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ABSTRACT

The work presented in this thesis is two-fold: (i) development of single agents that
provide inhibition of both the growth of malaria parasites and of tumour cells in vitro,
and (i) inclusion of these potential novel inhibitors in cyclodextrin host molecules in

an attempt to render these dual drugs water-soluble.

(i) Of all the current clinically established antimalarials, the 4-aminoquinolines have
proven to be the most significant and efficacious for the treatment and prophylaxis of
malaria. However, their efficacy has decreased by the spread of drug resistant strains
of the causative agent Plasmodium falciparum. Future research into 4-aminoquinoline
derivatives as antimalarial agents is still warranted and justified on the basis of several
considerations. The quinoline moiety has also been shown to be a substructure in
multi-drug resistance reversal agents against certain cancer cell lines and antitumour

agents which have demonstrated the ability to act as differentiation-inducing agents.

The strategy employed for this project was to hybridize chalcone moieties and their
Mannich base derivatives with the 4-aminoquinoline moiety. This dual drug concept
uses the basic structure of the chalcone scaffold, which has a wide range of known
antimalarial and anticancer activities, and is hybridised with the 4-aminoquinoline
moiety, in order to exert maximal biological activity and overcome or prevent drug
resistance. Structural variation on the aromatic rings of the chalcone scaffold allowed

preliminary structure-activity relationship studies to be undertaken.

Synthesized compounds were evaluated against chloroquine-sensitive and
chloroquine-resistant ~ Plasmodium  falciparum  strains. Despite the lower
antiplasmodial activities associated with these compounds compared to chloroquine,
the target compounds on average possess favourable resistance indices. Cytotoxicity
assays were performed on HeLa cells to establish the sensitivity of the cancer cell
lines to the synthesized compounds. A general trend observed against both
Plasmodium falciparum strains and HeLa cells is that target hybrid 2, in which the 4-
aminoquinoline moiety is attached to ring B, is more active than target hybrid 1, in

which the 4-aminoquinoline moiety is attached to ring A. The results of the
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preliminary structure-activity relationship studies demonstrate the importance of
meta-relationship between the 4-aminoquinoline moiety and the ketone linker and a
methoxy-substituent on the chalcone aromatic ring, for both antiplasmodial and

anticancer activity.

Conversion of the chalcones into the corresponding Mannich bases led to an increase
in potency against both D10 and W2 strains and HeLa cells in vitro. Mannich base
derivatives showed greater antiplasmodial activities in the resistant W2 strain (ICs
ranging from 0.004 to 0.08 uM) than the reference drug chloroquine (ICsy = 0.099
uM). The ability of the phenolic Mannich base derivatives to inhibit -haematin
formation and the cysteine protease falcipain 2 was also determined, in efforts aimed
at understanding the mechanism of action. There is a fairly good correlation between
antimalarial activity against D10 and inhibition of -haematin formation. There was
no correlation between the ability of the compounds to inhibit falcipain 2 and
antiplasmodial activity against W2 in vitro. The pyrrolidine-derived Mannich base
CDM37 is a promising antimalarial agent as it shows superior activity in both the
chloroquine-sensitive (ICso = 0.111 uM) and chloroquine-resistant (ICsq = 0.0039
uM) P. falciparum strains as well as inhibition of falcipain 2 (ICso = 11.51 uM) and j-

haematin formation (0.219 equiv).

(ii) Cyclodextrins have the ability to form inclusion complexes with various guest
molecules and are of interest in this project due to their ability to act as solubilisers,
stabilisers and carriers of poorly soluble drug molecules. Two f-cyclodextrin
complexes and three y-cyclodextrin complexes were formed with selected target
compounds by the method of kneading. Although five inclusion complexes were
obtained as established by powder X-ray diffraction, subsequent recrystallization of
the kneaded material did not yield single crystals required for full X-ray structure
determination, which is an essential requirement for pharmaceutical use of
cyclodextrin inclusion complexes. Consequently the hypothesis of improving the
water-solubility and hence the bioavailability of target compounds through

cyclodextrin inclusion could not be fully explored.
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

1.1 History of Malaria

Malaria, a disease caused by the parasitic protozoa of the genus Plasmodium, is one¢ of
the most serious and widespread threats to human health.' The malaria parasite and
the human race have had a long host-parasite connection; references to malaria are
found in myths, legends and historical accounts of ancient Egypt, China, India and
Greece.” For many centuries, the cause of malaria was attributed to a poisonous vapor
emanating from stagnant water, a theory that gave the disease its name from the
[talian word “mal’ aria” meaning “bad air”. Civilizations as early as the Etruscans
(1* millennium BC) drained marshes and swamps in an effort to combat the disease.?
The first important step towards identifying the true cause of the disease was taken by
Meckel in 1847, who associated a pigment he saw in the blood, spleen and liver of
cadavers with malaria infection.” However, it was not until 1880 that the French
surgeon Charles Alphonse Laveran made the crucial finding that not only the pigment
but also a parasite itself was present in the blood of malaria patients. After the
protozoal cause of malaria was elicited by Laveran, the next step forward was made in
1899 by Ronald Ross, a British physician, who demonstrated that the female
Anopheles mosquito was the vector for malaria.? In 2002 the genome of Plasmodium
falciparum and other malaria parasites was determined by an international team of
scientists with the hope to design more effective antimalarial drugs, insecticides and
vaccines.’ In many ways, the history of malaria reflects the development of science
and medicine over the centuries, from myth and superstition to a thorough scientific

basis.

1.2 Global Distribution of Malaria

Although malaria was once prevalent in North America and other temperate regions,
the disease today occurs mainly in tropical and subtropical countries, in particular
Sub-Saharan Africa and South-East Asia.® According to the World Health

Organization, malaria occurs in over 100 countries with an estimated 300-500 million
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cases diagnosed annually, leading to §.1-2.7 million deaths.” About 90% of these
deaths occur in Sub-Saharan Africa, where malaria also presents major obstacles n
soclal and economic development. The serionsness of malana has been increasing in
recent years, with cpidemics occurming in new areas as a result of deteriorating social
and cconomic conditions. changing land wilizaton, insecticide-resistant mosquitocs
and drug-resistant parasites.” Figure 1.1 depicts the current global distribution of

malaria.

Ely ¢
(Y

Figure 1.1: Geopraphic distribution of malaria’

1.3 Bioclogy of the Malaria Parasite

Malaria in humans is cansed by four species of Plasmedium parasites, namely P
falciparum, P vivax, P ovale and P malarige, cach of which produces a
charactenstic clinical lloess. Plasmodivm falciparim 15 the most common species in
iropical areas and the most dangerous of the four species, accounting for half of all
climical cases and 90% of fatalities from the disease. Plasmodium vivax is the most
widespread species, existing in tropical and some temperate zones. The other two
plasmodia species are less common and have a variable distribution worldwide *
Fortunately, the biology of P. fafeiparum is the best understood of the four species as
methods for in vitre culture have been available for three decades.”

Knowledge of the biology of the malaria parasite is fundamental in understanding the

methods of prevention. treatmenl and research endeavors,
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1.3.1  Life Cycle of the Malaria Parasite
The life eycle of the malaria parasite is complex and involves a sexual stage that
oceurs in the mid-gut of the masguito, and an asexual stage, which takes place in the

human host; first in the liver and then in red blood cells (Figure 1.2).
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Figure 1.2: Life cycle of the malaria parasite’™

A human infection begins with the bite of an infected female Anopheles mosquito
while taking a blood meal in order o nourish her eggs. To ensure an even flowing
meal, the mosquito injects anticoagulani saliva that contains the infectious sporozoites
into the human bloodstream. The thread-like sparozaites rapidly take retuge from the
human's immune system defenses by invading hepatocytes in the liver, where they
undergo asexual amplification and develop into an exoerythroeytic (hepatic) schizont
during the next 5-13 days. The hepatic schivont, containing up o 30 000 merozvites,
bursts upon maturation releasing the merozoites into the bloodstream where they
invade the red blood cells (erythrocytes). In the ervthrocyte, asexual amplification
once again oceurs leading to the formation of ervthrocytic schizonts, through ring and
trophozoite stages. The eryvthrocyte containing the mature schizont ruptures, releasing
a now generation of merozoites, which could invade other red blood cells: it is during

this phasc that malaria-associated morbidity and mortality occurs. The parasite will
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proliferate in this manner until the death of the host or until they are controiled or
terminated by the host's immune system or by drugs.

During this repeated cvele, some merozoites differentiate into microgamelocytes
{male) and macrogametocyles (female), which can be transmitted to the dnopheles
mosguite during a blood meal. In the mid-gut of the mosguito, mature pamelocytes
escape from the erythrocvte to form gametes: fertilization then ocecurs produemg
zvgotes, which develop inte ookinetes. The cokinete penetrates the epithelial cells and
develops into an oocyst. Between 7-15 days, depending on the species and ambient
temperature, a single oocyst divides and ruptures o form more than 10 OO
sporozoiles, which migrate into the salivary ghands. When the infecled mosguito feeds
again, the Plasmodium lile cxvcle 1s completed. The time duration on the £ falciparim
is summarized i Table 1.

Table 1: Length of the Different Stages of Life Cycle of Plasmadinm falciparum’

Ookinetes formation 24 to 48 hours
{locysts maturation - 9 days

Time for invasion of salivary glands (1 +2'j__ 10 days

Time of circulation of sporozoites in the ot b
blood stream

Hepatic schizogony 6 days

Erythrocylic sehizogony 48 hours

Gametocylogony 10 days

Complete cxcle (1 10 6) 27 days

1.3.2 Biochcmistry of the Food Vacuole

1.3.2.1 Background

The intraerythrocytic location of the malaria parasite. providing a sale environment
from the hostUs immune system, leads to a greater difticulty in obtaining the required
nuirients from the external environment.* The parasite thus modifies the host cell in
several ways and intertwines its metabolism with that of the host. Upon invasion of a
human erythrocyte. the parasite grows and matures surrounded by ¢ytosol consising
predominately of hsemoglobin. Due to the rapid growth and multiplication rate of the
parasite, it requires a ready source of amino acids but has a limited ability 1o
synthesize them de nove.'' The parasitic trophozoite circumvents this problem by

ingesting and degrading large guantities of host cell haemoglobin and uses these
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haemoglobin-derived amino acids in its own proteins,'? Although 60-80% of the
haecmoglobin eriginally present in the red blood cell is degraded,™ " there is evidence
that only a small quantity of amino acids is used.” To gxplain this, it has been
suggested that the parasite digests hacmoglobin, not only as a source of nutrients, but
also (o maintain esmotic stability'® and to make space for itself within the red blood
cell.'”” A key organelle through which the parasile carries out haemoglobin
degradation and other important biochemical processes is a speecialized acidic (pH 3-
5.5) food vacuole (Figure 1.3). The haemoglobin-rich red blood cell cytosol is
ingested by the process of endocytosis via an invagination in the parasitophorous
vacuolar membrang known as a evtosome and then transported to the food vacuole

(I'V) by transport vesicles, .

REC membrane
e wasic Bs
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Py iesm brarag

Figure 1.3; A schematic representation of the parasitised rad bloed cell and of endocyviocysis'®

Disruption of haemoglobin catabolism causes parasite death iz virre and in vivo. The
vital and specialized process of haemoglobin degradation within the food vacucle
provides promising targets for the development of novel antimalarial

chemotherapeutic agents.

1.3.2.2 Haemoglobin Degradation Pathway

Hacmoglobin degradation 1o peptide fragments is facilitated by multiple proteases
within the food wvacuele. The distinet but overlapping roles of these proteolytic
enzymes suggest that haemoglobin catabolism occurs via a semi ordered pathwa}'.m‘m
Three distinet classes of proteases have been isolaled and purified from the food

vacuole, charaeterized and identified.
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There are four aspartic proteases {plasmepsins L, 1l and 1V and histo-aspartic protease,
or HAP), ™" two cysteine proteases (falcipain 2 and 37 and a zine metalloprotease
(falcilysin).'® The sequence of events leading to the liberation of free amino acids is

beligved to occur as shown in Figure 1.4 and summarized below.

Parasite Cytoplasm
/ Hemoglobin ATP
plasmepsia-. =
{falcipain-27) ADP
Gilohic Food Vacuole Armino
Fragments Acids
plasmcpsing AUNNO-
[aleipaing o pepridase
, falci: -1 (1) e
Pephdes%ﬁg‘pﬁgﬂs ) f >Peptides
#FADP
ﬂ

Figure 1.4: Haemoglobin degradation within food vacuole™

(a) Plasmepsin L i and IV commence the degradation process by cleaving native
hacmoglobin at the same site, location a@33Phe-34Leu in the o chain®
cleaving the hinge region that maintains quatcrnary structure, The denatured
haemoglobin then undergoes secondary cleavages. with plasmepsin 1
preferring phenylalanine at the P1 position and plasmepsin I preferring other
hvdrophobic positions, especially leucine. at the P1° position.”” Plasmepsin IV
and HAP further digest the haemoglobin to form denatured globin I'ragmcnls,zl

(b} Once the aspartic proteases have initiated proteolysis to form depatured
haemoglobin, lalcipain 2 and 3 then hydrolyze these globin fragments ino
peptide fragments 10-13 amivo acids in length, The cysieine proteases are
meapable ol degrading native haemoglobin at physiological vacuolar pH.
There is evidence. however, that eysteine profcascs may act upon nalive
haemoglobin under mild reducing conditions,” due to the observation of
swollen food vacuoles filled with undegraded globin when parasies are treated
with cysteine protease inhibitors.” There is also cvidence that faleipain 2 is
involved in cleaving specilic components of the host ervthrocyte membrane

. - 26
skeletal proteins, thus resuliing in host cell rupture and release of merozoites.
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(c) Falcilysin, a zine metalloprotease, lunctions downstream in the haemoglobin
depradation process, Faicilysin cannot cleave hacmoglobin or globin, but is
capable of protealyses of the peptides into short oligomers (6-8 amimo acids) al
sites polar in character, with charged residucs at the P1 and/or P4’ positions.

(d) The short oligomers are then transported out of the food vacuale nto the
parasite cvloplasm where they are hydrolyzed by aminopeptidases into amino
acids necessary for eell growth. One such aminopeptidase s Plasmodium
Jalciparam aminopeptidase of the M1 group of metalloprateases (PTA-M1),
which preferentialiy hydralyses N-terminal armino acids Leu and Ala.

/’ Food ! Hb—w Peﬂtiﬂarpﬁpﬂdes
Fa '

Vacuole ot

peptidane
Q. hemozoln %ﬁqi o
lreau lipids (7 ci
i b HRPs(Th .
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glma;thrune P 1 bl _
perexidase, .dagradndﬁm hemeT——.?.}ﬂng raded

Bt Cytopiasm e s

Figure 1.5 Fate of haetn released as a by-product in Hb degradarion™

During this process of haemoglobin degradation, haem in its ferrous form
(ferroprotoporphyrin IX or Fe(DPPIX) 15 released as a by-product (Figure 1.5} and
autoxidised by 07 1o a-haematin (aquaferriprotoporphyrin 1X or HQ-Fe(IIDPPIX),
which is the ferrie form," This leads 1o the production of hydrogen peroxide through
the one electron oxidation of FedIl). In addition 1o oxidative assault, ce-haematin is
toxic to the parasite and requires a detoxilication mechanism. It is well established
that haematin is converted to haemozoin, a highly insoluble microcrystalline
substance.” There is no complete agreement as to how haemozoin is tormed in the
malarial parasite and proposals include catalysis by hipids and‘or catalvsis by histidine
rich protein 2 (HRP-2)."" Most (approx. 95%) of the iron resulting from the
degradation is converted to hagmozmn and the remainder is possibly degraded to free
iron. It has been suggested thai haematin may bhe degraded into non-haem iron by
hydrogen peroxide within the food vacuole," or in the parasite cytoso! by glutathione

degradation."
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1.4 Prevention and Control of Malaria

Effective malaria prevention can be carried out by a number of strategies:’

ii.

iil.

Eliminating existing infections that act as a source of transmission. This
method of prevention requires aggressive treatment of malaria-infected
people, as well as continuous surveillance to diagnose and treat infection
promptly. Although this approach has been successful in North America
and Europe, it is unfortunately not realistic in developing countries of
Africa and Southeast Asia, who lack the infrastructure and resources
necessary.’

The use of prophylactic drugs has also been effective for travelers and
people living in endemic areas. There are several considerations when
prescribing chemoprophylactic drugs and depends on the particular
location, which has implications on type of species and parasite
transmission intensity, as well as individual circumstances. Some available
drugs include proguanil, mefloquine, doxycycline and Malarone®
(atovaquone/proquanil).

Eliminating exposure to mosquitoes can be achieved by several methods.
Some of these methods include permanently destroying bodies of stagnant
water by systematic drainage; treating such environments with insecticides
to kill mosquito larvae and adult mosquitoes; or using repellent creams
containing diethyltoluamide, protective clothing or insecticide-treated nets

to prevent contact with mosquitoes.

The discovery of the insecticidal properties of dichlorodiphenyltrichloroethane

(DDT) in the 1940s enabled large-scale, wide-area approaches to malaria control

for the first time.”® The World Health Organization (WHO) endorsed this

approach and in 1955 submitted a proposal for the eradication of malaria

worldwide. The global eradication program involved mass spraying of DDT,

antimalarial drug treatment and surveillance. The eradication program was very

successful in some countries, and virtually eliminated illness and death due to

malaria in countries such as the United States, Sri-Lanka and India.
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In other countries, the program sustain or reduce malaria significantly, with sub-
Saharan Africa being completely disregarded in “global” eradication efforts.?® The
hope of global eradication was finally abandoned in 1969 due to a number of
factors such as lack of financial support, health care workers and community
participation, political upheavals and mass population movement, as well as
insecticide-resistant mosquitoes and drug-resistant parasites. The WHO thus
decided to shift its focus to malaria control. Control programs are based on the
following objectives:*’
i.  Early diagnosis and rapid treatment of malaria cases
ii.  Sustainable preventive measures adapted to local situation
iii.  Animmediate and vigorous response to epidemics
iv.  Awareness of infection risk
In 1998 the Roll Back Malaria (RBM) movement was launched to coordinate
international malaria control. The central goal of RBM is to reduce the global malaria
risk, morbidity and mortality by half by 2010. This mandate hopes to accomplish this
by meeting targets on insecticide treated nets distribution, intermittent presumptive
therapy in pregnant women, prompt and effective treatment and epidemic
preparedness.”®  Malarial control requires a multifaceted approach, with the

availability of effective and affordable drugs being of great importance.

1.5 Antimalarial Chemotherapy

1.5.1 Introduction

Ideally, a chemotherapeutic agent used in the treatment of P. falciparum malaria
should be active against drug-resistant strains, provide cure within a reasonable time,
be safe with minimum side effects, be suitable for children and pregnant women,
orally active and perhaps most importantly, be affordable.’®*! Unfortunately, the
current drugs available and those in development, more often than not require a
compromise among desired features. Most clinically established drugs were not
rationally designed based on identified targets but through the unexpected
identification of antimalarial activity of natural products (quinine and artemisinin),
compounds derived from natural products (chloroquine and artesunate), or

compounds active against other infectious pathogens (antifolates and tetracyclines).™
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The recent improvement in the understanding of the hiochemistry of the malaria
parasite, determination of the genome scquence of £ faleiparum and advanees in
malaria genctics has allowed for the determination of many potential drug targets.
Understanding on the meode of actton of clinically e¢stablished drugs has been

improved dug to these advances made.

1.5.2 Classificarion of Antimalarizal Drugs

The current clinically established chemotherapeutic agents can be classificd by i) the
stage of the malaria life cvele which they are targeting or il.) by their mechanism of
action.’

1.5.2.1 Classification according to the Stape of the Life Cyele

Depending on the slage 1 the malarial life eycle where Lhey act upon, antimalarial
drugs can be classified as blood schizonticides, tissue schizonneides, gametocides and

sporantocides { Table 2}.33

Table 2: Classification sceording i their stage of the |ite oycle™

Primaquine, pyrimethamine. sulfonamides

Primaquine. tafenoquine

Tvpe |, guick onser. Chloroquine, mefloquine.
quinine, halotanmine, artemisinin
Type 2, slow onset. Pyrimethamine. sulfonanudes,
_sulfones, other antibiotics, atoyuguone
 Primaquine (Plasmodiun falciparum)

\ 1 o
Juinine (P vivax, B malariae. P ovale)
Primuyuine, L:h|=;‘.nn‘-,quir‘vrlﬁ

Blood schizonticides are drugs that suppress the production of plasmodia in the
ervthrocytes during the asexual intracrythrocytic stage of the malana lie cycle, Tissue
schizonticides are active in the liver stage of the parasite hite eyele and prevent the
development of hepatic schizonts. Duc to the fact they act upon the developmental
stages of the malaria life cvcle, tissue schizonticides are more commoenly used tor
prophylactic purposes than curative. Another group of anlimalarial agenls acting in
the hiver stages of the malana hie eycle are the hypnozoticides, which show aetivity
by destroving the liver selizontieides of Povivay and £ ovafe. Gametocides eradicale
the intraenvthrocylic sexual form of the parasite therchy preventing human to

mosquilo transmission. Lastly sporontocides hinder the development ol oocysts and

10
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sporozoites in the mosquito. Although most of the current chemotherapeutic agents
act upon the intraerythrocytic stages of the malaria life cycle, there are numerous

drugs that target several stages of Plasmodium life cycle.

1.5.2.2 Classification according to Mode of Action

Antimalarial drugs can also be classified according to their mode of action in which
they exert antimalarial activity. There are four major modes of action for the current
clinically established antimalarial drugs:>> drugs which interfere with the haem
detoxification pathway, drugs which inhibit nucleic acid synthesis, drugs which
interfere with protein synthesis and those that act by oxidative stress.

1.5.2.2.1 Drugs acting on Haem Detoxification

This category of chemotherapeutic agents includes the most common antimalarial
drugs; that being the 4-aminoquinolines such as chloroquine 1.1 and amodiaquine 1.2
and the quinine-type aryl amino alcohols such as quinine 1.3, quinidine 1.4,

mefloquine 1.5 and halofantrine 1.6 (Figure 1.6).

AN AN
Chloroquine 1.1 Amodiaquine 1.2
~
Cl N Cl N

MeO MeO

Quinine 1.3 Quinidine 1.4

HO
N HO N
H
A ) Cl
Mefloquine 1.6 O Halofantrine 1.6
~
e, ()~
CF,
Cl CF,

Figure 1.6: Chemical structures of antimalarials acting on heme detoxification
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Despite many years of use and study, the exact mechanism of action of quinoline
drugs is not completely understood. Nevertheless, it has been known since the 1960’s
that chloroquine and other quinoline-type antimalarials form complexes with
haematin.® It is thus generally accepted that this category of antimalarial drugs
interfere with the detoxification of free haem, preventing its incorporation into
haemozoin. However, it is likely that inhibition of parasite growth is due to a number

of synergistic effects.

Chloroquine was developed as an antimalarial during World War II and is one of the
most successful drugs ever made. This was based on its affordability, safety, oral
administration and high efficacy (prior to resistance). Unfortunately resistance to
chloroquine is now widespread. Amodiaquine, a congener of chloroquine, was
introduced over 40 years ago and is used as a second line drug in many African
countries. It has greater efficacy against chloroquine-resistant P. falciparum infections
but is not recommended due to its association with hepatitis and agranulocytosis.
Quinine is one of the active components contained in the bark of the cinchona tree,
which was one of the first agents used for the treatment of malaria, with its use dating
back over 350 years. Currently, quinine is mainly used as a parenteral drug for severe
falciparum malaria in part due to symptomatic toxicity and a complex administration
and monitoring.’® Another active component extracted from the cinchona tree is
quinidine, the diastereoisomer of quinine at the secondary alcohol group, which is
more potent and toxic than quinine and used as an antiarythmic. In an effort to
overcome chloroquine resistant P. falciparum strains, mefloquine and halofantrine
were developed. Mefloquine, a quinoline methanol derivative, was an effective
antimalarial and due to its long half-life (15-33 days) is a good prophylactic. Decline
in its use is a result of the development of resistance and undesirable side effects.
Halofantrine is a phenanthrene methanol derivative and is used for uncomplicated
cases of multi-resistant falciparum malaria. Due to a low therapeutic index, treatment

efficacy and safety are complex and thus its use is limited.*®

12
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1.5.2.2.2 Inhibitors of Nucleic Acid Synthesis

This category of antimalarials includes the folate antagonists, sulfonamides and
naphthoquinones and is active against the primary exoerythrocytic and asexual blood
stages of the malaria parasite.’ 233 Folate antagonists, such as pyrimethamine 1.7 and
proquanil 1.8 (Figure 1.7), exert antimalarial activity by exploiting the structural
differences between the parasite and host enzyme dihydrofolate reductase (DHFR).
Dihydrofolate reductase catalyses the regeneration of tetrahydrofolate, a highly
versatile carrier of one-carbon units. These drugs inhibit parasite DHFR, thereby

causing a depletion of tetrahydrofolate and an inhibition of DNA synthesis.*

Cl
NH

Cl
2 NH NH
| Pyrimethamine 1.7 N N N Proguanil 1.8
P H H H

Et” "N~ TNH,

Figure 1.7: Chemical structures of folate antagonists

Pyrimethamine is used only in combination with a sulfonamide (e.g. Sulfadoxine, in
Fansidar) and this pyrimethamine-sulfadoxine (SP) treatment has replaced
chloroquine in many countries as a first line treatment of falciparum malaria.
Unfortunately, resistance usually develops within a few years; aided by the slow
elimination of SP from the body.?’ The pro-drug proguanil is metabolized by
cytochrome P450 to the active metabolite cycloguanil, which then inhibits DHFR.
Due to rapid resistance of both P. falciparum and P.vivax, this drug is now only used
in combination with chloroquine or atovaquone. The cause of resistance to these
DHFR inhibitors is believed to be a result of single mutations on the encoding gene of
the enzyme.

The antimalarial activity of sulfonamides such as sulfadoxine 1.9 and sulfones such as
dapsone 1.10 (Figure 1.8) is due to their ability to inhibit dihydropteroate synthase,
another enzyme involved in folate metabolism, by mimicking p-aminobenzoic acid.
Dihydropteroate synthase catalyses the formation of dihydropteroate from
hydroxymethyldihydropterin, which ultimately results in reduced pyrimidine
synthesis and thus reduced DNA, serine and methionine formation. Although

pyrimethamine-sulfadoxine combination drug is still in use in regions of Africa,
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resistance to sulfonamides due to single mutations on the corresponding gene is widespread.”

