 4.04 (g, 4H, J=6.12 Hz, H-10/14), 2.48 (s,
3H, H-9), 1.79-1.66 (m, 4H, H-11/15), 1.48-1.40 (m, 4H, H-12/16), 0.96-0.91 (m, 6H, H-
13/17); 13C NMR data (100MHz, DMSO-de): & 162.1, 159.7, 158.3, 156.3, 154.1, 110.5,
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103.7, 96.1, 93.8, 68.6, 67.8, 30.7-30.5, 23.7, 18.9-18.6 and 13.6 ; HRMS[m/z]: 327.2192
(Calculated for C1gH2404Na, 327.1572).

5,7-dihexyloxy-4-methyl-2H-chromen-2-one(C6)

Physical description: Cream white solid

20 18 16 9
/\/\/\ -
O CH, Molecular formula: C22H3204
2119 176 S4q 14
Xy 3 | Molecular weight: 360.49 gmol™*
14 12 10 7 2
N0 0" X0 | Percentage yield: 83%
15 13 11 g 5 ey
Rr value: 0.80

Melting point: 62.1-64.9°C; FT-IR data: vmax(cm™): 2933.20 (C-H stretch), 1718.45 (C=0
stretch), 1559.11 (aromatic ring), 1111.71 (C-O stretch); 'H NMR data (400MHz, DMSO-
de): 8 6.41 (d, 1H, J=2.36 Hz,H-6), 6.27 (d, 1H, J=2.36 Hz, H-8), 5.94 (d, 1H, J=1.12 Hz, H-
3), 3.98 (m, 4H, H-10/16), 2.55 (d, 3H, J=1.12Hz, H-9), 1.88-1.76 (m, 4H, H-11/17), 1.49 (q,
4H, J=1.60 Hz, H-12/18), 1.36-1.34 (m, 8H, H-13/14/19/20), 0.91 (t, 6H, J=6.96 Hz, H-15/21);
13C NMR data (100MHz, DMSO-dg): 6 162.3, 161.3, 158.6, 156.9, 154.7, 111.1, 104.7, 96.2,
93.7, 69.1, 68.5, 31.5, 29.0, 25.9, 25.6, 24.4, 22.6, 22.5, 14.0 and 13.9; HRMS data[m/z]:
383.2192 (Calculated for C22H3204Na, 383.2198).

4-methyl-5,7-bis(prop-2-en-1-yloxy)-2H-chromen-2-one(C7)

Hb Physical description: Dark yellow solid
15 13
Ha)\/\o (39H3 Molecular formula: C16H1604

1 1340 )4 Molecular weight: 272.30 gmol
- <3 ght: 272.30 g
10 7 2 Al
Ha )\/\o wq o Percentage yield: 59%
8

N
Rs value: 0.63

Melting point: 280.0-281.0 °C; FT-IR data: vmax(cm™): 2929.87 (C-H stretch),1718.73
(C=0), 1594.74 (aromatic ring), 1112.76 (C-O stretch); *H NMR data (400MHz, DMSO-ds):
6 6.57(s, 1H, H-6/8), 6.52 (s, 1H, H-6/8), 6.14-5.99 (m, 3H, Ar), 5.43 (dd, 2H, J=1.72, 17.32
Hz, H-12b/15b), 5.33-5.28 (m, 2H, H-12a/15a), 4.66 (s, 4H, H-10/13), 2.49 (d, 3H, J=1.72 Hz,
H-9); 13C NMR data (100MHz, DMSO-ds): 6 161.4, 159.6, 157.7, 156.2, 153.9, 132.9, 132.8,
118.3,118.1,110.8, 104.1, 97.0, 94.5, 69.8, 68.8 and 23.8; HRMS[m/z]: 295.0935 (Calculated
for C16H1604Na, 295.0946).
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5,7-bis(benzyloxy)-4-methyl-2H-chromen-2-one (C8)

e Physical description: Cream white solid
S Molecular formula: C24H2004
N g Molecular weight: 372.41 gmol™
™0 C9H3 Percentage yield: 60%
6 N 4al4

X3 Rt value: 0.70

s 07 Sa()l o | Melting point: 134.0-135.0 °C; FT-IR data: vmax(cm™):
5 10 2929.48 (C-H stretch), 1712.29 (C=0), 1596.11 (aromatic
4 2 ring), 1160.04 (C-O stretch); *H NMR (400MHz, DMSO-ds):

> 6 7.50-7.33 (m, 10H, Ar), 6.69 (d, 1H, J=2.36Hz, H-
6/8),6.67(d, 1H, J=2.36Hz, H-6/8), 5.98 (d, 1H, J=0.96 Hz, H-3), 5.19 (s, 4H, H-10/11), 2.43
(d, 3H, J=0.68 Hz, H-9); 13C NMR (100MHz, DMSO-ds): 8 161.5, 159.6, 157.8, 156.3, 153.9,
136.2, 135.9, 128.5, 128.1, 127.9, 127.3, 110.9, 104.2, 97.3, 94.6, 70.8, 69.9 and 23.8;

HRMS[m/z]: 395.1263 (Calculated for C24H2004Na, 395.1259).

5,7-bis[(2,4-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one(C9)

Physical description: Light yellow solid

Molecular formula: C24H16F404

Molecular weight: 444.38 gmol™

Percentage yield: 70%

Rf value: 0.69

Melting point: 162.9-163.2°C; FT-IR data: vmax(cm™):
3112.70 (C-H), 1694.21 (C=0), 1597.53 (aromatic ring),
1079.97 (C-F); 'H NMR data (400MHz, DMSO-ds): &
7.48-7.38 (m, 2H, Ar), 6.95-6.86 (m, 4H, Ar), 6.55 (d, 1H, J=2.32 Hz, H-6), 6.46 (d, 1H, J=2.40
Hz, H-8), 5.96 (d, 1H, J=0.96 Hz, H-3), 5.12 (s, 2H, H-10 or 11),5.08 (s, 2H, H-10 or 11), 2.42
(d, 3H, J=1.08 Hz, H-9); 13C NMR data (100MHz, DMSO-ds): 6 161.3, 160.8, 157.8, 156.9,
153.9,131.2,112.0,111.8, 111.6, 104.3, 104.2, 96.8, 94.9, 64.6, 63.7 and 24.2; 1°F NMR data
(376.4 MHz, DMSO-ds): 6 113.4 (g, J = 13.1 Hz, F), 113.3 (q, J = 13.1 Hz, F), 109.2-109.1
(m, F), 109.0-108.9 (m, F); HRMS[m/z]: 467.0874 (Calculated for C24H1604F4Na, 467.0882).

F g
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5,7-bis[(2,6-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one(C10)

4"
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Physical description: Light yellow solid

Molecular formula: C24H16F404

Molecular weight: 444.38 gmol™

Percentage yield: 64%

Rsvalue: 0.63

Melting point: 185.0-187.1°C; FT-IR data: vmax(cm™):
2896.92 (C-H stretch), 1720.15 (C=0), 1598.86 (aromatic

ring), 1161.78 (C-O stretch), 1059.74 (C-F stretch); ‘H
NMR data (400MHz, DMSO-dg): 8 7.60-7.51 (m, 2H,Ar), 7.23-7.19 (m, 4H,Ar), 6.84 (d, 1H,
J=2.32Hz, H-6 or 8), 6.79 (d, 1H, J=2.32Hz, H-6 or 8), 5.99 (d, 1H, J=1.20 Hz, H-3), 5.26 (S,
1H, H-10 or 11), 5.24 (s, 1H, H-10 or 11), 2.28 (d, 3H, J=0.56 Hz, H-9); 13C NMR data
(150MHz, DMSO-ds): 6 161.7, 161.6, 161.3, 160.7, 160.3, 160.2, 160.1, 159.9, 157.8, 156.9,
156.5,154.3,153.9,131.5,131.4,131.1,131.1, 131.0, 119.1, 119.0, 118.9, 118.8, 118.7, 112.1,
111.8, 111.7, 111.6, 105.5, 104.5, 104.3, 104.2, 103.9, 96.8, 94.9, 64.6, 64.6, 63.8, 63.8 and
24.1; 19F NMR data(376.4 MHz, DMSO-de): & 114.8-114.9 (m, 4F, F-2'6'2".6");
HRMS[m/z]: 467.0883 (Calculated for CasH16F404Na, 467.0882).

