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Abstract

Flavonoids form a family of well known natural products present in most of the plant
families. More than 8000 different flavonoids have been isolated from their natural source to
date. The structural variations of these flavonoids are associated with many different
biological and pharmacological activities, including anticancer activity, protection against
cancer formation (chemo-protection), antioxidant activity, cardiovascular and hepatic
protection, antibacterial, antifungal and antiviral activity. Flavonoids have also been reported
to play an important role in hormone-related female diseases, such as breast cancer and
menopausal syndrome. Natural flavonoids have therefore been subjected to many chemical
modifications in order to improve their activity. As part of this thesis, I have added moieties
such as an amino alkyl chain, selenium and tellurium containing moieties. As part of an
approach to generate flavonoid derivatives more active and specific toward cancer cells,
addition of a chromene ring (ring D) to the flavonoid core structure resulted in chromene-
flavone derivative. Aromatase is a group of cytochrome P450 enzymes responsible for the
biosynthesis of estrogen, the main stimulant of breast cancer cell growth. Some of the
flavonoid derivatives tested (natural as well as synthetic) turned out to be good aromatase
inhibitors and may be studied further in the treatment of breast cancer. Ten natural products in
addition to 38 synthetic flavonoid derivatives were subjected to various in vivo and in vitro
bioassays in order to understand the various antioxidant, cytotoxic and aromatase inhibiting

properties associated with these compounds.



Kurzdarstellung

Die Familie der Flavonoide ist als Naturprodukte sehr gut bekannt und findet sich in
einem Grofteil der Pflanzenfamilie wieder. Mehr als 8000 verschiedene Flavonoide wurden
zum jetzigen Zeitpunkt aus Quellen natiirlichen Ursprungs isoliert. Die strukturellen
Unterschiede dieser Flavonoide, sowie deren Wirkung gegen Krebs, Schutz vor
Krebsentstehung, Antioxidantien-Aktivitit, kardiovaskuldrer und hepatischer Schutz sowie
antibakterielle, antifungizide als auch antivirale Aktivitit, spiegeln sich in verschiedenen
biologischen und pharmakologischen Aktivititen wider. Flavonoide spielen zudem bei
hormonell bedingten Erkrankungen, die iiberwiegend bei Frauen auftreten, wie z.B.
Brustkrebs oder das menopausale Syndrom, eine wichtige Rolle. Aus diesem Grund wurden

natiirliche Flavonoide

fiir diese Studien ausgesucht, die chemisch modifiziert worden sind, um deren Aktivitét
erhohen zu konnen. Als Teil dieser Doktorarbeit wurden verschiedene Reste, wie z.B.

Aminoalkylketten, Selen sowie auch Tellur hinzugefiigt.

Um eine hohere Aktivitdit sowie Spezifitit der Flavonoid-Derivate gegeniiber
Krebszellen erzielen zu kdnnen, wurde das Flavonoid-Grundgeriist mit einem Chromen-Ring

(Ring D) ergéinzt.

Aromatase gehdrt zur Gruppe der Cytochrom P450 Enzyme, die fiir die Biosynthese
von Ostrogen verantwortlich sind, einem wichtigen Férderer des Wachstums von Brustkrebs-

Zellen.

Sowohl natiirliche als auch synthetische Flavonoid-Derivate stellten sich als gute
Aromatase-Inhibitoren heraus and konnten spdter vielleicht in der Brustkrebs-Therapie

eingesetzt werden.

Zehn natiirliche Produkte sowie 38 auf synthetischem Wege hergestellte Derivate
wurden in verschiedenen in vivo und in vitro Bioassays eingesetzt, um die antioxidativen,
cytotoxischen, als auch die Aromatase inhibierenden Eigenschaften besser verstehen zu

konnen.
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Chapter I Introduction

Chapter I: Introduction

Natural, mainly plant-derived constituents have long been sources of drugs, and a large
proportion (30-40%) of the pharmaceuticals available in modern medicine is directly or
indirectly derived from natural sources. Natural products are also of great interest in the
process of drug discovery. Due to their large diversity in nature, they permit the identification
of leading molecules of interest for the development of new therapeutic agents. Furthermore
they provide biochemical and molecular tools needed to clarify complex cellular and
molecular mechanisms of action involved in most physiological and pathological processes.
Ultimately, a growing world-wide interest in the use of phytopharmaceuticals as
complementary or alternative medicine, either for the prevention or treatment of many
diseases, has been noted in recent years. It is believed that about 80% of world’s population
uses plants as their primary source of medicinal agents. Flavonoids in particular are
considered to be one of the most important natural products and one of the most commonly

used compounds around the world.

1.1. Flavonoids

1.1.1. Flavonoids in nature

Flavonoids are a group of naturally occurring polyphenolic compounds ubiquitously
found in plants [1]. Considering the means of defense and communication that plants acquired
through evolution, flavonoids form one of the most important chemical classes of natural
products. Flavonoids first appeared in green algae 500 million years ago, resulting from the
fusion of two biogenetic pathways, namely the cinnamate and the ancient polyketide route.

They have then become more and more complex with plant evolution [2].

We can attribute a large biological importance to flavonoids, not only for the vegetal
kingdom itself, but also for humans and animals. Flavonoids are increasingly thought to be
responsible for the longer life expectancy of populations with well-balanced and healthy diets.
Such a diet consist of a high amount of fruit and vegetables as well as beverages from

vegetable origin, particularly tea and juice, which make it rich in flavonoids and other
1



Chapter I Introduction

polyphenols [3, 4]. This nutritious phenomenon has often been referred to as the ‘French
paradox’ [5]. French paradox is the observation that the French suffer a relatively low
incidence of coronary heart disease. The phenomenon was first noted by Irish physician
Samuel Black in 1819. The term French paradox was coined by Dr. Serge Renaud, a scientist

from Bordeaux University in France in 1992 [6].

Flavonoids generally occur in plants as glycosylated derivatives, and they contribute to
the brilliant shades of blue, scarlet, yellow and orange, in leaves, flowers, and fruits [7]. Apart
from various vegetables and fruits, flavonoids are found in seeds, nuts, grains, spices, and
different medicinal plants as well as in beverages, such as wine (particularly red wine), tea,

and at lower levels also in beer [8].

Over 8000 different naturally occurring flavonoids have been discovered [9] and the list
is still growing. Most of these structurally different flavonoids can be arranged in various
classes, and differ in the level of oxidation of the C-ring of the basic benzo-y-pyrone
structure. Common family members of flavonoids include flavones, flavanes, flavonols,
catechins, and anthocyanidins (Fig 1). The structural difference in each flavonoid family
results from the variation in the number and substitution pattern of the hydroxyl groups as

well as the extent of glycosylation of these groups [10].

Anthocyanidins

Flavanes R=H

Flavones R=H Catechins R = OH

Flavonols R = OH

Fig 1: Chemical structure of some flavonoid members.

1.1.2. Biosynthesis of flavonoids [10, 11]

The B-ring and part of the heterocyclic ring of the flavonoid skeleton are provided by a

suitable hydroxy-cinnamic acid-CoA ester, usually 4-coumaroyl-CoA, whereas the A-ring

2
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originates from three acetate units via malonyl-CoA (Fig 2). Both precursors are derived from
carbohydrates. Malonyl-CoA is formed from acetyl-CoA and CO, catalysed by acetyl CoA
carboxylase. 4-Coumaroyl-CoA and related hydroxycinnamic acid esters are supplied by the
first steps of the general phenylpropanoid pathway. This pathway starts from the aromatic
amino acid phenylalanine, which is synthesized via the shikimate arogenate pathway. The key
reaction is the deamination of phenylalanine catalysed by phenylalanine ammonialyase
(PAL). This enzyme links the primary metabolism with the phenylpropanoid pathway. The
product of the reaction, frans-cinnamate, is hydroxylated to 4-coumarate by cinnamate 4-
hydroxylase, a cytochrome P450 mixed-function monooxygenase. Activation of 4-coumarate
by formation of the CoA ester is catalysed by 4-coumarate-CoA ligase. 4-Coumaroyl-CoA
can be hydroxylated in position 3 to caffeoyl-CoA, which may serve as a substrate for
chalcone formation besides 4-coumaroyl-CoA in some plant species. Three different enzyme

activities have been demonstrated for caffeoyl-CoA formation from 4-coumaroyl-CoA.

The key enzyme for the formation of the flavonoid skeleton is chalcone synthase
(CHS), which catalyses the stepwise condensation of three acetate units from malonyl-CoA
with 4-coumaroyl-CoA to the fifteen carbon intermediate 2°,4°,6°,4-tetrahydroxychalcone
(Fig 2). The respective 6'-deoxychalcone, isoliquiritigenin, is likewise synthesized from
malonyl-CoA and 4-coumaroyl-CoA by chalcone synthase but in coaction with a (reduced
nicotinamide adenine dinucleotide phosphate) (NADPH)-dependent reductase. Both chalcone
types may be the direct precursors for aurones and other diphenylpropanoids. The enzymes
involved in these reactions are still unknown. But, in particular, the 6’-hydroxy- and 6'-
deoxychalcones are the immediate precursors for all flavonoid compounds. The stereospecific
cyclization of the chalcone, catalysed by chalcone isomerase, provides 25-flavanones with the
typical flavonoid skeleton (Fig 2). Two types of chalcone isomerases are known: one
catalysing cyclization of 6 -hydroxy-chalcone to 5-hydroxyflavanone and another isomerizing

both 6'-hydroxy- and 6’-deoxychalcone to 5-hydroxy-and 5-deoxyflavan-one, respectively.

Flavanones are the direct precursors for other natural products, such as the large class of
flavones, isoflavones that are involved in phytoalexin synthesis, and the two flavonoid
intermediates, the flavan-4-ols and the dihydroflavonols. Flavones are synthesized from
flavanones by introduction of a double bond between C-2 and C-3. Two types of enzymes,
flavone synthase I, (a 2-oxoglutarate-dependent dioxygenase), and flavone synthase II, (a
cytochrome P450 mixed-function monooxygenase), were found to catalyse this reaction.

Formation of isoflavones from flavanones is catalysed by 2-hydroxy-isoflavanone synthase,

3



Chapter I Introduction

another cytochrome P450 mixed-function monooxygenase, coacting with a dehydratase
protein. The enzyme accepts both 5-hydroxy- and 5-deoxyflavanones as substrates. The
reaction involves an oxidative rearrangement of the flavanone, including a shift of the aryl

ring from position 2 to 3.

OH 0 OH
Carbohydratesl Arogenate. \'H/@ [ .O)i ] s HO. O Olil O
\ CoAS * 3X | coA
OH o
Shlkamate| Phenylalanine I 4- Coumaroyl CoA Malonyl CoA
OH /

0. o - FNS1&2 HO HO. o O
L) L=
OH

OH ¢ OH o °
FHT,
OH
o O
O FNR
HO o
OH FLS o OH O !
0. 0. / (0]
O | OH OH
S I} Tom Dihydroflavonol HO O o G
o G

¥
(J o
z
on Fe
ou M OH OH
Flavan-3-ol [Anthocyanidin

Fig 2: Schematic overview of the major branch pathways of flavonoid biosynthesis, starting from carbohydrates

and leading to twelve flavonoid groups adapted according to [10].

The reduction of the carbonyl group of flavanones gives rise to flavan-4-ols. The
reaction is catalysed by flavanone-4-reductase and provides the immediate precursors for the

formation of 3-deoxy-anthocyanins (Fig 2).

Finally, flavanones can be hydroxylated in position 3 to dihydroflavonols, which are
biosynthetic intermediates in the formation of flavonols, catechins, proanthocyanidins and
anthocyanidins. This reaction is catalysed by flavanone 3-hydroxylase, a 2-oxoglutarate-

dependent dioxygenase.

Dihydroflavonols are the direct substrates for most of the flavonols and flavan-3,4-diols,

which are also known as leucoantho-cyanidins. Flavonols are formed from dihydroflavonols

4
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by introduction of a double bond between C-2 and C-3. The reaction is catalysed by flavonol
synthase, another 2-oxoglutarate-dependent dioxygenase. Reduction of dihydroflavonols in
position 4, catalysed by dihydroflavonol-4-reductase, leads to flavan-2,3-trans-3,4-cis-diols,
which are intermediates in catechin, proanthocyanidin and anthocyanidin formation.
Catechins are synthesized from leucoanthocyanidins by further reduction in position 4. This
reaction is catalysed by flavan-3,4-cis-diol-reductase. Proanthocyanidins probably originate
from leucoanthocyanidins and catechins by a condensation reaction. The enzyme catalysing

this reaction is not yet known (Fig 2).

The formation of the glycosidic linkage(s) is catalyzed by transferases which are also
highly specific, as far as the substrate and the glycosylation positions are concerned. These
enzymes require the presence of uridine diphospho-saccharides (UDP-saccharides). Acyl-
transferases are also specific enzymes for the acylation of some glycosides such as

anthocyanins.

1.1.3. Metabolism of flavonoids

During metabolism of flavonoids, hydroxyl groups are added (Phase I
biotransformation), and then methylated, sulfated or glucuronidated (Phase II
biotransformation). In food, flavonoids exist primarily as 3-O-glycosides and polymers [12].
Several types of higher structures exist, and polymers comprise a substantial fraction of
dietary flavonoid intake [13]. Enzymatic oxidation of green tea leaves during fermentation to

black tea results in polymerization of flavanols to tannins and other complex compounds [14].

The most common glycosidic unit is glucose, but other examples include
glucorhamnose, galactose, arabinose, and rhamnose [15]. Not surprisingly, the f-linkage of
these sugars resists hydrolysis by pancreatic enzymes, so it had long been assumed that
intestinal microbiota were responsible for beta-hydrolysis of sugar moieties. However, two -
endoglucosidases capable of flavonoid glycoside hydrolysis have since been characterized in
the human small intestine, including lactase phlorizin hydrolase [16, 17] and a nonspecific
cytosolic enzyme believed to deglycosylate flavonoids to allow a site for conjugation [18, 19].
Luteolin-7-glucoside, kaempferol-3-glucoside and quercetin-3-glucoside are hydrolyzed and
absorbed by the small intestine, supporting f-glucosidase activity [20], but it’s also known for

some flavonoid glycosides to be absorbed intact, e.g. anthocyanin glycosides [21].
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Absorption may also depend on dosage, vehicle of administration, antecedent diet, sex
differences [22], and microbial population of the colon. For hydrolysis and absorption of
some flavonoid glycosides, enteric bacteria are necessary. The requirement of colonic
microflora for hydrolysis of rutinosides, for instance may explain the low bioavailability of

rutin (quercetin-3-rutinoside) compared to quercetin-3-glucoside in human studies.

Researches have shown that a glucose moiety increases absorption of quercetin in the
small intestine to 52 %, compared to 24 % for the aglycone and 17 % for rutin. Quercetin
glucoside, but not rutin, has been reported to interact with epithelial glucose transporters,

offering a possible explanation for the rapid uptake and bioavailability of glucosides [23].

1.1.4. Distribution of flavonoids

Flavonoids constitute one of the most important classes of compounds in higher plants.
Many flavonoids are easily recognized as flower pigments in most angiosperm families
(flowering plants). Their occurence is not restricted only to the flowers, but can be found in

all parts of the plant.

Flavonoids are present in all vascular plants but some classes are more widely
distributed than others. While flavones and flavonols are universal, isoflavones and

biflavonoids are found only in few plant families [24].

Bryophyte plants as well as certain types of green algae, particularly Nitella hookeri
[24], fungi, such as Aspergillus candidus [25], and marine coral Echinophora labellosa [26],

also have a biosynthetic ability to produce flavonoids.

Out of all the plant families, the family Leguminosae is perhaps most endowed with
flavonoid constituents, and many of such flavonoids are only found in Leguminosae plants
[27]. Anthocynin pigments are widely distributed in the floral tissue of this family and many
flavones and flavonol glycosides have been isolated from different leaves, bark, stems and
roots of Leguminosae plants. A typical flavonol glycoside found in Leguminosae, for
instance, is Robinin, which has first been recorded in the leaves of Robinia pseudoacacia
[27]. Isoflavonoids are almost unique to the Leguminosae, and most of these compounds are

restricted to the sub family Papilionoideae [27].
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1.2.Botanical general characters of family Leguminosae

The family Leguminosae includes trees, shrubs, woody vines, and annual or perennial
herbs. Leaves are usually alternate and compound-bipinnate, simple pinnate, or palmate, but
rarely simple. Inflorescence is variously racemose, in simple racemes, panicles, spikes, or
heads. Flower structure varies to the extent that 3 subfamilies (Mimosoideae,
Caesalpinioideae, Papilionoideae) are recognized; corolla typically 5-parted; stamens 3-
many, mostly 10, free, or united by their filaments in various ways, pistil simple, free. The

Fruit is characteristically a legume, dehiscent or indehiscent [28, 29].

Among the various leguminal plants we did select Delonix regia and Robinia
pseudoacacia in this study in order to isolate the flavonoid constituents and so investigate

their biological activities.

1.2.1. Delonix regia

Delonix regia is a species of flowering plant from the Fabaceae family (the new name
of the family Leguminosae). This tree is native to Madagascar and is often grown as an
ornamental tree in many countries around the world, consistently voted among the Top Five
most beautiful flowering trees in the world. Delonix regia is also known as the Royal
Poinciana or Flamboyant [32]. This plant was previously placed in the genus Poinciana,
named after Phillippe de Longvilliers de Poincy (1583-1660), who is credited with

introducing the plant to the Americas.

Taxonomy

Delonix regia is classified under class Dicotyledons, subclass Rosidae, order Fabales,

family Fabaceae, genus Delonix and species regia.
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1.2.2. General botanical character of Delonix regia

The Royal Poinciana grows to a height of 9-15 meters with an elegant, wide-spreading,
umbrella-like canopy which sometimes exceeds the height of the tree in diameter. Royal
Poinciana is deciduous in climates that have a marked dry season, but in tropical areas (where

the winter is not that much dryer than the summer), it is a semi-evergreen tree.

The leaves are even-pinnate, alternate, and can grow up to 66 cm long, 10-25 pairs of
opposite pinnate, and 12-40 pairs of small oblong leaflets. The flowers are Caesalpinaceous,
can grow up to 12 cm wide, consisting of 5 red or yellow petals, or standard of red splashed
with burgundy spots. They are arranged on racemes that can reach up to 25 cm long. The

fruits are Pods, long, hard, flat, slightly curved and dehiscent [30, 31].

1.2.3. Destribution of flavonoids in Delonix regia

Many publications take in consideration the Delonix regia fatty acids and sterols
(Stigmasterol, y-Sitosterol, f-Amyrin) as well as protein and lectin content. In contrast only
two of these publications deal with the isolation and characterization of Delonix regia
flavonoids [32, 34]. The flavonoids isolated from this plant are summaried in Table 1 and

Table 2.
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Table 1: Cyanidin glycosides isolated from Delonix regia [32, 33].

Compound R R,
cyanidin 3-O-glucoside H OH
cyanidin 3-O-rutinoside Rhamnoside OH
pelargonidin 3-O-rutinoside Rhamnoside H
cyanidin 3-O-gentiobioside, Glucoside OH

Table 2: Flavone glycosides isolated from Delonix regia [34].
Compound R R, R,
Kaempferol-3-O-glucoside H H H
Kaempferol-3-O-rutinoside H Rhamnoside H
kaempferol -3-O- rhamnosyl H Rhamnoside Rhamnoside
neohesperidoside
Kaempferol-3-O-neohesperidoside H H Rhamnoside
Quercetin-3-O-rutinoside OH Rhamnoside H

1.2.4. Traditional uses of Delonix regia

The extract of Delonix regia is known to have medicinal properties [35, 36]. This plant

is used in several countries to prepare extracts with antimicrobial and antifungal activities [37]

9



Chapter I Introduction

and can be used as an antibiotic [38]. In Ivory Coast, for instance, traditional medicines are
prepared from several parts of the tree, including the flowers. In rural areas, water extracts are

generally homemade from Delonix regia flowers.

1.2.5. Robinia pseudoacacia

Robinia pseudoacacia, the black locust, is named after Jean Robin (1550-1629), and his
son, Vespasian (1579-1662), the Royal Gardeners in Paris during the reign of Henry IV.
According to one historical record, seeds of R. pseudoacacia were sent to Jean from Canada
and cultivated by him on a large scale in 1601. Another record cites the planting of the seed
by Vespasian in 1635, who was at that time the arborist to Louis XIII in the Jardin des
Plantes, Paris [39].

The genus Robinia has 40 species native to temperate regions of north-east America and
is noteworthy for its ability to tolerate frost. Robinia species have fragrant flowers and are a
good source of pollens necessary to bee honey production. In the Danube Basin, this so-called

acacia honey commands a higher price than other kinds of honey.

Taxonomy

Robinia pseudoacacia is classified under class Dicotyledons, subclass Rosidae, order

Fabales, family Fabaceae, genus Robinia and species pseudoacacia.

1.2.6. General botanical character of Robinia pseudoacacia

The black locust is a medium-sized, native, deciduous tree belonging to Family
Leguminosae. The height of a mature plant can range anywhere between 12-18 m. This
deciduous plant can take the form of a shrubs or a tree, and can vary in size (from small to
large). The trunks of the black locust tend to be long, straight and slender. Their branches are
known to be slender, terete, angled, and zigzagged, and their bark is furrowed. The stipular
spines grow on twigs and young branchlets. The leaves are imparipinnate and petioled while
the leaflets consist of 6-20 pairs and are small, oblong, penniveined and petiolated. The
stipules present are stipules setaceous, spinescent at maturity and are persistent. The flowers
are white or pink, and present on long slender pedicels. The bracteoles are caduceus or absent.

The calyx is campanulate and divided into 5 lobes, the upper 2 lobes are shorter than others.
10
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The stamens are didelphous and around 10 in number. The ovary is linear-oblong and inserted

at the base of the calyx [40].

1.2.7. Distribution of flavonoids in Robinia pseudoacacia

As with Delonix regia, Robinia pseudoacacia contain many fatty acids, sterols, protein and
lectins, which have reported, together with a large number of triterpenoidal saponins and
carbohydrates [41-43]. Importantly Robinia pseudoacacia also contain several types of
flavonoids which may exert significant health benefits. Tables 3-7 and Fig. 3 and Fig 4

provide an overview of some of the flavonoids found in Robinia pseudoacacia.

Table 3: Flavones and Flavonols isolated from Robinia pseudoacacia [44-50].

Compound R Rs Ry R;3 Ry Rs
4*,7-dihydroxyflavone H H OH H OH H
Apigenin H OH OH H OH H
Chrysoeriol H OH OH H OH OCH;
Acacetin H OH OH H OCH; H
Robinetin OH H OH OH OH OH
Fisetin OH H OH OH OH H
Quercetin OH OH OH OH OH H
Robinin A H O-Rha H H
Robtin Rha H Rha H H H

A= Robinobioside (rhamnosyl(1to 6)galactose.

11
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Table 4: Chalcones isolated from Robinia pseudoacacia [51-53].

Compound R; R; R,
isoliquiritigenin H H H

Robtein OH OH OH
Butein OH H OH

Table 5: Dihydroflavones and dihydroflavonols isolated from Robinia pesudoacacia [46, 49, 54, 55].

Compound R Rs Ry’ Rs’
Chrysoeriol H OH H OCH;
Dihydrofisetin OH H OH H
Dihydrorobinetin OH H OH OH
Naringenin H OH H H

12
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Fig 3: Flavanes isolated from Robinia pesudoacacia [56].

(-)-Catechin

Table 6: Isoflavones isolated from Robinia pseudoacacia [57].

Compound Rs Rj- Ry Rs
3"-Methoxydaidzein H OCH; OH H
Formonetin H H OCH; H
Biochanin A OH OH OCH; H
Mucronulatol H OCH; OH OCH;

13
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Table 7: Isoflavanes isolated from Robinia pseudoacacia [58].

Compound R Ry’ Ry’ Ry Rs'
Isovestitol H OCH, H OH H
Isomucronulatol H OH OCH; OCH; H
Secondifloran OH OH OH OCH3; -C(CH;), CH=CH,

Fig 4: Pterocarpan isolated from Robinia pesudoacacia [59].

1.2.8. Traditional uses of Robinia pseudoacacia

Black locust flowers have a long tradition in the preparation of tea. Tonic, purgative,

and emetic properties have been reported for the inner bark and roots of this tree [47].

1.3.Biological activities of flavonoids

Flavonoids may have existed in nature for over 500 million years and thus have
interacted with evolving organisms over the eons. Clearly, flavonoids serve important
purposes in nature, having survived in vascular plants throughout evolution [2]. Flavonoids
not only equip the plants themselves with unique properties (such as colors), but also exert an

influence on animals living with plants. The long association of plant flavonoids with various
14
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animal species and other organisms throughout evolution may account for the extraordinary
range of biochemical and pharmacological activities of these chemicals in mammalian and

other biological systems.

First of all, we will consider the effects on the plant itself. Flavonoids have important
roles in plant biochemistry and physiology, they act as antioxidants, enzyme inhibitors, and
precursors of toxic substances, while they also take part in nitrogen fixation, and act as
pigments and light screens [60]. In addition, these compounds are involved in
photosensitization and energy transfer. Certain flavonoids also function as plant growth
hormones and growth regulators. They are involved in the control of respiration,
photosynthesis, morphogenesis, and sex determination, as well as defence against infections

[61].

On the other hand, in humans and higher animals, flavonoids have long been recognized
to possess anti-inflammatory, antioxidant, ant-allergic and hepato-protective properties. They
are also believed to be antithrombotic, antibacterial, antifungal, antiviral, and cancer

protective, and also to protect against cardiovascular disease [62-64].

Small alternations in the chemical structure of flavonoids may lead to significant
changes in biological activities, e.g. chrysin is a poor antioxidant compared to quercetin (Fig
5) -the latter has increased antioxidant activity due to the presence of three additional
hydroxyl groups, yet chrysin is 20 times more effective in the inhibition of the human

aromatase enzyme (see below) [65].

Chrysin Quercetin

Fig 5: Chemical structure of chrysin and quercetin.
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1.3.1. Antioxidant activities associated with flavonoids

Numerous publications have investigated the antioxidant activities of flavonoids and
how they can contribute to the treatment of several diseases. Considering these publications,
they indicate that biological and pharmacological effects of flavonoids may depend upon their
behavior as either antioxidants or as prooxidants. Some flavonoids can behave as both
antioxidants and prooxidants, depending on concentration and the redox environment present.
For instance, certain flavonoids act as antioxidants against free radicals, yet demonstrate

prooxidant activity when a transition metal such as Cu”'is present [66].