N=\

Sulfadoxine 1.8 peO Dapsone 1.10

%Q—@

Atovaquone 1.11

Figure 1.8:

Chemical structures of sulfadoxine, dapsone and atovaquone

The last class of nucleic acid inhibitors is the naphthoquinones, with the most efficacious
example being atovaquone 1.11 (Figure 1.8). Atovaquone is thought to inhibit mitochondrial
respiration in the parasite and is used in combination with proguanil to give rise to Malarone®.
Although the mode of action and synergy of this combination is not completely understood, its

activity has been attributed to inference with mitochondrial membrane potential.*>

1.5.2.1.1 [Inbhibitors of Protein Synthesis

Antibiotics such as tetracycline 1.12 and doxycycline 1.13 (Figure 1.9) are often used in
conjunction with other drugs to combat resistant P. falciparum malaria or alone as a prophylactic
agent. They inhibit parasite protein synthesis by acting on the ribosomes of the mitochondria

and/or apicoplast.

CH, OH N(CH,),

Tetracycline 1.12 Doxycycline 1.13

Figure 1.9: Chemical structures of antibiotic antimalarials
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1.5.2.2.4 Drugs Generating Oxidative Stress

This group of antimalarials consists of artemisinin 1.14 and its semi-synthetic
derivatives (most commonly used artemether 1.15 and sodium artesunate 1.16, Figure
1.10), which are used for treatment of both uncomplicated and severe falciparum
malaria. The artemisinins are very effective antimalarials due to their high potency,
low prevalence of drug resistance and relative safety.3 6 Artemisinin and its derivatives
are preferentially used in combination with mefloquine in order to reduce

recrudescences and to slow the development of resistance.

R = CH, Artemether 1.15
R = COCH,CH,CO,Na, Sodium Artesunate 1.16

Figure 1.10: Chemical structures of artemisinin and derivatives

Although the mode of action is not completely understood, it is generally accepted
that activity is due to the generation of free radicals by an haem-iron mediated
mechanism, eventually resulting in total disorganization of the parasite.”> One
suggested mechanism involves cleavage of the peroxide bond in the presence of Fe'
haem, followed by electron transfer generating free radicals in the parasitised red
blood cells, followed by alkylation of the parasite proteins.*® The reactive free radicals
generated may also cause oxidative stress. However, there is some skepticism
regarding this mode of action as it has not been confirmed in vivo. Other hypothetical
proposals to account for artemisinin antimalarial activity includes inhibition of
nuclear factor NF-kB and inhibition of inducible nitric oxide synthase, an enzyme that
catalyses the production of nitric oxide.”® Nitric oxide is a free-radical gas that easily
diffuses through cell membranes and has influences on many physiological processes.
These findings suggest the possibility of different, unknown targets for this family of
drugs.

15
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1.5.3 Cysteine Proteases as Targets in Antimalarial Chemotherapy

Malarial cysteine proteases play crucial roles in parasite infection and development
and thus have been considered as preferential targets for therapeutic interventions.
Parasitic cysteine proteases contain two principal amino acid residues that are actively
involved in the hydrolysis of peptide bonds, namely Cys 25 and His 159.

The cysteine proteases utilize the cysteine thiol group for nucleophilic attack on the
amide carbonyl, thus hydrolyzing amide bonds in peptides and proteins. Cysteine
protease inhibitors, which have electrophilic moieties, exploit this mechanism by
reacting with the active-site cysteine residue. Incubation of cultured malaria parasites
with cysteine protease inhibitors developed swollen food vacuoles that contained
large quantities of undegraded globin, implicating a role for the falcipains® (section
1.3.2.2). Recent studies have demonstrated that cysteine protease inhibitors not only
blocked globin hydrolysis but also inhibited earlier stages in haemoglobin degradation
pathway,41 alluding to the fact that cysteine proteases are also required for initial steps
in the haemoglobin degradation. It has also been shown in vivo that a fluoromethyl
ketone is capable of curing a murine infection of malaria®* and similarly a vinyl
sulfone cysteine protease inhibitor were also shown to be potent against murine
models of malaria.** The degree of inhibition correlated with their inhibition of
haemoglobin degradation and parasite development, further supporting the hypothesis
that falcipain is the cysteine protease required for haemoglobin degradation. There is
also evidence that falcipain 2 is involved in cell rupture and release of merozoites.”®
All of the above implies that cysteine proteases are potential targets for antimalarial

chemotherapy.

1.6 Fundamental Understanding of Cancer

Cancer is a general term to describe many disease states, each of which is
characterized by cancer cells that undergo a rapid, abnormal and uncontrolled cell
division.** In normal tissues, the rate of new cell growth and death are kept in balance,
ensuring that each tissue maintains a size and architecture appropriate to the body’s
needs. In cancer cells this balance is disrupted, with the malignant transformation of a
cell resulting through the accumulation of mutations in specific classes of genes

within the cell (Figure 1.11).
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Loss of Normal Growth Control

-

Figure 1.11; Comparison of nermal cell division and uncontrolled growth in cancer cells™

Two classes of genes, proto-encogenes and tumor suppressor genes, which stimulate
and inhibit cell division respectively, account for much of the uncontrolled
proliferation associated with cancer,”® Mutated forms of proto-oncogenes called
carcinogenic oncogenes can cause the stimulatory proteins to become overactive,
resulting m exeessive multiplication. Mutations in tumor suppressor genes, on the
other hand, eause inactivation of suppressor proteins and thus depriving the cells of
needed restraints on preliferation. The body does however have hackup systems that
guard against uncontrolled division. One such system is the cell’s ability to undergo
apoptosis, where the cell commits suicide it some essential components are damaged
or dercgulated. Developing cancer cells devise several methods of evading apoptosis,
such as inactivaling the p33 protein. which helps o trigger cell suicide, or by making
excessive amounts of the protein Bel-2, which wards off apoptosis.® Associated with
uncontrolled cell growth and division is the invasion of the tumor into surrounding
normal tissue. Metastasis is the most feared aspect of cancer and what in fact makes
cancer 5o lethal. Malignant cells have the ability to spread (o distant sites in the body,
by evading inhibitory messages issued from neighbour tissues, and thus disrupting

tissues and organs essential for proper functioning of the body (Figure 1.12).
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Malignant versus Benign Tumors

&

- A
Targ grapewh s

Figure 1.12: Comparison of malignunt and benign wmors®

To metastasize successfully, cancer cells have to detach themselves from ther
original location. invade a blood or lymphatic vessel, travel through the circulation to
a distant site and establish a new tumor. At every point, cancer cells must evade the

controls that keep normal cells in place.

1.7 Current Treatment for Cancer
Most current treatments aim fo combal vncontrolled growth, fissue invasion and

metastasis and include surgery. radiatien and chemotherapy.

1.7.1 Surgery
Surgery was the earhiest established therapy for cancer and where feasible is the most
widely used approach, Surgical removal of a tumor has benetits such as being quick,
efficient and provides g method 1o comfirm that a tumor has been completely excised.
Unfortunately, this form of treatment has several limitations:™
L. Complete elimination of microscopic extensions of cancer cells 15 not
guarantecd
ii. Large amounts of healthy nssue may have to be removed damaging
functioming or appearance
iii.  Cancerous cells in vital organs or structures cannot be surgically removed

iv.  Cancer that bas metastasized throughout the body cannot be treated
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1.7.2 Radiation Therapy

Radiation therapy involves the irradiation of powerful x-rays or gamma rays in the
region of the tumor. Radiation treatment causes sufficient genetic damage to kill cells
directly or to induce apoptosis. In many instances, radiation therapy is preferable to
surgery as healthy tissue is preserved, as normal tissue can recover more readily than
cancerous cells. It is also has other advantages of destroying microscopic extensions
of cancerous tissue and treatment is received without hospitalization. Cancer of the
uterine cervix and larynx, early stages of both prostate cancer and Hodgkin’s disease
are treated well with radiation therapy.45 As with surgery, this therapy may fail to
eradicate all cancerous cells and also cannot treat widespread metastasis, as irradiating

the whole body will damage vital delicate tissue.

1.7.3 Chemotherapy

One common denominator for all types of cancers, due to rapid cell division, is the
constant demand for DNA and its precursors. Therefore, most chemotherapeutic
agents typically exert activity by interfering with the cells ability to replicate DNA,
with fast-growing cancer cells being more drastically affected than normal cells.

Some common families of chemotherapeutic agents include the antimetabolites,
topoisomerase inhibitors, alkylating agents and plant alkaloids.*’ Antimetabolites
exert activity by mimicking molecules necessary in biochemical reactions. An
example is the transition-state inhibitor 5-fluorouracil 1.17, which is converted to the
fluorinated analogue of 2’-deoxyuridylic acid 1.18 in the body (Figure 1.13) and is
used to treat breast, liver and skin cancers.*® This analogue binds covalently and
irreversibly to the active site of the thymidylate synthase, an enzyme that catalyses the
conversion of 2’-deoxyuridylic acid (dUMP) to deoxythymidine-5-phosphate (dTMP,
Figure 1.13) terminating synthesis of thymidine and in turn the synthesis of DNA.

o
Thymidylate F
HNJJtr )ﬁ/ synthase HN |
- )\ A

0 N
!
DEOXYRIBOSE DEOXYRIBOSE
R= H Uracil R=H dUMP dTMP

R= F Fluorouracil 1.17 F-analogue of dUMP 1.18

Figure 1.13: Biosynthesis of dTMP*®
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Topoisomerase inhibitors prevent topoisomerase enzymes from reattaching the cleaved ends of
DNA during replication. This causes DNA strand breaks in cells that are dividing, resulting in
cell death. Alkylating agents are highly electrophilic compounds that form strong covalent bonds
with nucleophilic groups in DNA “building blocks”. This disruption produces defects in the
normal double helical structure of DNA such as breaks and incorrect links between or within
strands. If these defects are not repaired, apoptosis will be triggered. Cis-diammonia
dichloroplatinum (II), known as cisplatin 1.19, is an alkylating agent used for the treatment of
testicular and ovarian tumors (Figure 1.14). Cisplatin forms links within DNA strands, thus
inhibiting transcription.”® The last family of chemotherapeutic agents are those derived from
plants that can prevent cell division by binding to the protein tubulin. Tubulin polymerizes in the
cell cytoplasm to form microtubles that have various functions within the cell such as exocytosis,
release of neurotransmitters, and maintenance of shape and mobility of cells. Tubulin has crucial
functioning in the mitotic phase of the cell cycle. Upon initiation of cell division, microtubules
depolymerize to tubulin, which repolymerize to form spindles that act as a framework on which
duplicate chromosomes are transferred to the daughter cell.

Drugs such as vinblastine 1.20 and vinblastine 1.21 (Figure 1.14) bind to tubulin and prevent this

polymerization/depolymerization cycle, inhibiting tumor growth.

cl” NH,

cisplatin 1.19 w, Et

7 OCOMe
R HO COMe
R= CH, vinblastine 1.20
R= CHO vincristine 1.21

Figure 1.14: Chemical structures of cisplatin, vinblastine and vicristine

The available chemotherapeutic agents often bring on serious side effects that limit the doses
physicians can administer, and many of the most common cancers are not yet curable with
chemotherapy alone and thus also involve surgery and radiation. Some of the current
chemotherapy has another fundamental weakness, that being drug resistance to structurally and

functionally unrelated chemotherapeutic agents.
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CHAPTER 2

4-AMINOQUINOLINE-BASED CHALCONES AND MANNICH
BASE DERIVATIVES

2.1 Introduction

In this MSc project, one of the main objectives is to develop single agents that provide both
inhibition of the growth of malaria parasites and of tumour cells. The strategy was to hybridize
chalcone moieties and their Mannich base derivatives with the 4-aminoquinoline moiety. This
dual drug concept uses the basic structure of various known antimalarial or anticancer
pharmacophores and/or bioactiphores, with different modes of action, in order to exert maximum
activity and overcome or prevent drug resistance. The following chapter describes the known
antimalarial and anticancer activities of the aforementioned organic scaffolds and the concept of

cyclodextrin inclusion complexes in an attempt to render these dual drugs water-soluble.

2.2 4-Aminoquinolines in Malaria

2.2.1 Introduction

Of all the current clinically established antimalarials, the 4-aminoquinolines have proven to be
the most significant and efficacious for the treatment and prophylaxis of malaria. The most
important of the 4-aminoquinolines, chloroquine was as a result of a rigorous antimalarial
research program in the United States during World War Il and has been the basis of antimalarial
chemotherapy for over 50 years. Chloroquine is one of the most successful chemotherapeutic
agents ever synthesized based on its safety, affordability and high efficacy. However, the spread
of drug resistant parasites has reduced the efficacy of 4-aminoquinoline antimalarial drugs.
Nonetheless, there remains a great deal of interest in 4-aminoquinolines, the sub-structural
moiety of chloroquine vital for antimalarial activity, in the hope that new derivatives with similar

properties, but that can circumvent resistance, could be developed.
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2.2.2 Mechanism of Action

Despite many years of use and study, the exact mode of action of chloroquine and
other 4-aminoquinoline antimalarials remain to be elucidated. It has been known since
the 1960s that chloroquine and other 4-aminoquinolines form complexes with
haematin' and there is now considerable evidence that “haem” [either in the form of
free haematin, histidine rich protein 2 (HRP-2) bound haematin or haemozoin] is the
target of these drugs. Some of evidence leading to this conclusion includes the
following:

i.  Chloroquine is only active against the blood stages of the Plasmodium
parasite, and in particular against the trophozoite stage during which
haemoglobin degradation is maximal.”

ii.  Plasmepsin inhibitors, which reduce the release of haematin from
haemoglobin, are antagonists of quinoline antimalarials.’

iii.  Although chloroquine is chiral, both enantiomers are active, signifying an
achiral target, consistent with haematin.’
iv.  The biological activity of chloroquine and 4-aminoquinoline derivatives are

directly proportional to the degree of inhibition of B-haematin.’

In this view, the commonly accepted hypothesis of the observed antimalarial activity
of the 4-aminoquinolines is interaction with haematin in the food vacuole of the
parasite, inhibiting haemozoin formation and so interfering with the detoxification of
haematin.

Selective accumulation of chloroquine in the food vacuole can be explained by its
weak base properties, and occurs by passive diffusion. At neutral pH, chloroquine can
diffuse freely through membranes, and upon entering the acidic food vacuole,
chloroquine is protonated and trapped within the food vacuole. The precise manner in
which the 4-aminoquinoline derivatives inhibit haemozoin formation and how this
leads to parasite death is unresolved. One possibility is that the drugs form n-m
complexes with free haematin, preventing its incorporation into haemozoin and so
causing an accumulation of haem, which is toxic to the parasite. The chloroquine-
haematin complex itself is also toxic to the parasite. However, the presence of haem
does not seem to be fatal to the parasite as it can be disposed of by diffusion out of the

cell or by degradation by reduced glutathione.6 Thus it is presumably the formation of
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the haem-chloroquine complex that is the toxic event as it protects haem from
degradation by glutathione. The accumulation of haem or haem-chloroquine complex
in the cytosol and membranes of the parasite causes or at least contributes to cell
death. It is likely that these drugs inhibit parasite growth by a number of additive
effects. The uncertainty over the mode of action of chloroquine and other 4-

aminoquinolines is a serious obstacle in the rational design of novel drugs of this type

2.2.3 Mechanism of Chloroquine Resistance

Drug resistance in the case of malaria can be defined as “the ability of a strain of the
malaria parasite to multiply or survive in the presence of normal dose or up to the
maximum tolerated concentration of an antimalarial drug”.” Resistance to chloroquine
was first reported in 1959 in South America and since then has spread to most malaria
endemic areas of the world. The fact that chloroquine resistance appeared many years
after its use suggests the resistance has a mutagenic basis. Chloroquine-resistant
parasites accumulate less drug in the food vacuole than the chloroquine-sensitive
strains, excluding the drug from its site of action.® This could be a result of enhanced
efflux, reduced uptake or a combination of both. Chloroquine resistance has been
attributed to enhanced efflux, a mechanism known to operate in multi-drug resistant
cancer cells. Resistance in these multi-drug resistant cancer cells can be reversed in
vitro by the chemosensitiser verapamil and it has been confirmed that verapamil could
improve the sensitivity of chloroquine resistant parasites to chloroquine, suggesting a
similar mechanism of resistance. Multi-drug resistance (MDR) in cancer cells is
brought about through the action of an ATP-dependent transport protein called P-
glycoprotein (Pgp), which pumps the drugs away from its site of action.” P.
falciparum possesses a transmembrane glycoprotein, P-glycoprotein homologue 1
(Pghl), coded for by the gene pfindr] which resembles the mammalian protein Pgp.'”
Based on the current evidence available, chloroquine resistance cannot be conferred
by Pghl alone and requires mutations in other genes. Recently, resistance is strongly
linked to mutations in the pfcrt gene, which codes for the protein PfCRT (2.
falciparum chloroquine resistance transporter) located on the food vacuole membrane
of the intraerythrocytic parasite.' 12 A common mutation across chloroquine resistant
strains is K67T, with PfCRT possibly being the primary protein responsible for the

resistance.
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Hypotheses for reduced drug accumulation due to altered uptake rate include
mutations in the Na'/H™ exchanger', change in vacuolar pH' and alteration in

membrane permeability.

2.2.4 Overcoming Chloroquine Resistance

Chloroquine resistance may be reversed by two possible methods; that is with the use
of chemosensitisers or by making structural changes to the drug. Ideally,
chemosensitisers are structurally and functionally distinct compounds without any
inherent cytotoxicity, which can completely reverse the resistance of cells to the
action of the drug. Since the initial demonstration of verapamil chemosensitisation of
chloroquine-resistant parasites, many other agents have been identified that are
capable of reversing resistance in vitro to some extent."> All of these compounds
contain a protonatable nitrogen and sensitise resistant P. falciparum to chloroquine by
increasing drug accumulation. The phenomenon of chemosensitisation has been
extended to other quinoline type drugs that show resistance and future prospects for

the use of quinoline compounds have thus improved considerably.

There are a significant number of review articles reporting on the antimalarial

. . . . 15-
properties  of 4-am1noqu1nohnes.5 Q'8

Studies reporting on the structural
modifications to chloroquine and the resultant effect on activity against chloroquine
resistant parasites are also numerous. Chloroquine analogues that retain the 4-amino-
7-chloroquinoline moiety but in which the aminoalkyl side chain is changed are active
against chloroquine resistant parasites. This is observed in compounds with shortened
(2-3 carbon) and lengthened (10-12 carbon) side chains,'® those with shortened side
chains with methyl branches and bulky groups attached to the terminal amine®® and
those with bulky groups such as ferrocene in the side chain.?! Modifications to the
aminoquinoline nucleus such as replacement of the 7-chloro group or substitutions on
the aminoquinoline ring had only moderate effects or no effect at all."” Removal of the
7-chloro group actually resulted in a marked decrease in antiplasmodial activity and is
thus crucial for activity. Due to the likelihood that these structurally modified

compounds act against the same target as chloroquine, this target remains a useful one

in the design of novel drugs. There are also a number of examples in the literature of
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dual acting drugs incorporating the 4-aminoquinoline moiety. Some examples
include:

i.  The 4-aminoquinoline hydroxamate-based1,4-bis(3-aminopropyl) piperazines
2.1 (Figure 2.1) which potentially target the Plasmodium falciparum
aminopeptidase of the M1 family of metalloproteases (PfA-M1) as well as
inhibiting haemozoin formation.*

ii.  The 4-aminoquinoline-based glyoxylylhydrazones 2.2 (Figure 2.1), which may
act as cysteine protease inhibitors and metal chelating agents, thus potentially
targeting the falcipains and the metalloproteases falcilysin and PfA-M1.

iii.  The isatin-based 4-aminoquinoline thiosemicarbazones 2.3 (Figure 2.1), which
have activity against the cysteine protease falcipain 2 and are also capable of

metal chelation and inhibition of haemozoin formation.**
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Figure 2.1: Chemical structures of 4-aminoquinoline-based dual drugs

2.3 Quinoline Derivatives in Cancer Therapy

2.3.1 Background

Chloroquine and other quinolines have demonstrated the ability to act as multi-drug
resistance reversal agents.zs'28 A number of quinolines including chloroquine have
also been reported to act as differentiating-inducing agents, that modulate gene
expression to control tumor growth.29 A series of quinoline derivatives have been
reported as potent and selective cytotoxic agents.’ 031 Recently, chloroquine has been
reported to inhibit cell growth and induce cell death.” These activities of chloroquine

and other quinoline derivatives are discussed below.
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2.3.2 Multi-drug Resistance Reversal Agents

Multi-drug resistance (MDR) is a major obstacle in cancer chemotherapy. As
discussed in the previous section (2.2.3), it is generally believed that the most
common mechanism of resistance is P-glycoprotein-mediated MDR. Increased
expression of P-glycoprotein (Pgp), which is expressed on the plasma membrane of
drug-resistant tumor cells, lowers the intracellular concentration of cytotoxic agents
by effluxing them out of the cells. MDR reversal agents are thought to compete with
anticancer drugs in binding to Pgp, or block the efflux mechanism, thus resulting in a
decrease of drug efflux.”*® Chloroquine and various quinoline derivatives were
studied in vitro and shown to act as multi-drug resistance reversal (MDRR) agents for
vincristine-resistant and vinblastine-resistant cancer cell lines.”” It was found that
some derivatives were more effective MDRR agents than verapamil and showed very
low toxicity.>* Quinine and its derivatives have shown activity in vitro and in vivo as a
MDR reverters in non-Hodgkin’s lymphoma, vinblastine-resistant and hormone-
refractory prostate cancer cells.?*?* The structural requirements important for MDR
activity in quinoline derivatives are the presence of a nitrogen atom, a hydrophobic
moiety, two or more planar aromatic rings and a positive charge at physiological
pH.? %% When the quinoline ring is replaced by a naphthyl or phenyl ring, activity
decreases considerably. Thus the quinoline moiety plays an important role in drug

activity.25

2.3.3 Differentiation-inducing Quinolines

Differentiation therapy entails the use of chemotherapeutic agents that modulate gene
expression to control tumor growth.”” The therapeutic effect of most current
differentiation-inducing agents is not strong when compared to conventional
chemotherapeutic agents and are used in combination with conventional
chemotherapy or radiation therapy to potentiate the effect.’® In a study conducted by
Strobel et al it was demonstrated in vitro that various quinoline derivatives stimulated
cell differentiation at growth inhibitory concentrations in MCF-7 human breast tumor
cells.”’ Among the compounds tested, quinolines with a 4-substitution such as
chloroquine, hydroxychloroquine, amodiaquine, quinidine and quinine, were most

active in differentiation assays.
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Three potential mechanisms are proposed to account for the observed cell growth

inhibition and differentiation: (i.) E2F1 suppression, (ii.) DNA damage and (iii.)
histone deacetylase (HDAC) inhibition.”

1.

ii.

iii.

The transcription factor E2F1 is a cell regulatory protein that promotes cell
growth by stimulating the G1-S cell cycle transition. It also plays a role in cell
differentiation, with down- regulation necessary for differentiation of cells, as
well as having the potential to initiate apoptosis in cells, making E2F1 an
excellent molecular target. Strong suppression of E2F1 alone inhibits growth
by preventing cell cycle progression. The data in the study demonstrated that
suppression of E2F1 by the quinoline derivatives is characteristic of in vitro
activity and is thus consistent with these hypotheses.

Moderate suppression of E2F1, together with generation of DNA damage, also
promotes differentiation through activation of the p53-Rb pathway. The
quinoline derivatives screened exhibited variable capacities to induce DNA
damage and apoptosis.

Histone deacetylases are a common target of tumor differentiation agents®®
and interestingly many of the HDAC inhibitors were initially used as
antiprotozoal agents.’” Histones are proteins that form a scaffold around which
a cell's DNA is wrapped. Modification of these histone proteins by acetylation
controls the tightness of the DNA around the histone proteins and,
consequently, controls the expression of the genes. In cancer, increased HDAC
expression results in deacetylation of histone proteins, which causes the DNA
to be wrapped too tightly around the histones, thereby inhibiting gene
expression. The inappropriate deacetylation of tumor suppressor genes, a
molecular defect, may silence these genes, resulting in the progression of
cancer. HDAC inhibitors selectively switch on these tumor suppressor genes,

something traditional chemotherapy may not do.

2.3.4 Anti-tumor Activity of Quinoline Derivatives

Quinoline derivatives have been evaluated in vitro as anti-tumor agents in comparison

to available drugs such as adriamycin and vincristine. Abel et a/ reported a series of

azoylylalkylquinolines that were more cytotoxic on KB cells (human nasopharyngeal

carcinoma) and L1210 cells (murine lymphocytic leukemia) in comparison to
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adriamycin.*® Another study conducted evaluated the anticancer activity of another
series of quinoline derivatives against the human breast cancer T47D cell line, with
some compounds showing a growth inhibitory effect greater than that of vincristine
and similar to that of adriamycin.’' Recently chloroquine has demonstrated the ability
to inhibit cell growth and induce cell death, depending on the concentration
administered, in A549 lung cancer cells.* It was found at concentrations from 0.25 -
32 uM, chloroquine inhibited A549 lung cancer proliferation by increasing lysosomal
volumes and thus enlarging the plasma membrane surface. Apoptosis and necrosis
occurred at chloroquine concentrations above 32 uM. Chloroquine thus may be of use
in lung cancer therapy by careful dosage administration. Therefore, from the evidence
mentioned above, potential anti-tumor agents containing a quinoline ring are good

candidates for further investigation.

2.4 Justification for Research into Aminoquinolines
As it has been demonstrated in sections 2.2 and 2.3, future research into
aminoquinoline derivatives is still warranted and justified on the basis of several
considerations:
e Aminoquinolines have proven to be the most successful class of compounds
for the treatment and prophylaxis of malaria
e Drug resistance is due to reduced drug accumulation and there is no change in
the structure of the drug target
e Analogues of chloroquine have shown activity against chloroquine resistant
strains of the parasite
e Haemoglobin degradation pathway has a proven history of being an excellent

therapeutic target

e 4-Aminoquinolines have acceptable toxicity profiles and are well tolerated

¢ Shown to act as multi-drug resistance (MDR) reversal agents of certain cancer
cell lines

e Quinoline derivatives have demonstrated the ability to act as anti-tumor and

differentiation-inducing agents.