5,7-bis[(3,4-difluorobenzyl)oxy]-4-methyl-2H-chromen-2-one (C11)
Physical description: Light yellow solid

Molecular formula: C24H16F404

Molecular weight: 444.38 gmol*

Percentage yield: 58%

Rrvalue: 0.74

Melting point: 196.8- 197.3°C; FT-IR data: vmax(cm™):
3041.18 (C-H), 1709.99 (C=0), 1602.55 (aromatic ring),
1169.72 (C-O stretch), 1081.54 (C-F stretch); 'H NMR
data (400MHz, DMSO-ds): & 7.43-7.30 (m, 6H, Ar), 6.70 (d, 2H, J=2.28Hz, H-6 or 8), 6.68
(d, 2H, J=2.28Hz, H-6 or 8), 6.01 (d, 1H, J=0.96 Hz, H-3), 5.19 (s, 2H, H-10 or 11), 5.18 (s,
2H, H-10 or 11), 2.43 (d, 3H, J=0.64Hz, H-9); 13C NMR data (150MHz, DMSO-d¢): 8 150.7,
150.6, 150.6, 150.6, 150.5, 150.5, 150.4, 149.1, 149.1, 149.0, 148.9, 148.9, 148.9, 148.9, 148.8,
134.5,134.5,134.5,134.3,134.3,134.2,125.6, 125.6, 125.6, 125.3, 125.3, 125.2, 125.2, 119.6,
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118.2,118.2,118.1, 118.0, 117.8, 117.7, 117.5, 117.4, 108.8, 104.9, 97.9, 95.4, 70.0, 69.0 and
24.3;F NMR data (376.4 MHz, DMSO-de): 6 138.2-138.4 (m, 2F), 139.2-139.5 (m, 2F).

5,7-bis[(4-nitrobenzyl)oxy]-4-methyl-2H-chromen-2-one(C12)

NO, Physical description: Brown solid
3n 4 5 Molecular formula: C2sH18N20g
2" 6" Molecular weight: 462.41 gmol™*

Percentage yield: 84%

9
CH
6 N4 \4 3 | Rrvalue: 0.68
o 3 1007 N Melting point: 229.9-230.8°C; FT-IR data: vmax(cm™):

4 2, 1 3083.06 (C-H), 1743.55 (C=0), 1601.06 (aromatic ring),

¥ 1514.74 (NOy), 1173.43 (C-0), 1108.40 (C-N); *H NMR
data (400MHz, DMSO-de): & 7.55-7.41 (m, 8H, Ar), 6.90 (d, 1H, J=2.36Hz, H-6 or 8), 6.88
(d, 1H, J=2.32Hz, H-6 or 8), 5.99 (d, 1H, J=1.20 Hz, H-3), 5.39 (s, 2H, H-10 or 11),5.33 (s,
2H, H-10 or 11), 2.22 (d, 3H, J=1.0 Hz, H-9); 13C NMR data (100MHz, DMSO-ds): 6 161.7,
159.4, 157.8, 156.3, 153.5, 135.4, 132.8, 130.8, 128.7, 111.3, 104.3, 96.7, 94.7, 66.1, 65.6 and
23.0.

3.2.4. Nitration of 4-methylcoumarins.

A flask containing approximately 1.0 gram of 4-methylcoumarin (B) dissolved in 8.5 ml of
sulfuric acid was kept in an ice bath until the temperature inside the flask was below 1°C. Then
1.6 ml of a nitrating mixture (0.4ml nitric acid and 1.2ml sulfuric acid) was added slowly while
taking care that the temperature does not rise above 10°C. After the addition, the flask was
allowed to stand at room temperature for 1 hour, and shaked periodically. After completion
(TLC), the reaction mixture was poured into crushed ice and the solid product was obtained
through filtration. The crude product (B15) was recrystallized from ethanol albeit in low yield
(32%).

7-hydroxy-4,5-dimethyl-8-nitro-2H-chromen-2-one (B15)
10 9 Physical description: Yellow crystals

Molecular formula: C11HgOsN
Molecular weight: 235.19 gmol*
Percentage yield: 32%

Rrvalue: 0.51

54



Melting point: 233.3 °C; FT-IR data: vmax (cm™): 3075.20 (C-H stretch), 1739.62 (C=0
stretch), 1598.24 (aromatic ring), 1136.08 (C-O stretch), 1404.03 (Nitro); 'H NMR
data(600MHz, CDCls): 6 12.26 (s, 1H, OH), 6.81(d, 1H, J=0.76 Hz, H-6), 6.21 (d, 1H, J=1.28
Hz, H-3), 2.73 (s, 3H, H-10), 2.71 (d, 3H, J=1.24 Hz, H-9); 13C NMR data (150MHz, CDCls):
6 158.9, 157.9, 156.8, 153.9, 140.9, 131.3, 114.9, 113.1, 109.1, 24.2 and 23.4; HRMS: [m/z]:
[M-H]: 234.0395 (calculated for C11HgNOs, 234.0402).

3.3. Antidiabetic and antioxidant activity testing methods
3.3.1. DPPH radical scavenging activity

The total free radical scavenging activity of the tested compounds was determined and
compared to that of ascorbic acid using a slightly modified method described by Tuba et al. A
0.3 mmol/L solution of DPPH was prepared in methanol and 500 pL of this solution was added
to 50pl of the compounds (dissolved in DMSO) at different concentrations (50-200pg/mL).
These solutions were mixed and incubated in the dark for 30 min at room temperature.

Absorbance was then measured at 517 nm against a blank sample lacking scavenger.

3.3.2. Determination of a-glucosidase inhibitory activity of coumarins

The a-glucosidase inhibitory activity was determined according to the method described by
Ademiluyi et al., with slight modifications. Briefly, 50 pL of each compound or acarbose
dissolved in DMSO at different concentrations (50-200ug/mL), was incubated with 100uL of
1.0 U mL-1 a-glucosidase solution in 100 mmol L-1 phosphate buffer (pH 6.8) at 37 °C for
15 min. Thereafter, 50puL of pNPG solution (5 mmol L-1) in 100 mmol L-1 phosphate buffer
(pH 6.8) was added and the mixture was further incubated at 37 °C for 20 min. The absorbance
of the released p-nitrophenol was measured at 405 nm and the inhibitory activity was expressed

as percentage of a control sample without inhibitors.
3.3.3. Determination of a-amylase inhibitory activity of coumarins

The a-amylase inhibitory activity was determined according to the method described by Shai
et al. , with slight modifications. A volume of 50 pL of each compound dissolved in DMSO or
acarbose at different concentrations (50-200pug/mL) was incubated with 100 pL of porcine
pancreatic amylase (2 U mL-1) in 100 mmol L-1 phosphate buffer (pH 6.8) at 37 °C for 20
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min. 50uL of 1 % starch dissolved in 100 mmol L-1 phosphate buffer (pH 6.8) was then added
to the reaction mixture and incubated at 37 °C for 1 h. 100ul of DNS colour reagent was then
added and boiled for 10 min. The absorbance of the resulting mixture was measured at 540 nm
and the inhibitory activity was expressed as percentage of a control sample without inhibitors.

All assays were carried out in triplicate.

3.3.4. Statistical analysis

Data were analyzed using a statistical software package (SPSS for Windows, version 23, IBM
Corporation, USA) using Tukey’s-HSD multiple range post-hoc test. Values were considered

significantly different at p < 0.05
3.3.5. Homology modelling

Owing to the non-availability of the three dimensional (3D) coordinates of a-glucosidase from
Sacchromyces cerevisae, we developed its model using homology modelling technique. First,
the amino sequence of a-glucosidase in fasta format was retrieved from UniProt protein data
bank (http://www.uniprot.org/) using P53341as an access code. The sequence alignment of the
query sequence was performed with the BLAST (Altschulet al., 1990) module in Discovery
Studio 4.0 Client (Accelrys), considering the default parameters. Of the total 66 protein hits
sampled from blast search, the Sacchromyces cerevisae isolated from isomaltase (pdb code
3AJ7, X-ray resolution 1.3A) displayed the best match based on its high sequence identity
(71.4%) and sequence similarity (87%) with respect to the query sequence (Yamamotoet al.,
2010). The X-ray structure of Sacchromyces cerevisae from isomaltase was downloaded from
the protein data bank (www.rcsb.com), and utilized as a template to construct the 3D model of
o-glucosidase using the “Build Homology Models™ protocol implemented in MODELER
(Eswaret al., 2006) program in DS. The generated model was energetically minimized using
the RMS gradient criteria of value 0.02kcalmol?, and finally validated using the Verify Protein
(Profiles-3D) modulein DS.