Three important points must be illustrated in order to better understand antioxidant

activity of flavonoids and the important role of flavonoids compounds in human biology:

a. The role of oxidative stress in human diseases.
b. The antioxidant structure-activity relationship of flavonoids.

c. The structure characteristics of an effective flavonoid antioxidant.

a. The role of oxidative stress in human diseases

Oxidation is the transfer of electrons from one atom to another. It represents an essential
part of our metabolism and aerobic life in general, since oxygen is the ultimate electron
acceptor in the electron flow systems that transport energy in the form of ATP [67]. Problems
may arise however when the electron flow generates free radicals, such as O,-centred free
radicals, known as reactive oxygen species (ROS), and including superoxide (O," ), peroxyl

(ROO"), alkoxyl (RO"), hydroxyl (HO") and nitric oxide (NO") radicals.

The contribution of free radical-mediated processes to the pathogenesis of human
disease is indicated by biomarkers of oxidative damage to lipids, proteins, and DNA (Fig 6).
Such markers have been identified in patients with atherosclerosis, certain cancers,
neurodegenerative diseases, and lung disorders, especially those with an inflammatory
component to their etiology. A range of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) have been implicated in the mechanisms of damage associated with disease
development, including superoxide radical (O, ), hydrogen peroxide (HOO"), hypochlorite
radical (C10O"), ferryl heme protein species, lipid alkoxyl (RO") and peroxyl radicals (ROO"),
peroxynitrite (ONOO ), nitric oxide (NO"), and nitrogen dioxide radicals (NOO").
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Reactive oxygen species (ROS) obey different rules in vivo. Some are involved in energy
production, phagocytosis, regulation of cell growth and intracellular signaling, as well as

recognizing of biologically important compounds [68].

Enzymatic reaction

Drugs \ UV light
Pollution Inflammation

[Membrane lipids, Nucleic acids, Protein Oxidative damage]

/b N

Fig 6: Formation and impact of ROS on the human body.

ROS may be very damaging, since they can attack lipids in cell membranes, proteins in
tissues or enzymes, carbohydrates and DNA to induce oxidative modifications, which cause
membrane damage, loss of protein function and DNA damage. This oxidative damage is
considered to play a causative role in ageing and several degenerative diseases associated with
it, such as heart disease, congestive dysfunction and cancer. Humans have evolved antioxidant
systems to protect against free radicals. These systems include some antioxidants produced in
the body (endogenous antioxidants) and others obtained from the diet (exogenous

antioxidants).

Defense systems against damage induced by ROS fall into three categories:

e Preventative antioxidants that suppress free radical formation.
e Radical-scavenging antioxidants that inhibit initiation of chain reactions and intercept

chain propagation, including catalytic antioxidants.
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e Antioxidants involved in repair processes.

b. The antioxidant structure-activity relationship of flavonoids

Flavonoids are polyphenolic substances that are based on the flavan nucleus which

consists of 15 carbon atoms arranged in three rings (Cs—C3—Cy¢) (Fig 7). The rings are labeled

A, Band C.

Fig 7: Flavan skeleton.

The major flavonoid classes include flavonols, flavones, flavanones, isoflavones
flavanols, chalcones and aurones. Differences between the flavonoid classes are mostly
limited to the pyrone ring (absence or presence of double bond, presence of 3-hydroxy and/or

4-oxy groups) and in the number of hydroxyl groups in rings A and B (Fig 8).

‘ 0 O I o O
OH
o o

Flavone Flavonol Flavanone Flavanol
"dihydroflavone" "dihydroflavonol"
) l
I o O O | O O | HO.
©
o

Flavane Isoflavone Chalcone OH Aurone

Fig 8: Various classes of flavonoids which differ in the degree of oxidation and substitution.

Flavonoids may be monomeric, dimeric, or oligomeric and vary greatly in molecular

weight. Polymeric derivatives, called tannins, are divided into two groups relating to their
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structure, i.e. condensed and hydrolysable. Condensed tannins are polymers of flavonoids and

hydrolysable tannins contain gallic acid.

OH

HO.
HO,

0 o

HO HO
on 0 o o

o HO
OH
o o
o

(o]
O
o OH
HO OH
OH
OH
Gallic acid Ho oH
OH HO’ OH
OH

Hydrolysable tannin

Condensed tannin

Fig 9: Chemical structure of condensed and hydrolysable tannins.

In order for a phenol to be classified as an antioxidant it must possess two properties:
firstly, it should be oxidized properly when present in low concentrations compared to the
substrate, hence delaying or preventing the autoxidation or free radical-mediated oxidation;
secondly, the phenol free radical formed after scavenging must be stable (through
intramolecular hydrogen bonding) to further oxidation and can not act as oxidant in its own
right [67, 69]. Oxidisable substrates include almost all organic molecules found in food and

living tissues including lipids, carbohydrates, proteins and DNA.

The chemistry of the flavonoids is predictive of their free radical scavenging activity as
the reduction potentials of flavonoids and the consequently radical form, are lower than those
of alkyl peroxyl radicals and the superoxide radical, which therefore means the flavonoids
may inactivate these radical species and prevent the deleterious consequences of their

reactions [70-73].

The electron/H-donating properties of flavonoids are considered to be the basis of their
antioxidant action. Their free radical scavenging properties are best approached through
structure-antioxidant activity relationships. The ability of flavonoids to act as antioxidants by

electron donation depends directly on the reduction potentials, and inversely on the reactivity
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of the flavonoid molecules with dioxygen, as the generation of peroxyl radicals will propagate

oxidative reactions. These concepts have been reviewed [74].

In essence, three types of structural properties have been recently known to appear to
increase the antioxidant activity of the flavonoids;

1- The ortho-dihydroxy structure in the B ring [75], which confers higher stability to the
radical form and participates in electron delocalization.

2- The 2,3 double bond in conjugation with a 4-oxo function in the C ring is responsible
for electron delocalization from the B ring [69]. The antioxidant potency is related to
structure in terms of electron delocalization of the aromatic nucleus. When these
compounds react with free radicals, the phenoxyl radicals produced are stabilized by
the resonance effect of the aromatic nucleus.

3- The 3,5-OH and 4-oxo functional groups in the A and C rings are required for

maximum radical scavenging potential.
c. The structure characteristics of an effective flavonoid antioxidant.

Quercetin is perhaps the best example of a flavonoid that displays these three structural

properties, and so efficiently captures free radicals.
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Fig 10: Delocalization and resonance of quercein radical.

Quercetin has five free hydroxyl groups which can donate electrons and a complete
resonance system which can stabilize the quercetin radical (Fig 10). Furthermore the hydroxyl
groups at position 3, 5, 3" and 4" have a specific configuration that enables the quercetin
molecule to bind with up to three metal ions (Fig 11) such as Cu*” or Fe’*. These redox active
metal ions may contribute to ROS production [76], via a Fenton-type radical generating
chemistry. Sequestration of such adventitious metal isons may therefore also be considered as

an antioxidant activity, as previously shown for the chelator desferoxamin [77]

Fig 11: Metal binding site of quercetin.
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1.3.2. Flavonoids and cancer therapy

Cancer is the second most abundant cause of death in the United States and in many
other western countries. According to the annual report of German cancer research center,
over 450,000 new cases are diagnosed in Germany with 270,000 cancer-related deaths each
year in females alone. The prognosis for a patient with metastatic carcinoma of the lung,
colon, breast, or prostate remains a concerning issue and accounts for more than half of all

cancer deaths [78].

Cancer may be controlled by a variety of means, including suppression, blockage, and
transformation. Suppressing agents prevent the formation of new cancers from
procarcinogens; blocking agents prevent carcinogenic compounds from reaching critical
initiation sites; and transformation agents act to facilitate the metabolism of carcinogenic
components into less toxic materials or prevent their biological actions. Flavonoids can act in

all three ways [79].

Flavonoids may act at the different development stages of malignant tumors by
protecting DNA against oxidative damage, inactivating carcinogens, inhibiting the expression
of the mutagenic genes and enzymes responsible for activating procarcinogenic substances,

and activating the systems responsible for xenobiotic detoxification [80].

Although most flavonoids appear to be nontoxic to humans and animals, they have been
demonstrated to inhibit proliferation in many kinds of cancerous cell lines. For instance, it has
been reported that flavonoids (quercetin and taxifolin) have antiproliferative effects on
squamous cell carcinoma HTB43 [81]. Quercetin at 10 uM shows an antiproliferative activity
against meningioma cells [82] and against colon cancer cells (Caco-2 and HT-29), with a
dose-dependent effect [83]. Diosmin, another important Citrus flavonoid, which is on the
market as a venotonic, has shown antiproliferative activity in Caco-2 and HT-29 colon cancer

cell lines (ICsp 203 uM), although with less efficacy than quercetin [84].

Comparison to the structure of the flavonoids shows that the presence of a double C2-
C3 bond in polyhydroxylated flavonoids increases the antiproliferative activity against certain
cancer cell lines [85, 86]. Another structural element that may influence antiproliferative
activity is the number and position of the substituents in the flavonoid base structure. Taking

quercetin and myricetin as an example, the presence of one additional hydroxyl group in the
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B-ring of myricetin leads to greater activity of this flavonol compared to quercetin when

tested in B16F10 and Melan-A cell lines [87, 88].

Various mechanisms have been proposed to explain the antiproliferative activity of
flavonoids. Flavonoids have been shown to inhibit several kinases involved in signal
transduction, such as protein kinase C, tyrosine kinases, PI 3 kinases, or S6 kinase [89]. They
can also interact with estrogen type-II binding sites [90, 91]. Flavonoids have been found to

arrest cell-cycle progression at either the G1/S or the G2/M transition.

Flavonoids have also been shown to affect formation of the metastases. Metastases form
when cancer cells invade beyond the boundaries of the primary site and establish new tumors
in distant organs, an bent considered to be a major cause of cancer death [92]. The invasion of
surrounding tissues by cancer cells involves several steps, including matrix metalloproteinase
(MMP) secretion, migration, invasion, and adhesion. Flavonoids have shown beneficial
influences on all of these steps. The flavonoids quercetin and apigenin, for instance have been
reported to possess the ability to inhibit lung colonization by the melanoma B16-BL6 cell line

in a dose-dependent manner in vivo [93].

A particularly interesting influence on cell proliferation is observed in breast cancer.
This type of cancer is the most common cancer among women in the Western world, with

about 40,000 deaths from breast cancer in the US alone in 2000 [94].

Around 94 % of breast cancer cases are diagnosed at the early stage of the disease. The
primary aim of treatment for early breast cancer is to maximize local control and to prevent
the progression of the disease to metastatic sites as metastatic breast cancer is currently

incurable [95]

Approximately 75 % of breast cancers are positive for the estrogen receptor (ER) and/or
progesterone receptor (PgR). As estrogen is the main stimulant in the development and
growth of these tumors, the deprivation of estrogenic signaling has been the main form of
hormonal therapy for patients with ER-positive and/or PgR-positive disease. Tamoxifen,
which works by blocking the tumor’s ability to respond to estrogen stimulation, has been the
main hormonal therapy used. Furthermore, aromatase inhibitors help to prevent the growth of
these tumors by lowering the amount of estrogen in the body. This approach has recently

attracted considerable attention.
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1.3.3. Aromatase and estrogen biosynthesis

Aromatase is an enzyme responsible for a key step in the biosynthesis of estrogens. It is
a cytochrome P450 enzyme and belongs to family 19, subfamily A, polypeptide 1. In humans,
aromatase is expressed in both the granulosa and luteal cells of the ovary, and also in various
extra-glandular sites including the placenta, brain, bone, testis and adipose tissue [96].
Aromatase is encoded by the CYP19 gene, which maps to chromosome 15g21.2 in humans
[97]. The structure and hormonal regulation of CYP19 is complex: the gene spans 123 kb,
with a coding region of 30 kb comprising nine translated exons [98-101]. A number of
untranslated first exons, each driven by a unique promoter, exist upstream of exon II [102,
103]. These are spliced to a common site in the 5’ untranslated region. Tissue-specific
regulation of CYP19 expression is achieved through the use of these different promoters, each
of which is regulated by distinct hormonal factors. In the ovary, CYP19 expression is
regulated by Follicle-stimulating hormone (FSH) which acts (through cAMP) via promoter 11
[97], whereas in the placenta, promoter I.I regulates CYP19 expression in response to
retinoids [104]. In contast, in bone and adipose tissue, a distal promoter (promoter 1.4) drives

CYP19 expression under the control of glucocorticoids, class 1 cytokines or TNFa [105-107].

Estradiol is the most potent endogenous estrogen. Estradiol is biosynthesized from
androgens by the cytochrome P450 enzyme complex known as “aromatase” [108]. This
enzyme complex is found in the endoplasmic reticulum of the cell and is comprised of two
major proteins [108, 109]. One protein is cytochrome P45040m, @ hemoprotein that converts
C19 steroids (androgens) into C18 steroids (estrogens) that contain a phenolic A-ring [108,
110]. The second protein is NADPH-cytochrome P450 reductase, which transfers reducing

equivalents to cytochrome P450,;m.

Three moles of NADPH and three moles of oxygen are used in the conversion of one
mole of androgen substrate into one mole of estrogen product (Fig 12). Aromatization of
androstenedione, the preferred substrate, proceeds via three successive oxidation steps, with
the first two being hydroxylation of the angular C-19 methyl group. The final oxidation step
proceeds with the aromatization of the A ring of the steroid and loss of the C-19 carbon atom

as formic acid.
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Fig 12: Estrogen biosynthesis pathway catalysed by aromatase (Figure adaptaed according to [111]).

1.3.4. Inhibitors of human aromatase enzyme

Two primary approaches have been developed to reduce the growth-stimulatory effects
of estrogens in breast cancer: firstly it is possible to interfere with the ability of estrogen to
bind to its receptor. (The drug tamoxifen, which is widely used in the treatment of breast
cancer acts via this pathway). Secondly, the circulating levels of estrogen may be decreased
by inhibiting estrogen synthesis via aromatase inhibitors. This approach has been proven to
be rather effective [111], and aromatase inhibitors have been developed as therapeutic agents
for controlling estrogen-dependent breast cancer. Investigations on the development of
aromatase inhibitors began in the 1970s and have greatly expanded over the past three
decades [112-119]. Today, we can distinguish two types of aromatase inhibitors, namely

steroidal and nonsteroidal inhibitors.

1- Steroidal inhibitors represent competitive inhibitors which compete with the substrate
androstenedione for noncovalent binding to the active site of the enzyme and thereby
decrease the amount of estrogen product level. The development of steroidal inhibitors
builds upon the basic androstenedione nucleus and incorporates chemical substituents at
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varying positions on the steroid. This is illustrated by formestane and 1-methyl-ADD, two

estoroidal aromatase inhibitors commonly used to treat breast cancer (Fig 13). These

inhibitors bind to the aromatase cytochrome P450 enzyme in the same manner as the

substrate androstenedione. [111].

OH

Formestane I-methyl-ADD

Fig 13: Formestane and 1-methyl-ADD, two steroidal inhibitors of aromatase commonly used

in the treatment of breast cancer.

2- Nonsteroidal inhibitors

a_

First generation aromatase inhibitos: nonsteroidal aromatase inhibitors possess a
heteroatom as a common chemical feature and interfere with steroid hydroxylation by
the binding of this heteroatom to the heme iron of the cytochrome P450s. Initial
nonsteroidal inhibitors were nonspecific to the enzyme and also inhibited other
cytochrome P450-mediated hydroxylations of steroidogenesis which resultes in
significant toxicity. Aminoglutethimide (Fig 14) is the prototype for nonsteroidal
aromatase inhibitors [120]. This compound was originally developed as an antiepileptic
agent but was removed from the market due to serious side effects. Aminoglutethimide
also inhibites cytochrome P450scc and other enzymes, yet is more selective for
cytochrome P450,om.

Because aminoglutethimide was the first aromatase inhibitor to be studied in patients, it
is referred to as a first generation aromatase inhibitor. Aminoglutethimide has been used
in the clinic with some success to treat patients with advanced breast cancer, but must be
administered with corticosteroid due to the inhibitory effects on cortisol and aldosterone
biosynthesis (see above) [120, 121].

Second generation aromatase inhibitors: the second generation inhibitors are represented

by fadrazole (Fig 14) which is more selective than Aminoglutethimide. It is inhibitory
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activity is 700 times more potent. Clinical studies using fadrazole have shown that this
nonsteroidal inhibitor is effective in the treatment of some postmenopausal women with

advanced breast cancer [111].

c- Third generation aromatase inhibitors: several nonsteroidal aromatase inhibitors
containing a triazole ring have been successfully developed. Anastrozole (Fig 14) is a
potent aromatase inhibitor with an ICsy of just 15 nM in human placental microsomes.
In vitro, anastrozole is very specific and has no effect on other P450 enzymes such as
P450scc, 11B-hydroxylase, 18-hydroxylase, 17a-hydroxylase, and lanosterol-14a-
demethylase [111].

NH,

o] N 6}
H

Aminoglutethimide Fadrazole Anastrozol

Fig 14: First, second and third generation aromatase inhibitors.

d- Flavonoid based aromatase inhibitors: several flavonoids demonstrate inhibitory
activities against the aromatase enzyme, thus lowering estrogen biosynthesis and
circulating estrogen levels [122]. Strong evidence for the binding of flavones to the active
site of aromatase has been obtained by different spectral absorption studies [123], with
7,8-benzoflavone displacing androstenedione from the aromatase active site and inducing
a spectrum consistent with the low-spin state of iron. Binding of flavonoids to aromatase
requires certain structural features. Reduction of the flavone 4-keto group for instance is
detrimental to aromatase inhibition by these compounds [124]. Based on data obtained
from site-directed mutagenesis studies and ligand docking into a homology model of the
aromatase protein, a binding orientation has been predicted in which the A and C rings of
the flavone mimic the C and D rings of the steroid substrate, respectively. The 2-phenyl

substituent (ring B) is orientated in a region similar to that occupied by the A ring of the
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steroid (Fig 15). This analysis places the flavone 4-keto functionality in the same

position as the steroid 19-angular methyl group with respect to the heme iron [125].

Androstenedione Chrysin

Fig 15: Structural similarities between chrysin and aromatase substrate androstenedione (Figure

adapted according to [125])

Generally, flavones and flavanones have higher aromatase inhibitory activity than
isoflavones [111]. Furthermore medicinal chemistry approaches to develop synthetic
flavonoids, chromones, or xanthone analogs with enhanced aromatase inhibitory activity have

identified more selective and/or more potent agents for future development [126-128].

1.3.5. Receptor binding activities: Treatment of menopausal

syndrome

The estrogen receptor (ER) belongs to the steroid/thyroid nuclear receptor superfamily
whose members act as transcriptional activators via a direct interaction with DNA sequences
termed response elements [129]. Ligand (e.g. estradiol) binding to the ER induces a
conformational change in the receptor important for the association of the receptor-DNA
complex with transcriptional coactivators and the transcriptional components of the cell [130].
This association then culminates in the synthesis of estrogen-responsive genes and an

estrogen-induced cell and/or tissue response.

An apparent consequence of estrogen deficiency is the increase in short-term
menopausal symptoms, including vasomotor hot flashes, urogenital atrophy and changes in
psychological functioning. The "hot flash" is the classic sign of menopause and the primary

clinical symptom experienced by women during this transitional stage [131].
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At menopause, an accelerated loss of bone mass takes place during the first five years,
with changes in bone structure (3 %/year). Estrogen slows the rate of bone remodeling and
protects against bone loss directly, through the estrogen Receptor (ER), and indirectly,
through its effects on collagen. It has been suggested that in E2 deficiency, the loss of
transcriptional effect on the lifespan of mature osteoclasts may be responsible for the
imbalance between formation and resorption and the progressive loss of bone mass and

strength [132].

The incidence of heart disease among pre-menopausal women is low compared with
males, whereas the incidence among post-menopausal women approaches that of males. The
administration of estrogen to post-menopausal women decreases the incidence of heart
disease [133]. This protective effect of estrogen may partially be attributed to its influence in
decreasing the ratio between LDL (low density lipoprotein) and HDL (high density

lipoprotein) [134], on reducing thrombus formation and in improving vascular compliance.

Not surprisingly, there is a great motive for women to start taking hormone replacing
therapy (HRT), which among other things alleviates sleep problems, mood change, loss of
drive and energy and hence, improves quality of life [135]. Unfortunately women taking
estrogen have an increased risk of breast and epithelial ovarian cancers. Estrogen can
stimulate malignant growths, and hence contributes to the development of estrogen-dependent

tumors, such as breast and uterus cancer (see above) [136].

Phytoestrogens (Fig 16) are a group of polyphenolic non-steroidal compounds of plant
origin. They function at least in part as selective estrogen receptor modulators (SERMs) and
may influence the transcriptional response to estrogens [137, 138]. These phytoestrogens are
thought to act as estrogen agonists (or antagonists) and may promote a significant
advancement in the prevention of some diseases caused by estrogen deficiency in post

menopausal women compared to conventional hormonal therapy [139].
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OH

HO'

17-B-esradiol Genistein

Daidzein
O OH OH
HO. 0.
O | o h O
OH
OH [¢] OH
Quercetin Resveratrol

Fig 16: Chemical structure of selected phytoestrogens.

Shared structural features of phytoestrogens include a pair of hydroxyl groups and a
phenolic ring, which is required for binding to estrogen receptors ER-o and ER-f, with the
position of these hydroxyl groups appearing to be an important factor in determining their
ability to bind to ERs and activate transcription [140]. Four main classes of compounds are
currently recognized as phytoestrogens, i.e. the isoflavones, stilbenes, coumestans, and
lignans [141, 142]. These phytochemicals are some of the most prevalent compounds found in
fruits, vegetables, legumes, and tea and are generally concentrated in the fruit skin, bark, and
flowers of plants [141]. Among them, Resveratrol, daidzein, quercetin, and genistein

represent four of the most commonly ingested and most intensely studied phytoestrogens.

1.4.Chemistry of flavonoids

Flavonoids are formed in plants from the aromatic amino acids phenylalanine and
tyrosine, and malonate. As already mentioned, the basic flavonoid structure is the flavan
nucleus, which consists of 15 carbon atoms arranged in three rings (C6-C3-C6), labeled A, B,

and C (Fig 7).

The various classes of flavonoids differ in the degree of oxidation and pattern of
substitution of the C-ring, while individual compounds within each class differ in the pattern
of substitution of the A and B-rings. The flavonoid classes include flavones, flavanones,
isoflavones, flavonols, flavanonols, flavan-3-ols, and anthocyanidins, biflavones, chalcones,

aurones (Fig 8), and most of these classes are present in plants as glycosides.
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Synthesis, redox behavior and electrochemistry

Flavonoids represent a well-known family of compounds and their synthesis has been
the object of a great number of studies. In general, procedures for laboratory synthesis of
flavonoids are still based on the approaches originally developed by Robinson [143], with
other methods including the Baker—Venkataraman rearrangement [144, 145], synthesis via
chalcones [146], and synthesis via an intramolecular Wittig reaction [147]. Despite the
number of steps often involved in these methods, they constitute the most popular
methodologies used nowadays for the preparation of flavonoids. The synthesis of flavonoid
derivatives is also an area of significant interest and many synthetic routes have been used to
add moieties to the natural flavonoids nucleus. The Mannich reaction, for instance, is used for
the addition of alkyl amine derivatives [148]. The Aldol condensation reaction is used either
for the synthesis of natural flavonoids or for the addition of alkyl or benzyl moieties [149].
Many puplications covering flavonoid biotransformations also focus on oxidation,

methylation, glucosidation [150-152], and halogenation [153].

The biochemical reaction activities of flavonoids and their metabolites depend on their
chemical structure and the relative orientation of the various moieties present in the molecule.
The shape of the flavonoid is important as flavones and flavonols have a planar
benzopyranone skeleton whereas the dihydroflavonols have a less planar
dihydrobenzopyranone skeleton. Chrysin has a double bond between C-2 and C-3, and the
conjugation within the molecule is causing ring B to be a coplanar with the rings A and C.

Saturation of this double bond, as in taxifolin, will destroy conjugation and coplanarity [155].

The antioxidant property of flavonoids may be investigated using electrochemical
methods. The ability to act as chemical defence agents by donating an electron to an oxidant
frequently depends on the redox potentials of the flavonoid and the corresponding radical

[154].

The mechanism of action as antioxidants seems to involve the ability of phenols to
scavenge radicals with an H-atom, or by an electron transfer process in which the phenol is
converted into a phenoxyl radical resulting in the formation of the semiquinone, which can
donate a further electron to form the quinone (Fig 17) [156]. Electrochemical measurements
lead to physicochemical parameters for antioxidants, which help in evaluating their

antioxidative abilities [157—159], and understanding their reaction mechanisms.
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Fig 17: Quinone formation in ring B by oxidation with free radicals.

Some information regarding the mechanism of polyphenol oxidation is provided by
comparing the redox potentials at different pH. An increase in pH is often associated with

deprotonation of the OH groups and a decrease of the oxidation potential [155].

Studies of the electrochemical properties of flavonoids have provided useful
information about the redox potential and strongly support the antioxidant structure-activity
relationship of different flavonoids which may also be measured by different biological and
bioassay methods. Electrochemical analysis of quercetin, (+)-catechin, galangin, rutin, and
taxifolin show that quercetin, with a 3",4"-dihydroxy subistitution in B-ring and double bond
between C2 and C3 has the lowest redox potential of all [75, 160]; it can therefore be assumed

that quercetin has the highest antioxidant activity of the compounds tested.

1.5.The objectives of this project

Flavonoids form a group of natural products present in most plant families. They
reportedly play an important role in plant growth and defense mechanisms. More than 8000
different flavonoids have been isolated from natural sources todate, and scientists still

endeavor to find new flavonoid structures.

Scientists were also trying to synthesise these flavonoids to make it then available in
high amounts or to add some more functional groups that may enhance the biological or
pharmacological behavior. Biotransformation of the flavonoids is also a current area of

interest to obtain novel biologically and pharmacologically active flavonoid compounds.

Thousands of publications underline this interest in the different biological activities
and pharmacological behavior (absorption, metabolism, excretion) of the various flavonoid
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classes. There is hardly any flavonoid structure without a biological use of interest, and
structural variations between flavonoids may be related to the different activities observed in

diseases in the humans and animals body.