® Chloroquine and other quinoline derivatives have shown inhibition of cell

growth and induction of cell death in certain cancer cells.
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2.5 Bioactivities of Chalcones

2.5.1 Introduction

Chalcone is a broad term given to compounds that have a 1,3-diphenylprop-2-en-1-
one scaffold (Figure 2.2) and occur naturally in plants as precursor compounds for
synthesis of different classes of flavonoids. There has been a resurgence of scientific
interest in this group of natural products due to a wide range of beneficial biological
activities, which are reliant on the structural modifications made to the chalcone
scaffold. Some examples include substituents on the aromatic rings A and B.*®
replacement of the phenyl rings with various heterocyclic and polyaromatic rings,*’

substitution on the enone linker*’ and cyclisation of the chalcone.*'

O

R o R’

Figure 2.2: General structure of chalcones indicating rings A and B

The presence of the reactive a-f-unsaturated system and the relative flexibility of
chalcones allow interactions with a diverse range of enzymes and receptors, thus
chalcones are recognized as a “privileged structure” in drug design. Pharmacological
activities cited in the literature include anti-inﬂammatory,42 amtileishmanial,3 843 anti-
invasive,* nitric oxide inhibition*’> and modulation of P-glycoprotein-mediated multi-
drug resistance,* to name but a few. In the context of this project, antimalarial, anti-
proliferative and tumour-reducing properties are known and will be discussed in the
sections that follow. The multiple activities and structural diversity of chalcones make
this class of compounds a good candidate as dual acting drugs, to provide inhibition of

both the malaria parasite and tumour growth.

2.5.2 Antimalarial Activity of Chalcones

Interest in the antimalarial activity of chalcones was encouraged by the discovery of
licochalcone A (Figure 2.3), an oxygenated chalcone isolated from the roots of
Chinese liquorice, which showed significant antimalarial activity in vitro and in

vivo.*” At about the same time, a separate study confirmed the antimalarial activity of
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chalcones and their derivatives using both molecular modelling and in vitro testing,

with malarial cysteine protease acting as the most likely target.*’

Figure 2.3: Chemical structure of licochalcone A

Most of the activity of chalcones is due to the a-B-unsaturated system, which is a
Michael acceptor and is capable of undergoing conjugate addition with the sulthydryl
group of the cysteine side chain (Figure 2.4). In addition, this conjugated linker
generates a linear, almost planar structure, that has been demonstrated by modelling
programs to have favourable interactions with the long cleft of the active site of

. . 9
malarial cysteine protease.3
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Figure 2.4: Reaction of a representative chalcone (Michael acceptor) and a nucleophilic thiol (RSH)*®

However, investigations into cysteine protease inhibition as the mode of action has
established that antimalarial activity is not always correlated with inhibition of
malarial cysteine protease® and this comes as no surprise due to the wide range of
pharmacological properties of chalcones.”® A more recent target investigated for
antimalarial chalcones are the parasite-induced new permeability pathways.”' New
permeability pathways (NPP), that are absent from the uninfected erythrocyte

membrane, are induced by the malaria parasite and cause the infected erythrocyte to
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have a higher permeability to a range of low molecular weight solutes, inorganic and
organic ions, amino acids, sugars and nucleosides. The primary role of NPP is thought
to be acquisition of nutrients but there is evidence that shows that they may have a
bifunctional role and are also required for the removal of metabolic waste from the
infected cells,”? making these pathways an attractive drug target. A series of chalcones
with known antimalarial activity were screened as inhibitors of new permeability
pathways and a significant number had good activity.’! The structural requirements

for antimalarial activity in chalcones will be discussed in section 3.1.1.

2.5.3 Cytotoxic and Chemoprotective Properties of Chalcones

Chalcones have been identified as cytotoxic and chemoprotective agents by various
research groups, and have exhibited anticancer activity against a variety of cancer cell
lines and animal cancer models. The recognition of these broad anticancer properties
have resulted in a sustained interest in chalcones and in understanding how they exert

their cytotoxic or chemoprotective activity.

2.5.3.1 Cytotoxic Chalcones

Chalcones have displayed cytotoxic activity against many different tumour cell lines
in the low micromolar range (ICsp < SOpM).48 Most of the reports of anticancer
activity are focused on the anti-mitotic activity of chalcones. Edwards et al proposed
that chalcones interact with the thiol residue present at the binding site of tubulin,
interfering with the dynamics of tubulin polymerisation and depolymerisation, leading
to mitotic arrest. This hypothesis was based on the structure-activity relationships of
colchicine-tubulin binding and the observation of preferential reactivity of the enone
moiety of chalcones towards thiols, thus implying chalcones should interact in a
similar way to colchicine. This hypothesis has been backed up by a subsequent study
in which an alkoxylated chalcone was shown by cell cytometry to cause an
accumulation of cells in the G2/M phase, which is an indication of disruption of the
mitotic spindle.”* Chalcones also react readily with glutathione (GSH), a protein thiol
important for detoxification of xenobiotics. This chalcone-GSH interaction has been
widely investigated®® and has shown to increase the toxicities of chalcones. Indeed,
depletion of intracellular GSH is associated with pathways leading to apoptosis and

growth arrest.”® Chalcone derivatives are capable of antagonizing interactions
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between the human oncoprotein MDM2 and p53.>" The MDM2 oncogene, which is
over-expressed in a variety of tumours, inhibits the tumour suppressor protein p53 by
binding to its transactivation domain and thus allowing cell cycle progression of
defective cells. Chalcones have shown to bind in or near the tryptophan pocket of the
p53 binding cleft of MDM2 and promote dissociation of the complex, releasing the
tumour suppressor protein p53. There are numerous series of hydroxylated chalcones
that have shown potent cytotoxic activities against tumour cell lines such as B16
murine melanoma, HCT 116 human colon cancer, A31 human epidermoid carcinoma
as well as a non-tumour endothelial cell line (human umbilical venous endothelial
cells or HUVEC).®® Due to the fact that these cancers differ significantly in their
genetic source as well as the observation of selective cytotoxicity towards the
HUVEC cell line, the authors proposed that these chalcones act as angiogenesis
inhibitors.”® Other proposals for activity of hydroxychalcones include the induction of

apoptosis,” and induction of mitochondrial uncoupling and membrane collapse.®!

2.5.3.2 Chemoprotective Chalcones

Cancer is the culmination of years of genetic and biochemical changes in cells, rather
than a single, fixed event and there is the possibility for intervention at several
biological levels. Chemoprotection is an approach that uses natural or synthetic
compounds to prevent, halt or reverse carcinogenesis. Chalcones were initially
considered as chemoprotectants due to their structural similarity to stilbene, a motif
found in anti-estrogen drugs such as tamoxifen, that has demonstrated the ability to
prevent breast cancer in women who are at increased risk.***® Secondly, the a-p-
unsaturated system of chalcones can bind to certain receptors leading to either
inhibition of enzymes important for a carcinogenic event or induction of phase II
enzymes, a widely recognized chemoprotective mechanism.”* The chemoprotective
roles of chalcones are mainly due to their antioxidant properties and their ability to
scavenge free radicals, which are involved in various stages of carcinogenesis.’® A
single antioxidant pharmacophore may not exist in chalcones but phenolic hydroxyl
groups have been found important for antioxidant activity. Chalcones are potential
inducers of phase-2 enzymes such as glutathione S-transferase and quinone reductase,
which are involved in the metabolism of xenobiotics.* Chalcones can also exert an

anti-invasive effect* and reduce nitric oxide production.*’
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2.6 Mannich Bases

2.6.1 The Mannich reaction

The Mannich (aminomethylation) reaction involves condensation of a substrate
possessing a reactive hydrogen atom with a nonenolizable aldehyde, usually
formaldehyde, and a primary or secondary amine (Scheme 2.1). The product of this
multi-component condensation reaction is known as a Mannich base, in which an
aminomethyl group replaces the active hydrogen of the substrate. Since the initial
studies by Carl Mannich of the chemistry of this reaction, Mannich bases have been

62-64

the subject of numerous mechanistic studies and have received attention for their

62.,63.65

synthetic utility, pharmaceutical activities and numerous other applications in

polymer chemistry such as surface active agents, paints and dyes.*
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Scheme 2.1: Representation of the Mannich reaction

The interest in Mannich base derivatives of target compounds in this project is two-
fold. Firstly, the Mannich reaction introduces a basic function that can increase the
water-solubility via salt formation, which is important for bioavailability of target
compounds. The basicity also ensures target compounds could potentially accumulate
in the acidic food vacuole of the malaria parasite. Secondly, Mannich base
derivatives of target compounds will be very reactive and at a lower pH associated
with tumour cells or the acidic food vacuole, can undergo deamination leading to the
formation of vinyl ketones. These generated vinyl ketones can potentially react with
various cellular thiols important for parasite or tumour growth (described in sections
2.5.2 and 2.5.3). This change in pH may therefore be used as a prodrug concept

whereby the cytotoxic agent is released at its site of action.

2.6.2 Antimalarial Mannich Bases

Since amodiaquine 1.2 (Figure 1.6, p11), a Mannich base derivative of chloroquine,
was shown to be an effective antimalarial against chloroquine-resistant parasites, there
have been numerous studies of structural analogues of amodiaquine that may

potentially evade drug-resistance and yet maintain activity.*”"® Amodiaquine however
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has a low bioavailability and is rapidly metabolised to a bis-deethylated metabolite’' or excreted
as the 5’-glutathionyl ester.”” Investigations into Mannich base compounds with structurally
modified side chains that are less susceptible to metabolism led to antimalarials such as
amopyroquine 2.4, tebuquine 2.5 and the fert-butyl analogue 2.6 (Figure 2.5). All of these
analogues were found to be more active against chloroquine-resistant strains of the P. falciparum

parasite than amodiaquine and chloroquine.®””

KEL

2.5 2.6 2.7

R = methyl, ethyl, propyl, isopropyl,
s-butyl,cyclohexyl

Figure 2.5: Chemical structures of amodiaquine analogues

Ward et al undertook a structure-activity investigation on N-fert-butylamino derivatives of
amodiaquine 2.7 (Figure 2.5) to determine factors important for antimalarial activity.”’ The
results indicated that replacement of the diethylamino group with a N-tert-butylamino group led
to a substantial increase in activity in both chloroquine-resistant and chloroquine-sensitive
strains. Drug lipophilicity and the type of alkyl side chain (especially a propyl or isopropyl
group) at the 5° position were found to be important for activity. More recently, a high-
throughput screening of compounds identified Mannich bases exemplified by the unsaturated
Mannich base 2.8 (Figure 2.6) as a new set of thioredoxin reductase (TrxR) mechanism-based
inhibitors.”” An o-o-dimethyl-p-amino ketone 2.9 for which deamination is blocked and the
saturated Mannich base 3-(dimethylamino)propiophenone 2.10 (Figure 2.6) were designed in

order to determine the importance of two electrophilic sites for activity.
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Figure 2.6: Mannich bases used for inactivation studies of TrxR
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Thioredoxin reductase catalyses the reduction of the protein thioredoxin disulfide

(Trx) to the dithiol in the presence of NADPH (equation 2.1).

NADPH <+ Trx(S), NADP* + Trx(SH),

(equation 2.1)

TrxR shows potential as a drug target as it protects the parasite against oxidative
stress and is essential for survival of the parasite.”* Another favourable factor of TrxR
as a antimalarial drug target is that the protein sequences at the C-terminal cysteine
residue of parasitic TrxR differ significantly from human TrxR and thus inhibitors
may be designed to interact specifically with the parasite enzyme.” Davioud-Charvet

et al”®

hypothesised that the Mannich bases containing electrophilic centres could
inactivate TrxR by interacting with the C-terminal cysteine residues, Cys 540’ and
Cys 535°. It was found that Mannich base 2.8, which is capable of bisalkylation, was
the most effective in comparison to 2.9 and 2.10 which only have one electrophilic
centre capable of alkylation. The proposed mechanism for TrxR inactivation by the

unsaturated Mannich base 2.8 is outlined in Scheme 2.2.
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Scheme 2.2: The proposed mechanism for TrxR inactivation by 2.8

Inhibition of TrxR can only occur when the oxidized enzyme, (E.y), is converted by
NADPH to its predominant reduced form, EH,. This two-electron-reduced form,

which is characterized spectroscopically by the charge transfer complex (CTC)
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observed at approximately 540 nm, makes the thiols at Cys 540° and Cys 535°
available to attack the olefinic bond. The Mannich base 2.8 undergoes a Michael
addition with the most exposed thiol Cys 540°, and then His509° catalyses
deamination of 2.8, which is followed by addition of the thiol Cys535° to the
generated double bond. The formation of the macrocyclic species 4 results in

irreversible inactivation of the TrxR.

2.6.3 Anticancer Properties of Mannich Bases

Dimmock and collaborators have performed investigations into the anticancer and
cytotoxic properties of Mannich bases.”>’® Interest in Mannich bases was spurred
by the fact that these compounds could act as prodrugs of a,B-unsaturated ketones
since Mannich bases can undergo deamination at physiological pH. This deamination
has been demonstrated in vivo and simulated in vitro.” There are several reasons for
the evaluation of o,B-unsaturated ketones as anticancer agents. Firstly, these
compounds react preferably as thiol alkylators and have an insignificant affinity for
amino or hydroxy nucleophiles.”” Hence shortcomings of certain alkylating agents
such as mutagenicity’® and carcinogenicity”” due to interactions with nucleic acids are
avoided. The mode of action of these compounds also differs from current alkylating
agents such as melphalan, which is useful in overcoming resistance that has developed
towards this drug. Indeed it has been demonstrated that these a,p-unsaturated ketones
display cytotoxicity towards melphalan-resistant and melphalan-sensitive tumour cell
lines.** Furthermore, these compounds have selective toxicity towards rapidly
growing tumour cells compared with normal cells due to a higher demand of cellular
thiols necessary in various processes of cell division and growth, as well as their
involvement in detoxification mechanisms. Examples include inhibition of the mitotic
phase of the cell cycle and inhibition of the enzyme TrxR and GSH necessary for
detoxification of reactive oxygen species and xenobiotics. Results from numerous
studies by Dimmock et al revealed that conversion of a,B-unsaturated ketones into
their Mannich base derivatives, thus possessing two sites for thiol alkylation, was
accompanied by an increase in bioactivity both in vitro and in vivo.”” This was
attributed to the concept of sequential toxicity®' and several series of Mannich bases
have been designed in light of this concept.”>’"® Of note are the Mannich base

derivatives of chalcones that had significant activity towards murine P388 and L1210
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as well as various other cancer cell lines.” The hypothesis of sequential cytotoxicity
is shown in Scheme 2.3 for a representative chalcone Mannich base derivative.
Initially there is a nucleophilic attack by the cellular thiol at the B-carbon of the
olefinic bond (intermediate A), followed by deamination of the monothiol adduct
(intermediate B) and attack by a second thiol at the generated double bond to give
bisalkylated product C. This process of deamination and alkylation can occur again
giving product E. Thus increased cytotoxic activity is not only due to the greater
number of electrophilic sites available for nucleophilic attack by cellular thiols but
also due to the successive release of two or more cytotoxic agents, which is more

damaging to tumour cells than normal cells.”

NR|R, NRR, NRR
oH _RSH_ OH
NRR NRR
RS Ho RS HQ
l NRR
0 L -
SR
RS HO RS HO RS HO
E D

Scheme 2.3: Reaction sequence illustrating the concept of sequential toxicity™

The increased reactivity of Mannich base derivatives of compounds containing an a,-
unsaturated system may also be due to the stabilization effect of the reaction
intermediate shown in Figure 2.7. This stabilization is aided by the inductive effect of

the quadrivalent nitrogen atom and hydrogen bonding.

+
SR
C—CHT—CH(CH,),CH
@H'"_ﬂ_ﬁ zams
PO~y
VAR

Figure 2.7: Stabilization of reaction intermediate”

Thus, Mannich base derivatives of chalcones are novel alkylating agents that display
significant cytotoxic activity as well as being free mutagenic effects, making these

compounds potentially valuable chemotherapeutic agents.
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2.7 Cyclodextrins

2.7.1 Chemical and Physical Properties of Cyclodextrins

Cyclodextrins (CDs) are cyclic, toroidal shaped oligosaccharides that are the products
of the enzymatic degradation of starch. Due to the unspecificity of the
glucosyltransferase enzyme, the cyclic oligosaccharides are composed of D-
glucopyranose units of various lengths linked by a-1,4-glycosidic bonds.** There are
three major or parent cyclodextrins and several minor, rare ones that differ from each
other by the number of glucopyranose units. The a-, B- and y-cyclodextrins are made
up of 6, 7 and 8 glucose units respectively and are crystalline, homogenous and

nonhygroscopic substances® (Figure 2.8).
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Figure 2.8: Schematic diagram of (a) conformation and labelling of glucopyranose unit, (b) a-CD, (c)
B-CD and (d) y-CD

As a consequence of the rigid *C1-chair conformation of the glucopyranose units and
intramolecular hydrogen bonding between O2-H 03" and 02...H-O3", the CDs have
overall shape reminiscent of a ‘truncated cone.” Intramolecular, interglucose hydrogen
bonds stabilize the conformation of the CD macrocycles. Cyclodextrins have a
hydrophobic cavity and a hydrophilic exterior. The hydrophobicity arises due to the
cavity containing hydrogen atoms from the C3-H and C5-H methane groups, the C6-
H, methylene groups and the glycosidic oxygens (O4). The hydrophilic exterior is
due to the primary hydroxyl groups (O6) on the narrower side of the cone and the

secondary hydroxyl groups (02, O3) on the wide side of the cone. As a consequence,
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cyclodextrins are soluble in aqueous media and are capable of encapsulating
hydrophobie guest molecules within their cavities. In order (o improve solubility’s of
parent cyelodextring, especially B-CD, the hydroxyl groups can be chemically
maodified. For this purpose. the 02 and Ob6 positions of f~CD have been methylated to
form heptakis{2.6-di-O-methyD-B-cyvelodextrin (DIMEB) and additionally at the O3
position to form heplakis(2,3,6-tr-0-methyD)- p-eyvclodextrin (TRIMEB). Some of the

characteristics of the parem eyelodexinns are summarized in Table 3.

Tahle 3: Characteristics of a-CD, §-CD and y-CDY

Manaclinic
prisms

2.7.2  Cyclodextrin Inclusion Complexes

The most important feature of ¢velodexiring is their ability to form inclusion
complexes with vanious guest molecules. The cavity allows the €D to act as a host
molecule to a variety of gouest compounds. The inclusion of guest molecules can occur
in two modes: molecular inclusion and lattice mclusion. Molecular inclusion involves
encapsulation of a guest molecule within a single CD cavity. In lattice inclusion, the
host molecules torm solid lattices that contain voids that are capable of inclusion. Due
to the size and hydrophobic nature of the cyveledextrin cavity, complexes are formed
when the included molecule 15 compatible with the dimensions of the cavity and
orientated in such a way as 1 achieve maximal contact between the hydrophobic pan
of the guest and the apolar CI cavity. Complex formanon with larger molecules 1s
also possible, with only cenain groups or side chains fitting into the cavity. The
inclusion of & goest in a CD cavity is essentially a substitution of the included water
molecules by a less polar puest. The driving force of complexation is not fully
pnderstood with several faclors contributing (o the process.™ An initial contributing

factor was thought to be the replacement of ‘high-enthalpy’ water with a more
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hydrophobic guest molecule (Figure 2.9), which lowers the energy of the system
(unfavoured polar/apolar interaction to more favoured apolar/apolar interaction).
Additional factors such as van der Waals forces, hydrogen bonding and hydrophobic
interactions as well as CD strain release have also been found to be important driving

forces behind complexation.

Figure 2.9: Hypothetical schematic representation of CD inclusion complex formation, where the
small circles represent molecules of water®

The ability of cyclodextrins to form inclusion complexes has applications in food,
cosmetics and pharmaceutical industries and for analytical purposes. In the context of
this project, the interest in cyclodextrins is due to their ability to act as solubilisers,

stabilisers and carriers of poorly soluble drug molecules.®’

Cyclodextrins are true drug carriers, bringing the hydrophobic drug into solution,
keeping it in a dissolved state, and transporting it to the lipophilic cell membrane. Due
to the fact that the cell has a higher affinity for the drug than the CD, it remains in the
aqueous phase and the bulk of the CD is metabolised in the colon by the colon
microflora.®’ The primary metabolites (acyclic maltose, maltose and glucose) as with
starch, are then further metabolised, absorbed and finally excreted as CO, and H,O.
The pharmaceutical use of cyclodextrin inclusion complexes requires that they are
structurally characterised in order to verify complexation, so that regulatory
requirements are met as well as to validate patent claims of novelty.85 A number of
analytical techniques may be used such as UV, IR and Raman spectroscopy, thin-
layer chromatography, NMR spectroscopy, mass spectroscopy, X-ray diffraction,
thermogravimetry and differential scanning calorimetry.*** A convenient and
relatively fast technique for determination of complexation is that based on the

isostructurality of cyclodextrin inclusion complexes. Isostructurality is the
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phenomenon whereby two or more crystalline phases have identical or quasi-identical
packing motifs®” and thus have similar unit cell dimensions and similar internal
arrangement of molecules. This implies that common atoms of these phases have
approximately the same co-ordinates.*® Caira and co-workers have systematically
classified the majority of the structurally characterized CD complexes obtained from
the Cambridge Structural Database into distinct isostructural series.®” The powder X-
ray diffraction (PXRD) patterns within a series are essentially the same, regardless of
the nature of the included guest.®® Thus, comparisons of gross peaks can be made
between experimental PXRD patterns and reference patterns of parent cyclodextrins
and their complexes to determine if inclusion took place. Successful matching of the
experimental pattern with the computed reference pattern not only establishes
inclusion of the guest molecule but also generates important structural information
such as crystal packing arrangement and space group.85 This technique served as the
primary analytical tool for determination of inclusion complex formation within this

project.
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2.8 AIMS AND OBJECTIVES

Overall Objective:

The main objective of this MSc study is to develop single agents that provide

inhibition of both the growth of tumour cells and malaria parasites. This multi-

therapeutic strategy is achieved by hybridising various known anti-malarial and anti-

cancer pharmacophores and/or bioactiphores together with the 4-aminoquinoline

moiety. For this purpose, hybrid molecules 1, 2 and 3 (Figure 2.10) were designed as

potential dual acting drugs.

0 R1 R4
SAA0 Gl )
HN R2 HN Z
X X o
= 1 ~ 2
Cl N Cl N
CDM04 R1 f H, R2 =Cl CDM13 R3 = H, R4 = H, R5 = OMe
CDMOS5 R1 = CI, R2 = Cl CDM14 R3 = OMe, R4 = H, R5 = OMe
CDMO6 R1 = H, R2 = Cl (meta) CDM15 R3 = OMe, R4 = OMe, R5 = OMe
CDMO7 R1=H,R2=F CDM20 R3 = H, R4 = H, R5 = OH
CDMO08 R1 = OMe, R2 = OMe CDM21 R3 = H, R4 = OMe, R5 = OH
R8
OH
@ = @ NRR CDM37 NRR = pyrrolidinyl, R8 = H
HN CDM38 NRR = piperidinyl, R8 = H
o) CDM39 NRR = morpholino, R8 = CH,-morpholine
> CDM40 NRR = 1-ethyl-piperazinyl, R8 = H
P 3 CDM41 NRR = t-butylamino, R8 = H
Cl N CDM42 NRR = dimethylamino, R8 = H
CDM43 NRR = diethylamino, R8 = H
CDM44 NRR = dimethylamino, R8 = OMe
Figure 2.10: Chemical scaffold of target compounds
Specific Aims:

1. To synthesise novel exploratory libraries of 4-aminoquinoline-based chalcones

and their Mannich base derivatives.

2. To improve water solubility properties of selected compounds by cyclodextrin

inclusion and preparation of salt derivatives.

3. In collaboration with appropriate laboratories, to evaluate synthesised

compounds in vitro in appropriate cancer and malaria disease models.
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CHAPTER 3

Synthesis and Characterization of Target Compounds

3.1 4-Aminoquinoline-based Chalcones

3.1.1 Rationale of Drug Design

The well-known antimalarial and anticancer properties of both chalcones and the 4-
aminoquinoline unit, presented in the previous chapter, led to the design and synthesis
of an exploratory group of 4-aminoquinoline-based chalcones. The rationale in this
regard is based on a multi-therapeutic strategy in which the presence of two known
antimalarial and anticancer pharmacophores should provide maximal inhibition of
both the malaria parasite and tumour growth. These hybrid compounds may also
potentially overcome or slow down drug resistance, as compounds aimed at multiple
targets are less likely to be rendered ineffective compared to those aimed at a single

target. The rationale for the design of target compounds is summarized in Figure 3.1.

* Haematin binding (malaria parasite) Alkylation of enzyme active site thiols

* Differentiating-inducing and

MDR reversal (tumour celis)
7 ‘g

S

* Accumulation in the malaria parasite acidic food vacuole
* Increased solubility via salt formation

Inhibition of haemozoin formation (malaria parasite)

Figure 3.1: Rationale for design of target compounds

Various studies have been done on 4-aminoquinoline-haematin interactions in both

aqueous and non-aqueous solutions using different analytical methods.! Although
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there is dispute over the stoichiometry of interactions between the drug and haematin, it is
generally considered that these complexes occur through pi-stacking of the aromatic ring of the
drug over the porphyrin ring. This coplanar, hydrophobic interaction is the major source of
stability of these m-m complexes. Structure-activity relationship studies have revealed that not
only hydrophobic interactions but also electronic factors are important for haematin binding and
thus inhibition of haemozoin formation.” The position of the electron-donating amino group on
the aminoquinolines determines the extent of complexation, with only the 2- and 4-
aminoquinolines forming strong complexes with haematin. This is due to an increase in electron
density within the pyridine ring, which favours stacking over the electron poor region of the
porphyrin ring." Another electronic factor contributing to strong association of 4-aminoquinolines
to haematin may be due to the resonance interaction between the amino group and the quinoline
nitrogen atom. This means that 4-aminoquinolines have lower pKa values than other
aminoquinolines and can be protonated and are thus cationic.' This cation-r interaction has been
demonstrated to be of significant importance for complexation.” Modification of substituents on
the quinoline ring are of less importance, however, moving the chloro group from the 7-position
appears to destabilize the complex. Finally, the weak base properties of these 4-aminoquinolines
are a requirement for accumulation of these drugs in the food vacuole of the malaria parasite
through pH trapping. The structural features of importance for MDR-reversal activity include a
quinoline ring, a hydrophobic moiety and the presence of a nitrogen atom, charged at
physiological pH.*® Compounds contributing to antiproliferative activities lacked a discernible

common chemical feature other than the quinoline ring.’