3.3.6. Molecular docking method

The structures of all potent compounds (B2-B3, B5-B6, B9, B11, C5 and C7) including
acarbose (standard drug) were prepared using Chem3D Ultra 8.0. The conformational profile

of each compound was explored using “Generate conformations” algorithm in DS. The
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generated conformations were energetically minimized, and the lowest conformation was
determined based on the lowest CHARMm energy. The “Prepare Ligands” module was further
used to determine the conformers of each compound at physiological pH using their lowest
energy conformation as an input. The energy minimization of all conformers was performed in
DS, and the one with the lowest energy was selected for docking. The CHARMmM force field
was considered to develop the partial charges on each atom of the compounds. Before docking,
the different binding sites of predicted model of a-glucosidase were determined using “Define
and Edit binding Site” protocol in DS. The binding site with the partition level 787.2A was
selected and a binding sphere was created around it. In silico docking of all compounds was
performed in the binding cavity of the modelled a-glucosidase enzyme using CDocker program
(Wuet al., 2003) in DS. The best pose of each compound was selected on the basis of CDocker
energy, and utilized further for calculation of the binding energy of the complex. The DS
visualizer was used for visualization and analysis (drug receptor interactions etc.) of the

complexes.
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CHAPTER 4

Results and Discussion
4.1 Synthesis of 7-hydroxycoumarins (A-C)

The reactions carried out in this project consisted of two steps, the first step involved the
synthesis of hydroxyl derivatives of 4-methylcoumarins (A-C), whereas the second step
involved the alkylation or acetylation of the resulting 4-methylcoumarins. Specifically, the
reaction between ethyl acetoacetate and a substituted phenol (phloroglucinol, orcinol or
resorcinol) was conducted in the first step in the presence of sulfuric acid at 0°C (Scheme 4.1)
(Sahoo et al). The progress of the reaction was monitored using thin layer chromatography
(TLC). After completion, the reaction mixture was poured into crushed ice and the solid
compounds were obtained, which were further recrystallized using ethanol as a solvent. All the
coumarins were obtained in good yields ranging from 70 to 97%. A proposed mechanistic
pathway (Scheme 4.2) for the reaction involves the nucleophilic attack of hydroxyl group of
phenol (1) on the activated carbonyl carbon (in the presence of acid) of ethyl acetoacetate (2),
leading to the formation of an intermediate 3 after condensation (transesterification). The keto-
enol tautomerization of intermediate 3 led to the formation of intermediate 4 which upon
Michael addition resulted into a cyclic coumarin skeleton (5). The aromatization of
intermediate 5 led to intermediate 6 which upon acid-induced dehydration resulted in coumarin
(7). The structural elucidation of isolated products (A-C) was performed using the NMR (*H

and *3C) spectroscopic data and their melting points reported in literature (Table 4.1).

R R
0 Q H,S0, A
>
+ M 0°C,30min
HO OH o N HO o )
R=H

=CHj;
=OH

Scheme 4.1. Synthesis of coumarins (A-C) from ethyl acetoacetate and substituted phenols.
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Scheme 4.2. Proposed mechanism of the Pechmann reaction.

Compound | Substitution | Rfvalue | Yield Literature Reference
(R) (%) melting point
(°C)
A H 0.44 71 190.0-192.0 Khan et al., 2003
B CHs 0.54 88 248.0-250.0 Khan et al., 2003
C OH 0.25 60 233.3 Mandhane et al.,
2009

Table 4.1: Experimental properties of three different 4-methylcoumarins (A-C) synthesized
from ethyl acetoacetate and substituted phenols in Scheme 4.1.

4.2.1. Synthesis of single O-acetylated coumarins (A1-B1)

Since, the hydroxyl moiety (at position 7) of the synthesized coumarins (A and B) has
adequately acidic proton (being attached to the electronegative oxygen atom) and can easily
acts as a nucleophile without base or in the presence of a mild base, we constructively utilized
this moiety (-OH) in the second step to prepare a range of new coumarin analogues by carrying
out its O-acetylation/ alkylation reactions. For acetylation reactions, the heating of hydroxy
coumarins with alkyl halides, as reported earlier by Sandhya et al., proved to be unsuccessful
in our case. However, refluxing a mixture of 7-hydroxycoumarins (A-C) and acetic anhydride
in glacial acetic acid for 30 minutes led to the isolation of desired compounds with good yields
(75-81%) (Scheme 4.3).
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0 X

CH,COOH )k o 0 X0

140°C, 30min

Al-C1
ForA R=H
For B, R=CH;

Scheme 4.3. O-acylation reaction of coumarins (A and B) bearing single hydroxy group.

All isolated compounds were pure and did not require any further purification. The structural
assignments to all O-acetylated coumarins (Al and B1) were based on the NMR spectral
evidence. Compound Al, for instance, 4-methyl-2-oxo-2H-chromen-7-yl acetate exhibited a
characteristic singlet at 6 2.31 ppm corresponding to a methyl group attached to acetyl group,
a slightly downfield doublet (J=0.56Hz) at & 2.44 ppm was assigned for a methyl group
attached to B-carbon and a singlet resonating at 6 6.39 ppm was assigned to an olefinic proton
attached to a-carbon of pyranone ring (Figure 4.1a). Additionally, the J coupling has been
very useful to assign the protons of benzene ring. For instance, H5, the most deshielded proton
(6 7.82), appeared as a doublet (J = 8.6Hz) with a typical ortho coupling with H6. Similarly,
H6 resonates at 5 7.18 ppm as a doublet of doublets (dd, J = 2.12 and 8.6 Hz) by coupling with
ortho (H5) and meta (H8) protons, while H8 appeared at 6 7.26 ppm as a doublet (J = 2.12) by
exhibiting meta coupling H6. The structure of Al was further corroborated with the help of its
13C spectrum (Figure 4.1b) whereby the two characteristic shielded singlets resonating at
6 18.1 ppm and 20.8 ppm established the presence of two —CHs groups, whereas the two most
deshielded peaks resonating at & 168.8 and 159.6 confirmed the presence of two carbonyl (-
C=0) functionalities in the structure in addition to eight peaks ranging between 5 value of

110.1 to 153.5 for aromatic/olefinic carbons.
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4.2.2. Synthesis of single O-alkylated coumarins (A2-A13, B2-B13)

Encouraged by a successful acetylation reaction of coumarins, we decided to synthesize
another series of coumarin analogues by O-alkylation of the coumarins (A-B) bearing a
hydroxy group at position 7. The reported [Yee et al] few O-alkylation reactions of coumarins
have already been documented in the literature and involves the usage of dry acetone as a
solvent and cumbersome isolation procedures. However, we modified the reaction procedure
in our work and used DMF as a solvent to carry out the O-alkylation of the coumarins using a
wide range of substituted alkyl halides. It was envisaged that the addition of reaction mixture
after its completion in crushed ice might yield the pure solid product, as observed in the case
of O-acetylation, without any extra purification steps as described previously [Yee et al].
Accordingly, the 7-hydroxycoumarins (A-B) dissolved in dry DMF and initially activated by
K2CO3 were allowed to stir with variedly substituted haloalkanes at room temperature under
nitrogen atmosphere (Scheme 4.4).

R CHj3 R
N
X Ry X . AN
stir,r.t, 18-20 hr R
IN
HO ) @) under N, o) @] @]
ForA R=H
For B, R=CHj A2-A13, B2-B13

Scheme 4.4. O-alkylation reaction of coumarins (A and B) bearing single hydroxy group.