Quercetin for instance is a well known flavonoid isolated from many plant families. It
has a unique structural feature that enables it to play a significant role as an antioxidant in
addition to many other roles in the protection against cancer and coronary heart diseases.
Chrysin, another well known flavonoid natural product, is reported to possess interesting
biological activities, such as an aromatase inhibitor and certain cytotoxicity toward cancer cell

lines.

The synthesis of novel quercetin and chrysin derivatives, based on the Mannich reaction
may be a good strategy to introduce changes in the biological behavior of quercetin and
chrysin, e.g. by addition of alkyl amine moieties. Such changes may enhance the cytotoxic
and aromatase inhibiting activity of the quercetin, and, at the same time, may also improve the

antioxidant activity of this compound.

Chrysin and most other flavonoids are able to mimic the substrate of aromatase (i.e.
androgen), due to the similarity between rings A and C in flavonoids and the C and D rings of
the aromatase substrate. Addition of one more ring to chrysin may enhance this aromatase
inhibiting activity. It was therefore decided to synthesise a set of novel chromene-flavone
compounds that consist of both a flavone (chrysin) and a chromene nucleus in the same

molecule.
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Chapter II: Materials and Methods

2.1.Isolation and characterization of natural products

The plant materials used in this work are the roots of Delonix regia (growing in Egypt
and collected in July 2007, from the garden of Al-Azhar University, Nasr city, Cairo, Egypt),
and Robinia pseudoacacia (growing in Germany and collected in August 2008 from the forest
of Saarbriicken, near to the Waldhaus, Saarbriicken, Germany). Delonix regia plants were
kindly identified by Dr. Nabil El-hadidy, Professor of Plant Taxonomy, Faculty of Science,
Cairo University, and by Engineer Badeia Hassan Aly Dewan, Consultant of Egyptian Flora,
Agricultural Museum, Dokki, Giza, Egypt. Robinia pseudoacacia were kindly identified by
Professor Riidiger Mues, professor of Molecular Plant Biology and Botany, Saarland

University, Saarbriicken, Germany.

2.1.1. Chromatographic studies

Thin layer chromatography (TLC):

Silica gel 60 Fs4 (with fluorescent indicator) pre-coated sheets 20 x 20 cm wide and 0.2
mm thick (Merck, Germany) were used for TLC analysis in the synthesis and isolation of
natural products. The solvent systems used for TLC were mixtures of methanol in

dichloromethane or ethyl acetate in petroleum ether (40-65 °C) in different concentrations.

Vanillin/H,SO4 (TLC spraying reagent) was applied to the TLC, as a means of detection
[161]. Vanillin/H,SO4 are generally used to visualize hydrocarbon compounds, especially
flavonoid glycosides. Vanillin powder (1 g) was dissolved in 100 mL of H,SO4 and then the

mixture was heated at 100 °C for 5 min.
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Column Chromatography (CC):

Silica gel 60 (0.063-0.200 mm) 70-230 mesh (Merck, Germany) and Sephadex LH-20
(Pharmacia, Germany) were used as stationary phases for column chromatography. The
solvent system applied for the Silica gel column was a mixture of methanol and
dichloromethane or mixture of ethyl acetate and petroleum ether (40-65 °C) in different

concentrations. The solvent used for the Sephadex column was pure methanol.

Solvents used for NMR spectroscopy:

DMSO-ds, CDCl; and CD;0D were the solvents used for 'H and ?CNMR spectroscopy.

2.1.2. Extraction

Delonix regia: The extraction of Delonix regia is shown in Fig 18. 3000 g of air-dried
powdered roots were subjected to exhaustive extraction with 5x10 L ethanol (70 %). The
combined ethanol extracts were concentrated under vacuum (Vakuum, PC2001 VARIO,
Germany) at 40 °C to dryness (This yields 370.0 g of dried ethanol extract). The dried ethanol
extract was then suspended in distilled water (500 mL) and filtered through filter paper.

The water soluble portion (255.0 g) was extracted with petroleum ether (3x500 mL) to
remove the fat and nonpolar compounds. The combined petroleum ether extract were

concentrated under vacuum at 40 °C to dryness (166.0 g).

The resulting crude extract (defatted water extract) was partitioned several times with
ethyl acetate, and then with n-butanol. The combined ethyl acetate and n-butanol extracts
were concentrated under vacuum at 40 °C to produce 12.0 g of ethyl acetate extracts, and 20.4

g of n-butanol extracts respectively.

Robinia pseudoacacia: The extraction of Robinia pseudoacacia is shown in Fig 19. 850
g of air-dried powdered roots were subjected to exhaustive extraction with 5x4 L ethanol (70
%). The combined ethanol extracts were concentrated under vacuum at 40 °C to dryness (95.0
g). The concentrated ethanol extract was then suspended in distilled water (200 mL) and

filtered through filter paper.
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The water soluble portion (62 g) was defatted with petroleum ether (3%x200 mL), and the

combined petrol extracts were concentrated under vacuum at 40 °C to dryness (35.0 g).

The defatted water crude extract was partitioned several times with ethyl acetate, and
then with n-butanol. The combined ethyl acetate and n-butanol extracts was concentrated
under vacuum at 40 °C to produce 5.0 g of ethyl acetate extracts, and 8.5 g of n-butanol

extracts respectively.

2.1.3. Isolation

Sequential percolation of the powdered roots of Delonix regia and Robinia
pseudoacacia with petroleum ether, ethyl acetate and n-butanol yielded the respective crude
extracts. Chromatographic purification of the ethyl acetate fraction is shown in Fig 18 and

Fig 19.
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Delonix regia constituents isolation

(Delonix regia roots 3000 g '

Extraction (70 % ethanol)
(5x10L)

l The water soluble part of ethanol extract (255g) '

Silica gel CC i)Petrol (166 g)
CH,Cl, : MeOH  — ii)EtOAc (12 g)

(10:0—=7:3) iii) n-BuOH (20.4 g)
TLC CH,Cl, : MeOH (80 : 20)

Fr. A Fr.B Fr.C Fr.D Fr. E
395 mg 60 mg 940 mg 98 mg 560 mg

Several runs of

.4_

TLC

Silica gel CC
CH,Cl, : MeOH (100 : 0 — 85:15)  CHyCl, : MeOH (80 : 20)

Fr- A-1 Fr- C-1 Fr- D-1 Fr- E-1
200 mg 780 mg 65 mg 340 mg

ii) Sephadex LH-20

1) Silica gel CC

CH,Cl, : MeOH MeOH 100%
9.5:05 —> 85:1.5

Compound 1d Compound 2d Compound 3d Compound 4d Compound 5d
50 mg 23 mg 66 mg 30 mg 55 mg

Fig 18: Separation procedure for Delonix regia root constituents.
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Robinia pesudoacacia constituents isolation

' Robinia pseudoacacia roots 850 g '

Extraction (70% ethanol)

(5x4 L)
| The water soluble part of ethanol extract (62 g) '
Silica gel CC i)Petrol (35 g)
CH,Cl, : MeOH S ii)EtOAc (5 g)

(100 : 0— 80 : 20)
TLC CH,Cl, : MeOH (80 : 20)

iii) n-BuOH (8.5 g)

I

Fr.F Fr.G Fr.H Fr.1 Fr.J
33 mg 120 mg 60 mg 700 mg 530mg

1) Silica gel CC i) Sephadex LH-20

CH2C12 : MeOH MeOH 100%
9.5:05—>8.0:2.0

1) Silica gel CC i1) Sephadex LH-20

CH,Cl, : MeOH MeOH 100%
95:05 —28.0:2.0

Compound 1r Compound 2r Compound 3r Compound 4r Compound 5r
15 mg 23 mg 150 mg 177 mg 34 mg

Fig 19: Separation procedure for Robinia pseudoacacia root constituents.
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2.2.Synthesis of compounds

2.2.1. Mannich reaction

This reaction is named after Carl Mannich [162]. The Mannich Reaction is an important
carbon-carbon bond forming reaction that is commonly employed in the synthesis of alkaloid
natural products and is involved in a number of biosynthetic pathways [163]. The reaction
uses three components: An amine, a non-enolizable aldehyde, and a compound containing an

enolizable carbonyl moiety.

In short, compounds with an active hydrogen atom are treated with aldehyde and
ammonia or a primary or secondary amine, thereby replacing the active hydrogen with an

amino alkyl group (Fig 20) [164].

0 R4 0
R R
\NH + >: “+ Rs R\
o R - N R
R/ 4 \ / 4
i R H,0 R R, Rs
2

Fig 20: General scheme of Mannich reaction.

Materials and analytical methods

Flavonoids used in the reactions, i.e 5,7-dihydroxyflavone (chrysin), and 3,5,7,3",4"-
pentahydroxyflavone (quercetin), and all other starting materials used in synthesis were
purchased from Aldrich, Acros, Lancaster, Merck, or Fluka and were used without further
purification. Reaction progress was monitored by TLC on Alugram SIL G UV254 (Macherey-
Nagel). Melting points were measured on a Mettler FP1 melting point apparatus and are

provided uncorrected.

'H and C NMR spectra were recorded on a Bruker DRX-500 instrument. Chemical
shifts are given in parts per million (ppm), and tetramethylsilane (TMS) was used as the
internal standard. All coupling constants (J) are given in Hertz. Mass spectra (LC-MS) were

measured on a TSQ Quantum (Thermo Electron Corporation) instrument with a RP18 100-3
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column (Macherey Nagel) and with water/acetonitrile mixtures as eluents. HR-MS was

measured with a Finnigan MAT 958 mass spectrometer.

General synthetic procedure for the Mannich reaction

The primary or secondary amine (1.5 mmol), was added to a solution of flavones (1
mmol) and aldehyde (1.5 mmol) in EtOH (10 mL) at r.t. The mixture was then heated to 40—
65 °C, depending on the flavonoid and secondary amine (Fig 21 and Fig 22), and progression

of the reaction was monitored by TLC.

After the reactants were consumed, EtOAc (30 mL) and diluted HCI (30 mL, pH 3)
were added to the mixture. The aqueous layer was separated and the pH was adjusted to 7-8.
The aqueous phase was then extracted with EtOAc (3 x 15 mL). The combined extracts were
dried over anhydrous Na,SOs, the solvent was removed under vaccum. The crude product was
subsequently purified by silica gel column chromatography using a mixture of ethyl acetate

and petroleum ether (40-65 °C) as eluent.
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Amine 3 NH HN N— NH o NH, smNH
_/ \__/ / i j _/
i N-methyl
Morpholin piperazyine phthalimide © p-anisidine thiomorpholin
paraformaldhyde paraformaldhyde|  paraformaldhyde paraformaldhyde |paraformaldhyde
Aldhyde
< >—_\ o o [¢]
o )L/ )J\/ ° )J\/ )l\/ ?
(o] (o] /
Benzaldhyde " = a 7 ya" Z /o
Ethylglyoxalate Ethylglyoxalate Ethylglyoxalate | Ethylglyoxalate
OZNAQ—\O
X X
4-amino benzaldhyde \O \O
i p-halo benzaldhyde | P-halo benzaldhyde

/\o)k/o X=Br, Clor F X=Br,Clor F

Ethylglyoxalate

(o]
/ < > N,

p-methoxy benzaldhyde
\O
p-halo benzaldhyde
X=Br, Clor F
n=1 or 2
Temp. 65 °C 65 °C 65 °C 55°C 65 °C

Fig 21: Amines and aldehydes used in the Mannich reaction employing chrysin. The temperatures needed for the

reaction are provided.
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Quercetin
Amine q NH HN N— o NH, s/—_\NH
/ / _/
Morpholin N-methyl piperazine p-anisidine thiomorpholin
paraformaldhyde paraformaldhyde paraformaldhyde paraformaldhyde
Aldhyde :
\O )Ok/ )Ok/ )Ok/
(0] (o] (o]
Benzaldhyde " & " 7 a 7
Ethylglyoxalate Ethylglyoxalate Ethylglyoxalate
OZNAQT\O
4-amino benzaldhyde
o
o]
S NN
Ethylglyoxalate
(o}
/ < > N,
p-methoxy benzaldhyde
Temp. r.t.- 40 °C r.t. r.t. rt- 40 °C

Fig 22: Amines and aldehydes used in the Mannich reaction employing quercetin. The temperatures needed for
the reaction are provided.

2.2.2. Chromene-flavone reaction

By reacting a flavonoid with alkyl isocyanides and dialkyl acetylenedicarboxylate it is
possible to create new tricyclic compounds that contain both, flavone and chromene-like

moieties. The new molecules may possess interesting biological and pharmacological

activities.
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General synthetic procedure for the chromene-flavone reaction

The isocyanide derivative (1.5 mmol) was added drop-wise to a magnetically stirred
solution of flavonoids (1.5 mmol) and dialkyl acetylene dicarboxylate (1.5 mmol) in 10 mL
CH,Cl; at -20°C over 10 min. The reaction mixture was then allowed to warm up to room
temperature and was stirred for another 24-48 hrs, and progress of the reaction was monitored
by TLC. The solvent was removed under reduced pressure and the residue was separated by
silica gel column chromatography using a mixture of petroleum ether (40-65 °C) and ethyl

acetate as eluent.

2.2.3. Synthesis of 7-(3-phenyl selenide propan)-3-hydroxyflavone and 7-
(3-phenyl telluride propan)-3-hydroxyflavone

General synthetic procedure

A previously reported synthetic method was used for this synthesis [165]. In brief,
diphenyl diselenide or diphenyl ditelluride (1 mmol) was dissolved in 30 mL of EtOH and
cooled with an ice-water bath. Sodium borohydride 0.83g (21.9 mmol) and 1,3-
dibromopropane (400 mg, 2 mmol) were added to the solution under a nitrogen atmosphere,
and the solution was stirred at room temperature for 3 hrs. The reaction mixture was poured
into water, extracted with ether, and the organic portion was washed successively with
aqueous Na,COs and brine. The ether fraction was dried over anhydrous Na;SOy, and the
solvent was removed in vacuo. The crude products 1-bromo(3-phenyl selenide)-propane, or 1-

bromo(3-phenyl telluride)-propane, were used directly in the next step.

A mixture of 5,7-dihydroxyflavone (1 mmol), 1-bromo(3-phenyl selenide)-propane, or
1-bromo(3-phenyl telluride)-propane (1.5 mmol) and K,CO; (5.0 g), in anhydrous acetone
(25.0 mL) was stirred at 40 °C for 24 hrs. The insoluble material was filtered off, and the
solvent was removed under reduced pressure. The residue was separated by silica gel column

chromatography using a mixture of petroleum ether and ethyl acetate as eluent.
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2.3.Cell culture

HL-60 cell line as a model to measure the antioxidant/ cytotoxic activities of compounds

Apparatus

Multi-plate reader Sunrise Absorption Reader, Tecan (Osterreich)

Autoclave Autoklavi Spa, Fedegari (Italien)

Incubator Steri-Cycle CO; Incubator Hepa Class 100, Thermo
Cryobox Nalgene Cryo 1 °C Freezing Container

Digital multichannel Pipette Finnipette, Thermo

Electric Pipette
Fine scale balance
Microscope
pH-Meter

Pipettes

Stepper

Sterile Workbench
Vortex

Waterbath
Centrifuge

Freezer (-80 °C)

Accu-jet pro, Brand

Mettler AE 50

Axiovert 40 CFL, Zeiss

HI 8314, Hanna

Pipettman, Gilson

Handy-Step, Brand

Biowizard Kojair, Axon

Vortex Genie 2, Scientific Industries
Haake W13, Thermo

Sigma 4-10, B.Braun

C660, New Brunswick scientic
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Stock solution and media
1- Phosphate buffered saline (PBS)

8.00 g of NaCl, 0.2 g of KCl, 1.44 g of Na,HPO,4 and 0.24 g of KH,PO,4 were dissolved
in distilled water (1000 mL) and the pH was adjusted to 7.4. The solution was then autoclaved

in a stem autoclave at 120 °C for 20 min. It was opened only in a clean, sterile area.
2- Hydrogen peroxide (H,O:) stock solution

Freshly prepared 500 mM of H,O, was used as a stock solution. 5 mM of final

concentration was prepared by adding 10 ul from the stock solution to 990 ul of cell medium.
3- Stock solution of the test compounds

Serial dilutions of all compounds at 2.5, 10, 20, 30, 40, and 50 mM were prepared as
stock solutions in pure DMSO. 4 ul from this stock solution in 996 uL of medium was used to
prepare 1000 ul of 10, 40, 80, 120, 160 and 200 M, respectively (please note: the DMSO

concentration must not exceed 0.4 %).
4- 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution

50 mg of MTT solid powder was dissolved in 10 mL of PBS (5 mg/mL) and used
directly without dilution. This solution was stored below 4°C, in the dark and was used within

two weeks.
HL-60 cell line culture

Human promyelocytic leukemia HL-60 cells were kindly provided by Prof. Dr.
Alexandra K. Kiemer (Dept. of Pharmaceutical Biology, Saarland University, Germany).
Cells were maintained in RPMI1640 medium supplemented with 10% heat-inactivated fetal
calf serum (Grand Island Biological Co., Grand Island, NY, USA), 100 U/mL penicillin G,
100 ug/mL streptomycin, and 1 % I-glutamine (Sebac, Germany) in an atmosphere of 5 %

CO; in humidified air at 37 °C. In all experiments, exponentially growing cells were used.

In order to establish the activity of the test compounds, 2-day experiments were set up.
On the first day, one mL of cell suspension was added in a concentration of 9x10° cell/mL to
Eppendorfs (size 1.5 mL or 2 mL, Greiner Bio-One). To each cell suspension, the compounds
were added at different concentrations (with a DMSO concentration equal to 0.4%). DMSO

was used as control. For the antioxidant assay, H,O, was added to the mixture of cell
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suspension and compounds in 5 mM final concentration. In contrast, samples prepared for the
cytotoxicity test will not contain H,O,. To a 96 well plate (Greiner Bio-One) 100 ul of cell
suspension with compounds were added. This micro plate was then incubated for 24 hours in

an atmosphere of 5 % CO, in humidified air at 37 °C.

On the second day, 10 ul of MTT stock solution was added to each well (final conc. 0.5
mg /mL), in the dark and under sterile conditions. The plate was then incubated at 37 °C for 2
hrs in the dark. 200 ul of DMSO was then added in each well to dissolve the formazane
formed. The plate was gently shaken and the color was immediately measured with a

microplate reader at 550 nm (reference 690 nm).

2.4.Nematode assay

These assays were carried out together with Mr. Mohammed Badr Sarakbi, a Diploma
student in Prof Jacob’s group who was supervised by me since February 2009. Nematodes,
i.e. primarily Steinernema feltiae, were purchased as soft cake product used in gardening
(from Schneckenprofi Hennstedt Ltd, Germany), and stored at 4 °C until the time of use (the
viability of nematodes was checked prior to each assay; the viability must be more than 80
%). A suitable suspension of the nematodes was prepared by mixing 2 g of the nematode soft
cake with approximately 250 mL distilled water. The suspension was set aside at room

temperature for 15-30 minutes before use.

The compounds were dissolved in DMSO to prepare a stock solution of a desired
concentration, and were then subjected to serial dilution with DMSO and distilled water. The
samples were prepared by transferring 900 uL of the compound solution at each test
concentration to an Eppendorf tube (1 mL). 100 4L of the prepared nematode suspension was
added, resulting in 1 mL test solution containing 200-400 nematodes with final concentrations
of 50, 100, 200, and 400 uM of the tested compounds, respectively (please note that the
DMSO concentration in each tube must be 2 %). A blank of 2 % DMSO was used as negative

control.
Assay procedure:

Three replicates were prepared for each concentration. For each replicate, four samples
of 100 uL were transferred into 4 wells in a 96-well micro plate and immediately examined
under a light microscope at 4 fold magnification. Only living (mobile) nematodes in each

sample were counted, producing a combined total from the four samples. The micro plate was
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then incubated in the dark, and re-examined after 24 and 48 hours. The viability (survival)

percentage after each time period was calculated by the formula:
Viability % = (A/Aq) X 100

Where Ay is the number of live nematodes at the beginning of the test, A, is the number

of live nematodes after the time period (24 and 48 hours).

The test was conducted in two independent measurements, and the final result was

estimated as the mean =+ standard deviation.

2.5.1n vitro bioassay

2.5.1. Aromatase assay

Preparation of stock solution

Sodium phosphate buffer

6.00 g of Na,HPO4 and 8.90 g of NaH,PO,4 were dissolved in 2000 mL of distilled water
and the pH was adjusted to be 7.4.

Labeled androstenedion solution (3HA-st0ck)

100 uL of androsten-4-ene-3,17-dione,[18-"H(N)] (NET-926, 1,0 mCi) was diluted to
1000 mL with ethanol (1 uL contain 1 uCi)

Normal androstenedion stock solution (A-stock)
6.945 mg of androstenedion was dissolved in 50 mL of ethanol.
Normal androstenedion diluted solution

250 ul of androstenedion stock solution was diluted in 50 mL of the cooled phosphate
buffer.

Mercuric chloride solution
27.25 mg of HgCl, was dissolved in 100 mL of dist. water (ImM).
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Glucose-6-phosphate (G6P)

120.56 mg of glucose-6-phosphate was dissolved in 4 mL of cooled sodium phosphate
buffer.

Nicotinamid adenine dinucleotide phosphate (NADPH) solution
18.11 mg of NADP was dissolved in ImL of cooled sodium phosphate buffer.
Glucose-6-phosphate dehydogenase (G6PDH) solution

4 ul of G6PDH solution (1 mL contain 40 units) was diluted in the cooled sodium
phosphate buffer to a final volume of 1 mL.

Aromatase

Human aromatase was obtained from the microsomal fraction of freshly delivered
human term placental tissue according to the procedure of Thompson and Siiteri [166]. In
brief, freshly delivered human term placentas were washed in cold 0.15 M KC1, and adhering
membranes and large blood vessels were removed by dissection. After thorough mincing with
scissors, the tissue was weighed and 1 mL of cold 0.25 M sucrose was added per 1 g of tissue.
Homogenization was accomplished and mitochondria, nuclei, and cell debris were removed
by centrifugation at 20,000 rpm for 30 min. The postmitochondrial supernatant was then
subjected to centrifugation at 148,000 rpm for 45 min to yield a microsomal pellet which was
resuspended in 0.05 M potassium phosphate buffer, pH 7.4. The volume of this microsomal
suspension was adjusted to 400 mL with the above buffer, after which the microsomes were
resedimented at 148,000 rpm for 45 min. The microsomal pellet from the second high speed
centrifugation was again resuspended in buffer and resedimented under the same conditions.
Twice washed microsomes were finally suspended in a minimal volume of buffer and stored
frozen at -80 °C in 1 mL Eppendorf tubes. Prepared in this manner, microsomes retained their
full aromatase activity for at least 4 months.

Working enzyme solution was prepared by dilution of the microsomes obtained by the
above procedure with phosphate buffer (pH 7.4) (1: 50). This diluted enzyme preparation was

stored in -80°C for several months.
Charcol suspension

2 g of charcol was suspended in 100 mL of dist. Water.
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Assay procedure
Pre test preparation

1- *HA/A: 20 ul of labeled androstenedione *HA was dissolved in 1000 u1 of cooled,
diluted, unlabeled androstenedion and was mixed well for 10 min.

2- Preparation of the regenerating system: G6P solution, NADP solution and G6PDH
solution were mixed in 2:1:1 ratio respectively.

3- Preparation of inhibitors (compounds under investigation): at least 3 different
concentrations from each compound were used and all compounds were dissolved
in DMSO (with the concentration of DMSO not exceeding 2 %), and dilution

factor of 50 was used.
Test procedure

To each Eppendorf, 95 ul of phosphate buffer, 50 ul of the regenerating system, 5 ul of
DMSO (control) or compound solution, and 50 ul of *HA/A solution was added (the previous
mixtures were added in only two Eppendorfs, except for the presence of DMSO or
compounds solution, as they were used as a zero control). To each zero control, 200 ul of
HgCl, was added to stop the reaction. The diluted aromatase solution (1: 50) was removed
from the -80 °C freezer and incubated with the prepared Eppendorf samples in 30 °C water
bath (Grant, Type VAB18EU, England) for 5 min. The reaction was started by the addition of
50 ul of diluted aromatase solution to each reaction tube; after thorough mixing (IKA-Vibrax-
VXR, Germany), these tubes were incubated for 14 min in a water bath at 30 °C. The reaction
was stopped directly after the incubation period by the addition of 200 u1 of HgCl,, and was
then mixed well for 2-3 min. 200 ul of charcoal solution was added after vigorous mixing and
the reaction tubes were shaken for at least 30 min before being centrifuged (Thermo scientific,
Heraeus Fresco 17 centrifuge, Germany) for 5 min at 12500 rpm at 4 °C. 400 ul of
supernatant from each tube was transferred to new tubes and again centrifuged for 5 min at
12500 rpm at 4 °C. 200 ul of supernatant from each tube was then transferred to 2 mL
Eppendorf tubes, followed by the addition of 1000 ul of Szintillator 212. All tubes were then
mixed well. The *H,O was measured using a B-counter (WALLAC, Micro Beta Trilux,
Finland).
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2.5.2. 2,2-Diphenyl-1-picrylhydrazyl, 95 % (DPPH) assay

Preparation of DPPH solution

DPPH stock solution
Dissolve 125 mg of DPPH in 100 mL of ethanol, sonicate for 10 minutes. The stock

solution may be stored for 2 weeks in the refrigerator (—20 °C).

DPPH working solution
Dilute the stock solution 1: 10 (V/V) in ethanol. The concentration of DPPH in the

working solution is 316 uM.
Sample preparation

Serial dilution of all compounds at 0.2, 1, 2, 4 and 8 mM was prepared in pure DMSO.
10 ul from these dilutions was necessary to prepare 200 ul of 10, 50, 100, 200 and 400 uM
respectively. Controls (D, L—o—tocopherol (vitamin E) and Trolox™) were prepared in the

same concentration as test compounds.
Assay procedure

In a 96—well plate, 10 uL of test compounds stock solution sample was added to 190 L.
of DPPH working solution. A blank control was prepared; where as 10 uL. of DMSO was
added to 190 4L of DPPH working solution. The final volume in each is therefore equal to
200 uL. In final solution, the concentration of DPPH is 300 M. The plate was then incubated
in the dark for 30 minutes at room temperature. After incubation, the absorbance was
measured using the microplate reader spectrophotometer (Wallac, Victor, 1420 multilabel

counter) at 530 nm.