Target compounds 1 and 2 (Figure 3.2), which differ in the position of attachment of the 4-
aminoquinoline moiety, were designed and synthesized in order to determine whether there is a
potentially favourable substitution pattern. Chemically, the reactivity of chalcones is dependent
on the electrophilicity of the B-carbon. In this view, CDM04-CDMO07 (target hybrid 1) were
synthesised with ring B having electron-withdrawing substituents, such as halogens, which serve
to enhance the electron deficiency of the B-carbon, and thus its reactivity towards nucleophiles.®
Based on literature findings, oxygenated chalcones, especially those substituted on ring A, serve

to enhance cytotoxic activity and chemoprotective properties of chalcones.’
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This oxygen functionality is also a structural feature associated with good antimalarial activity.*'’
CDM13-15 and CDM20-CDM21 (target hybrid 2) were synthesized for this purpose, with

methoxy and hydroxy substituents on ring A.

0 R1 R4
@ %% @ E R3 g R5
HN R2 HN Z
X S ©
= 1 = 2
cl N cl N
CDM04 Rt =H, R2 = Cl CDM13 R3 = H, R4 = H, R5 = OMe
CDMO5 R1 = CI, R2 = Cl CDM14 R3 = OMe, R4 = H, R5 = OMe
CDMO06 R1 = H, R2 = Cl (meta) CDM15 R3 = OMe, R4 = OMe, R5 = OMe
CDMO07 R1=H, R2 =F CDM20 R3 = H, R4 = H, R5 = OH
CDMO08 R1 = OMe, R2 = OMe CDM21 R3 = H, R4 = OMe, R5 = OH

Figure 3.2: Chemical scaffold of target compounds 1 and 2

In addition CDM21 shows structural resemblance to curcumin, a plant extract showing a wide

array of pharmacological activities (Figure 3.3).

QO e
S

HN OMe HO
X 0

c .
P CDM21 urcumin

Cl N

Figure 3.3: Chemical structures of CDM21 and curcumin, depicting structural similarities

CDMO8 (target hybrid 1) was designed with a dimethoxy substitution on ring B for comparison
purposes. Besides, the reactivity of the enone linker towards cellular thiols, the presence of the
a,B-unsaturated system is also important to make the chalcones adopt a more rigid, extended
conformation. From modelling studies, this linear, almost planar structure fits well in the long
cleft of the active site of the malarial cysteine protease.'’ Finally, the chemical synthesis of the 4-
aminoquinoline-based chalcones is relatively simple as well as being versatile, with many

functional groups compatible with the reaction conditions.
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3.1.2  Synthesis and Characterization of 4-Aminoquinoline-Chalcone Hybrid 1

3.1.2.1 Retrosynthetic Analysis (CDM04-CDMO08)

The retrosynthesis of target compounds CDM04-CDMO08 is shown in Scheme 3.1 and involves
two simple disconnections. An a,p disconnection leads to the aminoquinoline acetophenones
CDMO01-CDM03, which have the para, meta and ortho relationships respectively, and the
commercially available aromatic aldehydes. Further analysis of aminoquinoline acetophenones
CDMO01-CDMO03 leads to the commercially available 4,7-dichloroquinoline and the 2-3- or 4-

aminoacetophenones.

HNR2 Claisen- SChm/dt@fJ%@/n j\©\

CDMO1 (para) aromatic aldehyde
9 CDMO02 (meta)
Cl N Cl N CDMO3 (ortho)

\

CDM04 R1=H,R2=Cl

CDMO05 R1=CI, R2=Cl C-N nucleophilic substitution
CDM06 R1 = H, R2 = Cl (meta)

CDM07 R1=H,R2=F

CDMO08 R1 = OMe, R2 = OMe '
= +
o
cl N HN

4,7-dichloroguinoline 2-,3- or 4-aminoacetophenone

Scheme 3.1: Retrosynthetic analysis of 4-aminoquinoline-chalcone hybrid 1

3.1.2.2 Synthesis of Aminoquinoline Acetophenones CDM01-CDM03
The 4-amino-7-chloroquinoline-acetophenones CDM01-CDMO03 were prepared following a

modified literature procedure described by Raynes ef al, Scheme 3.2.1

cl /@COCHs
HN

X i CDMO1 (para)
P ~ > X CDMO2 (meta)
Cl N i _ CDMO03 (ortho)

Cl N

4,7-dichloroquinoline

Scheme 3.2: Reagents and conditions i.) Aminoacetophenone, ethanol, 80-85°C, 2-4 h ii.) NH,OH
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These compounds were synthesized via a nucleophilic substitution reaction by refluxing the
aminoacetophenone and an equimolar equivalent of 4,7-dichloroquinoline in ethanol for 2-4
hours, followed by neutralization with aqueous ammonia. The crude products were purified by
recrystallization from ethanol to give 1-[4-(7-chloro-4-quinolinyl)amino]phenyl}-ethan-1-
one(CDMO1),1-{3-(7-chloro-4-quinolinyl)amino} phenyl]-ethan-1-one (CDMO02) and 1-[2-(7-
chloro-4-quinolinyl)amino]phenyi]-ethan-1-one (CDMO03) in 79%, 94% and 60% yields

respectively. The structures of these compounds were confirmed using 'H and *C NMR.

3.1.2.2.1 Mechanistic Details
The nitrogen atom within the quinoline ring makes this aromatic system n-electron deficient by

mesomeric and inductive effects, which is more pronounced at the C-2 and C-4 positions

(Figure 3.4).

+
X N =
2 + 4 N
N N N N

Figure 3.4: Canonical structures depicting inductive and mesomeric effects of N-atom in the quinoline ring

The C-4 position of 4,7-dichloroquinoline is further enhanced towards nucleophilic attack due to
the close proximity to the nitrogen atom and the presence of the electron-withdrawing chloro
group. The nucleophilic amine group of aminoacetophenone attacks the quinoline ring at the C4
position, dearomatising the ring with the quinoline nitrogen acting as an‘electron sink’. The
chloride is displaced when the electron pair on the nitrogen is returned to the ring and regains
aromaticity (Scheme 3.3). The driving forces behind this regioselective attack are thus the

resonance stabilization that occurs and the close proximity of C-4 to the N-atom.

c Ty
+ H.t
R< Gl Zﬁ NH,R HR
KH, 2
A N
d]
~ ~
cl N Cl N o] N
CDM01-CDM03

Scheme 3.3: Mechanism of formation of 4-amino-7-chloroquinoline-acetophenones
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3.1.2.3 Synthesis of 4-Aminoquinoline Chalcones CDM04-CDM08

Chalcone derivatives CDM04-CDMO08 were synthesized by a base-catalyzed Claisen-Schmidt
condensation of an aromatic aldehyde with the appropriate 4-aminoquinoline-derived
acetophenones. In order to determine optimum reaction conditions, the condensation reaction was
attempted using Ba(OH),, KOH and NaOH as catalysts as well as using KF-Al,0, under
ultrasonic irradiation. A literature procedure detailed by Go er al® using a 3% w/v methanolic
solution of NaOH provided the most convenient and high yielding reaction conditions and was
thus the general procedure used for preparation of the target chalcones (Scheme 3.4). The product
was obtained as a yellow precipitate after a short period of stirring but required 24 h to go to
completion. A minimum amount of methanol must be used to ensure formation of a solid
product. Formation of the ortho-product, with respect to the position between the carbonyl and

the nitrogen atom, was unsuccessful presumably due to steric factors.

0] o} R1

) R1
=
H i
—_—
HN + R2 HN R2
NS =

P CDMO04 R1 =H, R2 = CI

cl N" cl N CDMOS R1=Ci,R2 = Cl

1
1
CDMO6 R1 = H, R2 = Cl (meta)
CDMO7 R1=H,R2=F
CDMO8 R1 = OMe, R2 = OMe

Scheme 3.4: Reagents and conditions 1.) 3% w/v NaOH, MeOH, reflux, 24 h
3.1.2.3.1 Mechanistic Details
The mechanism of the Claisen-Schmidt condensation is shown in Scheme 3.5. It involves a base-
mediated enolization of the 4-aminoquinoline-derived acetophenone, in which the base removes
an acidic proton adjacent to the carbonyl group. This is followed by nucleophilic attack by the
resulting enolate ion on the aromatic aldehyde to form the aldol product. This B-hydroxy ketone
then undergoes a base-catalysed elimination (E1cB) to give the more stable conjugated chalcone

system.

o ] 0 C, . o H.0 0 (¥OH
Ap A G gl e
L/-OR L-OR

Scheme 3.5: Mechanism of Claisen-Schmidt condensation reaction

57



Chapier 3: Synihesis and Charactenization of Target Compounds

The vields of the synthesized compoeunds and their respective melting peints are given

in Table 4.

Tabie 4: 4-Aminoguinoling-hased chaleone hybrid 1 with their respective vields and melung peints

The Iltered precipitates of CDM04 and CDMO5 were washed with cold methanol o
yigld pure products. The filtered precipitates of CDMU6, CDMO7 and CDMOS still
contained trace amounts of unreacted methyl ketone and further purification was
nceded. Hybrids CDMO6 and CDMO8 were recrvstallized from cthyl acctate and
methanol, respectively. CDMO7 was very insoluble and was purified by column
chromatography. Purity was checked by TLC before characterization by 'H and 'C

NMR, IR, mass spectrametry and elemental analysis.

58




Chapter 3: Synthesis and Characterization of Target Compounds

3.1.2 Synthesis and Characterization of 4-Aminoquinoline-Chalcone Hybrid 2
3.1.2.1 Retrosynthetic Analysis (CDM13-CDM15 and CDM20-CDM21)
Generation of the 4-aminoquinoline-chalcone hybrid 2 was achieved by considering the

retrosynthetic analysis shown in Scheme 3.6.

7 R4
H
HN + R3 RS
Claisen- Schmldt 0
AN
~
/ cl N
U/ FGI oxidation

HN : ~
y + HN
= nucleophllc
= substitution
N

4,7-dichloroquincline 3-aminobenzy! alcoholJ

O substituted acetophenone
Cl N

Cl

Scheme 3.6: Retrosynthetic analysis of 4-aminoquinoline-chalcone hybrid 2

Retrosynthesis of target compounds 2 follow similar disconnections to target compounds 1, with
the difference being that the 3-aminobenzaldehyde was not commercially available for
nucleophilic aromatic substitution with 4,7-dichloroquinoline, and the 3-aminobenzyl alcohol
was thus used. The intermediate 4-aminoquinoline-derived benzyl alcohol was then oxidised to

the appropriate aldehyde.

3.1.2.2 Synthesis of 4-Aminoquinoline Chalcones CDM13-CDM15

The intermediate 4-aminoquinoline-based benzyl alcohol was synthesised via a nucleophilic
aromatic substitution reaction between 4,7-dichloroquinoline and 3-aminobenzyl alcohol, as
described in section 3.1.2.2, to give [3-(7-chloro-quinolin-4-ylamino)-phenyl]-methanol
(CDM09) in 98% yield (Scheme 3.7). The ortho-product [2-(7-chloro-quinolin-4-ylamino)-
phenyl]-methanol (CDM10) was synthesised in low yield (33%), however attempts at
synthesising the para-product failed, with 'H NMR spectra of the isolated product showing only

the starting material, 4-aminobenzyl alcohol and other impurities.
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cl /@CHZOH
HN

AN i
P .. o X CDMO09 (meta)
cl N H CDM10 (ortho)

=

Cl N

4 7-dichloroguinoline

Scheme 3.7: Reagents and conditions i.) Aminobenzyl alcohol, ethanol, 80-85°C, 2-4 h ii.) NH,OH

The next step in the synthesis involved oxidation of the intermediate benzyl alcohol
(CDM09 or CDM10) to the appropriate aldehyde, (CDM11 or CDM12) by the
Parikh-Doering oxidation method,"> a modification of the method originally
developed by Pfitzner and Moffat.'> CDM09 and CDM10 were stirred with Et;N in
DMSO, followed by the addition of the sulfur trioxide pyridine complex to afford the
aldehydes CDM11 and CDM12 in yields of 97% and 81% respectively (Scheme 3.8).
These intermediates were characterised by 'H NMR and BC NMR, with the
disappearance of the CH, and OH group in the region of 4.50 ppm and 85.20 ppm,
respectively and the appearance of aldehyde proton at around 810.0 ppm confirming

their formation.

0
e B
HN HN H

X

CDM11 (meta)

= —~
cl N Cl N CDM12 (ortho)

Scheme 3.8: Reagents and conditions i.) SO;.Pyr complex, EN, DMSO, 1, 72 h

3.1.3.2.1 Mechanistic Details

The mechanism of Parikh-Doering oxidation reaction (Scheme 3.9) is similar to that
of the Swern oxidation. The charged oxygen atom of DMSO attacks the sulfur atom
of the SO;.pyr complex to give an electrophilic sulfur compound. The alcohol then
reacts with this sulfonium ion that is formed to give a new sulfonium salt. This
compound is stable enough to be deprotonated by Et;N, forming a sulfonium ylide

that fragments to form the aldehyde (CDM11-CDM12) and dimethy] sulfide.
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| A
\ o
® ;o i
N/__ +. —_g—
AN+ o-s — = TR,
0—8=0 \ o /s—
%)
OH
o) \ \
Y Et,N _
A 7> %—-R 3 Hgio\—R + soz
R H H2C_ 2\¥/ 4
\’H
+ sulfonium ylid
S.
Me” “Me

Scheme 3.9: Mechanism of Parikh-Doering oxidation

After work-up of the above reaction, the product was isolated without further
purification. The final step in the synthesis is the base-catalyzed Claisen-Schmidt
condensation reaction between the 4-aminoquinoline-derived aldehyde CDM11 or
CDM12 and a series of methoxylated acetophenones to afford CDM13-CDM15 in
75%, 70% and 70% yields respectively (Scheme 3.10). Condensation of the ortho-
aldehyde CDM12 with a methoxy acetophenone was unsuccessful, most likely due to

steric hindrance.

R4

R3 RS

y 1
=
H R3 R5 , N
HN P—
X o o °
+ ] CDM13R3=H, R4=H, R5=0OMe

o 7 0 cl N CDM14 R3 = OMe, R4 = H, R5 = OMe

CDM15 R3 = OMe, R4 = OMe, R5 = OMe

Scheme 3.10: Reagents and conditions i.) 3% w/v NaOH, MeOH, Reflux, 24 h

3.1.3.3 Synthesis of 4-Aminoquinoline Chalcones CDM20-CDM21

For the synthesis of hydroxylated chalcones, CDM20 and CDM21, it was necessary
to protect the phenolic group on the substituted acetophenones before condensation, in
order to improve product yields. Phenolic protons are relatively acidic (pKa ~10) in
comparison to methyl ketone protons (pKa > 20) and will be deprotonated more

rapidly due to the formation of a more stabilized intermediate (Figure 3.5).
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Y — _
B Bloy 0_a) o

' ~
0 0 4 0]

Figure 3.5: Deprotonation of phenolic proton to give resonance stabilized phenoxide anion

This results in limited conversion of methyl ketone into enolate ions and it thus
becomes necessary to protect the hydroxy group of the starting materials, 4-
hydroxyacetophenone and acetovanillone, as tetrahydropyranyl ethers. This was
accomplished by stirring the hydroxylated starting materials, pyridinium p-
toluenesulfonate and 3,4-dihydro-2H-pyran in methylene chloride for 72 h to afford 1-
(4-tetrahydro-2H-pyran-2-yloxy-phenyl)ethanone CDM16 and 1-[3-methoxy-4-
(tetrahydro-pyran-2-yloxy)-phenyl]-ethanone CDM17 in 99% and 95% yields,
respectively. CDM16 and CDM17 then underwent a Claisen-Schmidt condensation
with the 4-aminoquinoline-derived aldehyde CDMI11 to give the intermediate
products CDM18 and CDM19. Finally, removal of the THP protecting group under
mild acidic conditions gave the final products CDM20 and CDM21 in good yields.
This approach used is depicted in Scheme 3.11.

CDM18R =H
4-hydroxyacetophenone R = H CDM16 R =H Cl J CDM19 R = OMe
iii

Acetovanillone R = OMe CDM17 R = OMe
] ! OH
HN I P ‘n’ . R
O 0
P CDM20R =H
Cl N CDM21 R = OMe

o.__0
3 2 O O
R i R i HN = R
— (1 T AN °
HO o~ "o
~
N

Scheme 3.11: Reagents and conditions i) 3,4-dihydro-2H-pyran (1.6eq), pyridinium p-
toluenesulfonate (0.1eq), CH.Cl, rt, 72 h ii.) 3% w/v NaOH, MeOH, Reflux, 24 h iii.) 4M HCI,
MeOH, rt, 4 h.
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The structures, isolated yields and respeetive melting points of the resultant 4-

aminoquincline-based chalcone hybrid 2 are depicied in Table 5.

Table 3 4-Aminoguincline-based chalcone hyvbred 2 with their respective vields and melting points

:
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314 Characterisation of Target Compounds

All the 'H NMR spectra of the resultant products displaved rwo commeon diagnostic
doublets around & 8 ppm and & 7 ppm. integrating for 1 proton each. and have
coupling constant values between 15-16 Hz, These peaks correlate to the methine
protons on the double hond of the o.p-unsaturated system and also confirm that the
trany-isomer 18 formed preferentially. The formation of the proposed products was
also confirmed by the disappearance of the methyl ketone peak present in the starting

material 'H NMR spectra at approximately 4 2.5 ppin lor targer hybrid 1 and the
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aldehyde proton at ~ ¢ 10 ppm for target hybrid 2. The *C NMR spectra that were

obtained are also consistent with the proposed structures, with the carbonyl carbon

(C=0) of the a.B-unsaturated system observed in the region of J 187 ppm in

comparison to the methyl ketone carbonyl group of the starting material which

appears at 0 196ppm or the aldehyde carbonyl group at ~ 0 190 ppm. A representative

'H NMR spectrum is shown of compound CDM04 from target hybrid 1 (Figure 3.6)
and of compound CDM13 from target hybrid 2 (Figure 3.7).

&/ppm  Multiplicity  J/Hz H
O 47 9.43 s - NH
19 :
U N 8.62 d 5.1 H2
/@’ 15 16 8.41 d 8.8 Hs
23 8.21 d 8.8 H10, HI2
12 :
5 J:N.,“ 13 92 21 Ci 8.0 d 15.6 H17
6 X 3 797 d 24 H8
| 7.92 d 8.8 H19, H23
Cl"7 8N 2 7.73 d 156 H16
1 764-761  dd 24,92 H6
7.53 d 8.4 H9, H13
7.50 d 8.8 H20, H22
732 d 52 H3
HS
H10,H12 ’
H17
H2 H5 l
| | ¥
;1‘\“ I ‘} \‘1
i “u\ jUL
T T T T T T
860 LR 8§20 800 T80 60 4
Figure 3.6: 'H NMR spectrum of CDM04 in d.-DMSO at 400MHz
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H18,H22 H19, H21
H5 ' H15 | ﬂ
Pl [ H3
| ! ol
H2 |l A ﬂ‘ \ V| U
it D I ! !
DALY JAIN U N\ JJUU L
T N T T T T ‘ [ T T T T T T
1 d/ppm  Multiplicity  J/Hz H
9.20 s - NH
8.48 d 51 H2
845 d 9.0 H5
8.16 d 8.7 HI18, H22
7.95 d 15.6 H15
7.89 d 2.0 H8
7.84 s - H13
7.73 d 15.6 H16
7.65 d 8.0 Hil
7.59-7.55  dd 21,90 H6
753-748 t 8.1 H10
743 d 8.1 H9
7.08 d 8.7 HI9, H21
6.94 d 5.1 H3
3.82 s - OCH;
: DMSO
OCH; ‘/
~a 1
|
NH

_JQJQJj MML_JJ{ [

LA L L B B L B B T T T T T

9 s ¥ %0 78 70 6.5 6.0 bR so 48 Fxg

Figure 3.7: '"H NMR spectrum of CDM13 in d,-DMSO at 400MHz
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Characteristic IR bands included the peaks around 3300 cm™ and ~1670 cm™ due to
NH and C=O0 stretches respectively. All compounds depicted the presence of the other

1
and

functional groups with ArH and C=C stretches appearing around ~1560 cm’
~1600 cm™' respectively. Elemental analysis confirmed the molecular formula and

purity of the compounds.

3.1.5 Crystallographic Analysis

Within this project, single crystal X-ray crystallography was a tool used primarily for
elucidation and confirmation of target compound structures, but the accurate
molecular structures determined using this method may also be of potential use in
molecular modelling studies. Guided by the X-ray structure, molecular modelling may
be used to obtain a better understanding of structural factors that contribute to activity
as well as to investigate potential structural modifications of target compounds
important for optimising activity. Single crystals obtained for CDM06 (target hybrid
1) and CDM14 (target hybrid 2) were coated with Paratone N oil and mounted on a
goniometer head and their diffraction intensities collected on a Nonius Kappa CCD
diffractometer. Crystals were cooled in a stream of N, using a Cryostream cooler
(Oxford Cryosystems, UK). The program XPREP' was used to determine the space
groups of CDM06 and CDM14. CDMO06 crystallized in the orthorhombic system in
the space group Pca2, and CDM14 crystallized in the triclinic system in the space
group P-1 (based on [E2- 1| = 0.999). This choice was confirmed by successful
refinement of the structures in the aforementioned space groups. Both structures were
solved using SHELXS-97,"> which revealed the position of all non-hydrogen atoms
which were then refined isotropically on F? using full-matrix least-squares in the
program SHELXL-97.'® All non-hydrogen atoms were then refined anisotropically.
Hydrogen atoms were placed in idealised positions using a riding model and refined
isotropically with temperature factors 1.2 times those of their parent atoms. The

crystal and refinement data for CDM06 and CDM14 are listed in Table 6.
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Table 6: Crystal and refinement data of CDXVI04 and CDM 14

C.o bl CiNO 11D

[.'LI-I-'WILZ'L-NEL'}

41929 476 .94
'C’J'r_rhorhum-bic Loeclinie
Poa? T-1
12.9251¢1) 8.3116(3
ﬁ.SE;H{-].} B07 1404
26, 7880{3 15 YURR(R}
i) RS.668(2)
9¢) Ea'_i;rﬁ'{:fz
) TT608(3)
1634 46¢4) 1175.42(%)
4 2
1. 448 P
{0,354 0
864 s
i L3 I
5.8 «25.7 24s 04254
24498 20971
3642 X 4234
3275 2723 =1
)52 0,102
262 31
144 1.04
003310 006406
. 0761 B 565
(.28, (.29 -{1,29, 0.28

The structures of the asyvmmetric units of CDMO6 and CDM14 and the atomic
numbering are shown in Figure 3.8 and Figure 3.9 respectively. The hydrogen atums
are named atier their parenl atoms, The crystal structures further confirmed that the

olelime bund in these compounds adopled the £ configuration,

Cltz

W Cl(1)

Figure 3.8: Crysial structure of CINWIOG depicting labelling and conformational aspects
T arcms have been omitted for clarity
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The crystal structure depicted in Iigure 3.8 shows that the two ning systems deviate
from plananty with regard to the a.-unsaturated system. Ring B containing the C1
(29) atom lies shghtly above the plane of the o, f-unsaturated svstem with the torsion
angle of 17. 3(1)° between ring C{13}C{14)}-C(15}-C6RC{I-C(18) and Ting
C(23)-0(24)-C(25)3-0(20)-Ci(27)-C(28). The quinoline ring lics below the plane of the
a.F-unsaturated svstem with the orientation of the two rings, C(13)-C{14)-C(15)-
C(163-C{17)-C{18) and C{23-C(3)-C41-Cil11-Ci5)-Ci6)-Cl7=-WN(8)-Ci 103-C(9). with
respect to each other described by the torsion angle of 47.83(8)°. The latter deviation
is due to steric interactions between the hvdrogen atom 16 on the quineline ring and

the hvdrogen atom Hi4 on the aromalic ring A,

C{30|

Ci32)

ciis CUS o

Q3

Lok citgy 13l M2

Ci27)

cizd)
Qjad)

M) L3} Cli)
?cm]

Figure 3.9: Croystal structure of CUM L4 depicting labzlling and conformational aspects
H wtomis have been omited for clarity

The three ring svstems an the crysial strucnire of CDMI14 depicted in Figure 3.9 are
not coplanar, with the terminal rings, C{23)-C(24)-C(25-C(260-C(27)-C(28) and
C(2)-C(3)-C{43-CLED-C3-C{6)-C{T)-N(8)-C(10)-C(9). being nearly coplanar with a
torsion angle between them being 11.9(1%. The nonplanarity between the wf-
unsaturated ring system and the adjacent mings 15 due to sterie interactions. As with
CDMO6 there is a stenic nteraction between the hydrogen atom H6 on the quinoline
ring and the aromatic hydrogen Hi4 of the nuddle ring system causing a lorsion angle
C(6)-C(5)-N(12)-C{13) of 42.7(1°. The torsion angle O{29)-C(24)-C(23)-0(21)
between the methoxy-substituted aromatic ring and cing C13-C1§ 15 34.3(2). The
middle ring, C13-C18, however, 18 coplanar with the o.p-unsaturated system. The
nonplanarity  between the «.fi-unsaturated system and the methoxy-substituted

aromatic ring is due to intramolecular hydrogen bonding between the oxygen atom
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(29 of the €24 methoxy group and the hydrogen atom H20 of the u,p-unsaturated
system. The torsion angle formed through this intramolecular hydrogen bonding is
106° typical of a six-membered ning. If the methoxy-substituted ring 15 rotated to be
planar with the o f-unsaturated svstem, there will be a repulsion between the methoxy
group and the hydrogen atom of the of-unsaturated svstem and thus this
nonplanarity, with a torsion angle C(2H-C(23)-C2H-C200 of -32.8(3)°, lLimis

repulsive interactions.