The time taken for the completion of the reaction in our study was longer (18-20 hr) than the
reported method where the reaction mixture was refluxed at 60°C for 10 hours (Yee et al,
2005). The advantages associated with our procedure, however, encompass the simple stirring
of reaction mixture and isolation of products with ease. Moreover, the pure coumarin
derivatives were obtained in good yields (>50%) without any complicated isolation procedures.
The experimental properties of different scaffolds (A2-Al13, B2-B13) that have been
synthesized via the O-acetylation and O-alkylation of the coumarins are presented in Table
4.2.
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Table 4.2: Shows experimental properties of compounds (A2-A13, B2-B13) synthesized via

the acetylation and alkylation reactions of coumarins (A-B).

Cmpd. | Substitution (R1) Rfvalue | Percentage Melting References
yield (%) point ('C)
Al 0 0.48 81 150.0-152.0 Elgogary et al.,
2014
e
A2 T 0.66 81 159.0-160.0 | Robertson et al.,
1932
A3 PN 0.67 81 106.0-108.0 Khan et al., 2003
A4 0.68 77 86.0-87.0 Park et al., 2009
o
A5 T~ T~ 0.73 79 41.0-43.0 Yee et al., 2005
A6 \/\fﬂ' 0.67 90 72.0-75.0 Vianna et al.,
2015
A7 0.64 104 155.7-156.2 Nesmeyanovet al.,
1937
S - 93
A8 o 0.75 85 181.0-182.0 Raghavendra et
O/\ al., 2011
A9 /(:E\,ﬂ' 0.63 68 150.3-151.6
F F
Al0 F 0.68 77 178.3-179.6
(ji\‘rﬂ
F
All 1073 64 73.4-74.8
F/Q/\
F
Al2 ¢ 0.67 93 170.2-171.5
: : : \,J‘rf'
Cl
Al3 /@/\,ﬂ | 0.66 70 204.0-205.2 Lévai et al., 2005
O,N
B1 Q 0.51 75 192.0-193.7
S
B2 P 0.58 74 134.4-134.8
B3 N 0.65 68 137.7-138.2
B4 0.51 57 81.3-82.7
o
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B5 P 0.73 68 117.9-118.0

B6 o~~~ 015 56 89.5-90.9

B7 \/\fﬁ" 0.68 89 110.9-111.5

B8 0.74 78 85.5-86.9
\ fj.f'

B9 O/\(,ﬂ" 0.76 85 141.1-142.3

B10 o 0.45 84 155.3-156.2

B11l

B12 AN 1073 121 170.8-171.4
/
E
F

B13 ¢ 0.70 85 201.7-202.4

B14 /@/\,ﬂ' 0.59 72 196.3-197.4
O,N

The chemical structures of all O-alkylated coumarins were unequivocally assigned using
different spectroscopic techniques including 1D (*H and *C), 2D (HMBC, HSQC and COSY),

IR and HRMS spectral evidence. The detailed spectral features of each compound are depicted

0.63 78 149.9-151.3

in the experimental section, whereas the salient characteristics are mentioned here.

For example, compound B4, interpreted as 4,5-dimethyl-7-(propan-2-yloxy)-2H-chromen-2-
one exhibited a molecular ion signal at 255.0991 in its HRMS, along with characteristic peaks
inits NMR (*H and *3C) spectra. The *H NMR spectrum (Figure 4.2a) showed a distinguishing
doublet at 6 1.34 (J = 6Hz) corresponding to two methyl (12 and 13) groups
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Figure 4.2: *H (a) and *C (b) NMR spectrum of 4, 5-dimethyl-7-(propan-2-yloxy)-2H-

chromen-2-one (B4)

and a deshielded multiplet at 6 4.77 (being attached to oxygen atom) for —CH proton (11)

confirming the attachment of isopropyl functionality to the coumarin ring. Additionally, the

presence of the requisite number of carbon resonances (Figure 4.2b) in the 13C NMR spectrum

including a characteristic peak at 6 159.5 assigned to carbonyl (=C=0) group of o,B-

unsaturated unit further substantiated the assigned structure.
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Since,*°F is a NMR active nuclei and has tendency to couple with both the carbon and hydrogen
nuclei, the NMR spectrum of fluorinated coumarin derivatives were observed to be
complicated and exhibited interesting splitting pattern. For instance, the compound B11,
bearing 2,6-difluorobenzyl moiety at position 7, in its H spectrum (Figure 4.3a) exhibited a
characteristic triplet of triplets (tt), a type of dddd, at & 7.55 for H4' proton owing to its coupling
with the two ortho protons (H3', H5") and two fluorine atoms (2',6") with J coupling 6.7 and 8.4
Hz, respectively. The two equivalent protons, 3' and 5' were comparatively shielded due to
resonance effect of fluorine atoms, and appeared as a triplet (actually a doublet of doublets) at

d 7.21 ppm with the coupling constant of 8.2 Hz.

In the 3C spectrum of B11 (Figure 4.3b), the carbon peaks of benzene ring split into doublets
due to C-F coupling with the J value decreasing as the distance increases with respect to the
fluorine atom (Momin et al., 2014). The J values have been very useful to assign the carbon
resonances of the benzene ring. For instance, the two chemically equivalent carbons (2',6")
appeared far downfield (6 161.1) due to —I effect of fluorine as a doublet (d) with large J
coupling value of 247.7 Hz. This large doublet could have been mistaken for two individual
carbon resonance in the absence of this knowledge. The meta carbons (C3', C5”) also resonate
as adoublet at 5 111.8 with coupling constants equal to 24.5 Hz, whereas the para carbon (C4")
resonate as a triplet (actually, dd due to two meta F atoms) with the J coupling value of 10.5
Hz. The quaternary carbon (C1') was the most shielded resonance amongst the other carbons
of benzene ring that appeared at 5 111.4 as a doublet (J = 19.1 Hz). The remaining carbons of
coumarin were identified on the basis of 2D NMR spectra (HMBC, HSQC and COSY). For
example, the carbons, C2, C3 and C4a were identified by their HMBC correlation with the H3.
Similarly, the C6 carbon was differentiated from the C8 carbon by its HBMC correlation with
the H10 (-CHzs), whereas the H9 (CH3) and H10 (CHzs) were differentiated by the HMBC
correlation of the former with the H3.
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Figure 4.3:*H (a) and *C (b) NMR spectrum (expansion) of [(2,6-difluorobenzyl)oxy]-4,5-

dimethyl-2H-chromen-2-one (B11)
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4.3. Synthesis of double O-acetylated/alkylated coumarins (C1-C12)

Since, the coumarin C contains two —OH groups, it was thought worthwhile to synthesize
different functionalized coumarin analogues by O-alkylation/acetylation of both these
hydroxyl groups. From chemistry point of view, it was envisaged that the benzene ring of
coumarin C with meta arrangement of the —OH groups would be accommodating enough to
afford even bulky moieties without any steric hindrance. To prove this, we first conducted the
double acetylation reaction by refluxing coumarin (C) with the acetic anhydride in the ratio
1:2, in glacial acetic acid at 140°C for 30 minutes (Scheme 4.5). As expected, the addition of
reaction mixture in crushed ice afforded pure solid compound that did not require any further

purification step in excellent yield (97%, Table 4.3).

The synthetic protocol employed for double alkylation involved the treatment of coumarin C
with 2 equivalents of KoCOs (in DMF) for 10 minutes under nitrogen followed by the addition
of appropriate haloalkane in a dropwise fashion at room temperature (Scheme 4.5). The
reactions took almost the same time as was taken for single O-alkylation (20-22 hr), discussed
earlier, affording the solid products after adding the reaction mixture into crushed ice. Again,

the pure compounds were obtained with yields ranging between 55 to 84 % (Table 4.3).

AN

o0~ o
OH
AN
OR
X
K N
2C0, + S055n
RO 0~ o
C2-C12

Scheme 4.5. O-acetylation/alkylation reactions of coumarin C bearing double hydroxyl

groups.
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Table 4.3. Shows the experimental properties of compounds synthesized via the acetylation
and alkylation reactions of coumarin C.