Calculations
Inhibition %= (1- Samples;¢/blankssp) X 100

The percentage of inhibition versus compound concentration was plotted on a graph.
From the equation of the slope, I was able to calculate the test sample concentration required

to reduce the absorbance at 520 nm by 50 % (ICs).
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2.5.3. Electrochemistry

The electrochemical behavior of the chromene-flavone compounds was studied by Ms.
Elena Gurevich, a Diploma student in Jacob’s group. Studies were performed by using
Differential Pulse Polarography (DPP) with a BAS 100W potentiostat. The compounds were
at first solved in 5 % DMSO and then diluted in 33 % of methanol/water (v:v) and phosphate
buffer pH = 7.4. to a final concentration of approximately 500 uM. The Polarogramms were
recorded using a glassy carbon working electrode, a silver/silver chloride reference electrode
and platium reference electrode. The potential range was between -1000 to 1500 mV with a
scan rate of 10 mV/s, the puls amplitude was 80 mV, with a sample width of 45 ms and pulse
width of 100 ms. For Cyclic Voltammetry (CV), the same experimental setup was used. The
potential range was between -1500 mV to 1500 mV with scan rates of 100 mV/s and 500
mV/s.
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Chapter I11: Results

3.1.Characterization of natural product

The water soluble portion of the ethanolic extracts of Delonix regia and Robinia
pseudoacacia roots were fractionated by solvent partition (ethyl acetate and n-butanol). A
successive silica gel column chromatography followed by further purification via Sephadex
(LH-20) column chromatography allowed for the isolation of five compounds from Delonix
regia root (two 3,4-flavandiols 1d, 2d, one legnan derivative 3d, one flavan-3-ol 4d, and one
dihydroflavone 5d (Fig 23)), and five compounds from Robinia pseudoacacia root (one

dihydroflavone 1r, three chalcones 2r, 3r, 4r, and one indol derivative 5r (Fig 24)).

Identification of these compounds was based on extensive 'H, °C NMR (1D and 2D),

and mass spectroscopy data.
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3.1.1. Isolated natural products from Delonix regia root

OMe

Compound 1d Ve Compound 2d

OH

Compound 4d Compound 5d

Fig 23: Chemical structure of natural compounds isolated from Delonix regia roots

3.1.1.1. Compound 1d

Compound 1d was isolated as a yellowish brown amorphous powder. On TLC, it
resulted in a greenish black spot when treated with vanillin/H,SO4. According to IUPAC
system, the compound was named as 2-(3,4-dihydroxyphenyl) chromane-3,4,7,8-tetrol (Fig

23). Following the normal nomenclature of flavonoids, it can be also referred to as 7,8,3",4"-
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teteahydroxy-3,4-flavandiol. After reviewing the literature, compound 1d has never been
isolated from Delonix regia before, but was isolated from many other Leguminosae plants

[167].

Compound 1d has a molecular formula C;5H;407. LC-MS-ESI: g = 3.95 min, m/z calcd
306.07, m/z found 290.96 [M-OH+H]".

'H, >C NMR and mass spectroscopy were all compatible with the structure of 1d (see

Table 8).

3.1.1.2. Compound 2d

Compound 2d was isolated as a yellowish brown amorphous powder. On TLC, it
resulted in a greenish black spot when treated with vanillin/H,SO4. According to IUPAC
system, the compound was named as 2-(3,4-dihydroxyphenyl)-4-methoxychromane-3,7,8-
triol (Fig 23). By the normal nomenclature of flavonoids, it can also be referred to as
7,8,3",4"-teteahydroxy-4-methoxy-flavan-3-ol. Compound 2d has been a known compound
since July 2008, when its isolation from heartwood of Acacia confuse family Leguminosae

was reported [168]. (NB, I isolated this compound for the first time in September 2007).

The position of methoxy group is confirmed by the correlation of the methoxy protons
and the carbons 3, 4 and 10. Whereas the stereochemistry of protons on the chiral carbons 2
and 3 in addition to stereochemistry of the methoxy group is more complicated and still

requires more analysis.

Comound 2d has a molecular formula of CisHi¢07, LC-MS-ESI: fx = 2.32 min, m/z
caled 320.09, m/z found 288.93 [M-OCH;+H]".

HRMS [M-H] negative mode calcd= 319.0817, found= 319.0823.

'H, >C NMR and mass spectroscopy were all compatible with the structure of 2d (see

Table 8).
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Table 8: 'H, *C NMR and DEPT spectral data of compounds 1d and 2d.

Compound 1d Compound 2d
Position Nr. DEPT
6 H 6C o0H 6C
2 4.93, br. s. 69.50 4.97, br. s. 76.80 CH
3 3.87,dd, J=0.63, 3.99 67.48 3.95,dd, J=0.80, 2.70. 69.47 CH
4 4.84,d,J=3.31 79.04 4.07,d,J=3.30. 78.68 CH
5 6.68,d,J="17.95 118.34 6.67, d, J=8.60. 123.32 CH
6 6.36,d,J=28.34 108.09 6.45, d, J=8.60. 109.26 CH
7 - 144.81 - 147.25 C
8 - 131.92 - 133.84 C
9 - 143.05 - 145.35 C
10 - 114.28 - 112.61 C
1 - 130.34 - 131.44 C
2’ 7.01,d,J=1.90 114.51 7.04,d,J=1.96. 115.80 CH
3 - 144.71 - 146.09 C
4’ - 144.63 - 146.08 C
5 6.75, dd, J=8.30, 0.90 115.73 6.77, d, J=8.30. 116.02 CH
6 6.81,dd, J=8.34,2.28 117.42 6.87, dd, J = 8.00, 2.20. 119.85 CH
O-CH; - - 3.45, s. 56.57 CH;
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3.1.1.3. Compound 3d

Compound 3d was isolated as a colorless amorphous powder. On TLC, it resulted in a
greenish black spot when treated with vanillin/H,SO4. According to IUPAC system, the
compound was named as 8-(4-dihydroxy-3,5 dimethoxyphenyl)-6,7-bis(hydroxymethyl)-1,3-
dimethoxy-5,6,7,8-tetrahydronaphthalene-2-ol (Fig 23). 3d is considered to be a lignin
derivative and was isolated for the first time from the genus Delonix. It has also been isolated
previously from Aphanamixis polystachya family Meliaceae [169] and given the name

Lyoniresinol or (-)-Lyoniresinol, according to the configuration of the chiral center (C7).
LC-MS-ESI: fz = 6.29 min, m/z calcd 420.18, m/z found 405.02 [M-Me]".
HRMS [M-H] negative mode calcd=419.1705, found=419.1716.

'H and “C NMR as well as HC-HMBC two dimensional correlations (Table 9) and

mass spectroscopy were all compatible with the structure of 3d.
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Table 9: 1D and 2D NMR data of compound 3d.

Position Nr. o 'H 8 BC DEPT HMBC
1 - 139.31* C -
2 6.28, s 106.91 CH C-1,3,4,6,7
3 . 149.00 C -
4 . 134.56 C -
5 - 149.00 C -
6 6.28, s 106.91 CH C-1,2,4,5,7
7 4.20,d,J=4.87 4231 CH C-1,2,9,1',6",8’
8 1.85, m 48.00" CH C-1,7,9,8",9°
9 3.40,d,J=5.84 64.21 CH, C-7.8,8
1 - 129.87 C -
2 6.49, s 107.79 CH C-3'.4,6",7
3 - 148.67 C -
4 - 139.31* C -
5 - 147.71 C -
6 - 126.26 C -
7 2.47,dd, J=11.54, 14.50,ax C-1,6",8
33.30 CH,
2.59,dd, J=4.86, 15.05, eq C-8,1,6",8
8’ 1.50,m 40.91 CH -
9 3.39, dd, J=2.85, 8.50, ax C-8,7°,8'
66.80 CH,
3.50, dd, J = 4.40, 10.82, eq C-8,7°,8'
3,5-OCH; 3.65,'s 56.61 CH; C-3,5
3'- OCH;, 3.77,s 56.78 CH; C-3’
5'- OCH; 3.28,s 60.16 CH; C-5

" Observed from HMBC correlations [139.31 ppm for C-1 and C-4].
* Chemical shift obtained from HMQC, due to solvent interference.
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3.1.1.4. Compound 4d

Compound 4d was isolated as a yellowish white amorphous powder. On TLC, it

resulted in a blueish spot when treated with vanillin/H,SO4. Compound 4d is a well known

compound. It has a common name, () catechin. According to the TUPAC system, the

compound was named as 2-(3,4-dihydroxyphenyl)chromane-3,5,7-triol (Fig 23). Following

the normal nomenclature of flavonoids, it can be named 5,7,3",4 -teteahydroxy—flavan-3-ol.

After reviewing the literature, Compound 4d has never been isolated from Delonix regia, but

it has been isolated from many other plants.

Compound 4d has a molecular formula of C;sH;40¢, LC-MS-ESI: g = 5.54 min, m/z
caled 290.08, m/z found 290.96 [M+H]".

1

the data published before (see Table 10) [170].

Table 10: 'H and °C of compound 4d.

H, °C NMR and mass spectroscopy were compatible with the structure of 4d and with

Position Nr. oH 0C DEPT
2 4.64,d.J="17.58 81.48 CH
3 3.87, m 67.43 CH

2.40, dd, J = 8.20, 16.30, ax
4 27.14 CH,
2.74,dd, J=6.24, 16.30, eq
5 - 156.45 C
6 5.82,d,J=2.34 94.12 CH
7 - 156.19 C
8 5.75,d,J=2.18 94.89 CH
9 - 155.54
10 - 99.45
1 - 130.85 C
2’ 6.73,d,J=2.06 113.86 CH
3 - 144.85 C
4’ - 144.83
5 6.66,d, J=8.24 114.70 CH
6" 6.61, dd, J=2.60, 8.31 118.64 CH
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3.1.1.5. Compound 5d

Compound 5d is a well known compound. It’s known as Isookanin. According to the
IUPAC system, the compound was named as 2-(3,4-dihydroxyphenyl)-7,8-dihydroxy-2,3-
dihydro-4H-chromen-4-one (Fig 23). Following the normal nomenclature of flavonoids, is

referred to 7,8,3",4 -teteahydroxy—dihydroflavone.

After reviewing the literature, compound 5d has never been isolated from Delonix regia

before, but it has been isolated from many other Leguminosae plants [171].

Compound 5d has a molecular formula of C;sH;40¢, LC-MS-ESI: #x = 2.68 min, m/z
calcd 288.06, m/z found 289.00 [M+H]".

'H, >C NMR and mass spectroscopy were all compatible with the structure of 5d and

with the data published before (see Table 11) [171].
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Table 11: 'H and *C of compounds 5d and 1r.

Compound 5d Compound 1r
No
oH oC DEPT oH oC DEPT
2 5.35,dd. J=2.79. 12.31 82.49 CH 5.28,dd. J=2.90. 13.26 81.06 CH
3.04,dd, J=12.31, 16.72, ax 2.95,dd, J=12.93,16.91, ax
3 45.96 CH, 44.96 CH,
2.70,dd, J=2.79, 16.72, eq 2.59,dd, J=2.99, 16.50, eq

4 - 194.94 C - 193.52 C
5 7.27,d,J=28.94 120.27 CH 6.25,d,J=28.01 103.83 CH
6 6.50,d,J=28.82 111.85 CH 6.40, dd, J = 2.50, 8.60 111.77 CH
7 - 155.04 C - 155.04 C
8 - 134.95 C 7.63,d,J=28.12 129.84 CH
9 - 153.62 C - 158.98 C
10 - 116.58 C - 114.98 C
1 - 132.86 C - 131.37 C
2’ 6.96,d,J=1.86 115.93 CH 6.72,d,J=9.57 116.31 CH
3’ - 147.41 C 7.22,d,J=8.12 129.00 CH
4 - 147.85 C - 166.86 C
5 6.76,d,J=28.13 117.16 CH 7.22,d,J=28.12 129.00 CH
6" 6.83,dd, J=1.86, 8.13 120.51 CH 6.72,d,J=19.57 116.31 CH
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3.1.2. Isolated natural products from Robinia pseudoacacia root

Compound 5r

Fig 24: Chemical structure of natural compounds isolated firom Robinia pseudoacacia roots

3.1.2.1. Compound 1r

Compound 1r was isolated as a yellowish amorphous powder. On TLC, it resulted in a
black spot when treated with vanillin/H,SOj4. According to [IUPAC system, the compound was
named as 7-hydroxy-2-(4-hydroxyphenyl)-2,3-dihydro-4H-chromen-4-one  (Fig 24).
Following the normal nomenclature of flavonoids, it can be referred to as 7,4’ -dihydroxy—
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dihydroflavone. After literature reviewing, compound 1r has never been isolated before from

the Robinia pseudoacacia, but has been isolated from many other plants [172]

Compound 1r has a molecular formula of C;sH;,04, LC-MS-ESI: #x = 7.87 min, m/z
caled 256.07, m/z found 256.95 [M+H]".

'H, *C NMR and mass spectroscopy were all compatible with the structure of 1r (see

Table 11).

3.1.2.2. Compound 2r

Compound 2r was isolated as an intense yellow amorphous powder. On TLC, it resulted
in a yellow spot when treated with vanillin/H,SO4. The proton and carbon pattern of NMR

showed a complete chalcone skeleton [173], with only one OH group at position 2".

Compound 2r was named according to [IUPAC system, as (2E)-1-(2-hydroxyphenyl)-3-
phenylprop-2-en-1-one. Following the flavonoid nomenclature it can referred to as 2’'-

hydroxychalcone.

Compound 2r has a molecular formula of C;sH;,0,, LC-MS-ESI: #g = 12.72 min, m/z
caled 224.08, m/z found 225.15 [M+H]".

'H, >C NMR and mass spectroscopy were all compatible with the structure of 2r (see

Table 12 and 13).

3.1.2.3. Compound 3r

Compound 3r was isolated as an amorphous powder with more intense yellow
colouration than 2r. On TLC, it resulted in a yellow spot when treated with vanillin/H,SO4.
Compound 3r was identified as a chalcone, with NMR data and comparison with compound

2r indicating the presence of two more hydroxyl groups at positions 4 and 4" [173].

Compound 3r was named according to IUPAC system as (2E)-1-(2,4-
dihydroxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one. Following the flavonoid

nomenclature, it can be referred to as 4,4°,2"-trihydroxychalcone.
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Compound 3r has a molecular formula of C;sH;,04, LC-MS-ESI: #g = 13.85 min, m/z
caled 256.07, m/z found 257.04 [M+H]".

'H, °C NMR and mass spectroscopy were all compatible with the structure of 3r and

with the data obtained from the literature (see Table 12 and 13) [173].

3.1.2.4. Compound 4r

Compound 4r was isolated as a yellow amorphous powder. On TLC, it resulted in a
yellow spot when treated with vanillin/H,SO4. Compound 4r was identified as a chalcone,
with NMR data and comparison with compounds 2r and 3r indicating the presence of two
more methoxy groups at positions 2 and 3. Two dimensional NMR, HMBC and HMQC
spectra also confirm this structure. After reviewing the literature, this compound appears to be
a new natural product isolated for only the second time from the plant. I isolated this
compound during my master work from leaves of Robinia pseudoacacia and recorded this
isolation in my MSc. thesis. N.B: Compound 4r is known in literature however as a synthetic
product [174, 175]. It is used to prepare other chalcons by the process of biotransformation

[176].

Compound 4r can be named according to the IUPAC system as (2E)-3-(2,3-
dimethoxyphenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one. Following the flavonoid

nomenclature, it can also be referred to as 2’-hydroxy-2,3-dimethoxy chalcone.

Compound 4r has a molecular formula of C;7H;60s5, HRMS calcd = 284.1048, found =
284.1055[M]".

'H, C NMR (Table 12 and 13) in addition to COSY, HMQC and HMBC as well as

mass spectroscopy were all compatible with the structure of 4r.
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Table 12: '"H NMR spectral data of compounds 2r, 3r, 4r.

Position & H compound 2r 6 H compound 3r 6 H compound 4r
Nr.
1 - = -
2 7.90, m 6.74,d,J=8.90 -
3 7.48, m 7.51,d,J=28.90 -
4 7.48, m - 7.00, m
5 7.48, m 7.51,d,J=28.90 7.12,dd, J=2.68, 6.65
6 7.90, m 6.74,d,J=8.90 7.00, m
A 8.04,d, J=15.57 7.56,d,J=15.95 8.07,d,J=15.83
B 7.84,d, J=15.57 7.51,d,J=15.95 7.98,d,J=15.59
B - - i
i = - ;
2’ - - -
3 8.24,dd, J=1.16,7.95 6.18,d,/=2.00 8.19, dd, J=1.50, 8.22
4’ 7.86, m - 7.17, m
5 7.01, m 6.31,dd, J=2.60, 8,82 7.56,ddd, J=1.62, 1.62, 8.43
6’ 7.01, m 7.86,d,J=28.29 7.17, m
2’-OH 12.55,s 12.89, s 12.39, s
4’-OH = 10.12, s -
4 -OH - 10.35, s =
2-OCH; - - 3.81,s
3-OCH; - - 3.84,s
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Table 13: C NMR spectral data of compounds 2r, 3r, 4.

compound 2r

Position Nr.

compound 3r

compound 4r

5C DEPT 5C DEPT 3C DEPT
1 134.42 C 127.87 C 127.99 C
2 128.92 CH 131.80 CH 148.51 C
3 128.50 CH 116.94 CH 153.77 C
4 130.96 CH 161.60 C 115.39 CH
5 129.16 CH 116.94 CH 122.86 CH
6 129.92 CH 131.80 cH 124.42 CH
a 117.68 CH 118.40 CH 117.70 CH
B 144.70 CH 145.58 CH 138.68 CH
B 193.62 C 193.48 C 193.55 C
1 120.80 C 114.62 C 120.94 C
2 161.84 C 166.76 C 161.72 C
3 119.15 CH 103.88 CH 119.36 CH
4 136.31 CH 167.56 C 136.25 CH
5 121.86 CH 109.31 CH 119.17 CH
6’ 130.84 CH 133.35 CH 130.77 CH
2-OCH, - - - - 61.00 CH;
3-OCH, - - - - 56.00 CH,;
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3.1.2.5. Compound 5r

Compound 5r was isolated as a white amorphous powder. On TLC, it resulted in a black

spot when treated with vanillin/H,SOy.

Compound 5r was identified as a new indol derivative, with 'H, ®C and two
dimensional NMR HMBC comparison used to confirm the indol derivative structure. This
compound is a new natural product which has not been reported before, and is isolated the

first time from the root of Robinia pseudoacacia.

The chemical structure of compound 5r gave the typical NMR signals of a pterocarpan
(Medicarpin) [177, 178], with one additional broad singlet proton at dy 4.99, indicating the
presence of an NH group instead of oxygen at the bridge of the three member ring [179, 180].
Compound 5r was named according to IUPAC system as 9-methoxy-6,6a,11,11a-
tetrahydrochromeno[4,3-b]indol-3-ol

Compound 5t has a molecular formula of C;¢H;sNO3;, LC-MS-ESI: g = 12.55 min, m/z
caled 269.11, m/z found 269.1 [M]".

'H and “C NMR and HMBC in addition to COSY, HMQC as well as mass

spectroscopy were all compatible with the structure of 5r (see Table 14).
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Table 14: 'H, °C as well as HMBC spectral data of compound 5r.

Position Nr. oH H-C HMBC correlation oC DEPT

2 3.51, m, ax/ 4.21, m, eq Cc-2,1,9 66.58 CH,

3 3.60,t,J=10.95 C-3,4,1,6" 39.52 CH

4 5.47,d,J=06.85 C-2,10,8,9 78.55 CH

5 7.36,d,J=28.50 C-9,4 132.22 CH

6 6.43,dd, J=2.50, 8.50 C-5,10 106.45 CH
7 - - 161.15 C

8 6.38,d,J=2.50 C-9, 10 96.93 CH
9 - - 157.01 C
10 - - 112.70 C
1 - - 119.11 C

2’ 7.11,d,J=28.45 C-3,4,5,3 124.78 CH

3 6.53,dd, J = 2.20, 8.45 C-1,3,4,5 109.75 CH
4’ - - 160.71 C

5 6.43,d,J=2.20 C-1,3,4,5 103.69 CH
6 - - 156.67 C
N-H 4.99, br.s C-10,57, 6’ - -

O-CH; 3.74,s C-4 55.45 CH;
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3.2.Mannich reaction

Reaction of aldehydes and primary or secondary amines with the flavones (chrysin or
quercetin) produced twenty-one compounds (1m-21m), all with different chemical, physical
and biological characteristics. The resulting diversity may provide a better understanding of

the structure-activity relationships of these compounds (Fig 26).

Table 15 provides details of the compounds obtained from the Mannich reaction as well

as the reaction conditions and yields associated with them.

It should be noted that carbon number 6 in the flavone nucleus was the most reactive
and usually involved in the reaction. In some instances carbon number 8 was also involved,

thus creating 6,8-disubstituted flavones (Fig 25).

R;——N

R, CHO

R, R; NH

Chrysin, R=H
Quercetin R=OH R,

Rs—N

Fig 25: Schematic overview of the Mannich reaction used to modify chrysin and quercetin.
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Table 15: Components of the Mannich reaction, including reaction conditions and yields.

No Aldehyde Amine Flavone Condition Reaction site Yield%
Im  Paraformaldehyde morpholin chrysin 24 h, 65 °C C6 42
2m  Paraformaldehyde morpholin chrysin 24 h, 65 °C Co, C8 22
3m  Paraformaldehyde thiomorpholin chrysin 8h, 65°C Co6 21
4m  Paraformaldehyde thiomorpholin chrysin 8h, 65°C C6, C8 86
5m  Paraformaldehyde N-methyl piperazine chrysin 4 h, 65°C Co6 32
6m  Ethylglyoxalate morpholin chrysin 8h, 65°C C6 80
7m  Ethylglyoxalate morpholin chrysin 8h, 65°C C6, C8 12
8m  Ethylglyoxalate thiomorpholin chrysin 4 h, 65 °C C6 18
9m  Ethylglyoxalate N-methyl piperazine chrysin 4 h, 65°C C6 80
10m Ethylglyoxalate morpholin quercetin 4 h, 40 °C Co6 72
11m Ethylglyoxalate thiomorpholin quercetin 4 h, 35 °C C6 36
12m Paraformaldehyde Phthalimide chrysin 4 h, 65 °C C6 10
13m Ethylglyoxalate p-anisidine chrysin 4 h, 55°C Co6 10
14m Ethylglyoxalate p-anisidine quercetin 8 h,r.t. C6 39
15m p-Methoxy penzaldehyde morpholin chrysin 24 h, 65 °C C8 42
16m p-Methoxy penzaldehyde morpholin chrysin 24 h, 65 °C C6 18
17m Benzaldehyde morpholin chrysin 24 h, 65 °C C6 47
18m p-Nitro penzaldehyde morpholin chrysin 24 h, 65 °C Cé6 22
19m p-Bromo penzaldehyde morpholin chrysin 24 h, 65 °C Co6 15
20m  p-Chloro penzaldhyde morpholin chrysin 24 h, 65 °C Co6 60
21m  p-Floro penzaldehyde morpholin chrysin 24 h, 65 °C Co6 55
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OH [e]
OH o

OH © o © [j

S

Compound 12m

O
e
NH,
HO. l o

OH (¢]
Compound 13m Compound 14m Compound 15m

_o l HO. l o)
NH, OH 5 NH,  OH o
NH, OH O
Compound 16m

Br. l HO. I o
H
NH. OH (e]

2

NH,  OH o]

Compound 19m Compound 20m Compound 21m

Fig 26: Chemical structure of synthetic compounds obtained via Mannich reaction.
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Compound 1m: 5,7-Dihydroxy-6-(morpholinomethyl)-2-phenyl-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellow powder. Yield = 42 %.
TLC (petrol ether: ethyl acetate = 7: 3): R,= 0.61, melting point: 209 °C.

'H NMR (CDCls, 500 MHz): 12.70 (s, 1H), 7.83-7.71 (dd, 2H, J=1.49, 7.50 Hz,), 7.57-7.48
(m, 3H), 6.61 (s, 1H), 6.27 (s, 1H), 3.98 (s, 2H), 3.86- 3.63 (br s, 4H), 2.83- 2.47 (br s, 4H)

13C NMR (CDCls, 125 Hz): 182.35 (s), 165.31 (s), 163.13 (s), 161.74 (s), 154.84 (s), 131.79
(d), 131.53 (s), 129.19 (d, 2C), 126.07 (d, 2C), 105.91 (d), 104.84 (s), 100.25 (d), 97.97 (s),
66.63 (1), 54.13 (1), 52.98 (t) ppm.

LC-MS-ESI: tg = 7.07 min, m/z caled 353.13, m/z found 354.61 [M+H]".

Compound 2m: 5,7-Dihydroxy-6,8-bis(morpholinomethyl)-2-phenyl-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellow powder. Yield =22 %.
TLC (petrol ether: ethyl acetate = 7: 3): Ry= 0.77, melting point: 172 °C.

'H NMR (CDCls, 500 MHz): 13.25 (s, 1H), 9.80 (br s, 1H), 7.80-7.95 (dd, 2H, J=2.00, 8.09
Hz,), 7.54-7.47 (m, 3H), 6.63 (s, 1H), 3.82 (s, 2H), 3.81 (s, 2H), 3.75- 3.71 (t, 4H, J=4.40),
3.71- 3.68 (t, 4H, J=4.40), 2.64- 2.55 (m, 4H)1.49 ppm.

13C NMR (CDCls, 125 Hz): 182.58 (s), 164.63 (s), 163.34 (s), 159.08 (5), 155.32 (s), 131.72
(d), 131.58 (s), 129.11 (d, 2C), 126.15 (d, 2C), 105.48 (d), 104.03 (s), 103.92 (s), 101.31 (s),
66.87 (t), 66.62 (1), 53.73 (1), 52.86 (t), 52.38 (t), 50.96 (t) ppm.

LC-MS-ESI: g = 6.09 min, m/z calcd 452.19, m/z found 453.63 [M+H]".
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Compound 3m: 5,7-Dihydroxy-2-phenyl-6-(thiomorpholinomethyl)-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield = 21 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.8, melting point: 226 °C.