The erystal strueture of CDMUO6 shows no intermolecular hydrogen bonding and the
crystal lattice is stabilized by hydrophobic interactions. The zigzag packing motif of
CDMOD6 is depicted in Figure 5.10 showing hydrophobic interactions and four

molecules of CDM06 per unit cell.

Figure 3.10: Packing diagram of CDM06, viewed along [G11].

CDM14 packs tn such a way to form channels in which solvent molecules may reside

{Figure 3.11). Indeed this i the case, with CDM14 being solvated with methanol.
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Figure 5.1k View of packing down I ], depicting tormation of channels

There are two molecules of CDMI14 per unit cell, with the oxvgen stom (3(34) of methanal
hydrogen bonding 10 the aniline type hvdrogen H12 of CIMM14 and the methyl hydrogen of
methanol hyvdrogen bonding to N& of another molecule of CDM14. These interactions and the
intramolecular bording discussed previously between the oxyvgen atom 029 of the (24 methoxy

group and the hvdrogen atom H20 of the a,[l-unssturated system ure depicted in Figure 3,12

Figure 3.12: Hydrogen boneing (represemed in red) between the MeOH and CDM LY
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These intermolecular and intramolecular hydrogen bonds stabilize the crystal structure
and their distances and related angles are given in Table 7 as calculated by
PLATON", where & denotes symmetry related position x, 1+yv, z and b denotes

symmetry reiated position 1+x, -1+y, 2,

Table 71 Hydrogen bond distances and angles of CDXM 14

Figure 3.13 shows the packing of €DM14 molecules linked by the solvent molecule.
The packing consists of a ribbon-like repeating motif A-B-A-BB, where A is the
meolecule positioned with the €l group pointing upwards and B is the molecule

positioned with C group pointing downwards,

Figure 3.13: Packing diagram of CDM 14, viewed down [104].

7l




Chapter 3: Synihesis and Charactenization ol Target Compounds

The two thermal analytical methods vsed for analysing the single crystals CDMO06
and CDMI14 were Hot Stage Microscopy (HSM) and Differential Scanning
Calorimetry (DSC). Hot stage microscopy cxperiments with crystal immersed in
silicone oif were used 10 determing whether these crystals contained solvent of
crystatlisation. Images captured for CDMO6 confinmed that the crystals were not

solvated and the melt onset was at 218%C (Figure 3.14).

Firure 3.14: H5M photos of CDMBG at (a) 23°C and (k) 220°C

HSM experiments showed that CDM 14 contained solvent with desolvation starting at

111°C (bubble {ormation) and mel onset temperature at 175°C (Figure 3.13).

Figure 3.15: HSM photos of CDM 4 ut (a) 25°C, (k) 11170 and {0 177°C

Dfferennal scanning calorimetry 15 used 1o measure the rale of heat absorbed or
evolved by a sample. duting a temperature programme. DSC was wsed 10 confirm the
melting point of CIXM14 and the onsct temperature of desolvation of methanol. The
DSC curve showed a broad endotherm with an onset temperature of desolyvarion at
110°C. The broad peak has a shoulder corresponding to the desolvation of methanol
and the highest point of the peak corresponds to the melting of CDMI14 at 141°C
(Figure 3.16). This temperature differs from that recorded from the hot stage due to

the fact the DSC sample holder s within a closed environment.
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Figure 3.16: DSC mrace of CDM14

The temperaturc at which the methanol desolvares in comparison 1o its normal boiling
point (Ty, = 64.7°C) is an indication of the relative stability of the solvated crystal. A
value of T,,/Ty, greater than one indicates a relatively stable structure; the T,,/T), value
of the system is 1.6 indicating that the solvated crystal is stable. The TGA trace shows
a mass loss of 7.2 % a1 110°C, which is consistent with a 1:1 methanol solvate of
CDM14 (theorectical value = 6.7 %).
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3.1.6 Improving Solubility

One of the limiting factors involved in bioavailability and thus the efficacy of these
hydrophobic target compounds is their insolubility in aqueous media. In this project,
two methods were used in order to potentially improve water solubility properties of
target compounds, those being formation of salt derivatives and inclusion into

cyclodextrins.

3.1.6.1 Salt Formation

The citrate salt derivatives of all the 4-aminoquinoline-based chalcone target
compounds were prepared via a simple procedure involving protonation of the
quinoline nitrogen with citric acid. Citrate salts were prepared due to their well-known
low toxicity and the ready availability of citric acid. An equimolar equivalent of citric
acid was dissolved in a minimum amount of acetone and added dropwise to the heated
acetone solution of the target compound. The citrate salts precipitated out of solution
when cooled at 4°C overnight and the resulting precipitates were filtered to give the
salt derivatives with good yields (Table 8). The '"H NMR spectrum confirmed the
formation of the citrate salts, with the appearance of two doublets between & 2-3 ppm
that integrate for two protons each, arising from geminal coupling of each pair of the
CH; protons of citric acid. The chemical shifts of the other protons remained
relatively unchanged, except for those correlating to the quinoline ring, which showed
a downfield shift. This trend confirms salt formation via protonation of the quinoline
nitrogen. This method of salt formation only improved the solubility of target
compounds very slightly. This could be attributed to the fact there is only one charged
centre, which may be insufficient to overcome the strong non-polar character of the
large target compounds. It may be of interest to produce salt derivatives of mineral
acids such as hydrochlorides or phosphates, which are highly polar and may improve

water solubility.
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Table 8: Citrate salt derivatives of 4-aminequincline—<halcene hybrids
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3.1.6.2 Cyclodextrin Inclusion Complexes

Target compounds CDMI3-CDMIS and their citrate salt derivatives CIIM27-
CDM29 were selected for cyclodextrin inclusion based on their observed activity in
vitro. especially in cancer cell medels. Kneading, co-precipitation and co-solvent
methods were emploved using B-CD and v-CI> in both §:1 and 2:1 (CLI¥; drug) molar
ratios. All co-precipitation and co-solvation experiments were unsuccesstul, vielding
only native-CI? single crvstals which were conlirmed on the X-ray diflractometer by
comparisen of known umt cell dimensions of native-CD and its complexes with the
experimental unit cell dimensions. The powder X-ray diffrachon (PXRD} patterns
obtained from kneading expenments were compared with the computed PXRD
patterns, known as 1sostructural senes, to deiermine 1f complexation had occurred.
The PXRI> palterns (Figure 3.17) of the kneaded material of CDM14 (1:1 B-CD:drug
ratio) and CDM1S (2:1 B-CD:drug ratio} did not match the PXRD pattern for native
B-CI} and thus indicated that inclusion complexes had formed. The patierns however
did not match any previously identified isostructural series,"™ " but were isostructural
with each other, with the conclusion that new B-CD inclusion complexes of CDM14
and CDMIS had probably been formed. Recrystallization of the kneaded complex

failed to give X-ray grade single crystals needed in order to confirm inclusion.

|

2 theta (degmes)

Figure 3.17: Experimental PXRD traces of (a) f-CD-COM 14 complex and (c) 2p-COD-CDM15

complex
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The PXRD patterns of kneaded materials for the other target compounds attempted

for mclusion in B-CI showed that no inclusion complex had formed as the patterns

matched that of native p-CD.

v-CD is a more likely candidate to form inclusion eomplexes with the compounds in
this study due to the cavity of the CD being larger than that of B-CI. Three kneading
experiments were attempted with y-CD and CDM13. CDM14 and CDMI15 ina 1:1
host:drug ratio. The PXRD traces of two of the v-CD complexcs. CDM14 and

CDMIS. were in reasonable agreement with the PXRD pattern for isostructural serics

1 7. confirming that compiexanon has occurred (Figure 3.18).

A Ak AKAN . AN i

H_JM;_,QNMUwM

— = —_——— x o

L] 10 15 20 25 30
2 theta (degrees)

Rel. Intensity

Figure 3.18: a) Computed PXREI trace for known y-C0D complex and experimental PXRD traces of (b)
v-Ch-CDM14 complex and (¢} v+CD-CDM 1S complex

All observed v-CD complexes containing guest molecules have the same packing
arrangement and thus a considerable amount of structural information can be
inferred.'® These complexes crystallize in the tetragonal space group P42,2 with
channel packing. The channels have three v-CLy molecuies in one asymmetric unit
stacked together in head-to-head (A and B}, ail-te-tail (B and ) and head-to-ail (C
and A") packing muodes (Figure 3.19). Winle the level of agreement between pattern

*a” and the experimental ones may not appear to be convincing. it must be noted that
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pattern ‘a’ is a reference pattern, obtained by averaging those for all known y-CD
inclusion complexes. The intensities registered are therefore artificial and one does
not expect them to correspond exactly with those for the prepared complexes.
Similarly, peak positions may vary depending on the unit cell size variation, a

function of the nature of the guest and crystal water content.

7
Y 7 L ~

Figure 3.19: The packing arrangement of y-CD complexes

The y-CD molecules possess four-fold crystallographic symmetry and this requires
guest molecules to be disordered. Due to this disorder, details of the geometry of the

guest inclusion cannot generally be ascertained by crystallographic analysis.

Although from the above experiments four inclusion complexes were obtained,
subsequent recrystallization did not yield single crystals intended for full X-ray
structure determination, which is essential for pharmaceutical use of cyclodextrin
inclusion complexes. Consequently the strategy of improving the water-solubility and
hence the bioavailability of target compounds through cyclodextrin inclusion could

not be fully explored.

3.2 Mannich Base Derivatives of 4-Aminoquinoline-Chalcones

3.2.1 Rationale of Drug Design

The rationale for the design of 4-aminoquinoline-based chalcones has been discussed
previously in section 3.1.1. Mannich base derivatives of the target hybrid 2 were
synthesized due to their superior biological activity in comparison to target hybrid 1.

In particular, Mannich base derivatives of CDM20 and CDM21 (Figure 3.2, p54)
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were synthesized due to the previously discussed biological activity of hydroxylated
chalcones (sections 2.5.2 and 2.5.3). Both acyclic and cyclic amines were used in
order to explore preliminary structure-activity relationships of these hybrid
compounds. Conversion of the 4-aminoquinoline-derived chalcones into their
Mannich base derivatives was done due to the following considerations. Firstly, the
presence of an additional protonatable nitrogen would increase the compounds’ water-
solubility properties via salt formation and also enhance accumulation in the acidic
food vacuole of the malaria parasite via pH trapping. Secondly, at the lower pH
associated with tumour cells or the acidic food vacuole, these phenolic Mannich base
derivatives can undergo deamination to give very reactive intermediate enones that
can potentially react with various cellular thiols important for parasite or tumour
growth. These phenolic Mannich base derivatives may therefore be used as prodrugs
whereby the cytotoxic agent is released at its site of action. Despite the numerous
examples of antimalarial Mannich bases and wide interest in chalcones, antimalarial
Mannich base derivatives of chalcones remain an unexplored field. Investigations of
cytotoxic activity of phenolic Mannich base derivatives of chalcones by Dimmock et
al’® revealed that these compounds are a promising new class of cytotoxic agents due
to good biological activity and absence of mutagenic effects. These Mannich bases
were designed using the concept of sequential toxicity. Figure 3.20 summarises the
chemical features of phenolic Mannich base derivatives of the 4-aminoquinoline-

based chalcones and their potential biological action.

Alkylation of enzyme active site thiols

*Haematin binding (malaria parasite) R1

OH (0]
(o~ Cn NR,R, g
m Masked vinyl ketone|

*Differentiating-inducing and

MDR reversal (tumour celis) O
\ HN

I W)
N\

Inhibition of haemozoin formation (malaria parasite)

*Accumulation in the malaria parasite acidic food vacuole
*Increased solubility via salt formation

J

Figure 3.20: Rationale for drug design of phenolic Mannich Base derivatives
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3.2.2 Retrosynthetic Analysis

The synthesis of the Mannich base derivatives was envisaged via two synthetic routes
depicted in Scheme 3.12: path a, in which the starting material undergoes a Mannich
reaction followed by a Claisen-Schmidt condensation reaction and, path b, involving

the aminomethylation of the 4-aminoquinoline-based chalcone.

CDM37 NRR = pyrrolidinyl, R8 = H

R8
OH COM38 NRR = piperidi =
= piperidinyl, R8 = H
O O CDM39 NRR = morpholino, R8 = CH,-morpholine
HN NRR  cDMA40 NRR = 1-ethyl-piperazinyl, R8 = H
CDM41 NRR = t-butylamino, R8 = H
[e} CDM42 NRR = dimethylamino, R8 = H

A CDM43 NRR = diethylamino, R8 = H
P CDM44 NRR = dimethytamino, R8 = OMe

N Q.
B oN
a Claisen-Schmidt b aminomethylation
R8

OH
O O + CH,0 + NH-RR
=
H HN
HN + NRR o
N o} A
OH
= cl N
cl N

R8
C-N
aminomethylation

y

+ CH,0 + HN-RR
OH
R8

Scheme 3.12: Retrosynthetic analysis of Mannich base derivatives of target hybrid 2

3.2.3 Synthesis of Phenolic Mannich Base Derivatives

The starting point in the synthesis of Mannich base derivatives via path a involved an
aminomethylation reaction of 4-hydroxyacetophenone to yield the respective phenolic
Mannich base derivative. This was performed using traditional methodology, i.e.,
heating the substituted amine with equimolar equivalents of paraformaldehyde in
methanol for 2 h. Upon condensation of the amine and aldehyde, the resulting reactive
intermediate was treated with the substrate to afford the phenolic Mannich base
derivatives CDM30-CDM36, after purification by column chromatography. The
second step in the synthesis involves a base-catalyzed Claisen-Schmidt condensation
reaction of CDM30-CDM36 with the 4-aminoquinoline-derived aldehyde to yield the
Mannich base derivatives CDM36-CDM41 in moderate yields. This approach used is
depicted in Scheme 3.13.
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R8
OH
o} o}
/U\CERS . R8 . = NRR
i i HN
—_— ————
(e}
OH OH X
Cl

= P

4-hydroxyacetophenone R8 = H NRR N
CDM30 NRR = pyrrolidinyl, R8 = H CDM37 NRR = pyrrolidinyl, R8 = H
CDM31 NRR = piperidinyl, R8 = H CDM38 NRR = plpendln_yl, R8=H _
CDM32 NRR = morpholino, R8 = CH,-morpholine CDM33 NRR = momholino, RS = CH-morpholine
CDM33 NRR = 1-ethyl-piperazinyl, R8 = H CDMA40 NRR = 1-ethyl-piperazinyl, R8 = H
CDM34 NRR = t-butylamino, R8 = H CDM41 NRR = t-butylamino, R8 = H
CDM35 NRR = dimethylamino, R8 = H CDM42 NRR = dimethylamino, R8 = H

CDM43 NRR = diethylamino, R8 = H

CDM36 NRR = diethylamino, RS = H CDM44 NRR = dimethylamino, R = OMe

Scheme 3.13: Reagents and conditions i.) RjR;NH (2eq), CH,O (2eq), MeOH, 65°C, 2 h then addition
of substrate ii.) 3% w/v NaOH, MeOH, Reflux, 72 h.

Synthesis of the target compounds via path b, that is aminomethylation of the
hydroxylated chalcones CDM20 and CDM21, was attempted using various reaction
conditions. The amine both as it free base and as hydrochlorides, formaldehyde either
as an aqueous solution or paraformaldehyde and various solvents such as ethanol,
methanol, acetonitrile and NMP were used in order to improve reaction times and
yields. These attempts, however, were unsuccessful except for the formation of
CDM44, which was achieved by heating dimethylamine hydrochloride and
paraformaldehyde in NMP for 2 h, followed by addition of CDM21 and further
stirring for 4 d (Scheme 3.14). The long reaction times and low yields deemed this

path undesirable.

|
_N
Sy Qg . L
1
=
HN = OMe HN I OMe

N o} AN
p”

o N CDM21 cl N CDM44

Scheme 3.14: Reagents and conditions i.) (CH;),NH.HCI, CH>O, NMP, 70°C, 4 days.

The structures, isolated yields and respective melting points of the resultant Mannich
base derivatives of the 4-aminoquinoline-based chalcones are depicted in Table 9. The
low vyields observed may be due to factors such as the competing reaction of
deprotonation of the phenolic proton (Fig. 3.5, p62) as well as difficulty in

purification by column chromatography as a result of fractions *co-running’.
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Table 8: Mannich base derivatives of 4-Aminpguinoline-based chuleones with their respective vields

and melting poinrs
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3.2.4 Mechanistic Details
The mechanism of the Mannich reaction has been well investigated*'** and is thought

to proceed through either of the two pathways depicted in Scheme 3.15.

C+Hz-N< i—':o- HO-CHz-N<
A I R H0 u +
— R-H + N ]
. o LN
RH + CHO + HN_ —— mt:m H, ——= R

B /
L—» R-CH-OH + HN\

Scheme 3.15: Two possible reaction pathways of the Mannich reaction”'

The preferred pathway depends on the nature of the reactants and the reaction
conditions employed. Pathway A is widely accepted as the favoured route in which
the nucleophilic amine attacks the more electrophilic substrate, which is
formaldehyde, to give the condensation product, an imine salt. The electrophilic salt
can now add to the phenol group of the substrate to give the product of the reaction, a
Mannich base in which an aminomethyl group replaces the active hydrogen of the

substrate. The proposed mechanism is given in Scheme 3.16.

H H H H
| HCI Me
{ ﬁ’/'\N\/Me 5 rl\l/Me HO\/ll\l:Me H + [\'L,Me ’ C=T\l/
~ ~ 2 N
H H Me + Me - Me Me Me
Iminium salt

+ _H

OH ( ' O
G _+_Me | ~H
HCEN. —— NMe, —= NMe,
(O '™e
Mannich Base

Scheme 3.16: Reaction mechanism of Mannich reaction

Phenols undergo aminomethylation at the ortho and para positions due to activation
at these positions by the hydroxyl group. The regioselectivity is influenced by the
nature and position of substituents on the phenol ring. The ortho position is usually
preferred, although para-substitutions can occur when the ortho positions are blocked
or have large substituents, as the attacking species shows considerable steric

requirements.22 This preferred ortho-substitution may also be explained by a
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postulated mechanism involving a hydrogen-bonded complex depicted in Figure 3.21.
For the Mannich bases in this study, the para position was blocked and thus
aminomethylation occurred vicinal to the hydroxy group. The aminomethylation of
the 4-hydroxyacetophenone starting material is also chemoselective, as this substrate
has two sites for reaction with the aminomethylating agent. This chemoselectivity can
be accounted for by comparing the transition states for both possible functional
groups that may undergo attack, that is, the phenol group and the alkyl keto group.
Aminomethylation at the active hydrogen of the phenol yields a more resonance-
stabilized intermediate and is thus favoured (Figure 3.21). Reaction conditions are
also important for chemoselectivity, with the alkyl keto group reacting under acidic

conditions and phenols under neutral or basic conditions.

Non ]
N0 Q
/

0

C(\ \\.’ v/\

| e

X v)
OH ‘ OH

/
v
c

\ /

H

N

K\

Figure 3.21: Chemical structures depicting regioselectivity due to a.) Hydrogen-bonded complex and

reaction intermediates explaining chemoselectivity between the b.) alkyl keto group and c.) phenol

group.

3.2.5 Characterization of Target Compounds

All Mannich base derivatives were characterized by 'H and "*C NMR, IR, mass
spectrometry and elemental analysis. As for the '"H NMR of the 4-aminoquinoline-
based chalcones, resultant products displayed two common diagnostic doublets
around 0 8 ppm and 0 7 ppm, correlating to the methine protons on the double bond of
the a,B-unsaturated system. Additional 'H NMR spectroscopic evidence for
confirmation of the proposed structures came from the appearance of a singlet,
integrating for two hydrogens at ~ 6 3.7 ppm which is consistent with the expected
CH,; of the aminomethyl group. This was confirmed in the 3C NMR spectrum with a
diagnostic peak appearing ~ & 54 ppm.
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Figure 3.22 shows a '"H NMR spectrum of representative compound CDM43.

5 5/ppm Multiplicity  J/Hz H
§ 9.15 s - NH
7 8.48 d 5.2 H2
Cl 8.45 d 9.2 HS
8 1 7.98-7.96 dd 24,84 H18
793 d 2.1 H7
7.90 d 15.0 H15
7.89 d 24 H22
7.82 s - H13
7.69 d 15.6 Hl6
7.65 d 7.6 HI11
7.58-7.56 dd 24,92 Hé6
7.50 t 8.0 HI10
742 d 8.0 H19
6.94 d 56 H3
6.78 d 84 H9
385 s - H24 (CH.)
2.62-2.56 q 72 H25+25°
1.03 t 72 H26+26°
H3 H9

DMSO

H24
H25+25”

\ H26+26

,JL_JM iUA _/ ‘@;_4 e U

[onan ey = T L S Y L B SN B I B T T T T T T
[

6 0 s sn 45 40 s 10 2% 20 s

Figure 3.22: 'H NMR spectrum of CDM43 in d,-DMSO at 400MHz
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3.2.6 Cyclodextrin Inclusion Complexcs

Preparation ol cyvclodextnn inclusion complexes was attermnpted using CDM28 bascd
on Hs hiological activity and availability of matenial, Kneading and co-precipitation
methods were emploved using B-CI in both 1:1 and 2:1 {CD: guest) molar ratios and
all attempts were unsuccesstul, with the expetimental PXRID patterns matching those
of native B-CD. However, a 7-CD complex was prepared by the kneading method
using a 1:1 molar ratio, with the PXRI? pattern of the kneaded material matching that
of the isostructural sertes 17, conlimmtng that complexation has occurred (Figure

2235

relative intensity

2 theta

Figure 3.23: a) Computed PXRIY trace for known «-C0 complex and experimental PXRD race of (b)
=CD-CDMAR complex

A number of poorly soluble eompounds have been dissolved in aqueous solutions of
the methylated CDs DIMER and TRIMEB.** Tt was proposed that inclusion of the
largel compounds, which have a strong hydrophobic nature, might be more successtul
in the more hydrophobic eyelodextrin TRIMERB. These expenments however also
failed. Although attempts in cyclodextrin inelusion were somewhat fruitless,
successtul inclusion of & suest often requires unique design ol a procedure “tailor-
made” 1o the partieular guest. Fxhaustive analvsis ol cyclodextring and their
derivatives and optimization of reaction conditions (pH, solvent and temperature) may

vet lead to successtul preparation of evelodextrin inclusion complexes.
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CHAPTER 4

Biological Results and Discussion

4.1 Introduction

The following chapter discusses the results obtained from the biological evaluation of
the synthesised compounds in vitro in appropriate cancer and malaria disease models.
The synthesized target compounds were primarily generated in order to determine
their abilities to inhibit both growth of malaria parasites and of tumour cells by
determining the ICso and EDsy values. The ICso and EDs are terms used to describe
the inhibitory concentration and effective dose, respectively, of a drug necessary to
produce a therapeutic effect in 50% of the test sample and are used interchangeably.
The lower the ICso or EDsg value of a compound, the greater is its efficacy. However,
a property of equal importance for a good drug candidate is that it should be
selectively cytotoxic towards the parasite or tumour cells and not towards normal
human cells. Within the context of malaria, compounds were evaluated against both
chloroquine-sensitive and chloroquine-resistant strains of the causative agent
Plasmodium falciparum. In order to have a deeper understanding of the mechanistic
basis of the observed activity, the target compounds were tested for inhibition of the
cysteine protease falcipain 2 and haemozoin formation. The description of the assays
and experimental details used in biological evaluation of the target compounds are

given in the experimental section.

4.2 In Vitro Antimalarial Activity of 4-Aminoquinoline Chalcones
4.2.1 Results and Discussion

The antimalarial activity of the 4-aminoquinoline-derived chalcones CDM04-CDM08
and CDM13-CDM15 were evaluated in three different in vitro assays in the
laboratories of Professor P. Rasoanaivo at Institut Malgache de recherches appliquees
in Madagascar. In the first of these, the compounds were assayed against the

chloroquine-sensitive strain 3D7 and then in the chloroquine-resistant W2 and
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FCM29 P. falciperum siram and chloroguine-resistant FCM29 P falcipurum sirains,
using chloroguine as the control drug, The results for the independent test are

presented m Table 10
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As can be seen from the data presented in the table, relative to chloroquine none of the
compounds exhibited any significant antimalarial activity in both the chloroquine-sensitive and
chloroquine-resistant strains. The most active compound emerging from this study was CDM06
against the chloroquine-sensitive strain 3D7 (IC5o = 0.43 uM), in which the 4-aminoquinoline
moiety and the ketone linker have a meta relationship. On comparing the data obtained from
CDM04 (ICsp = 1.74 uM) and CDMO06 (ICso = 0.43 uM), the meta position seems to be the most
favourable position for substitution for target hybrid 1. This observation may indicate a steric
element is possibly involved in the interaction necessary for activity. All the other compounds
were over several hundred-fold less efficacious than chloroquine. CDM13 (ICsq of 0.87 uM) and
CDMO08 (ICsy of 1.08 uM) showed the best activity against the chloroquine-resistant strains
FCM29 and W2 respectively, indicating that the presence of a methoxy group is an important
structural feature associated with antimalarial activity. Previous structure-activity studies on the
antimalarial activity of chalcones have reported that electron-withdrawing groups on ring A are
important for activity. | The results from this rather limited series suggest that this is not
necessarily so and what has proven of more importance is the presence of a methoxy group.
Nevertheless, more compounds need to be evaluated in this series to confirm this hypothesis. A
general trend observed against all three strains is that target hybrid 2, in which the 4-
aminoquinoline moiety is attached to ring B, is more active than target hybrid 1, in which the 4-
aminoquinoline moiety is attached to ring A. A notable observation is that compounds CDM13-
CDMI15 all have meta relationships with regard to the 4-aminoquinoline ring and the enone
linker, once again implicating a steric element in the interaction necessary for activity. The
observation that some of the compounds had similar activities against chloroquine-resistant and
chloroquine-sensitive P. falciparum strains suggests that this series of 4-aminoquinoline
chalcones may have a mechanism of action different to that of chloroquine and/or that the
chloroquine resistance mechanism is circumvented in in this case. Despite the lower
antiplasmodial activities associated with these compounds compared to chloroquine, the target
compounds on average possess favourable resistance indices (Table 11). The resistance index
(ratio of the ICsq in the resistant strain to that in the sensitive strain) is a measure of the cross
resistance of a compound between two species of the parasite, with a low value being more

favorable.