Compound | Substitution (R) Rfvalue | Yield Melting Reference
(%) point (°C)
C1 o 0.48 97 116.3-
)k' 117.9
J‘JJ'
C2 . 0.60 61 172.0- Smitha et
- 173.0 al., 2004
C3 0.60 56 152.0- Oshorne,
N 153.0 1989
C4 /K 0.54 57 85.2-85.9
J“rf.
C5 T~ T 0.71 55 63.6-63.9
C6 N T~ 1080 83 62.1-64.9
C7 W 0.63 59 280.0- Goswani
281.0 et al.,
2006
C8 - 0.70 60 134.0- Ahluwalia
135.0 etal.,
1967
C9 " 0.69 70 162.9-
163.2
C10 1 0.63 64 185.0-
CE\, 187.1
C11 0.74 58 196.8-
197.3
C12 0.68 84 229.9-
230.8

The unambiguous structure elucidation of all compounds was performed on the basis of the

detailed spectral data and analytical evidence. As expected, the double alkylation/acetylation

of coumarins, in their *H NMR spectrum, did not exhibit any appreciable change in chemical

shifts or splitting pattern when compared to their structural analogues with the corresponding

single substitution. For instance, compound 4-methyl-5, 7-bis (propan-2-yloxy)-2H-chromen-

2-one (C4) with two isopropyl groups, in its *H spectrum (Figure 4.4a) exhibited two doublets
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for two sets of -CHs groups (11, 12, 14 and 15) at 6 1.31 and 1.28 with the J coupling ~ 6.0
Hz, and a multiplet between & 4.71 to 4.79 accounting for two —CH protons (10 and 13) of
isopropyl groups, almost similar chemical shift and J pattern as observed in case of its single
O-propylated analogue (B4). The meta-coupling between H6 and H8 protons that was absent
in B4, however, was present in C4. The double alkylation was quite clear in the 3C spectrum
of C4 (Figure 4.4b) showing characteristic resonances at 6 21.5 (C11/C12), 21.6 (C14/C15),
23.9 (C9), 70.0 (C10), 70.8 (C13) for alkyl groups and other resonances appearing between

d 94.5 to 160.9 corresponding to the remaining nine carbons of the coumarin ring.
4.4. Nitration of coumarins (A-C)

In order to prepare the nitro-substituted coumarins, the electrophilic substitution reaction of
coumarins (A-C) was performed by treating them with the mixture of nitric acid (HNO3z) and
sulfuric acid (H2SOa) taken in ratio 1:3, respectively (Scheme 4.6). In the case of B, after
completion of the reaction (monitored using TLC), the solid product was isolated when poured
in crushed ice and stirred for 10-15 min. The solid thus obtained had some impurities which
were removed by recrystallization from ethanol, yielding crystalline yellow solid with a
melting point of 233.3°C in 32% yield. On the other hand, the reaction of coumarin A and C,
led to the formation of intractable mixture from which no desired product could be isolated

even after purifying the mixture using column chromatography.

R
X
—
HO o] @]
R NO,
B15
HNO3 H2504 X HNO3, HzSO4 R= CH3
No product = —_—
rt., 1h rt 1h
HO @] O
R=H, OH R
O5N
2 X
——x—
HO ) @]
Z

Scheme 4.6: Nitration of 4-methylcoumarins (A-C).
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The precise structure of compound B15, 7-hydroxy-4, 5-dimethyl-8-nitro-2H-chromen-2-one,
was elucidated based on the NMR spectroscopic data and HRMS. The presence of strong
electron-withdrawing group (—-NO.) in the coumarin ring appreciably affected the chemical
shifts of its proton nuclei, especially those attached to the benzene ring where the nitro
substituent was directly substituted. For instance, in *H NMR spectrum of B15 (Figure 4.5a),
where the chemical shifts (8) of H11, H6, H3, H10 and H9 were at 12.26, 6.81, 6.21, 2.73 and
2.71 ppm respectively, showed considerable downfield shift when compared with its parent
molecule B (Figure 4.5b) where the corresponding resonances appeared at & 10.5,
6.56, 6.04, 2.53 and 2.27 ppm, respectively. The disappearance of a proton (H8) indicated the
substitution of aromatic proton with the —NO> group. The presence of the —NO> group at
position 8 was corroborated with the help of HMBC spectra (Figure 4.6) where the H6 proton
exhibited the HMBC correlation with C4a along with the other two sets of protons, H3 and —
CHs (at position 9). No such HMBC correlation would have been observed if -NO2 group was
attached at position 6. Moreover, the HMBC relationship between H6 and C8 (quaternary

carbon) also supported the nitration of coumarin ring at position 8.
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Figure 4.6: HMBC spectrum of B15 showing important correlations

Hence, a variety of functionalized coumarin derivatives were synthesized by exploring the
alkylation and acetylation reactions of —OH group/s of three parent coumarin scaffolds. The

nitration of coumarin B was also successfully performed.
4.5. Anti-diabetic and Anti-oxidant evaluation of coumarin analogues

Total 43 compounds (including starting coumarins, A-C) were evaluated in vitro for their o-
glucosidase inhibition using acarbose as a standard drug. Considering the large number of
compounds in hand, the compounds were divided into two sets (set I and Il) and tested
separately. For the first set, the compounds belonging to only series B and C were randomly
selected including nitro coumarin (B15). The B series is made up of completely novel
compounds synthesized in this study whereas the C series was investigated to see the effect of
double acetylation and acylation on the biological activity. The half maximal inhibitory
concentration (ICso), the minimum amount of drug required to inhibit the 50% response, for
each compound obtained from the biological activity studies is summarized in Table 4.4, while
the same data is graphically represented in Figure 4.7. The lower value of ICsg represents the
effectiveness of the drug in comparison to the reference drug. The majority of the compounds
formed by single O-alkylation of coumarin B exhibited the potent a-glucosidase inhibition
with 1Cso values spanning between 11.084+0.117 to 194.978+2.36 ug ml? (Table 4.4) in
comparison to the standard inhibitor acarbose (ICso= 40.578+5.999).
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Figure: 4.7: In vitro a-Glucosidase activity of coumarin derivatives (B1-B9, B15, and C2-C8)along with the standard inhibitor (acarbose).

Data are presented as mean + SD values of triplicate determinations. a-h different letters stand for significantly different values from each other

within a column (Tukey’s-HSD multiple range post hoc test, p < 0.05, IBM, SPSS, version 23); the same letters stand for non-significant
difference
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Table: 4.4: In vitro ICso values of antioxidant and o-glucosidase inhibition activities of the
acetylated (B1), alkylated (B2-B9 and C2-C7) and nitrated (B15) coumarin analogues along
with the reference drugs (Ascorbic acid and Acarbose).

Cmpd. Structure DPPH | o-Glucosidase | a-Amylase
I1Cs0 (ng/ml)

B1 74.116+4.821M" | 194.978+2.365% | 269.745+21.19

CH3 CHa 60
)7\ /C[i
B2 T 48.111+3.647° | 27.439+9.851% | 138.045+1.6222
joot |

B3 m 5.605+0.113% 28.568+0.056* | 117.776+20.01
2ab

B4 /Cgi 42.792+2.864%% | 56.530+28.581% | 113.057+23.69
c 6ab

B5 m 26.289+12.005 | 34.577+6.046® | 171.324+4.266°

de c

B6 m 29.485+6.572¢% | 28.121+4.897% | 141.745+15.19
1ab

B7 33.471+1.998%" | 44.096+20.725% | 114.940+16.00
c 7ab

NN m
B8 27.677+0.486"% | 49.918+0.583%° | 87.677+3.779%
\
/KA

B9 /CECHi 83.316+1.045' 11.084+0.1172 107.075£12.67

2ab

76



B15 o 1.855+0.1462 285.375+169.76 | 453.591+80.0
AN 2¢ 8

1d

C2 oo < 53.456+3.927 foh 116.420+2.291% | 170.663+12.9

N d 93bc
C3 N CH, 75.279+5.724N 208.518+31.518 | 265.701+50.8
d
/\O (o] (o)
C4 Hsc\ 20.435+3.5372bcd 51.252+6.939%¢ | 154.520+12.9
y C/CH\O CHs 93ab
X