'H NMR (CDCls, 500 MHz): 12.70 (s, 1H), 7.81-7.78 (dd, 2H, J= 1.54, 8.30 Hz,), 7.56-7.50
(m, 3H), 6.61 (s, 1H), 6.27 (s, 1H), 3.99 (s, 2H), 3.00-2.83 (br s, 4H), 2.81-2.71 (br s, 4H),

3C NMR (CDCls, 125 Hz): 182.0 (s), 165.46 (s), 163.11 (s), 161.72 (s), 154.82 (s), 131.80
(d), 131.53 (s), 129.20 (d, 2C), 126.06 (d, 2C), 105.91 (d), 104.82 (s), 100.31 (d), 98.05 (s),
54.62 (t), 54.45 (t, 2C), 27.86 (t, 2C) ppm.

LC-MS-ESI: #z = 7.84 min, m/z calcd 369.10, m/z found 370.49 [M+H]".

HRMS: [M]’, calcd 369.1034, found 369.1073.

Compound 4m: 5,7-Dihydroxy-2-phenyl-6,8-bis(thiomorpholinomethyl)-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield = 86 %.
TLC (petrol ether: ethyl acetate = 6: 4): Ry= 0.64, melting point: 226 °C.

'"H NMR (CDCls, 500 MHz): 13.34-12.95(br s, 1H), 10.58-948 (br s, 1H) 7.87-7.83 (dd, 2H,
J=2.22,7.67 Hz,), 7.52-7.47 (m, 3H), 6.61 (s, 1H), 3.79 (s, 4H), 2.88-2.81(m, 8H), 2.72-2.67
(t, 4H, J=4.52 Hz), 2.67-2.63 (t, 4H, J=4.94Hz) ppm.

13C NMR (CDCls, 125 Hz): 182.49 (s), 164.63 (s), 163.25 (s), 158.99 (s), 155.23 (s), 131.67
(d), 131.52 (5), 129.06 (d,2C), 126.09 (d, 2C), 105.42 (d), 104.01 (s), 103.95 (s), 101.45 (s),
54.62 (1), 54.18 (t), 52.62 (t, 2C), 51.35 (1,2C), 27.82 (t, 2C), 27.54 (t, 2C) ppm

LC-MS-ESI: tg = 7.57 min, m/z calcd 484.15, m/z found 485.55 [M+H]".
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Compound 5m: 5,7-Dihydroxy-6-((4-methylpiperazin-1-yl)methyl)-2-phenyl-4H-chromen-
4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield =32 %.
TLC (petrol ether: ethyl acetate = 7: 4): Ry= 0.64, melting point: 186 °C.

'H NMR (CDCls, 500 MHz): 12.69 (s, 1H), 7.80-7.77 (dd, 2H, J= 1.55, 7.75 Hz), 7.54-7.48
(m, 3H), 6.59 (s, 1H), 6.25 (s, 1H), 3.97 (s, 2H), 2.97-2.32 (m, 8H), 2.30 (s, 3H) ppm.

13C NMR (CDCls, 125 Hz): 182.32 (s), 165.64 (s), 163.04 (s), 161.58 (s), 131.73 (d), 131.53
(s), 129.14 (d, 2C), 126.03 (d, 2C), 105.80 (d), 104.68 (s), 100.20 (d), 98.36 (s), 54.69 (1),
53.68 (1), 52.60 (t), 45.79 (q) ppm.

LC-MS-ESI: #z = 6.18 min, m/z calcd 366.16, m/z found 367.59 [M+H]".

HRMS: [M]", calcd 366.1579, found 366.1577.

Compound o6m: Ethyl 2-(5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)-2-

morpholinoacetate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield = 80 %.
TLC (petrol ether: ethyl acetate = 7: 3): R,= 0.61, melting point: 199 °C.

"H NMR (CDCls, 500 MHz): 12.75 (s, 1H), 7.94-7.91 (dd, 2H, J= 1.50, 8.76 Hz), 7.55-7.50
(m, 3H), 6.63 (s, 1H), 6.26 (s, 1H), 4.27 (s, 1H), 4.21-4.12 (m, 2H), 3.81-3.74 (t, 4H, J= 4.50),
2.73-2.57 (m, 4H), 1.19-1.14 (t, 3H, J= 7.50) ppm.

13C NMR (CDClLs, 125 Hz): 182.10 (s), 168.67 (s), 164.60 (s), 163.37 (s), 162.47 (s), 155.21
(s), 131.84 (d), 131.30 (s), 129.14 (d, 2C), 126.23 (d, 2C), 105.91 (d), 105.00 (s), 100.47 (d),
96.81 (s), 66.47 (d), 66.42 (t), 61.78 (t), 51.40 (t), 13.88 (q) ppm.

LC-MS-ESI: g = 7.67 min, m/z calcd 425.15, m/z found 426.01 [M+H]".

HRMS: [M+H]", calcd 426.1552, found 426.1275.
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Compound 7m: Diethyl 2,2'-(5,7-dihydroxy-4-oxo-2-phenyl-4H-chromene-6,8-diyl)bis(2-
morpholinoacetate)

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield = 12 %.
TLC (petrol ether: ethyl acetate = 7: 3): R;= 0.64, melting point: 124 °C.

'"H NMR (CDCls, 500 MHz): 13.26 (s, 1H), 7.67-7.62 (dd, 2H, J= 2.2, 8.21 Hz), 7.29-7.22
(m, 3H), 6.41 (s, 1H), 4.60 (s, 1H), 4.56 (s, 1H), 3.93-3.85 (m, 2H), 3.84-3.77 (m, 2H), 3.50-
3.40 (t, 8H, J= 4.50), 2.50-2.40 (m, 4H), 2.40-2.27 (m, 4H), 0.97-0.92 (t, 3H, J= 6.90), 0.90-
0.86 (t, 3H, J= 6.90) ppm.

C NMR (CDCls, 125 Hz): 182.13 (s), 170.77 (s), 170.06 (s), 170.04 (s), 169.37 (s), 163.44
(s), 163.07 (s), 162.93 (s), 160.51 (s), 154.97 (s), 131.82 (d), 131.94 (s), 129.04 (d, 2C),
126.15 (d, 2C), 105.62 (d), 98.31 (s), 66.65 (1), 66.49 (t), 63.83 (d), 62.07 (d), 61.20 (t), 60.93
(t), 50.70 (t), 50.53 (1), 13.90 (q), 13.79 (q) ppm.

LC-MS-ESI: g = 8.69 min, m/z caled 596.24, m/z found 597.10 [M+H]".

HRMS: [M+H]’, calcd= 597.2448, found= 597.2416.

Compound 8m: 6-(2-Ethoxy-1-morpholinoallyl)-5,7-dihydroxy-2-phenyl-4H-chromen-4-

one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a dark yellow powder. Yield = 18 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.61, melting point: 190 °C.

'H NMR (CDCls, 500 MHz): 12.77 (s, 1H), 7.94-7.91 (dd, 2H, J= 2.50, 7.14 Hz), 7.57-7.53
(m, 3H), 6.64 (s, 1H), 6.29 (s, 1H), 4.79 (s, 1H), 4.19-4.14 (m, 2H), 2.96-2.86 (m, 4H), 2.80-
2.75 (m, 4H), 1.19-1.15 (t, 3H, J= 7.14) ppm.

13C NMR (CDCls, 125 Hz): 182.18 (s), 168.98 (s), 164.80 (s), 163.43 (s), 162.56 (s), 155.25
(s), 131.92 (d), 131.89 (s), 129.23 (d, 2C), 126.30 (d, 2C), 106.03 (d), 105.08 (s), 100.67 (d),
97.04 (s), 66.60 (d), 61.87 (t), 53.05 (t), 27.72 (t), 13.94 (q) ppm.

LC-MS-ESI: g = 8.74 min, m/z calcd 441.16, m/z found 442.66 [M+H]+.
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Compound 9m: Ethyl 2-(5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)-2-(4-
methylpiperazin-1-yl)acetate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a dark yellow powder. Yield = 80 %.
TLC (petrol ether: ethyl acetate = 6: 4): Ry= 0.52, melting point: 166 °C.

'"H NMR (CDCls, 500 MHz): 12.75 (s, 1H), 7.94-7.91 (dd, 2H, J= 1.75, 7.76 Hz), 7.55-7.50
(m, 3H), 6.64 (s, 1H), 6.28 (s, 1H), 4.71 (s, 1H), 4.19-4.14 (m, 2H), 2.81-2.42 (m, 8H), 2.29
(s, 3H), 1.19-1.14 (t, 3H, J= 7.15) ppm.

13C NMR (CDCls, 125 Hz): 182.19 (s), 168.99 (s), 165.00 (s), 163.37 (s), 162.24 (s), 155.15
(s), 131.86 (d), 131.39 (s), 129.19 (d, 2C), 126.27 (d, 2C), 105.91 (d), 104.96 (s), 100.85 (d),
97.36 (s), 66.35 (d), 61.73 (1), 54.63 (1), 51.02 (t), 45.69 (q), 13.93 (q) ppm.

LC-MS-ESTI: #z = 8.06 min, m/z calcd 438.18, m/z found 439.10 [M+H]".

Compound 10m: Ethyl 2-(2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4-oxo-4H-chromen-6-

yD)-2-morpholinoacetate

The compound was purified by column chromatography on silica gel with dichloromethane:

methanol = 95: 5. It was obtained as a brownish powder. Yield = 72 %.
TLC (dichloromethane: methanol = 9: 1): R,= 0.63, melting point: 250 °C.

"H NMR (CH;0D, 500 MHz): 7.89-7.84 (br s, 1H), 7.75-771 (br s, 1H), 7.64-7.59 (d, 1H, J=
8.67 Hz), 6.86-6.75 (s, 1H), 6.07 (s, 1H), 4.07-4.02 (m, 2H), 3.66-3.62 (t, 4H, J= 4.88), 2.60-
2.55 (m, 4H), 1.05-1.00 (t, 3H, J=7.04) ppm.

13C NMR (CH;OD, 125 Hz): 177.31 (s), 171.18 (s), 165.19 (s), 164.87 (d), 162.66 (), 155.62
(s), 148.79 (5), 148.14 (s) 146.31 (5), 137.42 (s), 124.04 (s), 122.21 (d), 116.32 (d), 104.76 (s),
99.66 (d), 99.12 (s), 67.77 (t), 66.05 (d), 62.66 (1), 52.31 (t), 14.30 (q) ppm.

LC-MS-ESI: g = 6.74 min, m/z calcd 473.13, m/z found 474.02 [M+H]".
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Compound 11m: 2-(3,4-Dihydroxyphenyl)-6-(2-ethoxy-1-morpholinoallyl)-3,5,7-
trihydroxy-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with dichloromethane:

methanol = 98: 2. It was obtained as a brownish yellow powder. Yield =36 %.
TLC (dichloromethane: methanol = 9: 1): R,= 0.68, melting point: 211 °C.

'"H NMR (CH;0D, 500 MHz): 7.80-7.78 (d, 1H, J=2.23 Hz), 7.75-7.72 (dd, 1H, J=2.23, 8.36)
7.02-6.98 (d, 1H, J=8.38 Hz), 6.28 (s, 1H), 4.81 (s, 1H), 4.21-4.13(m, 2H), 2.97-2.84 (m, 4H),
2.80-2.74 (t, , 4H, J=4.47), 1.20-1.16 (t, , 3H, J=7.26) ppm.

13C NMR (CH;0D, 125 Hz): 175.22 (5), 169.57 (5), 165.27 (), 161.48 (s), 154.42 (s), 146.52
(s), 145.44 (s), 143.80 (s), 135.89 (s), 123.69 (s), 121.81 (d), 115.77 (d), 114.95 (d), 103.50
(s), 100.34 (d), 97.11 (s), 66.94 (d), 62.38 (t), 53.27 (1), 27.96 (1), 14.16 (q) ppm.

LC-MS-ESI: #g = 7.06 min, m/z calcd 489.11, m/z found 490.63 [M+H]".

Compound 12m: 5,7-Dihydroxy-6-(hydroxymethyl)-2-phenyl-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as a yellow powder. Yield = 10 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.54, melting point: 118 °C.

'H NMR (CH;0D, 500 MHz): 7.88-7.85 (dd, 2H, J= 2.26, 8.28 Hz), 7.49-7.42 (m, 3H), 6.64
(s, 1H), 6.43 (s, 1H), 4.64 (s, 2H) ppm.

C NMR (CH;0D, 125 Hz): 184.04 (s), 165.60 (s), 165.03 (s), 161.18 (s), 158.72 (s), 133.05
(d), 132.54 (s), 130.24 (d, 2C), 127.43 (d, 2C), 111.96 (s), 106.14 (d), 105.34 (s), 94.60 (d),
53.68 (t) ppm.

LC-MS-ESI: tg = 9.64 min, m/z calcd 284.07, m/z found 284.94 [M+H]".
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Compound  13m: Ethyl  2-(5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)-2-(4-
methoxyphenylamino)acetate.

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellow powder. Yield = 10 %.
TLC (petrol ether: ethyl acetate = 7: 3): Ry= 0.55, melting point: 152 °C.

'"H NMR (CDCls, 500 MHz): 12.78 (s, 1H), 7.87-7.83 (dd, 2H, J= 1.50, 7.80 Hz), 7.54-7.50
(m, 3H), 6.78-6.72 (m, 4H), 6.70 (s, 1H), 6.28 (s, 1H), 5.62 (s, 1H), 4.17-4.07 (m, 2H), 3.68
(s, 3H), 1.13-1.08 (t, 3H, J= 6.75) ppm.

13C NMR (CDCls, 125 Hz): 182.37 (s), 170.55 (s), 164.50 (s), 163.43 (s), 162.18 (s), 155.33
(s), 155.03 (s), 138.06 (s), 131.90 (d), 131.44 (s), 129.22 (d, 2C), 126.15 (d, 2C), 118.23 (d),
114.96 (d), 106.10 (d), 105.62 (s), 100.96 (d), 99.11 (s), 62.76 (t), 56.43 (d), 55.49 (q), 13.91

(@) ppm.

LC-MS-ESI: tz = 10.47 min, m/z caled 461.15, m/z found 461.95 [M+H]".

Compound 14m: Ethyl 2-(2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4-oxo-4H-chromen-6-
yl)-2-(4-methoxyphenylamino)acetate

The compound was purified by column chromatography on silica gel with dichloromethane:

methanol = 95: 5. It was obtained as a brownish black powder. Yield = 39 %.
TLC (dichloromethane: methanol = 9: 1): R,= 0.63, melting point: 120 °C.

'H NMR (CH;0D, 500 MHz): 7.73-7.71 (d, 1H, J= 2.00), 7.59-7.55 (dd, 1H, J= 1.97, 7.87
Hz), 6.81-6.79 (d, 1H, J= 8.66), 6.64-6.61 (dd, 2H, J= 1.97, 6.69 Hz), 6.59-6.55 (dd, 2H, J=
1.97,7.00 Hz), 6.12 (s, 1H), 5.64 (s, 1H), 4.11-4.01 (m, 2H), 3.54 (s, 3H), 1.04-1.00 (t, 3H, J=
7.09) ppm.

13C NMR (CH;0D, 125 Hz): 177.47 (s), 173.82 (s), 163.43 (s), 162.04 (s), 155.51 (s), 154.83
(s), 148.96 (5), 148.30 (s) 146.33 (5), 142.08 (s), 137.29 (s), 124.06 (s), 121.80 (d), 117.70 (d),
116.36 (d), 116.24 (d), 115.69 (d), 104.83 (s), 99.94 (d), 62.70 (t), 56.06 (q), 54.53 (d), 14.39

(9) ppm.
LC-MS-ESI: g = 8.17 min, m/z caled 509.13, m/z found 509.98 [M+H]".
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Compound 15m: 8-(Amino(4-methoxyphenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-

chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as yellow powder. Yield =42 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.54, melting point: 225 °C.

'"H NMR (CDCls, 500 MHz): 13.79 (s, 1H), 12.68 (s, 1H), 7.79-7.75 (dd, 2H, J= 1.56, 8.24
Hz), 7.56-7.52 (m, 3H), 7.39-7.35 (d, 2H, J= 8.20 Hz) 6.84-6.81 (d, 2H, J= 1.56, 8.24 Hz),
6.54 (s, 1H), 6.34 (s, 1H), 4.49 (s, 1H), 3.73 (s, 3H) ppm.

13C NMR (CDCls, 125 Hz): 182.22 (s), 164.17 (s), 163.38 (s), 161.54 (5), 159.73 (s), 154.81
(s), 131.75 (d), 130.00 (s), 129.12 (d, 2C), 126.18 (d, 2C), 106.24 (d), 105.10 (s), 103.96 (s),
100.73 (d), 68.31 (d), 55.23 (q) ppm.

LC-MS-ESTI: #g = 9.64 min, m/z calcd 389.13, m/z found 374.09 [M-NH,+H]".

HRMS: [M-CH;+H], caled 375.1106, found 375.1076.

Compound 16m: 6-(Amino(4-methoxyphenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-

chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 7: 3. It was obtained as yellow powder. Yield = 18 %.
TLC (petrol ether: ethyl acetate = 6: 4): Ry= 0.49, melting point: 204 °C.

'H NMR (CDCl3, 500 MHz): 14.00 (s, 1H), 13.08 (s, 1H), 7.85-7.81 (dd, 2H, J= 2.30, 7.60
Hz), 7.51-7.45 (m, 3H), 7.42-7.38 (d, 2H, J= 8.56 Hz) 6.84-6.80 (d, 2H, J= 1.50, 8.20 Hz),
6.56 (s, 1H), 6.45 (s, 1H), 4.87 (s, 1H), 3.74 (s, 3H) ppm.

13C NMR (CDCls, 125 Hz): 182.28 (s), 163.99 (s), 163.66 (s), 159.42 (s), 159.25 (s), 157.02
(s), 131.67 (d), 131.14 (s), 130.46 (s), 129.02 (d, 2C), 126.22 (d, 2C), 108.91 (s), 105.48 (d),
104.56 (s), 94.95 (d), 67.74 (d), 55.20 (q) ppm.

LC-MS-ESI: g = 9.15 min, m/z calcd 389.13, m/z found 373.95 [M-NH,+H]".
HRMS: [M-OCH;+H], caled 375.1106, found 375.1121.
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Compound 17m: 6-(Amino(phenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellow powder. Yield =47 %.
TLC (petrol ether: ethyl acetate = 7: 3): Ry= 0.45, melting point: 195 °C.

"H NMR (CDCls, 500 MHz): 13.75 (s, 1H), 13.15 (s, 1H), 7.85-7.81 (m, 2H), 7.56-7.51 (d,
2H, J=7.41 Hz), 7.50-7.75 (m, 3H),7.35-7.30 (d, 2H, J=7.92 Hz),7.30-7.25 (m, 1H), 6.58 (s,
1H), 6.49 (s, 1H), 4.96 (s, 1H) ppm.

13C NMR (CDCls, 125 Hz): 182.18 (s), 163.89 (s), 163.57 (s), 159.31 (s), 155.99 (s), 138.44
(s), 131.60 (d), 131.27 (s), 128.93 (d, 2C), 128.11 (d), 126.11 (d, 2C), 108.55 (s), 105.41 (d),
104.49 (s), 94.89 (d), 68.35 (d) ppm.

LC-MS-ESI: #z = 8.99 min, m/z calcd 359.12, m/z found 344.07 [M-NH,+H]".

Compound 18m: 6-(Amino(4-nitrophenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-chromen-4-

one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as yellow powder. Yield = 22 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.55, melting point: 292 °C.

'H NMR (CDCl3, 500 MHz): 13.20 (s, 1H), 8.18-8.13 (d, 2H, J= 8.76 Hz), 7.84-7.80 (d, 2H,
J=1.76 Hz), 7.73-7.67 (d, 2H, J= 8.76 Hz), 7.52-7.45 (m, 3H), 6.58 (s, 1H), 6.47 (s, 1H), 5.04
(s, 1H) ppm.

13C NMR (CDCls, 125 Hz): 182.27 (s), 164.00 (s), 163.31 (s), 159.44 (s), 157.34 (s), 147.62
(s), 145.83 (s), 131.85 (d), 131.18 (), 129.07 (d, 2C), 126.24 (d, 2C), 124.13 (d) 107.26 (s),
105.52 (d), 104.66 (s), 95.82 (d), 67.59 (d) ppm.

LC-MS-ESI: tg = 16.91 min, m/z calcd 404.10, m/z found 390.05 [M—NH2+H]+.
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Compound 19m: 6-(Amino(4-bromophenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-chromen-
4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a dark yellow powder. Yield = 15 %.
TLC (petrol ether: ethyl acetate = 6: 4): Ry= 0.60, melting point: 163 °C.

'H NMR (CDCls, 500 MHz): 12.96 (s, 1H), 7.66-7.64 (dd, 2H, J=1.67, 7.68 Hz), 7.34-7.28
(m, 3H), 7.26-7.23 (d, 2H, J=8.34Hz), 7.22-7.18 (d, 2H, J=8.68 Hz), 6.39 (s, 1H), 6.28 (s,
1H), 4.71 (s, 1H) ppm.

13C NMR (CDCls, 125 Hz): 182.54 (s), 164.05 (), 163.89 (s), 159.60 (s), 157.41 (s), 137.80
(s), 132.28 (d), 132.00 (d), 131.57 (s), 129.29 (d, 3C), 126.49 (d, 2C), 122.45 (s), 108.38 (s),
105.77 (d), 104.86 (s), 95.33 (d), 67.98 (d) ppm.

LC-MS-ESI: #z = 9.98 min, m/z calcd 437.01, m/z found 421.47 [M-NH,]".

Compound 20m: 6-(Amino(4-chlorophenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-chromen-

4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a dark yellow powder. Yield = 60 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.60, melting point: 187 °C.

'H NMR (CDCls, 500 MHz): 13.11 (s, 1H), 7.80-7.77 (dd, 2H, J=1.95, 8.27 Hz), 7.47-7.37
(m, 5H), 7.25-7.21 (d, 2H, J=8.35Hz), 6.53 (s, 1H), 6.42 (s, 1H), 4.86 (s, 1H) ppm.

13C NMR (CDCls, 125 Hz): 182.28 (s), 163.80 (s), 163.66 (s), 159.34 (s), 157.15 (s), 137.03
(s), 134.04 (s), 131.74 (d), 131.31 (s), 129.04 (d, 2C), 126.23 (d, 2C), 108.20 (s), 105.51 (d),
104.60 (s), 95.07 (d), 67.95 (d) ppm.

LC-MS-ESI: g = 9.98 min, m/z caled 393.06, m/z found 379.75 [M-NH,+H]".
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Compound 21m: 6-(Amino(4-fluorophenyl)methyl)-5,7-dihydroxy-2-phenyl-4H-chromen-

4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a dark yellow powder. Yield = 55 %.
TLC (petrol ether: ethyl acetate = 6: 4): R,= 0.57, melting point: 166 °C.

'H NMR (CDCLs, 500 MHz): 12.15 (s, 1H), 7.87-7.77 (dd, 2H, J=1.98, 8.20 Hz), 7.54-7.39
(m, 5H), 7.01-7.94 (dt, 2H, J=1.30, 7.14, 8.47 Hz), 6.57 (s, 1H), 6.46 (s, 1H), 4.91 (s, 1H)

13C NMR (CDCls, 125 Hz): 182.31 (s), 163.79 (s), 163.72 (s), 159.32 (s), 157.12 (s), 134.35
(s), 134.32 (s), 131.73 (d), 131.35 (s), 129.04 (d, 2C), 126.23 (d, 2C), 108.49 (s), 105.52 (d),
104.60 (s), 95.05 (d), 67.58 (d) ppm.

LC-MS-ESI: #z = 9.26 min, m/z caled 377.11, m/z found 362.53 [M-NH,]".

3.3.New type of synthesis of chromene-flavone compounds

The reaction of chrysin with alkyl isocyanides and dialkyl acetylene dicarboxylate provided
the foundation for the synthesis of fifteen new compounds (1f-15f). Each of these compounds
shows a tricyclic nucleus containing features of flavones as well as chromenes as a common
structural element (Fig 28). The reaction was performed at -20 °C during the isonitrile
addition step. The reaction was completed at r.t. The solvent used was CH,Cl, for all

compounds (Fig 27). The reaction times varied (see Table 16).

[
CI _ H
HO. o O, NV R;——N
R NO/R \N_R1 !
N
| 4

(0]

-20°C thenr.t. CH,Cl,
OH e} _

O
Chrysin / Chromene-flavone
R

Fig 27: General scheme employed for the synthesis chromene-flavones. Please note that this is a general

scheme only. Details can be found in table 16 and in the text.
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Table 16 lists the isocyanide and acetylene dicarboxylate elements as well as reaction times

used and yields obtained.

Table 16: Individiual building blocks of the chromene-flavone reaction. Reaction times and yields are provided.

Compound Nr R R1 Reaction time Yield %
1f methyl t- butyl 24 hrs 63
2f methyl c-hexyl 36hrs 76
3f t-butyl t-butyl 24hrs 55
4f t-butyl c-hexyl 36hrs 27
5f ethyl t-butyl 24hrs 55
6f ethyl c-hexyl 24hrs 65
7f methyl i-propyl 24hrs 69
8f ethyl i-propyl 24hrs 70
of methyl 1,1,3,3- tetramethyl butyl 36 hrs 85
10f ethyl 1,1,3,3- tetramethyl butyl 36 hrs 82
11f t-butyl 1,1,3,3- tetramethyl butyl 48 hrs 65
12f methyl n-pentyl 36 hrs 25
13f ethyl n-pentyl 36 hrs 33
14f methy n-butyl 24 hrs 55
15f ethyl n-butyl 24 hrs 33
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Compound 14f

Compound 15f

Fig 28: Chemical structures of chromene-flavones.
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Compound 1f: Dimethyl 2-(tert-butylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield = 63 %.

TLC (petrol ether: ethyl acetate = 7: 3): Ry = 0.45, melting point: the compound decomposes
at 170 °C.

'H NMR (CDCls, 500 MHz): 12.81 (s, 1H), 8.91-8.83 (br s, 1H), 8.10-8.05 (dd, 2H, J=2.00,
7.69 Hz,), 7.61-7.56 (m, 3H), 6.76 (s, 1H), 6.57 (s, 1H), 5.11 (s, 1H), 3.77 (s, 3H), 3.63
(s,3H), 1.49 (s, 9H) ppm.