"Li, R. et al J Med. Chem., 1995, 38, 5031.
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Table 11: Resistance wdices of d-aminoguinalioe chalconcs

Target compounds have resistance index values far below those of chloroquine and thus have
lower cross-resistance between the chloreguine-sensitive and chloroguine-resistant  strains.
Considering that the compounds bear the 4-aminoquineline moiety, it is possible that they may in
part be acling by a mechanism similar o that for chleroguine, namely, the inlibition of
haemovzoin formation. Investigation of the B-haematin inhibition of these compounds is thus of
interest in order to access the contribution of the 4-aminoguinoline ring o the antimalarial
activity. The citrate salt derivatives of the d-aminoguinoline chalcones were screened for their
ability to inhibil -haematin fermation, with only CDM27T showing activity. The 1Csy values are
measured in equivalents, with a value of 0,449 equiv. determined for CIXM27. which is 4 times
more active than chleroguine (1.91 cquiv)y. The lower activity observed fn vitro against the
chloroguine-sensitive and chileroguine-resistant strains compared to that of chiorogquine might be
due to the absence of 4 basic terminal mitrogen atom and/or a lipophilic side chain. which are
impoertant for aceumulation m the acidic food vacuele of the parasite and crossing the parasite
membrane respectively. Madilications such as introducing a basic nitrogen in the structure of the

target compounds may improve aclivity.
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Chapter 4: Biological Results and Discussion

4.3 In Vitro Anticancer Activity of 4-Aminoquinoline Chalcones

4.3.1 Results and Discussion

‘The anticancer activities of the 4-aminogquinoching chalcones were determined in the
luboratories of Professor C. Medlen, of the Department o Pharmacology at the
University of Pretonia. For evaluation of the anticancer activily, the citrate salt
derivatives CDM22-CDM2% of the synthesised d4-aminoguinoline chalcones were
tested against Ilela (Iluman adenocarcinoma of the cervix) cells. Fach expenment

was done in triplicate and the biolopical results are summarised in Table 12.
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The data shown in this table reveals thai citrate sall derivatives of target hvbrid 2,
CDM27-CDM29, were more active than those generated from target hybrid 1.
CDM22-CDM26. with 1Cs; values of the citrate salts ranging from 0.547 to 27.224
pM. These compounds are significanily more potent than chloroguine, with the most
active compound CDM29 (ICs = 0.547 pM) being almost 140 times more potent. A
previous study has revealed a large number of mecthoxylated chaleones with
antimitotic activity against HelLa cells,” with a preference for the methoxy groups on
ring A. Indeed. the biological results of the methoxy-substituted chalcones CDM27
(ICsy = 0.872 pM), CDM28 (ICs; = 0.817 uM), CDM29 (IC5 = 0.547 uM) and
CDM24 (IC5; = 2.972 uM) confirmed this study with the more potent scrics CDM27-
CDM2Y having the methoxy groups located on ring A. The methoxyvlated series
CDM27-CDM29 displayed good in vitre activity against Hela cells with an increase

in mcthoxy groups accompanicd by an increase in activity (Figure 4.1).

Br2
05 £ QB

08
Q.7
08
05
0.4
0.3 4
0.2
o1

IC50 {uM]

1 2 &

No. of methoxy groups

Figure 4.1: Plot depicting alfict on activily with increasing oumber of methoxy groups

Comparisons observed within target hybrid 1, reveals that the meta relationship with
repard to the position of the 4-aminoquinoline moiety and the cnone linker, displays
superior activity to the para counterpart. This may be a result of more sterically

favourable interaciions between the drug and its site of action.

It was postulated that electron-withdrawing groups on ring B would render the §i-
carbon clectron deficient by electron delocalisation along the o, f-unsaturated system,

and accordingly, more inclined o nucleophilic attack by cellular thiols. Although the

? Edwards. M_L_ Stemerick, D06 Sunkara, PS5, F Med, Chenr, 1990, 33, 1948,

94



Chapter 4: Biological Results and Discussion

more electronegative fluoro-substituted chalcone CDM25 (ICso = 6.05 pM) showed
superior activity to the chloro-substituted chalcone CDM22 (ICso = 27.224 uM) and
CDM23 (ICso = 26.76 uM), the presence of an electron-donating methoxy group on
ring B, CDM26 (ICsy = 2.972 uM), seemed more important for in vitro activity. As a
consequence of the good in vitro activity displayed for CDM27-CDM29, attempts
were made to form cyclodextrin inclusion complexes of these three compounds in

order to potentially improve aqueous solubility and thus their efficacy.

4.4 In Vitro Antimalarial Activity of Phenolic Mannich Base

Derivatives of 4-Aminoquinoline Chalcones

4.4.1 Results and Discussion

The phenolic Mannich base derivatives CDM37-CDM44 were evaluated in four
different in vitro assays. Firstly, the compounds were assayed against the chloroquine-
sensitive D10 P. falciparum strain, using chloroquine diphosphate as the control drug,
at the Department of Pharmacology (UCT). The antiplasmodial activity of the
Mannich base derivatives was determined against the W2 chloroquine-resistant P.
falciparum strain and were also evaluated for their abilities to inhibit the activity of
the plasmodial cysteine protease falcipain 2. These antiplasmodial and enzyme
inhibition tests were conducted at the Department of Medicine, San Francisco General
Hospital, University of California at San Francisco (UCSF), in collaboration with
Professor P. J. Rosenthal. Lastly, the ability of the compounds to inhibit $-haematin
(haemozoin) formation was determined in the laboratories of Prof. T.J. Egan at the

University of Cape Town.
The antiplasmodial activities as well as the data for inhibition of falcipain 2 and -

haematin formation of chalcones CDM20-CDM21 and their Mannich base
derivatives CDM37-CDM44 are tabulated in Table 13.
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CDM20-CDM2ZL, CDM3IT-CDM44

Table 13 fu vitro ankimalarial activity and inhibition of falcipain 2 and f-haematin formuation of

Mannich base derivatives

* Wt determined,  Recombinant falcipain 2
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The data shown in this table reveals that as antiplasmodial agents, the Mannich base
derivatives are significantly more active than their corresponding chalcones against
the D10 and W2 strains in vitro. One of the reasons for the increased potency of the
Mannich base derivatives may be ascribed to the presence of an additional
protonatable nitrogen atom, which is important for increased accumulation within the
acidic food vacuole of the parasite. This property may also be explained by an
increased interaction between these compounds and the cysteine protease at His 67 in
the active site. Compared to chloroquine, all compounds showed weak to modest
activity against the chloroquine-sensitive strain D10, with the most active compound
being CDM39 (ICso = 0.09 uM). This observation may be due to problems
experienced in solubilizing the compounds in the appropriate medium necessary for
biological evaluation. On the other hand, most Mannich base derivatives showed
greater antiplasmodial activities in the resistant W2 strain (ICsy ranging from 0.004 to
0.08 pM) than the reference drug chloroquine (ICsp = 0.099 uM), with exception of
the chalcones CDM20-CDM21 and the Mannich base CDM40. There is a fairly good
correlation between antimalarial activity against D10 and inhibition of B-haematin
formation. This observed correlation may be a result of similar pKa values and thus
comparable vacuolar accumulation of the Mannich base derivatives. Slight deviations
in the correlation between the activity and 3-haematin inhibition may be a result of the
small differences in pKa values. This correlation/lack of correlation between
biological activity and p-haematin inhibition is only considered in chloroquine
sensitive strains due to other factors in play in chloroquine resistant strains that
disallow an accurate comparison. Both the chalcones and their Mannich base
derivatives (0.190-0.429 equiv.) were approximately 10 times more active than

chloroquine (1.91 equiv.) on the inhibition of f-haematin formation.

The phenolic Mannich base derivatives were stronger inhibitors of recombinant
falcipain 2 than the corresponding chalcone CDM20 that may be attributed to the
larger number of electrophilic centers available for nucleophilic attack by cellular
thiols. Interestingly, the methoxy-substituted chalcone CDM21 (ICso = 8.465 pM)
showed the strongest inhibition of recombinant falcipain 2. There seems to be no
correlation between the ability of a compound to inhibit falcipain 2 and

antiplasmodial activity against D10 and W2 in vitro. This suggests that falcipain 2 is
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not the primary target of these compounds and/or that the observed activity is due to
multiple mechanisms including B-haematin formation. In addition it may be that the
target compounds may not be reaching the target (falcipain 2) in high enough
concentrations due to unfavourable physio-chemical properties. In order for the target
compounds to reach its site of action, they must cross the parasite membrane and
accumulate in the food vacuole. The pyrrolidine-derived Mannich base CDM37 is a
promising drug candidate as it shows superior activity in both the chloroquine-
sensitive (ICso = 0.111 pM) and chloroquine-resistant (ICso = 0.0039 uM) P.
falciparum strains as well as strong inhibition of falcipain 2 (ICso = 11.51 pM) and B-

haematin formation (0.219 equiv).

4.5 In Vitro Derivatives Anticancer Activity of Phenolic Mannich

Base Derivatives of 4-Aminoquinoline Chalcones

4.5.1 Results and Discussion

The anticancer activities of hydroxylated chalcones CDM20 and CDM21 and their
Mannich base derivatives CDM37-CDM44 were assayed against HeLa cells in the
laboratories of Professor C. Medlen, at the Department of Pharmacology at the
University of Pretoria. This study was performed in order to determine the biological
effect of conversion of these chalcones into the corresponding Mannich bases. The
anticancer activities are tabulated in Table 14 and are in the 1Cs, range of 0.770 —

6.503 pM.
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CDM20-CDMZ,CDMAT-C DM 44

[

It is clear from the data presented in Table 14 that the conversion of chalcones

CDM20 and CDM21 imo the corresponding Mannich bases led to an increase in
potency. The Mannich base CDM44 (3C5, — 0921 uM) was 1.7 times more cytotoxic
than the corresponding chalcone CDM21 (1.5340 uM) Of interest is that the
introduction of & methexy ocroup 1o the hydroxylated chalecome CDM24. as in
CDM21, was accompanied by an appreciable increase in activity. This observation 1s

consistent with previcus studies in which the methoxylated chalcones were associated
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with good antimitotic activity in HeLa cells.” The Mannich base derivatives CDM37-
CDM43 displayed significantly greater activity than the related chalcone CDM20.
with most Mannich bases having more than six times the potency than that of
CDM20. The most active compound emerging from this study was the pyrrolidine-
derived Mannich base CDMA37 with an [Csq = 0.770 uM. which was comparable to
the control drug Cisplatin (1Cs; = 0.803 pM). As shown in Figure 4.2, there seems to
be no trend between activity and the type of amine {cyclic or acyelic) used in the

aminomethylation ol the phenolic chalcones.
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Fizure 4.2: Plot depicting iCs, values of Mannich base derivatives

The enhanced anticancer activity of the Mannich base denvatives in comparison to
their chalcone counterparts may be attributed to a number of lactors. The observed
activity may be a result of a greater number of nueleophilic sites in the molecule for
electrophilic attack with cellular thiols but also may be due to the concept of
sequential cytotoxicity’, in which the consecutive release of two or more cytotoxic
compounds is more damaging to malignant cells rather than normal cells. In order to
access the viability of these compounds as protolypic anticancer molecules, an
evaluation of their selective (oxicily towards neoplastic rather than normal cells needs

to be carried out.

' immock, LR Sidhu, KK ; Chen, M; Reid, RS Allen, T. M Kao, GA. Enr. 4 Meed Chem.. 1993,
28,313,
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4.6 Conclusion

In conclusion, we have successfully employed the 4-amino-7-chloroquinoline moiety
to discover new potential antiplasmodial and anticancer agents. The simplicity of the
chemistry employed during synthesis, coupled with the commercial availability and
economic cost of reagents makes the 4-aminoquinoline chalcones attractive potential
lead compounds in the search for antiplasmodial and anticancer agents. The 4-
aminoquinoline chalcones showed weak to modest antiplasmodial activity against
both chloroquine-resistant and chloroquine-sensitive P. falciparum strains. A meta
relationship between the 4-aminoquinoline unit and the ketone linker was found to be
preferential for both antimalarial and anticancer activity. Target hybrid 2 in which the
4-aminoquinoline unit is attached to the aldehyde, was more potent than target hybrid
1, in which the 4-aminoquinoline unit is attached to the ketone. This was observed in
both malaria parasites and cancer cells. Electron withdrawing groups which
potentially render the P-carbon electron deficient and thus more susceptible to
nucleophilic attack, were found to be of less structural importance than the presence
of a methoxy substituents. The methoxy-substituted series CDM13-CDM15 had good
activity against HeLa cells and would be of interest to evaluate their selective toxicity
towards neoplastic rather than normal cells. Despite the lower antiplasmodial activity
of the 4-aminoquinoline chalcones than chloroquine, they possessed favourable
resistance indices. This low activity may in part due to the hydrophobic nature of the
molecule and introducing a terminal nitrogen atom or making different salt derivatives
with a view to enhancing absorption under physiological conditions may increase

activity.

The low reaction yields obtained for the phenolic Mannich bases may be attributed to
factors such as the competing reaction of deprotonation of the phenolic proton as well
as difficulty in purification by column chromatography as a result of fractions ‘co-
running’. Optimization of reaction conditions is required for use of these Mannich
base derivatives as potential lead compounds. All Mannich base derivatives were
found to be more potent than their corresponding chalcones against both the malaria
parasite and tumour cells. These compounds showed significant activity in the W2
chloroquine-resistant strain, with most compounds being more active than

chloroquine. All Mannich base derivatives and the phenolic chalcones were up to 10
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times more active than chloroquine on the inhibition of B-haematin formation. The
pyrrolidine-derived Mannich base CDM37 is a promising potential drug candidate as
it shows superior activity in both the chloroquine-sensitive (ICsp = 0.111 pM) and
chloroquine-resistant (ICso = 0.0039 uM) P. falciparum strains as well as inhibition of
falcipain 2 (ICso = 11.51 puM) and B-haematin formation (0.219 equiv). It would be of
interest to test this compound in animal models, as the in vitro activity does not

always translate into in vivo activity.
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CHAPTER 5

Experimental

5.1 General

All commercial chemicals were purchased from Merck (South Africa) or Sigma-Aldrich. The
host compounds B-cyclodextrin, y-cyclodextrin and TRIMEB were obtained from Cyclolab
(Budapest, Hungary). All solvents were freshly distilled and dried by appropriate techniques
with the exception of analytical reagent grade absolute ethanol (EtOH) and methanol (MeOH),
anhydrous dimethylsulfoxide (DMSO), dichloromethane (DCM) and acetone. Triethylamine was
dried over and distilled from calcium hydride and stored over potassium hydroxide pellets.
Reactions were monitored by thin layer chromatography using Merck F254 silica gel plates and
were visualized by ultraviolet light or staining with iodine vapour, ninhydrin or anisaldehyde.

Silica gel chromatography was performed using Merck kieselgel 60.

Melting points were determined on a Linkam THMS600 hot stage apparatus and are uncorrected.
Infrared (IR) spectra were recorded on a Perkin-Elmer FT-IR spectrometer in the range from
3800 to 800 cm™ as chloroform solutions on sodium chloride discs. Microanalyses were
determined using a Fison’s EA 1108 CHNS-O instrument. Low resolution masses were
determined by the Department of Pharmacology (UCT) on an API 2000 from Applied
Biosystems Mass spectra were recorded on a VG micromass 16F spectrometer operating at 70eV
with an accelerating voltage of 4kV and a variable temperature source. Accurate masses were
recorded using VG70-SEQ (EI, operating at 8kV) instrument at the University of the
Witswatersrand.

Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Varian Mercury 300
MHz or a Varian Unity 400 MHz at ambient temperature. All spectra were recorded in
deuterodimethylsulfoxide (d¢-DMSO) and deuterochloroform (CDCIl;), using tetramethylsilane
(TMS) as an internal standard. The chemical shifts (3) are given in ppm and the coupling constant
J is given in Hz. Carbon-13 nuclear magnetic resonance ("*C NMR) spectra were recorded on the

same instruments at 7SMHz or 100MHz using the same internal standard and deuterated solvents.
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General procedure for synthesis of 4-aminoquinoline-derived methyl ketones CDMO01-
CDMO03 and benzyl alcohols CDM09-CDM10

A solution of aldehyde or ketone (1.0 eq) and 4,7-dichloroquinoline (1.0eq) in ethanol was stirred
under reflux at 85-90°C for 4 h. The resulting suspension was cooled to room temperature and
basified to pH 8 by the addition of a 25% ammonium hydroxide solution. The resulting
precipitate was collected by filtration, washed with distilled water and dried in vacuo. To remove
any remaining product, the aqueous filtrate was extracted with dichloromethane, dried over
anhydrous Na,SOj4, and concentrated under reduced pressure to give a yellow solid. The
combined organic products were recrystallized from ethanol to give the desired product isolated

as yellow crystals.

1-[4-[(7-Chloro-4-quinolinyl)amino]phenyl]-ethan-1-one, CDM01

O
10 15
9
1 16
HN 14 12
4a ‘4 3
6 | 3
22
CI 7 8a N
8 1

lYellow crystals (5.7445g, 79%); Ry (EtOAc:hexane, 3:2) 0.55; 8y
(300MHz, d-DMSO) 9.415 (1H, s, NH), 8.62 (1H, d, J 5.1, H-2), 8.41 (1H, d, J 9.3, H-5), 7.99
(3H, m, H-8, H-10 and H-11), 7.64 (1H, dd, J 2.1, 8.7, H-6), 7.45 (2H, d, J 9, H-9 and H-13),
7.25 (1H, d, J 5.1, H-3), 2.55 (3H, s, CH3-16); 8. (75MHz, de-DMSO) 196.2, 150.5 (2C), 147.0
(2C), 144.9,134.9, 131.7,129.9 (2C), 128.2, 125.8, 124.9, 120.0, 118.7, 104.2, 26.4.

1-[3-[(7-Chloro-4-quinolinyl)amino]phenyl]-ethan-1-one, CDM02

10
92" N1

[Yellow crystals (0.609g, 94%), Ry (EtOAc:hexane, 3:2) 0.306; dy
(400MHz, d¢-DMSO) 11.32 (1H, s, NH), 8.95 (1H, d, /9.2, H-5), 8.55 (IH, d, J 6.8, H-2), 8.21
(1H, d, J2.4, H-8), 8.04 (1H, s, H-13), 7.99 (1H, d, J 7.6, H-11), 7.88 (1H, dd, J 2.4, 9.2, H-6),
7.71 (IH, d, J 7.8, H-9), 7.71 (1H, t, J 7.6, H-10), 6.87 (1H, d, J 6.8, H-3), 2.61 (3H, s, CH;-16);
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8. (100MHz, d-DMSO0) 199.7, 151.3, 149.0 (2C) 143.0, 137.5, 134.9, 129.5 (2C), 127.2, 122.5,
120.0 (2C), 118.8, 113.1 (2C), 29.4.

1-[2-[(7-Chloro-4-quinolinyl)amino] phenyl]-ethan-1-one, CDM03
0O

g 10
16 15 = | 1M

HN 14\

Cl

hS

7

8

8a

4
3

—'2

N

12

1 Yellow crystals (0.4298g, 60%); R; (EtOAc:hexane, 3:2) 0.36; oy
(400MHz, d¢-DMSO) 11.40 (1H, s, NH), 8.75 (1H, d, J 8.8, H-5), 8.51 (1H, d, J 6.4, H-2), 8.19
(1H,d, J2.0, H-8), 8.03 (IH, d, J 7.6, H-10), 7.84 (1H, dd, J 2.0, 9.2, H-6), 7.74 (1H, t, J 8.0, H-
12), 7.60 (1H, d, J 7.6, H-13), 7.53 (1H, t, J, 7.6, H-11), 6.64 (1H, d, J 6.8, H-3) 2.53 (3H, s,
CH;-16); d. (100MHz, d¢-DMSO) 198.2, 151.5 (2C), 147.5 (2C), 145.3, 134.9, 134.0, 129.6
(20), 127.2,122.8, 119.5, 118.7 (2C), 116.2, 27 4.

[3-(7-Chloro-quinolin-4-ylamino)-phenyl]-methanol, CDM09

10

. Pale yellow crystals (2.0498g, 98%); R¢ (5% MeOH in DCM)
0.36; 6y (300MHz, ds-DMSO0) 9.06 (1H, s, NH), 8.46 (1.H, d, /5.7, H-2), 8.43 (1H, d, J 8.7, H-
5), 7.88 (1H, d, J 2.7, H-8), 7.58 (1H, dd, J 2.4, 9.0, H-6), 7.38 (1H, t, /7.8, H-10), 7.34 (1H, s,
H-13), 724 (1H, d, J 8.1, H-11), 7.12 (1H, d, J 8.1, H-9), 6.93 (1H, d, J 5.4, H-3), 5.24 (1H, t, J
5.7, OH), 4.54 (2H, d, J 5.7, H-15); 8c(75MHz, ds-DMSO) 151.8, 149.5, 148.0, 143.9, 139.9,
133.8, 128.9, 127.5, 124.8, 124.4, 122.0, 120.8, 120.5, 118.2, 101.7, 62.6.
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[2-(7-Chloro-quinolin-4-ylamino)-phenyl]-methanol, CDM10

10
9 11

L Yellow crystals (0.2274g, 33%); Ry (EtOAc-Hexane, 3:2) 0.58; &y
(300MHz, d¢-DMSO) 8.8 (1H, s, NH), 8.38 (1.H, d, J 6.0, H-2), 8.35 (1H, d, J 9, H-5), 7.88 (1H,
d,J2.7, H-8), 7.61 (2H, m, H-6 and H-12), 7.35 (2H, m, H-9 and H-11), 6.28 (1H, d, J 5.7, H-3),
5.24 (1H, s, OH), 4.52 (2H, s, H-15); 8c(75MHz, de-DMSO) 151.5, 149.3, 148.1, 140.5 (20),
134.8, 129.5,128.5,127.3,123.9,122.0, 1209, 119.7, 117.6, 112.0, 63.62.

General procedure for oxidation of 4-aminoquinoline-derived benzyl alcohols

The alcohol CDM09-CDM10 (1.0 eq) was stirred with Et;N (6.0 eq) in DMSO, followed by the
addition of sulfur trioxide pyridine complex (3.0 eq), and stirred at room temperature for 72 h.
The reaction mixture was extracted with ethyl acetate and the organic layers washed with
distilled water and brine. The combined organic extracts were dried over anhydrous Na,SO4 and
the solvent removed under reduced pressure to yield the corresponding aldehyde as a yellow

powder.

[3-(7-Chloro-quinolin-4-ylamino)-phenyl}-benzaldehyde, CDM11

10

9 11

HN ” 15_H

14 16

13
6 5 4a i 3 O
CI 7 s N 2
L Yellow crystals (2.60g, 97%); R¢ (5% MeOH:DCM) 0.56; oy

(300MHz, d¢-DMSO) 10.01 (1H, s, (C=0)H-16), 9.4 (1H, s, NH), 8.46 (1H, d, J 5.4, H-2), 8.41
(1H, d, J 9.3, H-5), 7.89 (1H, d, J 2.7, H-8), 7.68 (3H, m, H-9, H-10 and H-11), 7.58 (1H, dd, J
2.1,9.0, H-6), 7.02 (1H, d, J 5.4, H-3); 6c(75MHz, d¢-DMSO) 192.9, 185.8, 151.8, 149.4, 147.3,
137.3,134.1, 130.3, 127.5, 125.2, 124.7, 121.7, 118.5, 112.6, 102.5, 70.1.
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[2-(7-Chloro-quinolin-4-ylamino)-phenyl]-benzaldehyde, CDM12

Yellow crystals (0.1475g, 81%); Ry (5% MeOH:DCM) 0.76; 3y
(300MHz, d¢-DMSO) 10.25 (1H, s, (C=0)H-16), 10.07 (1H, s, NH), 8.65 (1H, d, J 5.1, H-2),
8.31 (IH, d, /9.0, H-5), 8.01 (1H, d, J 2.7, H-8), 7.73 (1H, d, J 7.6, H-10), 7.68 (4H, m, H-6, H-
11 and H-13), 7.30 (1H, t, J 7.2, H-3), 7.21 (1H, d, J 5.4, H-3); 8c(75MHz, ds-DMSO) 191.8,
151.3, 149.5, 147.8, 146.4, 136.6, 134.8, 130.5 (2C), 129.1, 127.3, 123.0, 119.5 (2C), 1164,
112.6.

General procedure for protection of hydroxyacetophenones CDM16-CDM17

A solution of 4-hydroxyacetophenone or 4-acetovanillone (1.0 eq), pyridinium p-toluenesulfonate
(0.1eq) and 3.4-dihydro-2H-pyran (1.6 eq) in dry DCM was stirred at room temperature for 72 h.
The reaction mixture was washed with IM sodium carbonate, water and brine. The organic
extracts were dried over Na,SO,4 and then concentrated in vacuo to give the tetrahydropyranyl

ether as a yellow solid.

1-[4-(Tetrahydro-pyran-2-yloxy)-phenyl]-ethanone, CDM16

(0]
4' 6
6 o 074 3/ 2
'Yellow crystals (7.9747g, 98%); Ry (EtOAc:hexane, 2:3) 0.55; oy

(300MHz;ds-DMSO0) 7.90 (2H, dd, J 2.1, 6.9, H-2 and H-6), 7.10 (2H, dd, J 2.1, 6.9, H-3 and H-
5),5.59 (1H, t,J 3.3, H-2"), 3.85 (1H, m, H-6’a), 3.58 (1H, m, H-6’b), 3.26 (1H, s, COCH3), 1.81
(1H, m, H-3'a), 1.75 (2H, m, H-3’b and H-5a), 1.55 (3H, m, H-4 and H-5"b); &. (100MHz, d-
DMSO0) 196.8, 161.0, 131.0, 130.6 (2C), 116.7 (2C), 96.2, 62.3, 30.3, 26.5, 25.2, 19.1.
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1-[3-Methoxy-4-(tetrahydro-pyran-2-yloxy)-phenyl]-ethanone, CDM17

0
4' 6
5 3 5
1
(e
07 T07a Y,
OMe
Yellow crystals (1.47g, 95%); Ry (EtOAc:hexane, 3:2) 0.56; oy

(300MHz;CDCls) 7.53 (1H, d, J 8.4, H-6), 7.50 (1H, s, H-2), 7.16 (1H, d, J 8.4, H-5), 5.54 (1H, t,
J 3.2 H-2"), 3.90 (3H, s, OCH3), 3.87 (1H, m, H-6’a), 3.63 (1H, m, H-6’b), 2.54 (1H, s, COCH3),
1.81 (IH, m, H-3"a), 1.75 (2H, m, H-3’b and H-5"a), 1.55 (3H, m, H-4" and H-5’b); 8. (100MHz,
d¢-DMSO) 197.8, 151.0, 149.8, 129.5, 121.4, 115.2 (2C), 96.6, 62.8, 56.2, 30.1, 28.5, 25.4, 20.2.