C5 24.324+0.1172cd 32.488+14.851% | 150.903+8.97

C6 2.472+0.8452 56.375+0.6722¢ | 98.494+5.9942
b

/\/\/\ m

Cc7 62.670+£17.522% | 19.233+3.010? 74.405+1.8942

b
\/\ /i:[i

C8 7.248+2 .846%° 56.496+0.358%° | 95.889+3.7172

b
ﬁii
AA Ascorbic acid 1.184+0.022° - -
Acr Acarbose - 40.57845.999%¢ | 65.649+5.1142

Data are presented as mean + SD values of triplicate determinations. a-i Different letters stand for
significantly different values from each other within a column (Tukey’s-HSD multiple range post hoc
test, p < 0.05, IBM, SPSS, version 23); the same letters stand for non-significant difference.
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Although, the coumarin was common skeleton amongst the tested compounds, a significant
variation in their inhibitory potential was observed after introducing different substituents at
position 5 and 7 of the main core. For instance, the presence of -COCHj3 group at position 7 of
coumarin ring in compound 4,5-dimethyl-2-oxo-2H-chromen-7-yl acetate (B1) drastically
reduces its activity (ICso= 194.978+2.36 ug ml™t) against the enzyme. On the other hand,
compound 7-(benzyloxy)-4, 5-dimethyl-2H-chromen-2-one (B9) with the benzyl group (Ph-
CHo-) at same position remarkably (p<0.05) increased its activity (ICso= 11.084+0.117 ug ml°
1y four-fold more than the standard inhibitor acarbose (ICso= 40.578+5.999 ug ml?). The
introduction of O-alkyl hydrocarbon chain at position 7, as in compounds B2 (-OCHj3), B3 (-
OCH2CHj3), B5 (-OCH2CH2CH2CHj3), B6 (-OCH2CH>CH>CH>CH>CHpy) also increased the a-
glucosidase inhibition activity of these compounds relative to acarbose. On the contrary, the
branching of alkyl chain (in B4) or the presence of alkenyl unit at same position (in B7-B8)
decreased the activity. The nitration of benzene ring of coumarin (in B15) also reduced the
inhibition activity substantially (ICso = 285.375+169.762 ug ml™?). In series C, the compound
4-methyl-5,7-bis (prop-2-en-1-yloxy)-2H-chromen-2-one (C7) bearing double propenyl
moiety at position 5 and 7 of coumarin ring displayed the most potent a-glucosidase inhibitory
activity with 1Cso value of 19.233+3.010 pg ml?. Similarly, the double O-butylation of
coumarin ring (in C5) also led to the stronger inhibition of a-glucosidase (ICso =
32.488+14.851ug mlt) better than acarbose. The replacement of the 5, 7-dihydroxy groups
with —methoxy (C2), -ethoxy (C3), isopropoxy (C4), hexyloxy (C6) or benzyloxy (C8)
resulted in a noticeable decrease in the inhibitory activity. The screening of compounds of setl
against a-amylase (Figure 4.8) did not yield any promising candidate as all compounds
displayed weaker activity with the ICso values ranging between 453.591+80.08 to
74.405+1.894ug mltin comparison to the standard drug acarbose (1Cso =65.649+5.114ug ml-
1), The antioxidant activity of the compounds of set | was also tested using DPPH assay in
vitro using ascorbic acid as a reference drug (Table 4.4, Figure 4.9). The analysed compounds
showed a varying degree of anti-oxidant activity with 1Cso ranging from 1.855+0.146 to
83.316+1.045 pug ml. Among the tested compounds, the coumarin 7-hydroxy-4,5-dimethyl-
8-nitro-2H-chromen-2-one (B15), bearing —NO- group at position 8 exhibited the highest anti-
oxidant activity (ICso = 1.855+0.146 pg ml™) comparable to the ascorbic acid (ICso =
1.184+0.022). The single- or double alkylation/acetylation did not yield any promising anti-
oxidant compound as all these compounds exhibited weaker activity (ICso between
2.472+0.845 to 83.316+1.045 pg mlt) with respect to ascorbic acid.
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Figure: 4.8: In vitro a-amylase inhibition activity of coumarin derivatives (B1-B9, B15, and C2-C8) along with the standard inhibitor
(acarbose).

Data are presented as mean + SD values of triplicate determinations. a-i Different letters stand for significantly different values from each other

within a column (Tukey’s-HSD multiple range post hoc test, p < 0.05, IBM, SPSS, version 23); the same letters stand for non-significant
difference
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Figure: 4.9: DPPH radical scavenging activity of coumarin derivatives (B1-B9, B15, and C2-C8) along with the standard drug (ascorbic acid)
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Since, the setl compounds only exhibited potential activity in DPPH inhibition and a-glucose
inhibition assays, the remaining 26 compounds of set Il were tested only for these two activities
in vitro. The ICso values for compounds relative to standards drugs are summarized in Table
4.5. A closer inspection of Table 4.5 revealed that all the tested compounds showed weaker
anti-oxidant activity (ICso = 85.38+7.55ug ml™t to 17.48+5.43ug ml?) than ascorbic acid
(3.38+0.92ug ml?). Noticeably, the —OH substituted coumarins, A (32.72+7.65), B
(17.48+5.43ug mIt) and C (28.56+0.93ug ml™) displayed stronger anti-oxidant activity than
their O-alkylated/acetylated analogues suggesting that the presence of hydroxyl groups is
important for their antioxidant activity. Another interesting observation of this study was that
the presence of electron withdrawing group (—NO2) group at position 8 in B15 increased its
antioxidant activity ~16-fold more than its hydroxy derivative (B). For the a-glucosidase, all
the compounds of A (except A4 and A6) and B series showed improvement in their activity
after O-alkylation or acetylation of their precursors (A and B). For example, the compound
B11 bearing 2, 6-difluorobenzyloxy moiety at position 7 showed the strongest inhibition (1Cso
= 21.30+0.52ug mlt) almost two-fold higher than acrabose (ICso = 39.36+1.42ug ml). On the
other hand, B13, the chloro analogue of B11, displayed comparable (ICso = 39.68+2.13ug ml-
1y activity to acarbose. Similarly, A11, bearing 3,4-difluorobenzyloxy group at position 7
exhibited the equivalent activity (ICso= 39.54+1.35 ug ml?) to acarbose. Conversely, the
double O-alkylation/acetylation of C, irrespective of the nature or placing of substituents,
reduced its ability to inhibit the a-glucosidase. For example, the presence of two 2,6-
difluorobenzyloxy on coumarin at position 5 and 7 in C10, reduced its a-glucosidase inhibition
ability significantly (ICso = 130.22+1.5ug ml™) in comparison to its mono alkylated analogue
(B11). Overall, the results obtained indicated that the O-benzylation improves the o-
glucosidase inhibition tendency of the coumarin molecule. Similarly, the introduction of -NO>
group (nitration) on the benzene ring of coumarin significantly increased its antioxidant

activity.
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Table: 4.5: In vitro ICsp values of antioxidant and a-glucosidase inhibition activities of the
coumarin analogues (A1-Al3, B10-B14, C1 and C9-C12), their precursors (A-C) and the

reference drugs (Ascorbic acid and Acarbose).