C NMR (CDCls, 125 Hz): 182.12 (s), 170.32 (s), 166.91 (s), 162.92 (s), 158.96 (s), 158.65
(s), 151.92 (s), 151.23 (s), 129.64 (d, 2C), 128.43 (s), 126.73 (d, 2C), 124.11(d), 105.70 (s),
103.58 (d), 97.99 (s), 97.16 (d), 69.44 (s), 50.33 (q), 49.92 (s), 48.54 (q), 33.28 (d), 28.07 (q,
3C) ppm.

LC-MS-ESI: g = 16.91 min, m/z calcd 479.16, m/z found 480.1 [M+H]".

HRMS: [M+H]’, calcd 480.1658, found 480.1754.

Compound 2f: Dimethyl 2-(cyclohexylamino)-5-hydroxy-6-oxo-8-phenyl-4,6
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield = 76 %.
TLC (petrol ether: ethyl acetate = 7: 3), R,= 0.54, melting point: 224-228 °C

'H NMR (CDCls, 500 MHz): 12.78 (s, 1H), 8.77-8.59 (br s, 1H), 8.09-8.03 (dd, 2H, J=2.00,
7.69 Hz), 7.59-7.54 (m, 3H), 6.74 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 3.84-3.77(m, 1H), 3.75
(s, 3H), 3.60 (s, 3H), 2.06-1.99(m, 1H), 1.94-1.88 (m, 1H), 1.82-1.70 (m, 2H), 1.45-1.22 (m,
6H) ppm.

13C NMR (CDClLs, 125 Hz): 182.65 (s), 172.95 (s), 169.36 (s), 164.60 (s), 161.13 (s), 160.09
(s), 154.70 (s), 153.76 (s), 132.15 (d), 130.95 (s), 129.24 (d, 2C), 126.64 (d, 2C), 108.19 (s),
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106.10 (d), 100.45 (s), 99.84 (d), 71.11 (s), 52.41 (q), 51.08 (q), 50.07 (d), 35.92 (d), 33.91
(1), 33.47 (t), 25.46 (t, 2C), 24.50 (t), 24.42 (t) ppm.

LC-MS-ESI: #r = 13.45 min, m/z caled 505.17, m/z found 506.1 [M+H]".

HRMS: [M+H]", caled 506.1814, found 506.1849.

Compound 3f: Di-tert-butyl 2-(tert-butylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield = 55 %.
TLC (petrol ether: ethyl acetate = 7: 3), R,= 0.69, melting point: 115 °C.

'H NMR (CDCls, 500 MHz): 12.66 (s, 1H), 8.66-8.59 (br s, 1H), 8.08-8.05 (dd, 2H, J=1.65,
8.24 Hz), 7.57-7.49 (m, 3H), 6.76 (s, 1H), 6.53 (s, 1H), 4.98 (s, 1H), 1.53 (q, 9H), 1.45(q, 9H),
1.27 (q, 9H) ppm.

C NMR (CDCls, 125 Hz): 182.72 (s), 172.02 (s), 168.59 (s), 163.91 (s), 161.21 (s), 160.72
(s), 154.75 (s), 153.35 (s), 132.15 (d), 130.82 (s), 129.08 (d, 2C), 126.56 (d, 2C), 107.96 (s),
105.61 (d), 101.59 (s), 99.55 (d), 80.85 (s), 79.29 (s), 52.54 (s), 37.25 (d), 30.64 (q, 3C), 28.49
(q, 3C), 27.94 (q, 3C) ppm.

LC-MS-ESI: #r = 23.15 min, m/z caled 563.25, m/z found 566.3 [M+3H]".

HRMS: [M+H]", caled 564.2597, found 564.2491.

Compound 4f: Di-tert-butyl 2-(cyclohexylamino)-5-hydroxy-6-0xo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield =27 %.
TLC (petrol ether: ethyl acetate = 7: 3), Ry= 0.69, melting point: 167 °C.

'H NMR (CDCls, 500 MHz): 12.64 (s, 1H), 8.56-8.36 (br s, 1H), 8.09-8.03 (dd, 2H, J=1.92,
8.19 Hz), 7.58-7.49 (m, 3H), 6.76 (s, 1H), 6.52 (s, 1H), 4.98 (s, 1H), 3.79-3.70 (m, 1H), 2.07-
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1.99 (m, 1H), 1.95-1.89 (m, 1H), 1.79-1.70 (m, 2H), 1.64-1.58 (m, 1H), 1.53 (s, 9H), 1.40-1.34
(m, 1H), 1.27 (s, 9H), 1.25-1.22 (m, 4H) ppm.

3C NMR (CDCls, 125 Hz): 183.02 (s), 172.53 (s), 168.65 (s), 164.19 (s), 160.96 (s), 160.21
(s), 155.34 (s), 153.63 (s), 132.43 (d), 131.12 (s), 129.36 (d, 2C), 126.85 (d, 2C), 108.22 (s),
105.91 (d), 101.86 (s), 100.02 (d), 81.18 (5), 79.50 (s), 50.49 (d), 37.56 (d), 34.37 (), 33.94 (t),
29.93 (t), 28.80 (q, 3C), 28.23 (q, 3C), 25.79 (t), 25.04 (t), 24.97 (t) ppm.

LC-MS-ESI: g = 16.77 min, m/z calcd 589.27, m/z found 590.1 [M+H]".

HRMS: [M+H]", caled 590.2753, found 590.2752.

Compound 5f: Diethyl 2-(tert-butylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8.5: 1.5. It was obtained as a yellowish powder. Yield = 55 %.
TLC (petrol ether: ethyl acetate = 7: 3), Ry= 0.61, melting point: 177 °C.

'H NMR (CDCl;, 500 MHz): 12.73 (s, 1H), 8.84-8.73 (br s, 1H), 8.08-8.04 (dd, 2H, J=1.67,
7.95 Hz), 7.58-7.51 (m, 3H), 6.75 (s, 1H), 6.54 (s, 1H), 5.08 (s, 1H), 4.27-4.21 (m, 1H), 4.19-
4.12 (m, 1H), 4.10-3.98 (m, 2H), 1.46 (s, 9H), 1.32-1.28 (t, 3H, J= 7.14 Hz), 1.12-1.09 (t, 3H,
J=17.14 Hz) ppm.

3C NMR (CDCls, 125 Hz): 182.64 (s), 172.72 (s), 168.98 (s), 164.31 (s), 161.39 (s), 161.03
(s), 154.51 (s), 153.68 (5), 132.14 (d), 130.78 (s), 129.13 (d, 2C), 126.60 (d, 2C), 108.13(s),
105.93 (d), 100.65 (s), 99.62 (d), 72.16 (s), 61.07 (t), 59.51 (t), 52.74 (d), 35.88 (d) 30.69 (q,
3C), 14.53 (q), 13.90 (q) ppm.

LC-MS-ESI: #g = 19.59 min, m/z caled 507.19, m/z found 508.1 [M+H]".
HRMS: [M+H]", calcd 508.1971, found 508.1844.

Compound 6f: Diethyl 2-(cyclohexylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a yellowish powder. Yield = 65 %.
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TLC (petrol ether: ethyl acetate = 7: 3), Ry = 0.72, melting point: 39-42 °C.

'H NMR (CDCl;, 500 MHz): 12.74 (s, 1H), 8.71-8.56 (br s, 1H), 8.09-8.04 (dd, 2H, J=1.58,
8.05 Hz), 7.57-7.52 (m, 3H), 6.75 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 4.27-4.21 (m, 1H), 4.18-
4.13 (m, 1H), 4.10-3.99 (m, 2H), 3.85-3.73 (m, 1H), 2.04-1.98 (m, 1H), 1.94-1.87 (m, 1H),
1.81-1.70 (m, 2H), 1.64-1.55 (m, 2H), 1.44-1.32 (m, 4H), 1.32-1.28 (t, 3H, J=7.14 Hz), 1.13-
1.07 (t, 3H, J=7.14 Hz) ppm.

13C NMR (CDCls, 125 Hz): 182.68 (s), 172.91 (s), 168.97 (s), 164.35 (s), 161.02 (s), 160.03
(s), 154.80 (s), 153.70 (s), 132.16 (d), 130.91 (s), 129.16 (d, 2C), 126.65 (d, 2C), 108.14 (s),
105.91 (d), 100.63 (s), 98.83 (d), 71.34 (s), 61.06 (1), 59.26 (t), 50.04 (d), 36.03 (d), 33.89 (t),
33.51 (t), 25.48 (1), 24.50 (1), 24.49 (t), 14.57 (q), 14.10 (q) ppm.

LC-MS-ESI: g = 17.15 min, m/z calcd 533.2, m/z found 534.58 [M+H]".

HRMS: [M+H]", calcd 534.2127, found 534.2027.

Compound 7f: Dimethyl 5-hydroxy-2-(isopropylamino)-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield = 69 %.
TLC (petrol ether: ethyl acetate = 7: 3), R,= 0.58, melting point: 117 °C.

'H NMR (CDCls, 500 MHz): 12.79 (s, 1H), 8.65-8.45 (br s, 1H), 8.09-8.03 (dd, 2H, J=1.74,
7.24 Hz), 7.59-7.54 (m, 3H), 6.75 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 4.15-4.08 (m, 1H), 3.75
(s, 3H), 3.60 (s, 3H), 1.33-1.30 (d, 3H, J=6.38 Hz), 1.26-1.26 (d, 3H, J=6.96 Hz) ppm.

C NMR (CDCls, 125 Hz): 182.66 (s), 172.94 (s), 169.37 (s), 164.63 (s), 161.16 (s), 160.13
(s), 154.67 (s), 153.78 (s), 132.17 (d), 130.96 (s), 129.25 (d, 2C), 126.65 (d, 2C), 108.23 (s),
106.12 (d), 100.94 (s), 99.84 (d), 71.21 (s), 52.42 (q), 51.09 (q), 43.44 (d), 35.90 (d), 23.82 (q),
23.54 (q) ppm.

LC-MS-ESI: tg = 14.44 min, m/z calcd 465.14, m/z found 466.58 [M+H]".

HRMS: [M+H]’, calcd 466.1501, found 466.1405.
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Compound 8f: Diethyl 5-hydroxy-2-(isopropylamino)-6-oxo-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 8: 2. It was obtained as a yellowish powder. Yield = 70 %.
TLC (petrol ether: ethyl acetate = 7: 3), R;0.56, melting point: 123 °C.

'"H NMR (CDCls, 500 MHz): 12.73 (s, 1H), 8.60-8.44 (br s, 1H), 8.09-8.05 (dd, 2H, J=2.12,
7.30 Hz), 7.56-7.51 (m, 3H), 6.75 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 4.29-4.21 (m, 1H), 4.18-
4.00 (m, 4H), 1.32-1.28 (m, 6H), 1.26-1.23 (d, 3H, J=6.45 Hz), 1.12-1.08 (t, 3H, J=6.83 Hz)
13C NMR (CDCls, 125 Hz): 182.67 (s), 172.88 (s), 168.96 (s), 164.35 (s), 161.04 (s), 160.07
(s), 154.57 (s), 153.70 (s), 132.16 (d), 130.90 (s), 129.15 (d, 2C), 126.64 (d, 2C), 108.16 (s),

105.97 (d), 100.58 (s), 99.81 (d), 71.43 (s), 61.10 (t), 59.47 (t), 43.39 (d), 36.00 (d), 23.78 (q),
23.57 (q), 14.55 (q), 144.09 (q) ppm.

LC-MS-ESI: g = 18.56 min, m/z calcd 493.17, m/z found 494.1 [M+H]".

HRMS: [M+H]', calcd 494.1814, found 494.1807.

Compound 9f: Dimethyl 5-hydroxy-6-oxo-8-phenyl-2-(2,4,4-trimethylpentan-2-ylamino)-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a yellowish powder. Yield = 85 %.
TLC (petrol ether: ethyl acetate = 7: 3), R,= 0.75, melting point: 195-197 °C.

'H NMR (CDCls, 500 MHz): 12.80 (s, 1H), 8.96-8.77 (br s, 1H), 8.09-7.96 (dd, 2H, J=2.58,
6.75 Hz), 7.59-7.49 (m, 3H), 6.73 (s, 1H), 6.54 (s, 1H), 5.08 (s, 1H), 3.74 (s, 3H), 3.58 (s, 3H),
1.86-1.74 (q, 2H, J=15.11, 16.75 Hz), 1.51 (s, 3H), 1.49 (s, 3H), 0.98 (s, 9H) ppm.

C NMR (CDCls, 125 Hz): 182.59 (s), 172.70 (s), 169.34 (s), 164.56 (s), 161.29 (s), 161.12
(s), 154.35 (s), 153.69 (s), 132.09 (d), 130.88 (s), 129.19 (d, 2C), 126.58 (d, 2C), 108.16 (s),
106.00 (d), 100.53 (s), 99.57 (d), 71.58 (s), 56.29 (s), 53.33 (t), 52.29 (q), 51.06 (q), 35.78 (d),
31.64 (s), 31.46 (q), 31.73 (q), 31.30 (q) ppm.
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LC-MS-ESI: #r = 16.72 min, m/z caled 535.22, m/z found 536.66 [M+H]".

HRMS: [M+H]’, calcd 536.2284, found 480.2370 [M-C(CH;);+H]".

Compound 10f: Diethyl 5-hydroxy-6-oxo-8-phenyl-2-(2,4,4-trimethylpentan-2-ylamino)-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 90: 10. It was obtained as a yellowish powder. Yield = 82 %.
TLC (petrol ether: ethyl acetate = 7: 3), R,= 0.75, melting point: 172-177 °C.

'H NMR (CDCls, 500 MHz): 12.77 (s, 1H), 8.91-8.75 (br s, 1H), 8.09-8.00 (dd, 2H, J=2.61,
7.82 Hz), 7.56-7.51 (m, 3H), 6.74 (s, 1H), 6.54 (s, 1H), 5.09 (s, 1H), 4.27-4.20 (m, 1H), 4.19-
4.12 (m, 1H), 4.06-4.00 (m, 2H), 1.85-1.75 (q, 2H, J=14.99, 16.75 Hz), 1.52 (s, 3H), 1.47 (s,
3H), 1.32-1.27 (t, 3H, J=7.17 Hz), 1.12-1.07 (t, 3H, J=7.17 Hz), 0.98 (s, 9H) ppm.

13C NMR (CDCls, 125 Hz): 182.63 (5), 172.55 (5), 169.00 (5), 164.34 (5), 161.17 (), 161.02
(s), 154.43 (s), 153.67 (s), 132.11 (d), 130.84 (s), 129.11 (d, 2C), 126.61 (d, 2C), 108.12 (s),
105.87 (d), 100.67 (s), 99.54 (d), 71.86 (s), 60.99 (t), 59.43 (1), 56.23 (s), 53.34 (t), 35.96 (d),
31.64 (q), 31.48 (s), 31.41 (q, 3C), 31.30 (q), 14.49 (q), 14,04 (q) ppm.

LC-MS-ESI: tz = 16.73 min, m/z calcd 563.26, m/z found 564.18 [M+H]".

HRMS: [M+H]", caled 564.2597, found 564.2658.

Compound  11f:  Di-tert-butyl  5-hydroxy-6-0xo-8-phenyl-2-(2,4,4-trimethylpentan-2-
ylamino)-4,6-dihydropyrano[3,2-g]Jchromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 90: 10. It was obtained as a yellowish powder. Yield = 65 %.
TLC (petrol ether: ethyl acetate = 7: 3), R;0.71, melting point: 82 °C.

'H NMR (CDCl;, 500 MHz): 12.68 (s, 1H), 8.77-8.61 (br s, 1H), 8.09-8.05 (dd, 2H, J=1.64,
8.06 Hz), 7.55-7.48 (m, 3H), 6.75 (s, 1H), 6.53 (s, 1H), 4.98 (s, 1H), 1.85-1.73 (q, 2H, J=15.12,
16.75 Hz), 1.52 (s, 9H), 1.50 (s, 3H), 1.47 (s, 3H), 1.27 (s, 9H), 0.97 (s, 9H) ppm.
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3C NMR (CDCls, 125 Hz): 182.84 (s), 171.99 (s), 168.67 (s), 164.06 (s), 161.14 (s), 160.47
(s), 154.74 (s), 153.53 (s), 132.15 (d), 130.94 (s), 129.08 (d, 2C), 126.57 (d, 2C), 108.02 (s),
105.75 (d), 101.87 (s), 99.60 (d), 80.81 (s), 79.28 (s), 73.53 (s), 56.20 (s), 53.94 (t), 37.49 (d),
31.76 (s), 31.68 (q), 31.49 (q, 3C), 31.23 (q), 28.49 (g, 3C), 27.96 (q, 3C) ppm.

LC-MS-ESI: g = 19.68 min, m/z calcd 619.31, m/z found 620.73 [M+H]".

HRMS: [M+H]", caled 620.3223, found 620.3194.

Compound 12f: Dimethyl 5-hydroxy-6-oxo-2-(pentylamino)-8-phenyl-4,6-
dihydropyrano[3,2-g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 90: 10. It was obtained as a yellowish powder. Yield = 25 %.
TLC (petrol ether: ethyl acetate = 7:3), R,= 0.63, melting point: 167 °C.

'"H NMR (CDCls, 500 MHz): 12.78 (s, 1H), 8.77-8.5 (br s, 1H), 8.11-8.98 (m, 2H), 7.59-7.53
(m, 3H), 6.74 (s, 1H), 6.52 (s, 1H), 5.08 (s, 1H), 3.75 (s, 3H), 3.59 (s, 3H), 3.49-3.26 (m, 2H),
1.66-1.54 (m, 2H), 1.45-1.33 (m, 4H), 0.93-0.87 (t, 3H J= 7.19 Hz) ppm.

13C NMR (CDCls, 125 Hz): 182.66 (s), 172.95 (s), 169.38 (s), 164.63 (s), 161.13 (s), 160.64
(s), 154.61 (s), 153.78 (s), 132.16 (d), 130.94 (s), 129.24 (d, 2C), 126.65 (d, 2C), 108.22 (s),
106.10 (d), 100.39 (s), 99.88 (d), 71.08 (s), 52.41 (q), 51.10 (q), 41.05 (1), 35.37 (d), 29.95 (t),
28.93 (t), 22.29 (1), 13.92 (q) ppm.

LC-MS-ESI: g = 15.83 min, m/z calcd 493.17, m/z found 494.53 [M+H]".

HRMS: [M+H]", calcd 494.1814, found 494.1788.

Compound 13f: Diethyl 5-hydroxy-6-oxo-2-(pentylamino)-8-phenyl-4,6-dihydropyrano[3,2-
g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a yellowish powder. Yield = 33 %.
TLC (petrol ether: ethyl acetate = 7: 3), R, = 0.61, melting point: 138 °C.

90



Chapter III Results

'H NMR (CDCls, 500 MHz): 12.74 (s, 1H), 8.77-8.45 (br s, 1H), 8.10-8.05 (dd, 2H, J=1.69,
7.95 Hz), 7.58-7.50 (m, 3H), 6.76 (s, 1H), 6.52 (s, 1H), 5.08 (s, 1H), 4.28-4.20 (m, 1H), 4.18-
4.12 (m, 1H), 4.10-3.98 (m, 2H), 3.48-3.37 (m, 2H), 1.66-1.58 (m, 2H), 1.40-1.33 (m, 4H),
1.32-1.28 (t, 3H, J= 7.44 Hz), 1.12-1.07 (t, 3H, J= 7.14 Hz), 0.92-0.87 (t, 3H, J= 7.14 Hz)

13C NMR (CDCls, 125 Hz): 182.69 (s), 172.91 (s), 169.01 (s), 164.38 (s), 161.03 (s), 160.59
(s), 154.71 (s), 153.73 (s), 132.18 (d), 130.91 (s), 129.16 (d, 2C), 126.67 (d, 2C), 108.18(s),
105.98 (d), 100.57 (s), 99.87 (d), 71.29 (s), 61.10 (t), 59.49 (t), 41.04 (t), 36.07 (d), 29.98 (t),
28.94 (t), 22.30 (1), 14.56 (q), 14.10 (q), 13.93 (q) ppm.

LC-MS-ESI: g = 19.59 min, m/z caled 521.2, m/z found 522.63 [M+H]".

HRMS: [M+H]", caled 522.2127, found 522.2098.

Compound 14f: Dimethyl 2-(butylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-dihydropyrano[3,2-
g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 90: 10. It was obtained as a yellowish powder. Yield = 55 %.
TLC (petrol ether: ethyl acetate = 7: 3), Ry= 0.65, melting point: 77 °C.

'"H NMR (CDCls, 500 MHz): 12.78 (s, 1H), 8.78-8.57 (br s, 1H), 8.11-8.03 (m, 2H), 7.61-7.53
(m, 3H), 6.75 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 3.75 (s, 3H), 3.60 (s, 3H), 3.51-3.36 (m, 2H),
1.63-1.58 (m, 2H), 1.45-1.38(m, 2H), 0.98-0.91 (t, 3H J= 7.34) ppm.

C NMR (CDCls, 125 Hz): 182.66 (s), 172.96 (s), 169.39 (s), 164.63 (s), 161.14 (s), 160.66
(s), 154.61 (s), 153.79 (s), 132.16 (d), 130.94 (s), 129.25 (d, 2C), 126.65 (d, 2C), 108.23 (s),
106.11 (d),100.40 (s), 99.88 (d), 71.09 (s), 52.41 (q), 51.10 (q), 40.74 (t), 35.96 (d), 32.32 (1),
29.67 (t), 13.71 (q) ppm.

LC-MS-ESI, fz = 15.22 min, m/z calcd 479.16, m/z found 480.57 [M+H]"

HRMS: [M+H]", calcd 480.1658, found 480.1653.
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Compound 15f: Diethyl 2-(butylamino)-5-hydroxy-6-oxo-8-phenyl-4,6-dihydropyrano[3,2-

g]chromene-3,4-dicarboxylate

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 85: 15. It was obtained as a yellowish powder. Yield = 33 %.
TLC (petrol ether: ethyl acetate = 7: 3), R, = 0.68, melting point: 147 °C.

'"H NMR (CDCls, 500 MHz): 12.78 (s, 1H), 8.76-8.50 (br s, 1H), 8.09-8.05 (dd, 2H, J=1.99,
7.51 Hz), 7.58-7.53 (m, 3H), 6.76 (s, 1H), 6.53 (s, 1H), 5.08 (s, 1H), 4.27-4.21 (m, 1H), 4.19-
4.13 (m, 1H), 4.09-3.98 (m, 2H), 3.49-3.37 (m, 2H), 1.64-1.57 (m, 2H), 1.47-1.39 (m, 2H),
1.32-1.28 (t, 3H, J= 7.07 Hz), 1.12-1.08 (t, 3H, J= 7.29 Hz), 0.96-0.92 (t, 3H, J= 7.29 Hz)

13C NMR (CDCls, 125.79Hz): 182.95 (s), 173.17 (s), 169.27 (s), 164.64 (s), 161.29 (s), 160.87
(s), 154.97 (s), 153.98 (s), 132.43 (d), 131.17 (s), 129.42 (d, 2C), 126.93 (d, 2C), 108.44(s),
106.24 (d), 100.83 (s), 100.13 (d), 71.55 (s), 61.37 (), 59.75 (1), 40.97 (t), 36.32 (d), 32.62 (t),
20.22 (t), 14.81 (q), 14.35 (q), 13.97 (q) ppm.

LC-MS-ESI, #z = 17.78 min, m/z calcd 507.19, m/z found 508.63 [M+H]".

HRMS: [M+H]", calcd 508.1971, found 508.1953.

3.4.Synthesis of 5-hydroxy-2-phenyl-7-(3-(phenylselanyl)propoxy)-4H-chromen-4-
one and 5-hydroxy-2-phenyl-7-(3-(phenyltellanyl)propoxy)-4H-chromen-4-one

: se _\_° I o ’ O : Te \/\/0\,;‘]/‘

Compound 2c

Compound 1c

Fig 29: Chemical structure of compounds 1¢ and 2c.
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Compound 1c: 5-Hydroxy-2-phenyl-7-(3-(phenylselanyl)propoxy)-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 9: 1. It was obtained as a yellow powder. Yield = 57 %.
TLC (petrol ether: ethyl acetate = 8: 2): R,= 0.45, melting point: 71 °C.

'H NMR (CDCls, 500 MHz): 13.71 (s, 1H), 7.90-7.81 (dd, 2H, J= 1.26, 8.42 Hz), 7.56-7.49
(m, SH), 7.29-7.19 (m, 3H), 6.64 (s, 1H), 6.45-6.42 (d, 1H, J= 2.20 Hz), 6.33-9.29 (d, 1H, J=
2.01 Hz), 4.14-4.08 (t, 2H, J= 5.80 Hz), 3.10-3.05 (t, 2H, J= 6.95 Hz), 2.23-2.15 (m, 2H),

13C NMR (CDCls, 125 Hz): 182.49 (s), 164.77 (s), 163.88 (s), 162.05 (s), 157.66 (s), 132.68
(d), 131.74 (d), 131.27 (s), 129.08 (d, 2C), 129.01 (d, 2C), 126.97 (d, 2C), 126.19 (s), 105.80
(d), 105.67 (s), 98.60 (d), 92.99 (d), 67.41 (t), 29.42 (t), 23.89 (t) ppm.

HRMS: [M]", calcd 452.0526, found 452.0528.

Compound 2c: 5-Hydroxy-2-phenyl-7-(3-(phenyltellanyl)propoxy)-4H-chromen-4-one

The compound was purified by column chromatography on silica gel with petrol ether: ethyl

acetate = 9: 1. It was obtained as a yellow powder. Yield = 68 %.
TLC (petrol ether: ethyl acetate = 8: 2): R,= 0.45, melting point: 112 °C.

'H NMR (CDCls, 500 MHz): 12.67 (s, 1H), 7.90-7.81 (dd, 2H, J= 1.55, 7.49 Hz), 7.75-7.79
(dd, 2H, J= 1.83, 1.57 Hz), 7.56-7.47 (m, 3H), 7.26-7.13 (m, 3H), 6.64 (s, 1H), 6.43-6.41 (d,
1H, J= 2.05 Hz), 6.31-9.28 (d, 1H, J= 2.25 Hz), 4.09-4.03 (t, 2H, J= 6.09 Hz), 3.06-3.00 (t,
2H, J=17.05 Hz), 2.32-2.23 (m, 2H), ppm.