General procedure for synthesis of 4-aminoquinoline-derived chalcones CDM04-CDM08,
CDM13-CDM15 and CDM18-CDM19

A methanolic solution of NaOH (3% w/v) and methyl ketone (1.0 eq) were stirred together at
room temperature. A methanolic solution of the substituted aldehyde (1.0 eq) was added
dropwise, and the mixture was refluxed with stirring for 24-48 h. The precipitate was removed by
filtration and washed with cold methanol. The collected yellow solid was dried further in vacuo,

affording the desired product.

1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl}-3-(4-chloro-phenyl)-propenone, CDM04

0]

10 16 18
17
3 1 P 19
15 20
HN 12 22 CI

14 13 21
3

54a

C|7833

4
A
= 2

N

1

Yellow crystals (0.2765g, 66%), m.p. 230-233 °C; R¢
(Hexane-EtOAc, 3:2) 0.73; Vmax (CHCl3) / cm™ 3300 (N-H), 1676 (C=0), 1609 (Ar-C=C), 1565
(C=C) and 865 (Ar-Cl); 83 (400MHz, de-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.1, H-2), 8.41
(1H, d, J 8.8, H-5), 8.21 (2H, d, J 8.8, H-10 and H-12), 8.0 (1H, d, J 15.6, H-16), 7.97 (1H, d, J
2.4,H-8), 7.92 (2H, d, J 8.8, H-18 and H-22), 7.70 (1H, d, J 15.6, H-15), 7.64-7.61 (1H, dd, J 2.4
and 9.2, H-6), 7.53 (2H, d, J 8.4, H-9 and H-13), 7.50 (2H, d, J 8.8, H-19 and H-21), 7.32 (1H, d,
J 5.2, H-3); 8¢(100MHz, de-DMSO) 187.0, 151.9, 149.6, 146.2, 146.1, 141.5, 134.8, 134.1,
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133.8, 131.3, 130.8, 130.4, 130.4, 128.8, 128.2, 127.6, 125.4, 124.7, 122.8, 119.4, 119.1, 118.9,
105.2; Elemental analysis: (Found C, 66.23; H, 3.94; N, 6.01. C2;4H;6CI2N,0.0.9H,0 requires C,
66.19; H, 4.16; N 6.43%).

1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(2,4-dichloro-phenyl)-propenone, CDM05

ci
16
17_J8
19
15 ”s 20
N 7 ~cl

14

Yellow crystals (0.3380g, 74%), m.p. 229-233 °C; Ry
(Hexane-EtOAc, 3:2) 0.77; 8, (300MHz, d¢-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.1, H-2),
8.41 (1H, d, J 9.6, H-5), 8.26 (1H, d, J 9.0, H-22), 8.20 (2H, d, J 8.7, H-10 and H-12), 8.06 (1H,
d, J15.9, H-16), 7.97 (1H, d, J 15.6, H-15), 7.94 (1H, d, J 8.7, H-21), 7.74 (1H, d, J 2.1, H-8),
7.59 (IH, d, J 2.4, 9.0, H-6), 7.57 (2H, d, J 9.0, H-9 and H-13) and 7.27 (1H, d, J 5.1, H-3);
dc(100MHz, d¢-DMSO) 186.4, 151.8, 149.7, 146.2, 146.1, 141.5, 136.1, 135.2, 134.9, 133.9,
131.6, 1304, 129.7, 129.4, 128.2, 127.8, 127.5, 125.5, 125.1, 124.8, 119.4, 118.9, 118.9,
105.142; EI-MS: (found m/z = 452.0236 C,4H;5CI3N,O requires M 452.02; Elemental analysis:
(Found C, 61.72; H, 3.42; N, 5.60 C,4H,5sCI;N,0. 0.7H,0 requires C, 61.81; H, 3.67; N 6.01%).

1-[3-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(4-chloro-phenyl)-propenone, CDM06

10
19 Cl
15
12
HN A 20
5 14 43 16 22 21
Yy

Cl788a

2

- Z
\ /=

Yellow crystals (0.3135g, 75%), m.p. 218-223 °C; R¢
(Hexane-EtOAc, 3:2) 0.29; &y (400MHz, dg-DMSO) 9.33 (1H, s, NH), 8.53 (1H, d, J 5.6, H-2),
8.46 (1H, d, J 8.8, H-5), 8.30 (1H, s, H-13), 8.07 (1H, d, J 2.0, H-8), 7.94 (1H, d, J 16.0, H-16),
7.93 (2H, d, J 8.4, H-17 and H-21), 7.91 (IH, d, J 7.6, H-9), 7.78 (1H, d, J 15.6, H-15), 7.69 (1H,
d, J 8.0, H-11), 7.64 (1H, t, J 7.6, H-10), 7.59 (1H, dd, J 2.0, 8.8, H-6), 7.53 (2H, d, J 8.4, H-18
and H-20), 7.03 (1H, d, J 5.6, H-3); 8c(75MHz, ds.-DMSO)188.8, 151.9, 149.5, 147.5, 142.7,
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140.9, 138.7, 135.1, 133.9, 133.5, 130.5, 129.8, 128.9, 127.7, 126.6, 125.1, 124.4, 123.9, 123.7,
122.8, 121.8, 118.5, 102.2, 48.5; EI-MS: (found m/z = 418.06397 CyH,CI:N,O requires M
418.06; Elemental analysis: (Found C, 68.57; H, 3.81; N, 6.27 Cy4H,CI,N>O requires C, 68.25;
H, 3.85; N 6.68%).

1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(4-fluoro-phenyl)-propenone, CDM07

0
. 0 /15 47 18 o
15 ” 20
12

s 4:—|N414 1 2

6 | 3

Y N

L Yellow crystals (0.0393g, 30%), m.p 189-192°C; Ry

(Hexane-EtOAc, 3:2) 0.74; 8y (400MHz, d¢-DMSO) 9.43 (1H, s, NH), 8.63 (1H, d, J 5.2, H-2),
8.42 (IH, d, J 9.2, H-5), 8.21 (1H, 4, J 8.8, H-10 and H-12), 7.98 (2H, d, J 9.2, H-18 and H-22),
7.96 (1H, d, J 2.4, H-8), 7.94 (1H, d, J 16.0, H-16), 7.75 (1H, d, J 15.6, H-15), 7.63 (1H, dd, J
2.4,9.2, H-6), 7.49 (2H, d, J 8.8, H-9 and H-13), 7.32 (2H, d, J 9.2, H-19 and H-21), 7.28 (1H, d,
J 5.2, H-3); 6c(100MHz, de-DMSO) 187.0, 152.1, 151.7, 146.1, 141.8, 134.1, 131.5, 131.4,
131.1, 130.9, 130.4, 127.7, 125.4, 124.7, 121.9, 119.4, 119.1, 117.4, 115.9, 115.7,112.6, 105.1,
103.2, 63.1; EI-MS: (found m/z = 402.942 CyHcCIFN;O requires M 402.92; Elemental
analysis: (Found C, 68.56; H, 4.55; N, 5.87 C,4H,sCIFN,0.0.1 H,O requires C, 68.49; H, 4.07; N
6.65%).
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1-|4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(2,4-dimethoxy-phenyl)-propenone, CDM08

20
HN OMe

14
4

Yellow crystals (0.2415g, 54%), m.p. 239-242 °C; R¢
(Hexane-EtOAc, 3:2) 0.56; &y (400MHz, d-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.2, H-2),
8.42 (1H, d, J 8.8, H-5), 8.16 (2H, d, J 8.4, H-10 and H-12), 8.0 (1H, d, J 15.6, H-16), 7.96 (1H,
d,J2.1, H-8), 7.92 (1H, d, J 8.4, H-22), 7.80 (1H, d, J 8.4, H-15), 7.64 (1H, dd, J 2.1, 8.8, H-6),
7.49 (2H, d, J 8.4, H-9 and H-13), 7.65 (1H, d, J 8.8, Hy), 7.29 (1H, d, J 5.6, H-3), 6.63(1H, dd, J
2.0, 8.8, H-21), 6.62 (1H, d, J 2.0, H-19), 3.91 (3H, s, OCH3), 3.85 (3H, s, OCH3); 8c(100MHz,
de-DMSO) 187.2, 162.9, 159.8, 151.9, 149.6, 146.1, 145.4, 137.9, 134.0, 132.1, 130.1, 130.0,
129.9, 127.7, 125.4, 124.6, 119.1, 116.1, 106.3, 104.9, 98.3, 55.8, 55.4, 30.5; EI-MS: (found m/z
= 445.1 C36H21CIN,O3 requires M 444.91; Elemental analysis: (Found C, 69.91; H, 5.18; N, 6.27
Ca6H3CIN, O3 requires C, 70.19; H, 4.76; N 6.30%).

3-[3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(4-methoxy-phenyl)-propenone, CDM13

10 18
s 1 17 A~ OMe
12 18 l| 10
¥ X
s 4:|N414 13 2277, 20
jo®)
Y W N
Yellow crystals (0.7830g, 75%), m.p. 254-257°C; R¢

(EtOAc-Hexane, 3:2) 0.55; 8 (300MHz, d-DMSO) 9.2 (1H, s, NH), 8.48 (IH, d, J 5.1, H-2),
8.45 (1H, d, J 9.0, H-5), 8.16 (2H, d, J 8.7, H-17 and H-21), 7.95 (1H, d, J 15.6, H-15), 7.89 (1H,
d, J 2.1, H-8), 7.84 (1H, s, H-13), 7.727 (1H, d, J 15.6, H-16), 7.65 (1H, d, J 7.6, H-11), 7.59
(1H, dd, J 2.1, 9.0, H-6), 7.53 (1H, t, J 7.6, H-10), 7.43 (1H, d, J 8.1, H-9), 7.08 (2H, d, J 8.7, H-
18 and H-20), 6.94 (1H, d, J 5.1, H-3), 3.82 (3H, s, OCH3); 8c(100MHz, dg-DMSO) 187.3, 163.1,
151.9, 149, 5, 147.9, 142.6, 140.9, 136.0, 133.8, 130.8, 130.9, 130.3, 129.9, 129.3, 127.5, 124.8,
124.6, 124.4, 124.3, 122.6, 122.5, 118.3, 113.9, 101.9, 55.4. ; EI-MS: (found m/z = 414.88
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Ca5H19CIN,O, requires M 414.9; Elemental analysis: (Found C, 71.97; H, 4.66; N, 6.31
CasH9CIN,O; requires C, 72.37; H, 4.62; N 6.75%).

3-[3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(2,4-methoxyphenyl)-propenone, CDM14

MeO OMe
O 16 17
HN 14

3
|

Cl788a

2

- 2Z
\/a

Yellow crystals (0.5428g, 70%), m.p. 175-179 °C; R¢
(EtOAc-Hexane, 3:2) 0.45; v (CHCI3) / cm™ 3300 (N-H), 1676 (C=0), 1609 (Ar-C=C), 1565
(C=C) and 865 (Ar-Cl); 33 (400MHz, ds-DMSO) 9.2 (1H, s, NH), 8.51 (1.H, d, J 5.2, H-2), 8.44
(I1H, d, J 8.8, H-5), 7.92 (1H, d, J 2.4, H-8), 7.69 (1H, s, H-13), 7.64 (1H, d, J 8.8, H-21), 7.59
(1H, dd, J 2.0, 8.8, H-6), 7.56 (1H, d, J 15.6, H-15), 7.50 (1H, d, J 15.6, H-16), 7.47-7.43 (3H, m,
H-9, H-10 and H-11), 7.01 (1H, d, J 5.2, H-3), 6.66 (1H, d, J 2.0, H-18), 6.64 (1H, dd, J 2.4, 8.8,
H-20), 3.88 (3H, s, OCH3), 3.83 (3H, s, OCHj3); dc(100MHz, d¢-DMSO) 189.1, 163.9, 151.7,
140.9, 140.7, 136.1, 133.9, 131.9, 129.9, 127.6, 127.5, 124.9, 124.4, 123.9 (2C), 123.8 (2C),
123.7, 121.7, 121.6, 118.4, 106.1, 102.2, 98.7, 55.9, 55.54. EI-MS: (found m/z = 445.1
CyH>{CIN;O; requires M 444.91; Elemental analysis: (Found C, 69.91; H, 5.18; N, 6.27
C26H21CIN,O; requires C, 70.19; H, 4.76; N 6.30%).

3-|3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(2,3,4-methoxyphenyl)- propenone, CDM15

Yellow crystals (0.1782g, 70%), m.p. 179-182 °C; Ry
(EtOAc-Hexane, 3:2) 0.44; 8y (300MHz, d¢-DMSO) 9.2 (1H, s, NH), 8.51 (1.H, d, J 5.4, H-2),
8.44 (1H, d, J 9.0, H-5), 7.92 (1H, d, J 2.1, H-8), 7.71 (1H, s, H-13), 7.60 (1H, dd, J 2.1, 9.0, H-
6), 7.55-7.42 (5H, m, H-9, H-10, H-11, H-15, H-16), 7.41 (1H, d, J 8.7, H-21), 7.01 (1H, d, J 5.1,
H-3), 6.95 (IH, d, J 8.7, H-20), 3.88 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.79 (3H, s, OCH3);
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dc(100MHz, de-DMSO) 189.5, 156.5, 152.6, 151.7, 149.3, 147.3, 141.6, 141.3, 140.7, 135.6,
132.6, 129.6, 127.4, 126.6, 125.7, 124.9, 124.7 (2C), 123.8, 121.4, 118.1, 107.6, 102.9, 101.9,
61.4, 60.2, 55.8. EI-MS: (found m/z = 474.1346 C,7H,3CIN,O4 requires M 474.95; Elemental
analysis: (Found C, 68.18; H, 4.78; N, 5.27 C37H23CIN,O4 requires C, 68.28; H, 4.88; N 5.90%).

3-[3-(7-Chloro-quinolin-4ylamino)-phenyl]-1-[4-(tetrahydro-2 H-pyran-2-yloxy-phenyl]-
propenone, CDM18

HN’M! NG \n/ ‘
m
cl N2

e . Yellow crystals (0.789g, 20%); R; (EtOAc-
Hexane, 3:2) 0.23; 8y (400MHz, d-DMSO) 9.2 (1H, s, NH), 8.49 (1H, d, J 5.6, H-2), 8.46 (1H,
d,J9.2, H-5), 8.14 (2H, d, J 8.8, H-17 and H-21), 7.94 (1H, d, J 15.6, H-15), 7.90 (1H, d, J 2.4,
H-8), 7.85 (1H, s, H-13), 7.74 (1H, d, J 15.6, H-16), 7.68 (1H, d, J 7.6, H-11), 7.59 (1H, dd, J
2.4,9.2,H-6), 7.51 (1H, t, J 7.6, H-10), 7.44 (1H, d, J 8.1, H-9), 7.16 (2H, d, J 8.8, H-18 and H-
20), 6.95 (1H, d, J 5.2, H-3), 5.59 (1H, t, J 3.3, H-2"), 3.85 (1H, m, H-6’a), 3.58 (1H, m, H-6’b),
1.81 (1H, m, H-3"a), 1.75 (2H, m, H-3’b and H-5"a), 1.55 (3H, m, H-4 and H-5’b); 8¢(100MHz,
de-DMSO) 187.3, 163.1, 151.9, 142.6, 143.6, 136.8, 131.8, 131.6, 131.4, 130.7, 128.9, 128.4,
125.6, 125.3, 125.1, 123.4, 123.3, 120.5, 122.5, 116.9, 116.8, 111.0, 102.7, 102.4, 96.3, 62.3,
30.3, 25.3, 19.1.
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3-[3-(7-Chloro-quinolin-4ylamino)-phenyl]-1-[3-methoxy-4-(tetrahydro-2H-pyran-2-yloxy-
phenyl]-propenone, CDM19

Yellow crystals (1.553g, 58%); R¢ (EtOAc-
Hexane, 3:2) 0.24; &, (400MHz, d,-DMSO0) 9.15 (1H, s, NH), 8.48 (1H, d, J 5.6, H-2), 8.44 (1H,
d, J9.2, H-5), 7.92 (1H, d, J 15.6, H-15), 7.89 (1H, d, J 2.0, H-8), 7.83 (1H, s, H-13), 7.82 (1H,
dd, J 2.0, 8.8, H-21), 7.73 (1H, d, J 15.6, H-16), 7.68(1H, d, J 7.6, H-11), 7.63 (1H, d, J 2.0, H-
17), 7.58 (1H, dd, J 2.0, 9.2, H-6), 7.50 (IH, t, J 7.6, H-10), 7.43 (1H, d, J 7.6, H-9), 7.20 (1H, d,
J 8.8, H-20), 6.95 (1H, d, J 5.2, H-3), 5.59 (1H, t, J 3.3, H-2’), 3.86 (3H, s, OCHj3), 3.85 (1H, m,
H-6’a), 3.58 (1H, m, H-6’b), 1.81 (1H, m, H-3a), 1.75 (2H, m, H-3’b and H-5"a), 1.55 (3H, m,
H-4 and H-5"b); 8c(100MHz, de-DMSO) 187.5, 152.0, 151.7, 147.8, 142.8, 143.6, 136.8, 131.8,
130.7, 129.9, 127.6, 125.0, 124.9, 124.5, 123.3, 122.9, 122.7, 122.5, 116.9, 116.8,115.5, 111.7,
102.7, 102.4,96.2, 61.5, 55.6, 29.6, 24.5, 18.3.

General procedure for synthesis of CDM20-CDM21

Hydrochloric acid was added to a stirred solution of CDM18-CDM19 in methanol, and the
mixture was stirred for 4 h at room temperature, and then diluted with water. The mixture was
neutralized to pH 8 and the resulting precipitate was filtered, dried over anhydrous phosphorous

pentoxide to afford the desired products.
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3-[3-(7-Chloro-quinolin-4ylamino)-phenyl]-1-[4-hydroxyphenyl]-propenone, CDM20

10 18
9 1 17 OH
12 16 || 19
= x
5 HN 14733 15 225, %
4a | 4 o)
6 | X 3
Y N
: Yellow crystals (0.6281g, 98%); m.p.328-333 °C; R¢

(EtOAc-Hexane, 3:2) 0.20; oy (400MHz, d¢-DMSO) 11.2 (1H, s, NH), 8.79 (1.H, d, J 9.2, H-5),
8.56 (IH, d, /7.2, H-2), 8.09 (1H, d, J 2.1, H-8), 8.07 (2H, d, J 8.8, H-17 and H-21), 8.02 (1H, s,
H-13), 7.99 (1H, d, J 15.6, H-15), 7.94 (1H, d, J 7.6, H-11), 7.92 (1H, dd, J 2.0, 9.2, H-6), 7.75
(1H, d, J 15.6, H-16), 7.66 (1H, t, J 7.6, H-10), 7.54 (1H, d, J 8.0, H-9), 6.90 (2H, d, J 8.8, H-18
and H-20), 6.87 (1H, d, J 7.2, H-3); 8c(100MHz, d¢-DMSO) 187.7, 163.1, 159.6, 159.2, 158.8,
155.8, 144.4, 142.1, 139.6, 139.4, 138.2, 137.5, 131.8, 129.6, 128.9, 128.3, 125.6,125.1, 123 .4,
120.5, 122.5, 116.9, 111.0, 101.34; Elemental analysis: (Found C, 65.11; H, 4.19; N, 6.31
C24H,7CIN,0,.2H,0 requires C, 65.98; H, 3.92; N 6.41%).

3-[3-(7-Chloro-quinolin-4ylamino)-phenyl]-1-[4-Hydroxy-3-methoxy-phenyl]  propenone,
CDhM21

9 10 11 P OH
O 12/16 17 19
s 4:|N414 15 1 22 5, 20 0Me
6 | 3
T W N
L Yellow crystals (1.099g, 85%); m.p.225-227 °C; R¢

(10%MeOH:DCM) 0.54; oy (400MHz, d¢-DMSO) 11.0 (1H, s, OH), 10.15 (1H, s, NH), 8.82
(1H, d, J 8.8, H-5), 8.51 (1H, d, J 5.6, H-2), 8.13 (IH, d, J 2.0, H-8), 7.99 (1H, s, H-13), 7.98
(1H,d, J15.6, H-15), 7.88 (1H, d, J 8.0, H-11), 7.84 (1H, dd, J 1.6, 8.8, H-6), 7.78 (1H, dd, J 2.0,
8.4, H-17), 7.73 (1H, d, J 15.6, H-16), 7.62 (1H, t, J 7.6, H-10), 7.59 (1H, d, J 2.0, H-21), 7.52
(1H, d, J 8.0, H-9), 6.92 (1H, d, J 8.4, H-18), 6.85 (1H, d, J 6.8, H-3), 3.85 (3H, s, OCH3);
dc(100MHz, de-DMSO) 186.9, 153.7, 152.1, 147.8, 144.8, 141.5, 140.7, 137.1, 137.7, 136.7,
130.4, 129.3, 127.4, 127.1, 126.7, 125.7, 124.8, 123.8, 123.2, 120.6, 116.3, 114.9, 111.7, 100.8,
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55.7; EI-MS: (found m/z = 430.1 C,sH9CIN;O; requires M 430.11; Elemental analysis: (Found
C,69.69; H, 4.44; N, 6.50 C35H9CIN>03.0.1H,0 requires C, 69.39; H, 4.43; N 6.48%).

General procedure for synthesis of citrate salt derivatives CDM22-29

A 1.5 equivalent of citric acid dissolved in a minimum amount of acetone was added dropwise to
a stirring solution of free base CDM04-CDM08, CDM13-CDMI15. The solution was then stirred
for 1 h at 48-50°C. The product precipitated out of solution when cooled at 4°C for 24 h. The

citrate salt derivatives were filtered, dried under vacuum and then over phosphorous pentoxide.

Citrate salt of 1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(4-chloro-phenyl)-propenone,
CDM22

(0]
. 10 » /16 47 18 o
O
12 22
s 4:|N414 1 N 21 Cl
6 | X3 HO>§\COOH
~ 2 HOOC 23
Cl"7 s N HOOC
L Yellow crystals (0.2703g, 93%), m.p. 197-198 °C; vmax

(CHCI3) / cm™ 3300 (N-H), 1722 (C=0), 1660 (C=C), 1591 (Ar-C=C), 1450 (CH, bend) and 865
(Ar-Cl); 0y (400MHz, ds-DMSO) 9.43 (1H, s, NH), 8.66 (1H, d, J 5.1, H-2), 8.50 (1H, d, J 8.8,
H-5), 8.21 (2H, d, J 8.8, H-10 and H-12), 8.0 (1H, d, J 15.6, H-16), 8.03 (1H, d, J 2.4, H-8), 7.92
(2H, d, J 8.8, H-18 and H-22), 7.70 (1H, d, J 15.6, H-15), 7.67 (1H, dd, J 2.4 and 9.2, H-6), 7.53
(2H, d, J 8.4, H-9 and H-13), 7.50 (2H, d, J 8.8, H-19 and H-21), 7.32 (1H, d, J 5.2, H-3), 2.70
(2H, d, J 15.2, H-23), 2.65 (2H, d, J 15.2, H-24) ; 8c(100MHz, d¢-DMSO) 187.0, 171.2, 158.6,
153.2, 152.0, 151.9, 149.6, 146.2, 146.1, 141.5, 134.8, 134.1, 133.8, 131.3, 130.8, 130.4, 130.4,
128.8, 128.2, 127.6, 125.4, 124.7, 122.8, 119.4, 119.1, 118.9, 105.2, 72.1, 70.1, 42.9; Elemental
analysis: (Found C, 58.83; H, 4.01; N, 4.49. C,4H6CI,N2O0.C¢HsO7 requires C, 58.93; H, 3.96; N
4.50%).
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Citrate salt of 1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(2,4-dichloro-phenyl)-
propenone, CDM23

HOOC

4
| =3 HO>§\COOH
<2 HOOC 23
CIr TN
1

Yellow crystals (0.2788g, 62%), m.p. 208-211 °C; 3y
(300MHz, d-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.1, H-2), 8.41 (1H, d, J 9.6, H-5), 8.26
(1H,d, /9.0, H-22), 8.20 (2H, d, /8.7, H-10 and H-12), 8.06 (1H, d, J 15.9, H-16), 7.97 (1H, d, J
15.6, H-15), 7.94 (1H, d, J 8.7, H-21), 7.74 (1H, d, J 2.1, H-8), 7.59 (1H, d, J 2.4, 9.0, H-6), 7.57
(2H, d, J 9.0, H-9 and H-13), 7.27 (1H, d, J 5.1, H-3), 2.77 (2H, d, J 15.2, H-23), 2.67 2H, d, J
15.2, H-24); 3¢(100, de-DMSO) 195.9, 186.4, 174.7, 151.8, 149.7, 146.2, 146.1, 141.5, 136.1,
135.2, 134.9, 133.9, 131.6, 130.6, 130.4, 129.8, 129.6, 128.2, 127.8, 127.5, 126.7, 125.5, 125.1,
124.8, 119.4, 118.9, 105.1, 72.2, 46.5, 42.8; Elemental analysis: (Found C, 50.52; H, 3.91; N,
3.91 Cy4H;5C1N20. CsHgO7.4H,0 requires C, 50.19; H, 3.22; N 3.90%).