Sample Compounds ICs0 (ng/ml)
DPPH a-Glucosidase
A 32.72+7.65" 148.63+21.892¢
m
HO O O
Al 62.77+0.79% 51.46+ 0.65%
ch)l\o (] [¢]
A2 CHa 62.54+0.36" 81.42+6.787%
/@i
\O O ]
A3 40.55+2.79% 58.40+0.43%
AN
/\O O [e]
Ad 43.40+2.78" 256.94+ 12.12°
AN
H3C>CO (o) o]
H. C/
A5 e 71.55+2.357 53.54+0.31%
Dii
/\/\o o) o)
A6 72.97+1.99% 206.75+ 73.40°°
J@Ei
\/\O O [e]
A7 T 67.25+3.12F 79.22+2.612
Dﬁl
(@) O [e]
A8 65.56+0.527 53.97+ 3.972%
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A9 57.73+11.797 79.97+17.14%
/Qii
A10 60.02+4.94% 63.66+7.77%
©\Ao o o)
.
All 47.29+1.11F 39.54+1.352
m
Al2 68.48+5.72% 63.47+1.97%
°' J@Ei
CC
Al3 72.29+6.17% 59.56+3.49%
J@[i
B CHa s 17.48+5.43% 145.24+ 29.228b¢
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4.6. Docking results

The glucosidase enzymes catalyses the release of glucose by cleaving the glycosidic bond in
different oligosaccharides and thus regulate the glucose level in the body in addition to several
associated biological functions. The a-glucosidase, a glucosidase enzyme, has widely received
the attention of pharmaceutical companies and researchers to develop novel and potent anti-
diabetic agents owing to its role in the breakdown of glycosidic bond in maltose sugar (Borges
de Melo et al., 2006). The inhibition of a-glucosidase not only suppresses the carbohydrate
digestion but also decrease postprandial hyperglycaemia, and has proven to be very effective
strategy in developing novel drugs for the treatment of obesity and diabetes mellitus type 11
(Scott et al., 2000; Cheng et al., 2004). Since, our compounds showed good inhibition against
a-glucosidase even superior to the standard inhibitor under in vitro conditions, it was
considered worthwhile to investigate the binding ability of compounds with the protein and to
explore their binding modes and nature of interactions in the host (enzyme) cavity.

Although, the X-ray coordinates of a-glucosidase isolated from different bacterial sources are
available in the protein data bank (www.rcsh.com), the crystal structure of the a-glucosidase
from yeast Sacchromyces cerevisae, used in our study, has not been solved yet. On the other
hand, the reports showing the construction of 3D models of a-glucosidase from yeast source
using homology modelling have been documented in the literature (Khan et al., 2014; Guerreiro
et al., 2013). However, none of these modelled structures are available online for scientific
community. Hence, we used homology modelling technique to model the 3D structure of -
glucosidase using the amino acid sequence of Sacchromyces cerevisae that is available on
UniProt protein data bank (http://www.uniprot.org/) with the access code P53341. The BLAST
program (Altschul et al., 1990) available in DS was used to probe suitable protein targets on
the basis of their sequence similarity with the query sequence, using default parameters. The
X-ray structure of Sacchromyces cerevisae that was obtained from isomaltase (pdb code: 3AJ7,
resolution 1.30A) (Yamamoto et al., 2010) was found to be the best match for the query
sequence showing 71.4% sequence identity and 86.9% sequence similarity (Figure 4.10). The
Build homology models protocol in DS software that implements MODELER program (Eswar
et al., 2006) was subsequently employed to construct the 3D structure of a-glucosidase, using
the X-ray structure of isomaltase (3AJ7) as a template. The generated model of a-glucosidase
was energetically minimized until the RMS gradient of value 0.02 was achieved, and validated

using the Verify Protein (Profiles-3D) module, in DS.The final assessment of the constructed
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homology model was performed by computing its root mean square deviation (RMSD) with
respect to the template protein (3AJ7). The computed RMSD less than 1.5A confirmed a good
structural match between them and validated the a-glucosidase model generated (Figure 4.11).
The binding sites in the generated model were predicted using the Define and Edit Binding Site
module, and the one with the highest 6298 points and partition level 787.2A was selected for
docking purpose by creating a binding sphere around this binding site. The eight most potent
compounds that showed the better a-glucosidase inhibition than the reference drug (Acarbose)
experimentally were selected for docking experiments in silico. Initially, the structures of the
compounds were prepared in 3D format and subjected to conformational search, ligand
preparation and minimization (at physiological pH) modules to determine the lowest energy
conformer (details in method section). Docking simulations were subsequently conducted for
the compounds in the binding cavity of the modelled a-glucosidase enzyme, using the CDocker
program (Wu et al., 2003) embedded in Discovery Studio (DS, Accelrys). The CDocker is a
CHARMmM force field (Brook set al., 2009) based algorithm that samples different
conformations of the ligand molecule during docking simulation using high temperature
molecular dynamics, while keeping the protein conformation fixed. For comparison purpose,
the docking of acarbose with the o-glucosidase was also conducted considering the same
parameters as used for the compounds synthesized. The binding affinity of each compound was
determined on the basis of the binding energy (BE) of the complex that was computed by
subtracting the energy of the free ligand and energy of the free protein from the energy of their
complex. The lower negative value of BE indicates the favorable binding of the ligand with the
protein and vice-versa. The computed BE values of all compounds were observed to be
negative ranging between -21.0 to -8.1 kcal mol™, suggesting the favorable binding of all eight
compounds with the protein. The standard inhibitor (acarbose) relatively displayed the weaker
interaction with the enzyme (BE = -5.8 kcal mol™) supporting the experimental results whereby

all these eight compounds exhibited stronger activity against a-glucosidase than acarbose.

The complexes of compounds with the enzyme were further visualized using DS visualizer to
determine the nature of forces responsible for their host-guest relationship, and are pictorially
depicted in Figures 4.12-4.20. Compound B2 exhibited two conventional hydrogen bonds
(2.2A, 2.6A) with His280 and Arg442 of enzyme using its carbonyl oxygen (pyran ring) and
oxygen atom (-OCHpa), respectively (Figure 4.12). Additionally, the two non-conventional
hydrogen bonds with Glu277 and Asp352 and multiple hydrophaobic interactions with different
amino acids (Phel58, Phel59, Phel78, and Arg315) of enzyme were also observed. B3
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(Figure 4.13), the ethyl analogue of B2 displayed two concurrent hydrogen bonds (2.6A, 2.7A)
with Arg442 (proton donor) through its carbonyl oxygen (proton acceptor) attached to pyran
ring, however, missed the interaction with His280 as observed in case of B2 (Figure 4.14).
The —CH2 group (of ethoxy moiety) of B3 also formed two non-conventional hydrogen bonds
with Asp411, while the remaining alkyl groups attached to coumarin ring formed a network of
hydrophobic forces with several amino acids of a-glucosidase. Compound B6 bearing a long
six carbon alkyl chain missed several interactions as were seen in case of B2 and B3, however,
managed to stabilize its geometry in the active site of enzyme through hydrophobic interactions
with Phel58, His280, Phe303 and Asp411 along with a strong electrostatic interaction (cation-
n type) with Arg442(Figure 4.14). Similarly, the compound with three-membered
hydrocarbon chain at position 5 (B5) also interacted with the enzyme via two hydrogen bonds
(2.2A, 2.8A) with His280 (proton donor) and Asn415 (proton donor) and hydrophobic
interactions with Phe158, Phe303 and Arg315. (Figure 4.15). The most potent anti-diabetic
compound B9 (ICso = 11.084+0.117ug/mol, Table 4.4) engaged with the enzyme through a
strong conventional hydrogen bond (2.1A) formed between the carbonyl oxygen of pyran ring
and the —imidazolic nitrogen of His280 (Figure 4.16). Additionally, the benzylic group of B9
displaying a non-conventional hydrogen bond with Glu277 and the coumarin architecture
forming hydrophobic network with Arg315 and Phel58 were observed. Moreover, it also
displayed a strong electrostatic interaction (cation-r type) between the w-electron cloud of its
benzene ring (benzyl group) and positively charged —NH2 group of Arg442. Another potent
antidiabetic agent B11 (ICsp = 21.3+£0.52 ug/mol, Table 4.5) interacted with the enzyme by
establishing two concurrent hydrogen bonds with His280 (2.9A) and His246 (2.5A) (proton
acceptor) through the fluorine atom (proton acceptor), and another hydrogen bond with GIn353
(2.2A) through carbonyl oxygen (proton acceptor), in addition to a network of hydrophobic
interactions with Arg442, Phel158, Arg315, Pro312 and His240 (Figure 4.17).