13C NMR (CDCls, 125 Hz): 182.38 (s), 164.77 (s), 163.64 (s), 162.10 (s), 157.76 (s), 138.45
(d, 2C), 131.82 (d), 131.35 (s), 129.23 (d, 2C), 129.08 (d, 2C), 127.79 (d), 126.28 (d, 2C),
111.04 (s), 106.00 (d), 98.90 (s), 93.00 (d), 69.40 (t), 30.91 (t), 4.01 (t) ppm.

HRMS: [M-C¢HsTe]", caled 295.0970, found 295.0929.
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3.5.Cell culture

The HL-60 cell line as a model to measure the antioxidant/cytotoxic activities of

compounds in cell culture

Human promyelocytic leukemia HL-60 cells were used in this study as a model to
investigate the antioxidant and cytotoxic activities of natural and synthetic flavonoids in cell
culture. The compounds were tested at six different concentrations, i.e. at 10, 40, 80, 120, 160
and 200 uM. The cytotoxic activity was estimated by incubation of the HL-60 cells (at a
concentration of 9 x 10° cells per mL), with the various compounds — all at different
concentrations for 24 hours. The antioxidant power of compounds was evaluated by measuring
the capacity of compounds to protect HL-60 cells from oxidative stress induced by exogenous
hydrogen peroxide (H,0,). The cell suspensions (9 x 10° cells/1 mL) were treated with the
various compounds (at different concentrations) in the presence of 5 mM of H,O, (final
concentration). After 24 hrs of incubation, the viability of the cells was measured by the MTT

assay.

The MTT cell viability assay was first described by Mosmann ef al. [181]. The MTT
assay is a colourimetric assay that measures the reduction of yellow 3-(4,5-dimethythiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) by mitochondrial succinate dehydrogenase.
MTT enters the cells and passes into the mitochondria where it is reduced to an insoluble,
coloured (dark purple) formazan product (Fig 30). The cells are then treated with an organic
solvent (DMSO) and the released, solubilised formazan reagent is quantified photometrically
at 550 nm. Since the reduction of MTT can only occur in metabolically active cells, the

extend of MTT reduction is a measure of the viability of the cells [182].

succinate

Y

/N ~ T dehydrogenase /N =~ H
N N s metabolicllally active N N S
T / CH, cells \( / CH,

Yellow Purple

Fig 30: The basic chemistry associated with the MTT assay. reduction of a yellow tetrazolium salt to a blue
formazan by succinate dehydrogenase in metabolically active cells.
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Results displayed in Table 17 and 18 summarize the cytotoxic and antioxidant activities
of the natural and synthetic compounds when used at 200 uM concentration. The DPPH

scavenging activity and aromatase inhibition activity are also listed.

Quercetin and chrysin, which are the chemical precursors of the synthetic flavonoids
were used as controls for cytotoxic and antioxidant activity as well as aromatase inhibitor
activity. Furthermore, taxifolin, epicatechin, a-tocopherol (vitamin E), and trolox”™ (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) were used as controls in the cytotoxic and

antioxidant assay.
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Table 17: A summary of biological activities associated with the isolated natural products. Please note that the
viability in the two cell culture assays is set at 100 % for either the untreated cell control or the oxidatively

stressed untreated cell control. The experimental details and discussion of these results are provided in the text.

Viability' of cells after  Viability® of cells after treatment with scz::,,g Aromatase
Compound treatment with 200 UM of 200 UM of compounds + 5 mM of activity inhibition activity
compounds H,0, e
ICsp in pM
1d 140.93 + 7.56 240.56 + 7.56 41.61£2.27 m
2d 127.14 £ 1.65 255.98 +2.82 51.66+335 19421955
sa 85.57 % 6.75 122.60 + 8.65 173.21 £3.79 m
4d 103.50 £ 2.59 17522 + 6.43 iz 5 z
L 78.45+2.28 210.74 + 8.48 102.62+£2.85 20.90+7.32
1r 70.95 + 4.99 13731 % 5.01 109.17£8.16 19.99+5.42
o 32,20+ 031 63.43 +2.96 m I
o 27.93+0.72 91.73 +3.19 2 SB2ee 23
Al 25.53 +0.30 77.15 + 5.26 m 2152+ 1.77
e 26.63 = 4.95 97.23 £7.29 m m
quercetin 153.48  1.15 267.03 + 17.22 3500+ 1.71 105.25+4.38
chrysin 25.15+ 1.30 79.47 + 5.42 m 11.50 + 0.05
taxifolin 80.19 = 3.04 116.92 +3.86 86.07 = 0.98 m
epicatechin 114.21 + 6.03 171.66 + 6.82 91.15 + 7.90 m
vitE 13325+ 8.75 212.08 + 4.54 8536 = 0.88 n.d.
trolox” 111.44+2.28 185.52+ 1.77 135.12 + 3.41 n.d.
aminoglutethemid n.d. n.d. n.d. 36.47 +0.26

" viability of untreated cells is set as 100 %.

? viability of untreated cells (in the presence of 5 mM H,0,) is set as 100 %.

m = 1Cs, larger than 300 uM

n.d. = not determined

The data is presented as a mean of at least two independent measurements + standard deviation.
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Table 18: A summary of biological activities associated with the synthetic compounds. Please note that the all
viability in the two cell culture assays is set at 100 % for either the untreated cell control or the oxidatively

stressed untreated cell control. The experimental details and discussion of these results are provided in the text.

DPPH scavenging Aromatase inhibition
Viability of cells after Viability” of cells after activity activity
Compound treatment with 200 pM of treatment with 200 UM of
compounds compounds + 5 mM of H,0, ICain UM ICain M

im 65.19 +7.51 85.64 +7.21 m 87.53 + 7.48
2m 39.42 + 1.09 87.21+5.76 m m

3m 63.12+0.19 101.45 + 0.42 m 5.90 + 1.86
4m 87.81 +5.05 123.25+6.19 m m

sm 25.84 £ 1.06 90.44 +7.77 m 69.69 + 9.85
6m 86.20 £ 5.12 111.57 £ 6.01 m 178.37+9.55
7m 32.84 £2.62 97.30 + 6.55 m m
10m 57.06 +2.21 195.40 + 8.72 49.42 +2.88 261.35+3.25
11m 54.15+2.87 200.63 £ 7.51 110.01 +3.71 1124+ 1.34
12m 35.52+1.30 96.50 + 7.34 n.d. m
13m 22.18 + 6.41 99.82 +3.27 n.d. 2825+ 1.99
14m 31.99 +0.10 197.91 + 4.10 58.56 + 6.65 m
15m 33,90+1,51 104.42 +5.65 m 204.86 + 3.57
16m 26.92+1.27 112.88 + 6.64 m 15.63 +3.92
17m 88.68 + 1.10 98.92 +2.70 m m
18m 82.22 +3.16 108.04 + 0.05 m m
19m 82.00 = 7.15 101.11 +4.22 m m
20m 86.75 + 1.95 109.69 + 7.60 m m
21lm 88.49 + 3.48 103.73 +7.38 m 19322+ 11.16

1f 93.90 + 8.88 80.30 £5.18 m m

2f 28.70 + 1.99 79.83 +3.24 m m

3f 69.80 +4.98 n.d. n.d. m
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DPPH scavenging Aromatase inhibition
ViabilityI of cells after Vi::lbility2 of cells after activity activity
Compound treatment with 200 pM of treatment with 200 UM of

compounds compounds + 5 mM of H,0, ICso in yM ICaoin M
af 60.19 +3.32 n.d. n.d. m
5f 85.07 £ 1.00 n.d. n.d. m
6f 4831+ 1.68 n.d. n.d. 166.61 + 11.33
7f 11.88+1.09 49.00 +2.33 m 187.44 + 4.48
8f 72.56 +1.76 85.83 £ 4.67 m 79.41 + 4.47
of nd n.d. n.d. m
10f 64.38 + 4.74 95.62 + 5.04 m m
11f 26.15+2.26 n.d. n.d. m
12f 20.69 + 1.48 103.58 + 7.42 m m
13f 34.50 + 1.64 88.62 £3.57 m m
14f 22.46 % 2.60 n.d. m 26.35+1.01
15f n.d n.d. m 36.49 £ 2.44
1c 9571 +1.23 101.61 + 4.88 m m
2c 88.51 +1.99 95.62 + 8.92 m m

" viability of untreated cells is set as 100 %.

? viability of untreated cells (in the presence of 5 mM H,0,) is set as 100 %.

m = 1Cs larger than 300 pM

n.d. = not determined

The data is presented as a mean of at least two independent measurements + standard deviation.

3.6.Nematode assay

Several compounds were selected (these compounds were chosen based on a distinct
cytotoxicity profile in the cell culture assays) to investigate their nematocidal activities. The
nematode assay was devised in order to measure the toxicity of the compounds on the intact
complete organisms. Steinernema feltiae was used as a model for a living organism. This
nematode belongs to the beneficial nematodes that seek out and kill the immature stages of

harmful soil-dwelling insects before they become adults.
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Three natural products with highly cytotoxic activity against HL-60 cell line 3r, 4r and
5r were selected for this test, together with six synthetic flavonoids namely 2f, 7f, 11f, 12f,
13f and 14f.

All compounds were tested at four different concentrations, i.e. at 50, 100, 200, 400
uM, with readings taken after 24 and 48 hrs of exposure. The results in Table 19 indicate that
virtually none of these compounds were toxic against Steinernema feltiae at the concentration

used.

Table 19: Nematode viability after 24 and 48 hours of exposure to 200 and 400uM of tested compounds.

24 hrs of exposure 48 hrs exposure
Lo (untreated control = 100%) (untreated control = 100%)
200 uM 400uM 200 uM 400uM
3r 99.10+£ 3.2 98.34+£3.3 98.17+4.4 98.19 £ 3.1
4r 96.09 = 3.0 96.64 + 1.6 94.37+4.8 95.9+0.8
Sr 95.99 £2.1 94.74 £2.5 87.15+3.7 82.89+4.2
2f 99.17+14 94.59+1.3 99.58 £ 0.7 98.00 + 1.1
7t 100.00 + 0.0 84.62 +3.1 93.22+4.5 85.70 +£3.8
11f 94.08 £ 2.1 9590+ 1.6 86.72+2.2 91.37+3.3
12f 99.65 + 0.6 99.31+1.2 98.62+1.2 98.20+£ 3.0
13f 98.00 £ 6.2 98.04+ 1.4 97.81+1.2 96.19 +3.1
14f 94.32+3.2 9246+ 1.7 90.56 = 1.5 87.07+£2.5

The data is presented as a mean of at least two independent measurement + standard deviation.

3.7.Aromatase assay

One of the main approaches in controlling postmenopausal hormone-dependent breast
cancer involves the reduction of plasma and tissue levels of estrogen via the inhibition of
aromatase (a key enzyme of their biosynthetic process) [183]. Aromatase is a multi enzymatic
complex formed by cytochrome P450 XIX (CYP19) and NADPH-cytochrome P450
reductase. It catalyzes the conversion of androgens to estrogens through the aromatization of
the A-ring of androgen substrates (see Introduction) (Fig 12). The enzyme has been
considered as a particularly attractive target for the treatment of hormone-dependent breast
cancer [183].
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Aminoglutethimide is an anti-steroid drug marketed worldwide under the tradename
Cytadren” by Novartis. It blocks the production of steroids derived from cholesterol and is
clinically used in the treatment of Cushing's syndrome and metastatic breast cancer. It is also a

drug abused by body builders. This compound was used as benchmark and control.

Natural and synthetic flavonoids showed a wide range of inhibition against the
aromatase enzyme, and therefore may help us understand the structural activity features
necessary to produce effective aromatase inhibitors. Tables 17 and 18 summarize the results

of the aromatase assay.

3.8.2,2-dipheny-1-picryl hydrazyl (DPPH) radical scavenging activity

Scavenging of the stable 2,2-dipheny-1-picryl hydrazyl (DPPH) radical by suspected
antioxidants is a widely used method to estimate and compare antioxidant activities in a
relatively short period of time compared to other more extensive methods. The ability of
antioxidants to scavenge DPPH radical is thought to be related to their hydrogen donating
abilities [184].

DPPH can generate stable free radicals in ethanolic solution. It has a dark purple colour
in methanol absorbing light at 517 nm. When a suspected antioxidant is added to this DPPH
solution, the purple colour may decolourize. Since decrease in absorbance at 517 nm is
directly proportional to the antioxidant potency of the compounds, absorbance can be

measured by following the colour of the sample at this wave length [185].

The scavenging ability of flavonoid compounds was measured at five different
concentrations, i.e. at 10, 50, 100, 200, 400 M. Based on the concentration of the compounds
needed to reduce the absorbance at 530 nm, an ICsy value was estimated and summarised in

Table 17 and 18 for the natural isolated and synthetic compounds.
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3.9.Electrochemical results

Cyclic voltametry (CV) and differancial pulse polarography (DPP) of chromene-flavone
compounds and reference compounds were investigated on the glassy carbon working
electrode. These compounds exhibited various oxidation and reduction potentials which are

summarized in Table 20.
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Table 20: Oxidation and reduction potentials of chromene-flavones were measured by CV and DPP on a glassy
carbon electrode. Please note that only clear, visible and reproducible peak signals are listed and not all
compounds exhibited all types of Epa,;, Epa, Epa and Epc. Although CV produces oxidation and reduction
signals, the distance AE implies that these do not form a reversible or even quasi-reversible redox couple,
therefore the redox potential E ), cannot be calculated. The experimental details and the discussion of the results

are provided in the text.

Oxididation potential [mV] Oxidation potential [mV]
Compound measured by DPP measured by CV
Epa, Epa, Epa Epc
phenol +40 +520 +340 -320
+800
catechol +250 - +300 -45
resorcinol +20 +600 +740 -260
epicatechin +120 - +240 -45
taxifolin +135 - +350 -35
chrysin +130 +800 +200 =
+1050
quercetin +160 +990 +150 -
+970
cyanidin 27 +200 +25 -525
+290 +170
1f - - - -
2f - - - -
3f -160 +830 +245 -
+1010
4f -140 +850 - -
5f -120 +880 - -
6f - - - -
7f - - - -
8f -220 +877 - -
of -130 +810 +900 -
10f -120 +790 - -
11f -140 +1230 - -
12f -130 +920 +930 -
13f -160 +1320 - -
14f -210 +840 - -
15f -160 +850 - -

These potentials were measured either by DPP (left column) or Cyclic Voltammetry (right column).
Epay: first (i.e. lower) oxidation potential.

Epay: second (i.e. higher) oxidation potential.

Epa: oxidation potential.

Epc: reduction potential.
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Chapter IV: Discussion

4.1.Structure elucidation of new natural products

Two new natural compounds, i.e. 4r and 5r, were isolated from the roots of Robinia
pseudoacacia (Black locust). Structure elucidation of the new as well as known compounds
was confirmed by complete NMR analysis (1D and 2D) and mass spectroscopy, and also

through comparison with published spectra of related compounds.

4.1.1. Compound 4r

Compound 4r was isolated from the ethyl acetate extract of Robinia pseudoacacia roots
and was purified by column chromatography using dichloromethane: methanol (95: 5). It was

obtained as a yellow amorphous powder with a melting point of 102 °C.

The 'H NMR spectrum of compounds 2r, 3r and 4r revealed an AB-system (J,z around
15.50 Hz) centred at 6y 8.04-8.07 (H-a)) and 6y 7.84-7.98 (H-B) (Fig 31) indicating the (E)-
geometry of a trans double bond and suggesting the chalcone nature of the compounds [173,
186]. The 'H and >C NMR spectra of 4r in addition to DEPT spectra (Fig 31 and 32), which
had close similarities to that of compound 2r, indicated the chalcone pattern of compound 4r
with a hydroxyl group at position 2" of the B-ring (Table 12 and 13). The hydrogen bonded
phenolic hydroxyl group appeared as a singlet at &y 12.39 ppm in "H NMR. It is strongly
chelated by a vicinal carbonyl group, indicative of an OH group at C-2".

There were three aromatic proton signals for the A-ring appearing as a multiblet at oy
7.00 ppm and integrated for two protons (H-4 and H-6), and at 6y 7.12 ppm, integrated for
one proton (H-5) with a doublet of a doublet and a coupling constant J=2.68, 6.65 Hz (Table
12 and Fig 31). Signals for two methoxy groups appeared at éy 3.84 and oy 3.81, integrated
for six protons were also observed in the '"H NMR of compound 4r. Their presence was also
confirmed by °C NMR signals at 8¢ 61.00 (C-2) and 8¢ 56.00 (C-3) (Table 12 and 13 and
Fig 31 and 32). Placement of the methoxy groups at positions C-2 and C-3 of compound 4r is
suggested by the C-2 and C-3 resonances. There are significant downfield shifts d¢c + 25.27
for C-3 and upfield shifts d¢ -6.43 for C-1 and d¢ -15.57 for C-4 compared to compound 2r.
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camprrnd 4r D

Fig 31: 'H NMR spectrum of compound 4r, with partial spectrum enlargement to enable the visualization

of peak multiplicity.
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Fig 32: °C and DEPT NMR spectra of compound 4r.
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Fig 33: DEPT spectra of compounds 2r, 3r and 4r.

A combined analysis of °C and DEPT NMR spectra indicates the presence of two
primary carbons (8¢ 55.82 and d¢ 61.02 ppm), nine tertiary and six quaternary carbon atoms
in compound 4r. There are nine tertiary and six quaternary carbon atoms in 3r, compared to
eleven tertiary and four quaternary carbon atoms in 2r (Fig 33). This provides evidence that

compound 4r is a chalcone with three substituents, two of them methoxy groups.

Two dimensional NMR in conjunction with HMBC showed a strong coupling
correlation between the methoxy proton at dy 3.84 ppm and ¢ 153.77 ppm (C-3), and at oy
3.81 ppm with 8¢ 148.51ppm (C-2) (Fig 34).

Through interpretation of this spectral data and with additional comparison to data
previously published [173, 174-176], the structure of compound 4r was determined to be 2’-
hydroxy-2,3-dimethoxy chalcone, and to our knowledge is a previously unknown natural

product.
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Fig 34: 2-D HMBC-NMR spectrum of compound 4r.
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4.1.2. Compound 5r

Compound 5r was isolated from the ethyl acetate extract of Robinia pseudoacacia roots.
It was purified by column chromatography using petroleum benzene: ethyl acetate (80: 20). It
gave an orange precipitate with Dragendorff’s reagent (potassium bismuth iodide, special
precipitating reagent for alkaloids) within 24 hours. Compound 5r was obtained as a white

amorphous powder with a melting point of 174°C.

Compound 5r showed a molecular ion peak at 269.1[M]" compatible with the molecular
formula of C4H;sNOs. The 'H NMR spectra of compound 5r (Fig 35) measured at 500 MHz
exhibited the characteristic pattern of a medicarpin schaffold [177, 178]. The AB-X system of
the two benzene rings was clearly visible due to the presence of one proton doublet at 6y 7.36
ppm, with a J = 8.50 Hz (H-5), one proton doublet of a doublet at 6y 6.43 ppm,with a J =
2.50, 8.50 Hz (H-6), one proton doublet at 6y 6.38 ppm, with a J = 2.50 Hz (H-8), one proton
doublet at oy 7.11 ppm, with a J = 8.45 Hz (H-2"), one proton doublet of a doublet at 6y 6.53
ppm, with a J = 2.20, 8.45 Hz (H-3"), one proton doublet at oy 6.43 ppm, with a J = 2.20 Hz
(H-5"), which indicates the presence of a hydroxyl group at position C-7 and a methoxy group
at the C-4’ position.

The only difference between the 5r and medicarpin is the presence of one broad singlet
proton at oy 4.99 ppm. In the two dimensional H-H COSY and H-C HMQC NMR spectra
(Fig 38) there is no correlation between this proton and other protons or carbons within the
compound. The chemical shift of this proton at 6y 4.99 ppm and publication comparison
suggest that this proton is attached to a nitrogen group [179, 180]. The NH proton (ou 4.99)
correlation is clearly visible in the H-C HMBC NMR spectra (Fig 37) with C-5", C-6" and C-
10. This spectrum provides evidence that the NH group is attached to C-6".

The “C NMR spectra of compound 5r in comparison with DEPT spectra (Fig 36)
confirm the presence of one primary, one secondary, eight tertiary and six quaternary carbon

atoms, and reveal a distinct pattern similarity to medicarpin except for small shifts for carbons

C-2, C-3 and C-4.

The spectral data of NMR, together with spectral calculation, publication comparison,
and reaction of 5r with Dragendorff’s reagent, assigen the 5r chemical structure shown in Fig
35 and identified compound 5r as a new natural product isolated for the first time from
Robinia pseudoacacia.
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2-D HMBC-NMR spectrum of compound 5r.
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4.2.Mannich reaction

Because the coupling of three components (chrysin or quercetin, aldehyde, and amine)
can be achieved in a one-pot reaction, a Mannich-type aminoalkylation has been an attractive

method for introducing a side chain to various phenols [187].

Chrysin and quercetin are two phenolic compounds (Fig 5) and representative flavones
present in many plants and fruits. They are associated with important roles in the plants and
also exhibit highly interesting biological activities in animals and humans. The benefits they
provide such as a distinct antioxidant activity have been discussed in thousands of

publications and in many books.

Although there are structural similarities between chrysin and quercetin, there are also
significant differences in biological activities. Three additional hydroxyl groups in quercetin
make it a strong antioxidant and provide nutritive properties even towards cancerous cells (the
viability of the HL-60 leukaemia cells was 153% after treatment with 200 uM of quercetin
(Table 17)). Chrysin, on the other hand has been reported as a powerful aromatase inhibitor
[65], and also has notable anticancer activity (HL-60 cells viability was just 25% (Table 17)).
It is therefore possible that the addition of an amino alkyl moiety via a Mannich type reaction

may enhance or decrease one of the previously mentioned biological activities.

Structural analysis indicates that the A-ring of chrysin and quercetin, especially at
positions C-6 and C-8, may be more reactive towards electrophiles than the C-ring (Fig 39).
Therefore, a Mannich reaction operating under relatively mild conditions may provide a

potential site-selective derivation procedure to achieve chrysin and quercetin aminoalkylation.

Chrysin R=H
Quercetin R=OH

Fig 39: Possible sites for modification via a Mannich type reaction.
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As part of such a Mannich reaction, carbons C-3 of chrysin and C-2’, 5" and 6" in
quercetin could also potentially react (Fig 39). Previous studies on electrophilic reactions of
chrysin, quercetin and other similar flavonoids (such as naringenin), under a variety of
conditions, indicate that mixtures often result through substitution at different positions [188,
189]. In order to acquire single pure Mannich adducts, one frequently adopted approach is to
protect one or more phenolic hydroxyl groups prior to the Mannich reaction. Such an indirect
approach, however, usually requires extensive and time consuming protection and de-
protection steps. Consequently, it would be advantageous to find a regioselective Mannich
reaction, which would allow the addition of extended functionalized alkyl groups without the

need for protecting groups.

There is a distinguished chemical and electronic difference between the various
hydroxyl groups of chrysin and quercetin. In essence, position C-6 in flavonoid substrates is

the most reactive site for electrophillic reactions [190].

Regioselectivity of the Mannich reaction has been reported in the case of naringenin (a
dihydroflavone), with the temperature and time of reaction controlling the substitution pattern
[190]. There are many other factors we found that also affect the selectivity of the reaction
and product yield; among these factors, the most important are the reaction solvent, and the

type of flavonoid substrate.

The influence of the solvent was apparent in the preparation of compounds 6m and 7m
from chrysin, ethylglyoxalate and morpholin. When using ethanol as a solvent, product 6m
(substitution at position C-6) was obtained with 80% yield and 7m (disubstitution at positions
C-6 and C-8) with 12% yield (Table 15). In contrast, the yield of 6m was 45%, and 7m was
39%, when DMF was used as a solvent (Fig 40).
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o~
O . ! X@‘\O\ 80% yield 12% yield
Y A O ¢
OH o 65 OC

Chrysin D/l{p

45% yield 39% yield

Fig 40: Solvent effect on the Mannich reaction of chrysin with ethylglyoxalate and morpholin.

Table 15 points towards a large difference in Mannich reaction conditions between
chrysin and quercetin substrates. Reactions involving chrysin normally need a temperature
ranging from 55 °C to 65 °C, and 8 to 24 hours reaction time. It was found that in the case of
quercetin, the reaction conditions were less demanding (temperature ranging from room
temperature to 40 °C, with 4 to 8 hours reaction time). It was also noted that the quercetin
reaction produced a mixture of many products, thus increasing difficulties with the isolation
and purification procedures. For this reason only three quercetin products, i.e. 10m, 11m, and
14m, in yields of 72, 36 and 39 % respectively, were synthesised. The results obtained with
quercetin may be due to the presence of a hydroxyl group at position 3 (in ring C) and the
catechol structure of ring B, which may increase the possibility of different substitution
patterns. These hydroxyl groups may also enhance the effect of the carbonyl group in position

C-4 and the reaction proceeds under milder condition.

The results summarized in Table 15 for compounds 15m, 16m, 17m, 18m, 19m, 20m,
21m indicate that the use of benzaldehyde or its derivatives in the reaction leads to morpholin
decomposition and primary amine formation. There is no clear reason for this behavior in the
literature of Mannich reactions. One possibility is that sterical hindrance may play a role, as
the incorporation of three bulky groups is not straight forward (Fig 41). The structures of
these compounds were confirmed by 'H, *C NMR spectra in addition to LC-MS and HR-MS.
At first, it was thought that the reaction would be an Aldol condensation [191] and would not
involve the amine at all. HR-MS spectra of compounds 15m and 16m for C»,H;7NOs [M-
CH;+H]" (calcd = 375.1106, found = 375.1076), however, suggest the presence of an amine.
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A proton signal ranging from dy 5.04- 6y 4.49 ppm indicate the attachment of a singlet proton
to a methylene bridge between two phenyl groups (Fig 41), and proximally to an amino
group. In contrast, proximity of the proton to a hydroxyl group instead of an amino group

would result in a downshift of this proton to approximately oy 5.80 ppm [192,193].

580

Aldol condensation

Fig 41: Suggested structure of the products obtained from the reaction of chrysin with p-methoxy

benzaldehyde and morpholin. The chemical shifis of the proton attached to the methylene carbon are shown.

Aldol condensation only took place during the preparation of compound 12m. The
secondary amine used in this reaction (phthalimide (amide)) did not participate in the product
formation. Condensation may take place as a part of a competing reaction [191] and only
formaldehyde was incorporated, which led to the presence of a hydroxy methyl group
attached to chrysin (Fig 42).

Ethanol 65°C

Fig 42: Reaction of chrysin with paraformaldehyde in the presence of phthalimide. Please note that

phthalimide did not participate in this reaction.

Overall, 21 compounds were obtained via the Mannich reaction pathway, with yields

varying from 10 % (e.g. 12m), to 86 % (4m). The wide range of diverse structures that were
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obtained via the Mannich reaction may provide a better understanding of the flavonoid
reaction behaviours in such a Mannich reaction. They may also allow us to study the

biological behaviour of flavonoids in more detail.

4.3.Chromene-flavone reaction

The three-component reaction between chrysin, isonitrile and acetylene dicarboxylate
has been employed successfully to synthesize 15 different tricyclic chromene-flavone
compounds 1f-15f (Fig. 27, Table 16). Different derivatives of isonitrile and acetylene
dicarboxylate were used in the reaction and therefore products differ in the amine side chain
and dicarboxylate ester moieties. Product yields were high in general and ranged from 25%
(for 12f) to 85% (for 9f). The chemical structures of all compounds were confirmed by 'H and
C NMR in addition to LC-MS and HR-MS spectroscopy. Two dimensional NMR was used
to identify which hydroxyl group of chrysin was involved in the reaction, and also to

determine the site of ring closure (ring D).

Diagnostic protons were present in all compounds. One proton singlet was found at on
12.50-12.75 ppm, one proton broad singlet at oy 8.96-8.25 ppm, two proton doublets of a
doublet at 6y 8.08-7.98 ppm, three proton multiplets at oy 7.59-7.50 ppm, one singlet proton
at oy 6.75-6.73 ppm, one singlet proton at oy 6.54-6.53 ppm, and one singlet proton at oy
5.08-4.98 ppm (Fig 44).

When considering the structure of chrysin, there are, in theory, three different structural

possibilities for the new chromene ring (ring D) (Fig 43).
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possibility 3 ° possibility 2

Fig 43: Possible structures of the chromene-flavones, based on theoretical considerations.

'H NMR spectra of all chromene-flavone compounds revealed a singlet proton at
approximately oy 12.70 ppm that can be unambiguously assigned to the chelate proton 5-OH,
with another singlet at i 6.50 ppm that is better fitted to H-8 than H-6 (Fig 44). 2D, H-C
HMBC NMR spectra of compounds 5f and 10f show a strong correlation between the proton
at oy 12.73 ppm (5-OH) and carbon numbers C-5 at 6¢ 164 ppm, C-10 at 3¢ 100 ppm and C-6
at 6¢ 108 ppm, and another correlation between the proton at oy 6.50 (H-8) with C-6 at o¢ 108
ppm, C-7 at 8¢ 169 ppm, C-9 at 6¢c 161 ppm and C-10 at d¢c 100 ppm (Fig 45), thus providing

evidence for 6,7-annulation of the chromene ring.

More evidence comes from the 5f structure prediction using NMR prediction software
(ACDLabs 7.0). Predicted values (Fig 46, 47 and 48) were found to be at oy 11.7 £ 3.5 ppm
for 5-OH and &y 6.82 £+ 0.37 ppm for H-8, thereby supporting the structure of possibility 1
(Fig 43). Prediction values for the structure in possibility 2 yield a singlet proton at oy 6.71 +
0.04 ppm (values for proton H-6) which is incompatible with actual spectra of compound 5f.
Prediction of the structure in possibility 3 yields a singlet proton at oy 7.34 = 3.15 ppm for 7-
OH and 6y 6.65 £ 0.12 ppm for H-8, which is also incompatible with the actual spectra of

compound 5f.
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Fig 45: HMBC spectrum of compound 5f.
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Fig 47: '"H-NMR data predicted for the structure resulting from possibility 2.
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Fig 48: 'H-NMR data predicted for the structure resulting from possibility 3.
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4.4.Cell culture

The cancer HL-60 cell line as a model to measure the antioxidant/ cytotoxic activities of

compounds

Cytotoxicity and antioxidant activities of isolated natural and synthetic flavonoid
derivatives were measured using cultured human promyelocytic leukemia HL-60 cells.
Compounds were tested at six different concentrations ranging from 10 M to 200 uM. A
concentration of 200 uM was found to be most suitable to differentiate between activities of
compounds. Viability of the cells was measured in the MTT assay. The purple colour of
formazan was determined spectrophotometrically at 550 nm (reference at 690 nm) (Fig 30).
Chrysin, quercetin, taxifolin, epicatechin, vitamin E and trolox” were used as controls and for
comparison. The cytotoxicity of compounds was calculated as the percentage of cell viability
readjusted according to the negative control (viability of cells in the negative control was set as
100 %). The antioxidant activity of compounds was calculated as the percentage of cell
survival in the presence of hydrogen peroxide (the oxidativily stressed cell control was set as

100 %).

Among the natural products used, compounds 2r, 3r, 4r (natural chalcone products), 5r
and chrysin exhibited the strongest cytotoxic activities against the HL-60 cells with a survival
of 32, 28, 25, 27 and 25 %, respectively, as shown in Table 17. The same compounds showed
no antioxidant activity against H,O, induced oxidative damage on HL-60 cells. Compounds 2r,
3r, 4r and chrysin even increased the damage caused by hydrogen peroxide by 36, 8, 23 and 20
%, respectively (Fig 49).

In contrast, compounds 3d, 5d, 1r and taxifolin showed a weak cytotoxicity (survival 85,
78, 71 and 80 % respectively) combined with a relatively weak antioxidant activity (the
survival of the oxidatively stressed cells was 122 % for 3d, 137 % for 1r and 117 % for
taxifolin (please note that the oxidatively stressed control was set as 100 %)). Compound 5d
showed a good antioxidant activity with a protection compared with vitamin E and trolox®

(survival of the cells was 211, 212, 185 % respectively) (Fig 49).

All other natural compounds showed no cytotoxic effect. Some of them, however,
exhibited a strong antioxidant activity. In the presence of 5 mM of H,O,, the damaging effect
of this oxidant was reduced by 240, 256, 175, 267 and 172 %, when 200 uM of compounds 1d,
2d, 4d, quercetin and epicatechin were used respectively (Fig 49).
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Fig 49: Cytotoxic versus antioxidant activity of natural products as well as controls at 200 uM. Please note that
the viability in the two cell culture assays is set at 100 % for either the untreated cell control or the oxidatively

stressed untreated cell control. The data is presented as a mean value + standard deviation.

Table 17 also reflects a strong proliferative effect associated with compound 1d, 2d, 4d,
quercetin, epicatichen, vitamin E and tr010x®, with a cell survival of 141, 127, 103, 153, 114,
133, and 111 %, respectively (Fig 49). This proliferative effect towards HL-60 cells may be
related to a strong antioxidant activity, which reduced the level of oxidative stress and
therefore increases the survival of the cancer cell. Alternatively, these compounds may also

serve as a nutrient to the cells.

Comparison of compounds 10m, 11m and 14m, which are synthetic products derived
from quercetin, reveal a clear difference in the cytotoxic and antioxidant activities. Viability of
the cells was 57, 54 and 32 % for 10m, 11m and 14m respectively, but 153 % for quercetin. In
contrast, antioxidant activity of these compounds was also found to be reduced considerably
when compared to their parent compound (195, 200 and 198 % for 10m, 11m and 14m,
respectively, 267 % for quercetin) (Fig 50).
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Fig 50: Cytotoxic versus antioxidant activity of quercetin as well as 10m, 11m and 14m (synthetic products
derived from quercetin) at 200 uM. Please note that the viability in the two cell culture assays is set at 100 % for
either the untreated cell control or the oxidatively stressed untreated cell control. The data is presented as a

mean value + standard deviation.

Synthetic compounds derived from chrysin exhibited a wide range of cytotoxic activities
(Table 18): survival of HL-60 was 94 % for 1f and just 12 % for 7f. In contrast, and as
expected, all of these compounds showed no antioxidant activity. Some of them even enhanced
the damaging effects of H,O, on the HL-60 cells, with cell survival of 85, 80, 80, 49 and 86 %
for 1m, 1f, 2f, 7f and 8f, respectively. This effect may be due to an increase in the oxidative

stress within the cancer cells triggered by these chrysin derivatives.

The antioxidant activity observed for some of the compounds may help better understand
the role of antioxidant flavonoid compounds in protecting human cells against oxidative stress.
The results also indicate that there is an inverse relationship between cytotoxic activity against

HL-60 cells on the one hand, and an increased antioxidant activity on the other.

The results presented in Table 18 further indicate that addition of alkylamine moieties to
quercetin by a Mannich type reaction causes a significant increase of cytotoxic activity, with a

decrease of antioxidant activity. Chromene-flavones show large differences in cytotoxicity that
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may be due to the presence of an alkyl chain on the nitrogen and the different dicarboxylate

moieties.

4.5.Nematode assay

Steinernema feltiae is a beneficial nematode that seeks out and kills the immature stages
of harmful soil-dwelling insects before they become adults. It has been used as an intact

animal model that may provide detailed insight into the toxicity of the selected compounds.

Steinernema feltiae nematodes were incubated with selected compounds and numbers of
living nematodes were counted under a microscope at 0, 24 and 48 hours. The results
presented in Table 19 indicate that most compounds exhibited no significant toxicity against
Steinernema feltiae, when used at two different concentrations of 200 uM and 400 uM. After
24 hours of incubation, only compounds 5r (survival was 96 % at 200 uM and 95 % at 400
uM), and 14f (survival was 94 % for 200 uM and 92 % for 400 uM) showed a weak toxicity.

Despite this, it can still be envisaged that the majority of these compounds have little or
no effect on the nematodes, and therefore may not be toxic to higher animals and humans;

further research would be required for confirmation of this in more detail.

4.6.Aromatase assay

Estrogens are involved in numerous physiological processes including the development
and maintenance of the female sexual organs, the reproductive cycle and various
neuroendocrine functions. These hormones also have crucial roles in certain disease states,
particularly in mammary and endometrial carcinomas. Cancer is the leading cause of death
among women between the ages of 30 and 54, with breast and uterine cancers comprising 28

% and 10 % of cancer related deaths [111], respectively.

Aromatase is a cytochrome P450 enzyme (CYP19), a unique member of a super-family
of microsomal enzymes that catalyzes the aromatization of androgens (testosterone and
androstenedione) to estrogens (estradiol and estrone, respectively) through the aromatization
of the A-ring of androgen substrates. Not surprisingly, aromatase has been considered a

particularly attractive target for the treatment of hormone-dependent breast cancer [183].
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Aminoglutethimide has been used in the studies as a comparative control. This
compound is an anti-steroid drug marketed around the world under the trade name Cytadren®
by Novartis. It blocks the production of steroids derived from cholesterol and is clinically
used in the treatment of Cushing's syndrome and metastatic breast cancer. It is also a drug

abused by body builders.

The mechanism of aromatase inhibition by flavonoids is based on the fact that rings A
and C of flavonoids mimic the aromatase substrate rings C and D of a genuine aromatase
substrate (see Fig 51) [194]. The addition of another ring to the flavonoids (ring D) may
further enhance the mimetic properties of these flavonoids, therefore increasing their

aromatase inhibiting effect (Fig 51).

60
A5

Androstenedione

Flavone Chromene-flavones

Compound 17m
Compound I/m and 3m  © NH,

Fig 51: Structural similarities between the aromatase substrates on one hand and flavonoids on the other.

These similarities may explain the ability of flavonoids to inhibit aromatase in a competitive manner.

Chrysin has been is reported to be a strong aromatase inhibitor which served as bench
mark [65]. It was used in the experiments together with quercetin, taxifolin and epicatechin as

controls.

Among the natural products employed, chrysin was found to be the strongest inhibitor
of aromatase. Most of the isolated natural products also exhibited a significant inhibiting
activity; compounds 5d, 1r, 3r and 4r (Table 17), with an ICsy equal to 20.9 + 7.32, 19.9 +
542, 352 £ 2.50 and 21.5 £ 1.77 uM, respectively, showed even stronger effects than
aminoglutethimide and quercetin (ICsp = 36.4 £ 0.26 and 105.2 + 4.38 uM respectively) (see
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Fig 52). In contrast, compound 2d was a relatively weak inhibitor with an ICsy of 194.2 +
9.55 uM. 1Cs, values of the other natural products, including taxifolin and epicatechin, were

larger than 300 M.

O Arom atase inhibiting activity of natural compounds
250
= 194.2 uM
iz_ 200 t
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Fig 52: Aromatase inhibiting activity of natural products, presented as ICsy. The data presented as a mean

value £ standard deviation.

Some of the chrysin-based synthetic flavonoid derivatives proved to be stronger
aromatase inhibitors compared to chrysin itself. Compounds 3m and 11lm for instance,
showed ICsy values of 5.9 + 1.86 and 11.2 + 1.34 uM respectively. Many synthetic flavonoids
showed activities better than aminoglutethimide, such as compound 13m (ICso = 28.2 £ 1.99
uM), 16m (ICsp = 15.6 + 3.92 uM), 14f (ICsp = 26.3 + 1.01 uM) and 15f (ICsp = 36.4 + 2.44
uM). Some compounds only showed moderate activities, such as 1m, 5m and 8f with 1Cs
values of 87.5 = 7.48, 69.6 = 9.85 and 79.4 + 4.47 uM, respectively. Weak activities were
observed for some compounds such as 6m and 6f, with ICs, values equal to 178.3 = 9.55 and

166.6 £ 11.35 uM, respectively.

The results discussed previously and displayed in Tables 17 and 18 indicate that 2,3-
dihydroflavones (5d and 1d), chalcones (3r and 4r), in addition to thiomorpholin drivatized
chrysin (3m, 11m) and some chromene-flavones (14f) exhibit good inhibitor activity against
aromatase compared to benchmark compounds. These flavone-derivatives may have a

potential use in breast cancer therapy.
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4.7.DPPH radical scavenging activity

The scavenging ability of compounds was examined by using the stable 2,2-dipheny-1-
picryl hydrazyl (DPPH) free radical as a model. With antioxidant compounds present in the
solution of DPPH, the purple colour of DPPH decolourizes and this decline is measured at
530 nm. The degree of decolourisation is directly proportional to the antioxidant potency of

the compound tested.

The DPPH assay was performed with all compounds that had previously shown activity
in the antioxidant assay based on the HL-60 cell line. A few chromene-flavones were also
tested. Our aim was to investigate the antioxidant activities of the compounds in vitro by a

direct chemical reaction and to compare these results with the ones obtained in cell culture.

The purple DPPH free radical reacts with flavonoids. It attracts an electron or hydrogen
atom (H') and converts to a stable, colourless compound, while the flavonoid is converted to a

flavonoid radical (Fig 53).

O,N

Q- Q
N—Kl‘@fmz + Flavonoid—OH ——> N—N NO, + Flavonoid—O
@ ot @ o

Purple colour Colourless

Fig 53: Reaction of the DPPH free radical with flavonoids.

Known antioxidant compounds, such as quercetin, taxifolin, epicatechin, vitamin E and
trolox™ were also used in this assay. Out of all these compounds, quercetin exhibited the
highest scavenging activity with an ICsy equal to 35.0 £ 1.71 4M, which is in good agreement
with HL-60 cell protection from H,O, (267 %) observed for this apparently antioxidant
compound. Compounds 1d, 2d, 4d, 5d and 1r are natural products with ICsy values in the
DPPH assay equal to 41.6 = 2.27, 51.6 + 3.35, 88.7 £ 5.53, 102.6 + 2.85 and 109.1 + 8.16
uM, respectively, which is also compatible with the results obtained in HL-60 cell culture,
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where these compounds act as protectants against H,O, (240, 256, 175, 210 and 137 %,
respectively) (Table 17).

Among all new synthetic compounds, only compounds derived from quercetin showed
scavenging activity against the DPPH free radical, and even then, the activity was weaker
than that of quercetin itself (Table 18) Although these results were compatible with the results
obtained in cell culture, they do not point towards any particulary promising antioxidant

activity of these compounds.

4.8. Antioxidant structure activity relationship

Through analysis of the results obtained in cell culture (protection of the HL-60 cells
against damage caused by H,0, effect) and in the DPPH assay, it is possible to deduce the
relationship between the structure of the compounds and their antioxidant potential.

Quercetin, for instance, has an almost ideal structure to develop antioxidant activity (Table 17

and 18).

In addition to the presence of five free hydroxyl groups, the B-ring of quercetin has a
catechol type 37,4’-dihydroxy benzene structure, as well as the 3-hydroxyl and 4-keto groups
present in the C-ring, and the double bond between C2 and C3. Together, these features may
explain the antioxidant strength of quercetin (Fig 54).

Taxifolin has the same number and distribution of free hydroxyl groups as quercetin,
but differs with regard to the saturation of the C-ring (absence of a double bond between C2
and C3). Yet this compound showed only one third of the antioxidant activity of quercetin in
the DPPH assay. Epicatechin also has the same number of hydroxyl groups, yet it exhibited
weak antioxidant activity in the DPPH assay, probably due to the absence of the 4-keto group
(Fig 54).
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Fig 54: Structures of compounds with antioxidant activity.

Compounds 1d and 2d also lack the double bond between carbons 2 and 3, yet, at the
same time, these compounds showed a higher DPPH scavenging activity (ICso = 41 and 51
uM, respectively) as well as better HL-60 cell protection (240 and 256 %, respectively) when
compared to epicatechin and taxifolin. The A-rings of 1d and 2d possess ortho dihydroxy
groups (catechol-type) which may assist in the electron or hydrogen (H) donating properties

of these compounds, and increase the stability of the resulting flavonoid radical (Fig 54).

Derivatisation of quercetin with amino alkyl derivatives is found to reduce the
antioxidant and scavenging activity. The addition of hydrocarbon chains, which do not bear
antioxidant groups, yet that are lacking in more conjugation and free hydroxyl groups, may be

the cause of the weak activity associated with quercetin derivatives.

In summary, the number and positioning of free hydroxyl groups is a very important
factor which exerts a significant effect on the antioxidant activity of individual flavonoids.
The presence of a double bond between the C-2 and C-3 together with the keto group at
position 4, also appear to be a significant factor of good antioxidant activity. These factors

enable flavonoids to form stable free radicals.

4.9.Electrochemical properties

Differential pulse polarography (DPP) was employed to study the redox behaviour of

the compounds and to compare them to other flavonoids of different oxidation states. Overall,
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all chromene-flavones studied exhibit a similar redox behaviour, which is dominated by a
major oxidation current of around +800 to +900 mV vs. SSE, with 11f and 13f at higher
potentials (+1230 and +1320 mV, respectively). The underlying oxidation process is
irreversible, as confirmed by the absence of a reduction current in Cyclic Voltammetry (CV).
The electrochemical behavior of the chromene-flavones is therefore similar to that of the
parent flavone chrysin, whose DPP also shows an oxidation signal at around +800 mV. Both
chromene-flavones and chrysin also exibit small oxidation currents at around -150mV and
+100 mV, respectively. The major oxidation currents observed for 1f-15f and chrysin may be
assigned to the phenolic ring system A. Although the A-ring in chrysin is formally a
resorcinol and not just a phenol (in contrast to 1f-15f), the meta-substitution in the resorcinol
ring implies that its redox behaviour is more similar to the one of a phenol (oxidation to a
phenyl radical at +520 mV) than of a hydroquinone (oxidation to ortho- or para-quinone).
Such hydroquinone redox chemistry is present in other flavonoids, however, which contain a
catechol moiety (B-ring) and whose redox behaviour differs from the one of chromene-
flavones. In general, these flavonoids exhibit a (mostly quasi-reversible) redox signal between
+100 and +200 mV, which is due to catechol redox chemistry and endows these compounds
with particular antioxidant properties. Epicatechin shows a major signal in DPP at +120 mV,
taxifolin at +135 mV, the anthocyanidin cyanidine at +200 mV and quercetin at +160 mV,
which turns these natural products into good electron donors and antioxidants. The catechol
substituent and the redox chemistry associated with it (signals at around +150 to +250 mV)
are notably absent in the chromene-flavones and in chrysin, and these compounds are quite
cytotoxic.

Overall the electrochemical studies therefore confirm and to some extent also rationalise
the observations made in cell culture and in the in vitro assay. In particular, it is possible to
explain some of the apperent “contradictions” between cytotoxicity (of chrysin derivatives)

and antioxidant activity (of catechol-bearing derivatives).
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Chapter V: Conclusion and Outlook

Two new natural products in addition to eight well known ones have been isolated from
the roots of two Leguminosae plants (Delonix regia, growing in Egypt, and Robinia
pseudoacacia, growing in Germany). The isolation and purification procedures included
extraction and successive partitions of the water soluble part with ethyl acetate and »n-butanol,

followed by silica gel and Sephadex column chromatography.

Twenty-one chrysin and quercetin derivatives were synthesized via Mannich type
reactions. The reaction conditions were monitored tightly to obtain the desired regioselective
products at an acceptable yield and to avoid complications with the isolation and purification.
Type of the flavonoid, reaction solvent, the bulk of the reactant and the reaction time and
temperature were the most important factors affecting the yield and selectivity of these
reactions. Our results indicate that the highly hydroxylic subistituted flavone (quercetin) is
more reactive in the Mannich reaction. This creates problems with the synthesis of a
regioselective product in relatively good yield, and additional problems with the isolation and

purification of products are encountered.

The addition of a further ring to chrysin (ring D) has been successfully achieved by the
reaction of chrysin with an isonitrile and acetylene dicarboxylate. Fifteen new chromene-
flavone compounds have been produced by this method with a good yield ranging from 25%
for 12f to 85% for 9f. The chromene-flavone structures were confirmed by 1D and 2D NMR
data and mass spectroscopy (LC-MS and HR-MS), and compared to the prediction calculation
with the computational structure prediction program ACDLabs 7.0.

A large number of flavonoid compounds (10 natural products and 38 synthetic products
in addition to chrysin, quercetin, epicatechin and taxifolin) were tested for antioxidant and
anticancer potency using in vitro and in vivo assays. The diversity of these compounds was
useful for the investigation of the structure antioxidant activity relationships of these
compounds. In addition to comparison of the cytotoxic activity and aromatase inhibition, the
results of the nematode assays also provided information about the selectivity and toxicity of

the compounds towards cells and intact organisms.

The natural product quercetin, in addition to compounds 1d and 2d, (Fig 55) exhibited
the highest antioxidant potency in vivo (protection of the HL-60 cells against H,O, induced
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oxidative damage) with 267, 240 and 256 % protection respectively (please note that the
oxidatively stressed cell control is set as 100 %). The results obtained from the in vitro DPPH
assay also pointed towards high antioxidant potency for the aforementioned compounds (with
ICso values of 35.0, 41.6 and 51.6 uM respectively). The results obtained for 1d and 2d
revealed that 2d (with a methoxy group at position 4 of the 2,3-dihydroxyflavan nucleus), has
more protecting power in the cell culture assay compared to 1d. At the same time, 1d, with
one more free hydroxyl group (Fig 55), showed more activity in the in vitro DPPH assay (see

Table 17).

OH OH

OH OH
OH OH

OH OH

Compound 1d Compound 2d  o—__

Fig 55: Structure of compounds 1d and 2d, which appear to act as promising antioxidants.

Compounds 10m and 14m (Fig 56), which are quercetin derivatives, showed strong
scavenging of the DPPH radical with ICsy values of 49.4 and 58.6 uM, respectively.
Nonetheless, these compounds exhibited relatively weak protective effects against H,O,

induced oxidative damage in cell culture (195 and 198 % protection, respectively).
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"

Compound 10m Compound 14m

Fig 56: Structure of compounds 10m and 14m, which is quercetin derivative.

It is possible to derive a relationship between the antioxidant and the cytotoxic activity
of the compounds: In essence, powerful antioxidant compounds appear to have little or no
cytotoxic effects. Compound 4d and epicatechin showed moderate antioxidant activities in
addition to cell protective effects. At the same time, these two compounds showed no
cytotoxic activity in the HL-60 cell assay. Other examples for this “antioxidant” relation are
quercetin, 1d and 2d, which all showed a significant increase in the proliferation of the cells

compared to the controls.

In contrast, 7f, a chromene-flavone was found to have the strongest cytotoxicity with a
mortality rate of 88 % in the HL-60 cells. Compounds 3r, 4r and 5r, in addition to chrysin,
5m, 13m, 16m, 2f, 11f, 12f and 14f, showed a strong cytotoxic activity, while most of the
other synthetic compounds showed only a moderate cytotoxicity. Results of the nematode
assay for some of these compounds showed a very weak nematocidal activity. Together, these
cytotoxicity (and antioxidant) results may be useful in building a concept regarding the

selectivity of the compounds towards the cancer cells.

Some of the natural products showed considerable inhibiting potency towards the
aromatase enzyme. Compounds 5d, 1r, 3r and 4r seem to be even more effective than
aminoglutethimide. A point we must bear in mind is that compounds 5d and 1r were only
weakly cytotoxic, which again may provide an entry point for selectivity, in this case for the

treatment of breast cancer.

Some of the synthetic compounds were also effective aromatase inhibitors, especially
3m, 11m, 13m, 16m, 14f and 15f, which exhibited the highest activity among all compounds
(some of them were even more active than chrysin). Compound 11m, a derivative from

quercetin, showed higher activity against aromatase than quercetin itself. Although the
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quercetin core-structure does not appear to inhibit aromatase particularly well, 11m indicates

that more effective aromatase inhibition may still be built on the quercetin core.

In the future, it will be important to develop a method to remove the side chain acetyl
groups from the chromene-flavone compounds, and in doing so, perhaps enhance the
bioavailability and solubility of these compounds. Various methods were implemented in an
attempt to remove this ester link, but without noticeable results. Removal of parts of the

nitrogen side chain may also be beneficial (Fig 57).
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Fig 57: Suggested removal of some side chain groups from the chromene-flavones in order to increase

activity and improve the pharmacokinetic profile of the compounds.

Removal of this nitrogen side chain from the chromene-flavones will provide a new
type of structurally-related substances which could prove to be useful as enzyme inhibitors
and/or anti-cancer agents. This is a possible direction to be taken in the future, which would

combine advanced synthetic chemistry with more extensive and in-depth biological testing.
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