Compound C5 (Figure 4.18) exhibited a hydrogen bond (2.3A) with -NH group (proton donor)
of His280 using its ether oxygen (proton acceptor), and another hydrogen bond (2.8A) with —
NH2 group (proton acceptor) of Asn415 utilizing its keto group (proton acceptor) of pyran ring,
in addition to hydrophobic interactions with His246, Phe158 and Arg315 (Figure 8). Similarly,
C7 formed a hydrogen bond (2.2 A) with His280 through its ether oxygen in addition to
establishing several hydrophobic interactions with the a-glucosidase (Arg315, Phel58, His240
and Ph178) utilizing its coumarin ring and side chains (Figure 4.19). The standard inhibitor,

acarbose (Figure 4.20), interacted through hydrogen bonding formed between its hydroxyl
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groups and five amino residues (His280, Asp41l, Arg315, Pro312 and Glu307) of a-
glucosidase along with hydrophobic forces (Phel78, Phel59, Pro312 and Glu277).

Overall, the docking results revealed that the presence of electronegative atoms (oxygens) in
the synthesized coumarins was very significant in establishing the hydrogen bonding network
with the protein. Similarly, the participation of alkyl/aryl chains and coumarin framework in
generating non-bonded interactions (hydrophobic and electrostatic) with the a-glucosidase
enzyme played significant role in their host-guest relationship. Docking analysis also identified
few key amino acid residues such as His280, Arg315, Phel58, Glu277, Glu215 and Arg442,
which were actively involved in the interactions and played important role in locking the
geometries of the compounds in the binding site of a-glucosidase. The binding of acarbose to
the similar amino acid residues (His280, Arg315, Glu277) as that of the coumarins synthesized

indicated their anti-diabetic activity possibly through the same mechanism of action.

30 40 0 60
Yeast I I E E I Ve
3AJ7A - - 1s
o 140 150
Yeast
3AJ7A S
170 a0l | o
e i U e
3AJ7A K Y GS ARV YV TW SSDPY
= | __ s T T I |
: R IR S
3AJ7A MN MQ ETKR SRH NESETD L
330 __________
N HARE dEHE i H
3AJ7A EL R G N V LS
__

a0l 4
I
3AJ7A IR EEH K A
sool . __sool sl ool <
I
3AI7A DITV

s B
Yeast
3AI7A

Figure 4.10: Sequence alignment of a-glucosidase from S. cerevisae (uniprot access code:
P53341)) with the S. Cerevisae from isomaltase (pdb code: 3AJ7). Sequence overlaps are
highlighted in blue whereas the conservative substitutions are highlighted in green.
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Figure 4.11: Overlay of the predicted homology model of a-glucosidase (shown in red flat
ribbons format) with the Sacchromyces cerevisiae isomaltase (shown in green flat ribbon
format), with the computed RMSD <1.5A.
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Figure 4.12: Docked complex of B2 (blue sticks) with the a-glucosidase. Only interacting
amino acids (red lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds
as green dotted lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic
interactions are depicted as magenta dotted lines.
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Figure 4.13: Docked complex of B3 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic interactions are
depicted as magenta dotted lines.
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Figure 4.14: Docked complex of B6 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines, electrostatic as yellow dotted line
and hydrophobic interactions are depicted as magenta dotted lines.
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Figure 4.15: Docked complex of B5 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic interactions are
depicted as magenta dotted lines.
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Figure 4.16: Docked complex of B9 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines, electrostatic as yellow dotted lines
and hydrophobic interactions are depicted as magenta dotted lines.
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Figure 4.17: Docked complex of B11 with the a-glucosidase. Only interacting amino acids
(red lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green
dotted lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic
interactions are depicted as magenta dotted lines.
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Figure 4.18: Docked complex of C5 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic interactions are
depicted as magenta dotted lines.
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Figure 4.19: Docked complex of C7 with the a-glucosidase. Only interacting amino acids (red
lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds as green dotted
lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic interactions are
depicted as magenta dotted lines.

Figure 4.20: Docked pose of acarbose in the binding pocket of a-glucosidase. Only interacting
amino acids (red lines) of enzyme are shown for clarity purpose. Conventional hydrogen bonds
as green dotted lines, non-conventional hydrogen bonds as grey dotted lines and hydrophobic
interactions are depicted as magenta dotted lines.
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Chapter 5
Conclusion and Recommendations

We successfully synthesized a range of functionalized coumarin analogues by carrying out the
O-alkylation and O-acylation of three coumarins bearing hydroxyl group (s). Of the total 43
compounds synthesized in this study, 27 are novel and have not previously been reported. The
starting hydroxyl coumarins were synthesized from different substituted phenols via the
Pechmann reaction and were subsequently acetylated using acetic anhydride. The O-alkylation
of hydroxyl coumarins was accomplished with variedly substituted haloalkanes in the presence
of base. Additionally, an unprecedented nitration of coumarin B was also performed in this
study. The unambiguous structural elucidation of synthesized compounds was accomplished
with the help of different spectroscopic techniques such as NMR (1D and 2D), FT-IR and
HRMS. Interesting chemical shifts and splitting patterns were observed in case of fluorinated
coumarins where fluorine atom being NMR active was engaged in coupling with both proton

and carbon nuclei.

The antioxidant and antidiabetic activities of all coumarins (both O-acetylated/acylated) were
tested under in vitro conditions. The antidiabetic activity was tested via inhibition of a-
glucosidase and a-amylase enzymes, key proteins in regulating the glucose level in body; while
the antioxidant activity was tested by DPPH assay. Based on ICso data, the single O-alkylated
coumarins were observed to be stronger inhibitors of a-glucosidase with respect to their double
O-alkylated analogues. Coumarin (B9) bearing O-benzyloxy group at position 7 displayed the
highest activity against a-glucosidase, almost four-fold higher than the standard inhibitor
acarbose. Although, the presence of 2, 6-difluorobenzyl (B11) moiety at same position reduced
its activity, the compound was still more active (two-fold) than acrabose The introduction of
alkyl chain in this series of compounds (B2-B6) also improved their activity relative to
acarbose. Conversely, the double O-alkylation/acetylation of coumarins, irrespective of the
nature or placing of substituents, reduced their ability to inhibit the a-glucosidase. For instance,
the coumarin (C10) flanked by two 2,6-difluorobenzyloxy groups at position 5 and 7 displayed
weaker a-glucosidase inhibition in comparison to its structural analogue with single benzyloxy
chain (B11). Only, the double O-propenylation (C7) and O-butylation (C5) resulted into
stronger a-glucosidase inhibitors compared to acarbose. The presence of nitro group in the
coumarin ring, in contrast, decreased the a-glucosidase inhibition significantly. None of the

tested coumarins showed promising activity against a-amylase.
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The in vitro antioxidant potential of the coumarins of set | was also tested using DPPH assay.
The coumarin (B15) bearing —NO- group showed the highest anti-oxidant activity amongst the
synthesized compounds, almost comparable to the ascorbic acid. All the remaining tested
compounds showed weaker activity in comparison to ascorbic acid. These results demonstrate
the significance of —OH groups in antioxidant activity of polyphenols. The chemical
transformation of —OH groups to alkoxy or acetyloxy groups considerably decreased the

antioxidant activity of coumarins.

Finally, in silico docking simulations of few representative coumarins with the modelled a-
glucosidase revealed the importance of hydrogen bonding and non-bonded interactions
(hydrophobic and electrostatic) with their host-guest relationship. The heteroatoms (oxygen)
were found to be useful in establishing hydrogen bonding, whereas the coumarin framework
was observed to be important in forming hydrophobic interactions with the catalytic site of o-
glucosidase. Moreover, the amino acids viz. His280, Arg315, Phel58, Glu277, Glu215 and
Arg442, of a-glucosidase were predicted to be important for locking the conformations of
compounds in the catalytic site of a-glucosidase. Overall, the present study demonstrates the
potential of coumarin analogues to act as anti-diabetic agents. To the best of our knowledge,
this is the first report in which coumarins of this kind have been investigated as inhibitors for

a-glucosidase.

Future work can involve placing the substituents preferably different benzyl groups on the
pyranone ring of coumarin and observing the effect it has on the inhibition of a-glucosidase.
The effect of replacing methyl group at position number 4 with a phenyl group can also be
investigated since such coumarins have shown potential activity against various metabolic
diseases. With regard to the antioxidant activity, only nitration of coumarin B was successful
and yielded the compound with comparable antioxidant activity to Ascorbic acid. So,
alternative methods can be used for nitration of A and C, and the resulting compounds can be
tested thereafter.
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