Citrate salt of 1-[3-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(4-chloro-phenyl)-propenone,

CDM24
19 CI
O 15 O
HN 14 1,
4
6 X 3

| - 2 24

Cl”y s 8a N HO COOH
1 HOOC>§\23
— Yellow crystals (0.2182g, 60%), m.p. 219-221 °C; &y

(400MHz, d¢-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.2, H-2), 8.42 (1H, d, J 8.8, H-5), 8.30
(1H, s, H-13), 8.07 (1H, d, J 2.0, H-8), 7.94 (1H, d, J 16.0, H-16), 7.93 (2H, d, J 8.4, H-17 and H-
21), 7.91 (1H, d, J 7.6, H-9), 7.78 (1H, d, J 15.6, H-15), 7.69 (1H. d, J 8.0, H-11), 7.64 (1H, t, J
7.6, H-10), 7.59 (1H, dd, J 2.0, 8.8, H-6), 7.53 (2H, d, J 8.4, H-18 and H-20), 7.03 (1H, d, J 5.6,
H-3) 2.74 (2H, d, J 15.6, H-23), 2.64 (2H, d, J 15.2, H-24); 8c(75MHz, d¢-DMS0)188.8, 174.9,
[71.1, 151.9, 149.5, 148.4, 147.5, 142.7, 140.9, 138.7, 134.4, 135.1, 133.9, 133.5, 130.5, 129.8,
128.9, 127.7, 126.9, 126.6, 125.1, 124.4, 123.9, 123.7, 122.8, 121.8, 118.5, 102.2, 72.091, 42.9;
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Elemental analysis: (Found C, 58.93; H, 3.96; N, 4.58 C4HsC1:N,0.CsHgO5. 0.1H,0 requires C,
58.79; H, 3.94; N 4.57 %,).

Citrate salt of 1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(4-fluoro-phenyl)-propenone,
CDM25

o)
10

g 8a
1

16 18
17
9 ANUANF 19
15 20
12 22 £

HN 14 21
5 42 la 13
6 a 24
| 3 HO COOH
=~ 2 HOOC
c 7 N s

HOOC

Yellow crystals (0.4986g, 92%), m.p 226-228 °C;dy
(300MHz, de-DMSO) 9.43 (1H, s, NH), 8.69 (1H, d, J 5.2, H-2), 8.50 (1H, d, J 9.2, H-5), 8.21
(IH, 4, J 8.8, H-10 and H-12), 7.98 (2H, d, J 9.2, H-18 and H-22), 8.04 (1H, d, J 2.4, H-8), 7.94
(1H, d, J 16.0, H-16), 7.75 (1H, d, J 15.6, H-15), 7.63 (1H, dd, J 2.4, 9.2, H-6), 7.49 (2H, d, J 8.8,
H-9 and H-13), 7.32 (2H, d, J 9.2, H-19 and H-21), 7.33 (1H, d, J 5.2, H-3), 2.68 (2H, d, J 15.0,
H-23), 2.59 (2H, d, J 15.3, H-24); 8c(100MHz, d,-DMSO) 187.0, 152.1, 151.7, 146.1, 141.8,
134.1, 131.5, 131.4, 131.1, 130.9, 130.4, 127.7, 125.4, 124.7, 121.9, 119.4, 119.1, 117.4, 115.9,
115.7,112.6, 105.1, 103.2, 63.1; Elemental analysis: (Found C, 60.57; H, 4.14; N, 4.04
C24H 6CIFN;0. C¢HgO5 requires C, 60.56; H, 4.09; N 4.71%)).

of

Citrate salt

1-[4-(7-Chloro-quinolin-4-ylamino)-phenyl]-3-(2,4-dimethoxy-phenyl)-
propenone, CDM26

10 o 16

9 11 =
o
HN 14 12
PR ]
~3
| HOOC
o

2

22

21
COOH
23

HOOC

HO

Yellow crystals (0.2182g, 60%), m.p. 219-221 °C; 6y
(400MHz, ds-DMSO) 9.43 (1H, s, NH), 8.62 (1H, d, J 5.2, H-2), 8.42 (1H, d, J 8.8, H-5), 8.16
(2H, d, J 8.4, H-10 and H-12), 8.0 (1H, d, J 15.6, H-16), 7.96 (1H, d, J 2.1, H-8), 7.92 (1H, d, J
8.4, H-22), 7.80 (1H, d, J 8.4, H-15), 7.64 (1H, dd, J 2.1, 8.8, H-6), 7.49 (2H, d, J 8.4, H-9 and H-
13), 7.65 (1H. d, J 8.8, Hy), 7.29 (1H, d, J 5.6, H-3), 6.63(1H, dd, J 2.0, 8.8, H-21), 6.62 (1H, d, J
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2.0, H-19), 3.91 (3H, s, OCH3), 3.85 (3H, s, OCH3), 2.75 (2H, d, J 15.6, H-23), 2.66 (2H, d, J
15.0, H-24); 6c(100MHz, de-DMSO) 187.2, 174.7, 171.1, 162.9, 159.8, 151.9, 151.4, 149.6,
146.1, 145.4, 137.9, 134.0, 132.4, 132.1, 130.1, 130.0, 129.9, 127.7, 125.4, 124.6, 119.62, 119.5,
119.1, 116.1, 106.3, 104.9, 104.6, 98.3, 72.2, 55.8, 55.4, 42.8; Elemental analysis: (Found C,
61.66; H, 4.54; N, 4.78 CycH»;CIN,O;. CsHgO7. 0.1H,0 requires C, 59.45; H, 4.26; N 4.38%).

Citrate salt of  3-[3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(4-methoxy-phenyl)-
propenone, CDM27

5 4a Ja 15 0 A
6 3
| 2, HO COOH
Cl N 2
1

HOOC 3
HOOC

Yellow crystals (0.0727g, 47%), m.p. 250-254°C; oy
(400MHz, d¢-DMSO) 9.2 (1H, s, NH), 8.48 (1H, d, J 5.1, H-2), 8.45 (1H, d, J 9.0, H-5), 8.16
(2H, d, J 8.7, H-17 and H-21), 7.95 (1H, d, J 15.6, H-15), 7.89 (1H, d, J 2.1, H-8), 7.84 (1H, s, H-
13), 7.727 (1H, d, J 15.6, H-16), 7.65 (1H, d, J 7.6, H-11), 7.59 (1H, dd, J 2.1, 9.0, H-6), 7.53
(IH, t, J 7.6, H-10), 7.43 (1H, d, J 8.1, H-9), 7.08 (2H, d, J 8.7, H-18 and H-20), 6.94 (1H, d, J
5.1, H-3), 3.82 (3H, s, OCH3;), 2.74 (2H, d, J 15.2, H-23), 2.64 (2H, d, J 15.2, H-24);
3c(100MHz, d¢-DMSO) 187.3, 171.1, 163.1, 151.9, 150.8, 149, 5, 147.9, 142.6, 140.36, 136.0,
134.4, 133.8, 130.8, 130.9, 130.3, 129.9, 129.3, 127.5, 126.5, 124.8, 124.6, 124.4, 124.3, 122.6,
122.5, 118.3, 113.9, 101.9, 72.1, 55.4, 42.93. Elemental analysis: (Found C, 62.84; H, 4.44; N,
4.70 C,5HsCIN,O, CeHgO7 requires C, 61.34; H, 4.48; N 4.61%).
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Citrate salt of 3-[3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(2,4-methoxy-phenyl)-
propenone, CDM28

Yellow crystals (0.0745g, 42%), m.p. 89-94 °C; 8y
(400MHz, d¢-DMSO) 9.2 (1H, s, NH), 8.51 (1.H, d, J 5.2, H-2), 8.44 (1H, d, J 8.8, H-5), 7.92
(1H, d, J 2.4, H-8), 7.69 (1H, s, H-13), 7.64 (1H, d, J 8.8, H-21), 7.59 (1H, dd, J 2.0, 8.8, H-6),
7.56 (1H, d, J 15.6, H-15), 7.50 (1H, d, J 15.6, H-16), 7.47-7.43 (3H, m, H-9, H-10 and H-11),
7.01 (1H, d, J 5.2, H-3), 6.66 (1H, d, J 2.0, H-18), 6.64 (1H, dd, J 2.4, 8.8, H-20), 3.88 (3H, s,
OCH3), 3.83 (3H, s, OCH3), 2.51 (2H, d, J 14.8, H-23), 2.43 (2H, d, J 15.2, H-24); c(100MHz,
ds-DMSO) 189.1, 177.2, 171.2, 163.9, 160.3, 151.7, 149.5, 147.6, 140.9, 136.1, 133.9, 132.1,
131.9, 129.9, 127.6, 127.5, 127.4, 124.9, 124.4, 123.9, 123.7, 121.7, 121.6, 118.4, 106.1, 102.2,
98.7, 96.6, 70.9, 55.9, 55.54, 44.5; Elemental analysis: (Found C, 60.03; H, 4.79; N, 3.99
Ca6H21CIN0O; CeHgO7 requires C, 60.33; H, 4.59; N 4.40%)).

Citrate salt of 3-[3-(7-Chloro-quinolin-4-ylamino)-phenyl)-1-(2,3,4-methoxy-phenyl)-
propenone, CDM29

OMe

OMe

Yellow crystals (0.2053g, 97%), m.p. 158-160 °C; viax
(CHCI3) / em™ 3200 (N-H), 1723 (C=0), 1649 (Ar-C=C), 1592 (C=C), 1478 (CH, bend), and
865 (Ar-Cl); 8y (300MHz, ds-DMSO) 9.2 (1H, s, NH), 8.63 (1.H, d, J 5.4, H-2), 8.48(1H, d, J
9.0, H-5), 7.85 (1H, d, J 2.1, H-8), 7.71 (1H, s, H-13), 7.60 (1H, dd, J 2.1, 9.0, H-6), 7.55-7.42
(5H, m, H-9, H-10, H-11, H-15, H-16), 7.41 (1H, d, J 8.7, H-21), 7.01 (1H, d, J 5.1, H-3), 6.95
(1H, d, J 8.7, H-20), 3.88 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.79 (3H, s, OCH3), 2.73 (2H, d, J
15.0, H-23), 2.63 (2H, d, J 15.2, H-24); 6c(100MHz, d¢-DMSO) 189.5, 175.0, 171.1, 156.5,
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152.6, 151.7, 149.3, 147.3, 141.7, 141.6, 141.3, 140.7, 135.6, 134.4, 129.6, 127.4, 126.6, 125.7,
124.9, 124.7 (2C), 122.0, 123.8, 121.4, 118.1, 107.6, 102.9, 101.9, 72.0, 61.4, 60.2, 55.8, 42.9;
Elemental analysis: (Found C, 58.15; H, 4.65; N, 3.52 C;;H23CIN,04 C¢HzO7. 0.8 H,O requires
C,58.16; H,4.58; N 4.11%).

General procedure for synthesis of Mannich bases of 4-hydroxyacetophenone (CDM30-36)

Amine (2.0 eq) was treated with paraformaldehyde (2.0 eq) in methanol at 65°C for 2 h. To the
reaction, a solution of 4-hydroxyacetophenone (1.0 eq) in methanol was then added. After
stirring for 24 h, the reaction mixture was cooled, concentrated in vacuo and then subjected to

column chromatography on silica gel.

1-(4-Hydroxy-3-(pyrrolidin-1-ylmethyl)phenyl)ethanone, CDM30

0]
; 2 7 8
SN .
6 4 1
OH 10
S Yellow crystals (0.70718g, 15%); Ry (2% MeOH:DCM) 0.36; dy

(300MHz, d¢-DMSO), 7.74 (1H, d, J 2.4, H-2), 7.72 (1H, dd, J 2.4, 8.4, H-6), 6.78 (1H, d, J 8.4,
H-5), 4.18 (2H, s, H-7), 2.62 (4H, m, H-8 and H-11), 2.44 (3H, s, COCH3), 1.76 (4H, m, H-9 and
H-10); oc(100MHz, d¢-DMSO) 196.2, 162.4, 150.5 (2C), 128.5, 123.1, 115.3, 51.4 (2C), 53.6,
23.5(2C), 23.9.

1-(4-Hydroxy-3-(piperidin-1-ylmethyl)phenyl)ethanone, CDM31

O 8
2 4 7
1 N 9
6 40;_‘2 10
5 - Yellow crystals (0.1147g, 22%); R; (Hexane: EtOAc, 3:2) 0.13; 8y

(300MHz, de-DMS0), 7.80 (1H, dd, J 2.4, 8.4, H-6), 7.67 (1H, d, J 2.0, H-2), 6.86 (1H, d, J 8.4,
H-5), 3.76 (2H, s, H-7), 2.52 (3H, s, COCH3), 2.74 (4H, m, H-8 and H-12), 1.75 (6H, m, H-9, H-
10 and H-11); 8c(100MHz, dg-DMSO0) 196.5, 162.2, 130.5, 129.6, 128.7, 123.4, 115.3, 61.7 (2C),
53.7,26.2,25.5 (2C), 22.9.

121



Chapter 5: Experimental

1-(4-Hydroxy-3,5-bis(morpholinomethyl)phenyl)ethanone, CDM32

Yellow oil (0.3669g, 15%); R; (Hexane: EtOAc, 3:2) 0.21; dy
(400MHz, d¢-DMSO0), 7.78 (2H, s, H-2 and H-6), 3.76 (4H, s, H-7 and H-7"), 3.67 (8H, t, J 4.4,
H-9/9° and H-11/117), 2.61 (8H, t, J 4.0, H-8/8" and H-12/12’), 2.53 (3H, s, COCHj3);
dc(100MHz, d¢-DMSO) 196.5, 161.3, 128.7 (2C), 128.5, 122.4 (2C), 66.7, 58.8, 53.2, 30.4.

1-(3-((4-Ethylpiperazin-1-yl)methyl)-4-hydroxyphenyl)ethanone, CDM33
O

1

N 9
6 ¢ K/N\/n
OH
5 10 12

237 8

Pale yellow crystals (0.4271g, 44%); Rt (5% MeOH:DCM) 0.24;
Sy (400MHz, d¢-DMSO), 7.78 (1H, d, J 2.0, H-2), 7.75 (1H, dd, J 2.4, 8.0, H-6), 6.87 (1H, d, J
8.0, H-5), 4.15 (1H, s, OH), 3.77 (2H, s, H-7), 2.45 (3H, s, COCH3), 2.43 (8H, m, H-8, H-9, H-10
and H-11), 2.23 (2H, q, J 7.6, H-12), 1.01 (3H, t, J 7.6, H-13); 8c(75MHz, ds-DMSO) 195.9,
161.7,129.7, 129.3, 128.4, 122.1, 115.2, 58.3, 52.1, 52.0, 51.3, 26.1, 11.9.

1-(3- ((tert-Butylamino)methyl)-4-hydroxyphenyl)ethanone, CDM34

10a
o 10b
1 23 ! )<
N 9 ~10¢
s H
6
5

CH
1l Yellow crystals (0.33g, 41%); Ry (2% MeOH:DCM) 0.13; oy

(400MHz, CDCly), 7.77 (1H, d, J 2.0, H-2), 7.75 (1H, dd, J 2.4, 8.4, H-6), 6.83 (1H, d, J 8.4, H-
5), 4.04 (2H, s, H-7), 2.50 (3H, s, COCH3), 1.26 (9H, s, H-10a,b,c); 8c(100MHz, CDCl;) 195.9,
163.7, 131.3, 130.0(2C), 123.5, 115.2, 52.3, 46.4, 28.1, 26.2.
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1-(3- (Dimethylamino)methyl)-4-hydroxyphenyl)ethanone, CDM35

. Brown oil (0.554g, 78%); Ry (2% MeOH:DCM) 0.16; 8y (400MHz,
CDCls), 7.82 (1H, dd, J 2.0, 8.4, H-6), 7.74 (1H, s, OH), 7.64( 1H, d, J 2.4, H-2), 6.82 (1H, d, J
8.8, H-5), 3.65 (2H, s, H-7), 2.50 (3H, s, COCH3), 2.48 (6H, s, H-8a,b); dc(100MHz, CDCl;)
199.8, 163.7, 130.0(2C), 129.6, 122.4, 115.2, 59.8, 26.8, 17.4.

1-(3-((Diethylamino)methyl)-4-hydroxy-phenyl)-ethanone, CDM36

o 9
2 4 7

1

N/\1
° o <
10°
s Yellow oil (0.3215g, 40%); R¢(hexane:EtOAc, 3:2) 0.18; &y (400MHz,
d¢-DMSO), 7.79 (1H, dd, J 2.4, 8.4, H-6), 7.75( 1H, d, J 2.0, H-2), 6.79 (1H, d, J 8.4, H-5), 3.80
(2H, s, H-7), 2.61 (4H, q, J 7.2, H-9/9%), 2.44 (3H, s, COCH3;), 1.02 (6H, t, J 7.2, H-10/10");
3c(100MHz, de-DMSO) 199.8, 160.2, 130.4, 129.0, 128.8, 122.6, 58.6, 49.1,29.4, 13.8.

0

General procedure of synthesis of 4-aminoquinoline-based Mannich bases CDM37-CDM44

A methanolic solution of NaOH (3% w/v) and the phenolic Mannich base (1.0 eq) were stirred
together at room temperature. A methanolic solution of the 4-aminoquinoline-based aldehyde
(1.0 eq) was added dropwise, and the mixture was refluxed with stirring for 72 h. The precipitate
was removed by filtration and washed with cold methanol. The collected yellow solid was dried
further in vacuo, affording the desired product. When little or no precipitate was obtained, the
solution was diluted with water, neutralized with 1M hydrochloric acid, and extracted with ethyl
acetate. The organic layer was dried with anhydrous Na,SO4 and removed by evaporation under

reduced pressure to give the desired product.
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(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(4-hydroxy-3-(pyrrolidin-1-
ylmethyl)phenyl)prop-2-en-1-one, CDM37

10 19

HN 14\
(NI 5
o 2N 2

: Yellow crystals (0.0621g, 17%); m.p.328-
333 °C; m.p. 209-211 °C; R¢ (5% MeOH:DCM) 0.33; oy (300MHz, d¢-DMSO) 9.20 (1H, s, NH),
8.50 (1H, d, J 5.1, H-2), 8.47 (1.H, d, J 9.0, H-5), 8.04 (2H, m, H-18 and H-22), 7.92 (1H, d, J
2.4,H-8),7.91 (1H, d, J 15.6, H-15), 7.83 (1H, s, H-13), 7.72 (1H, d, J 15.6, H-16), 7.68 (1H, d,
J 7.5, H-11), 7.60 (1H, dd, J 2.1, 9.0, H-6), 7.54 (1H, t, J 7.8, H-10), 7.48 (1H, d, J 8.1, H-9),
6.95 (1H, d, J 5.1, H-3), 6.90 (1H, d, J 9.3, H-19), 3.99 (2H, s, H-24), 2.76 (4H, m, H-25 and H-
28), 1.82 (4H, m, H-26 and H-27); dc(75MHz, ds-DMSO)186.9, 162.2, 151.9, 147.8, 142.2,
140.8, 136.1, 133.9, 130.7, 130.3, 129.8, 128.6, 127.5, 124.9, 124.6, 124.4, 124.3, 122.6, 115.4,
101.9, 59.6, 55.1, 52.9, 22.9, 13.9; EI-MS: (found m/z = 483.4 C39H16CIN;O; requires M 483.17;
Elemental analysis: (Found C, 70.00; H, 5.11; N, 8.56 C2gH,6CIN3;0,.1H;0 requires C, 69.95; H,
5.23; N 8.39%).

(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(4-hydroxy-3-(piperidin-1-
ylmethyl)phenyl)prop-2-en-1-one, CDM38

10 19 26

NS

HN" 14

4

6 X 3

Cl 8a N/ 2
: Yellow crystals (0.2949g, 38%); m.p.
223-225 °C; R¢(5% MeOH:DCM) 0.29; Vinax (CHCL3) / cm™ 3354 (C-N stretch), 2939-2855 (C-H
stretch), 1719 (C=0), 1648 (C=C),1604 (Ar-C=C), 1578-1534 (C-N bend), 1441 (CH; bend), and
865 (Ar-Cl); 8y (300MHz, CDCl;) 8.53 (1H, d, J 5.4, H-2), 8.05 (1.H, d, /9.3, H-5), 8.04 (1H, d,
J 1.8, H-8), 7.89 (1H, dd, J 2.4, 8.7, H-6), 7.75 (1H, d, J 15.6, H-15), 7.75 (1H, d, J 1.8, H-13),
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7.55 (IH, d, J 15.6, H-16), 7.54 (1H, d, J 2.4, H-22), 7.46 (3H, m, H-9, H-11, H-18), 7.36 (1H,
m, H-10), 6.96 (1H, d, J 5.4, H-3), 6.86 (IH, d, J 8.4, H-19), 3.76 (2H, s, H-24), 2.55 (4H, m, H-
25 and H-29), 1.67 (4H, m, H-26 and H-28), 1.52 (2H, m, H-27); 8c(75MHz, CDCl;) 188.2,
163.7, 151.1 (2C), 148.9, 148.9, 148.1, 142.4, 140.1, 137.0, 135.9, 130.1, 129.7, 129.2, 128.3,
136.4, 124.9, 124.3, 122.8, 122.3, 121.8, 121.6, 118.1, 116.0, 102.7, 61.7 (2C), 53.8, 25.6, 23.7
(2C). EI-MS: (found m/z = 497.2 C;3yH3CIN;O, requires M 497.19; Elemental analysis: (Found
C, 70.26; H, 5.37; N, 8.12 C3yH23CIN30,.1H,Orequires C, 69.83; H, 5.46; N 8.14%).

(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(4-hydroxy-3,5-bis
(morpholinomethyl)phenyl)prop-2-en-1-one,CDM39

26’

NS

HN™ 14
4

6 & X 3
—

Cl ga N~ 2

Yellow crystals (0.0969g, 15%); m.p.
233-235 °C; R¢(5% MeOH:DCM) 0.23; 6 (300MHz, CDCl;) 8.53 (1H, d, J 5.4, H-2), 8.05 (1.H,
d, /9.3, H-5), 8.04 (1H, d, J 1.8, H-8), 7.89 (1H, dd, J 2.4, 8.7, H-6), 7.75 (1H, d, J 15.6, H-15),
7.75 (1H, d, J 1.8, H-13), 7.55 (1H, d, J 15.6, H-16), 7.54 (1H, d, J 2.4, H-22), 7.46 (3H, m, H-9,
H-11, H-18), 7.36 (1H, m, H-10), 6.96 (1H, d, J 5.4, H-3), 6.86 (1H, d, J 8.4, H-19), 3.76 (2H, s,
H-24), 2.55 (4H, m, H-25 and H-29), 1.67 (4H, m, H-26 and H-28), 1.52 (2H, m, H-27);
dc(75MHz, CDCls) 188.2, 163.7, 151.1 (2C), 148.9, 148.9, 148.1, 142.4, 140.1, 137.0, 135.9,
130.1, 129.7, 129.2, 128.3, 136.4, 124.9, 124.3, 122.8, 122.3, 121.8, 121.6, 118.1, 116.0, 102.7,
61.7 (2C), 53.8, 25.6, 23.7 (2C). EI-MS: (found m/z = 598.3 C30H23CIN3;O; requires M 598.23;
Elemental analysis: (Found C, 64.84; H, 5.78; N, 9.26 C3,H25CIN;0,.2H,0 requires C, 64.30; H,
5.55; N 8.82%).
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(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(3-((4-ethylpiperazin-1-yl)methyl)-4-
hydroxyphenyl)prop-2-en-1-one, CDM40

10 19 26 29

NS

HN" 14
4

6 & X 3
~

Cl s8a N~ 2

Yellow crystals (0.0931g, 17%);
m.p. 214-216 °C; Ry (5% MeOH:DCM) 0.22; &y (300MHz, d¢-DMS0)9.24 (1H, s, NH), 8.49
(1H,d, J 5.4, H-2),8.05(1.H, d, J 8.8, H-5), 8.02 (2H, m, H-18 and H-22), 7.91 (IH, d , J 2.4, H-
8), 7.89 (1H, d, J 15.6, H-15), 7.82 (1H, s, H-13), 7.71 (1H, d, J 15.6, H-15), 7.65 (1H, d, J 7.6,
H-11),7.57 (1H, dd, J2.4,9.0, H-6), 7.51 (1H,t,J 8.0, H-10), 7.44 (1H, d, J 8.1, H-9), 6.96 (1H,
d.J 5.4, H-3), 6.86 (1H, d, J 8.4, H-19), 3.74 (2H, s, H-24), 2.43 (8H, m, H-25, H-26, H-27 and
H-28), 2.23 (2H, m, H-29, H-12), 1.07 (3H, t, J 7.2, H-30); 8c(75MHz, d¢.-DMSO) 186.9, 161.5,
151.6, 149.2, 147.9, 142.2, 140.7, 136.1, 133.9, 130.9, 129.9, 129.7, 128.8, 127.4, 124.9, 124.5,
124.4, 124.3, 122.5, 122.1, 118.2, 115.3, 101.9, 79.24, 78.8(2C), 78.4, 57.0, 51.2, 50.9, 50.7; EI-
MS: (found m/z = 526.4 C3;H;,CIN4O; requires M 526.21 Elemental analysis: (Found C, 68.52;
H, 5.73; N, 10.33 C3,H;3,;CIN4O,.1H,0 requires C, 68.31; H, 5.73; N 10.28%).

(E)-1-(3-((tert-Butylamino)methyl)-4-hydroxyphenyl)-3-(3-(7-chloroquinolin-4-
ylamino)phenyl)prop-2-en-1-one, CDM41

Yellow crystals (0.025g, 11%); m.p. 232-
234 °C; Ry (5% MeOH:DCM) 0.10; 8y (400MHz, d¢-DMSO) 9.22 (1H, s, NH), 8.48 (1H, d, J
5.2, H-2), 8.46 (1.H, d, /9.2, H-5), 8.08 (1H, s, H-13), 8.01 (1H,d , J 8.4, H-18), 7.92 (1H, d, J
15.6, H-15), 7.90 (1H, d, J 2.0, H-8), 7.81 (1H, s, H-13), 7.69 (1H, d, J 15.6, H-15), 7.67 (1H, d,
J 8.0, H-11), 7.59 (1H, dd, J 2.0, 8.8, H-6), 7.52 (1H, t, J 8.0, H-10), 7.43 (1H, d, J 8.0, H-9),
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6.94 (1H, d, J 5.6, H-3), 6.82 (1H, d, J 8.8, H-19), 4.02 (2H, s, H-24), 1.45 (1H, s, CH,-NH), 1.24
(9H, s, H-26a,b,c); 8c(75MHz, ds-DMSO) 186.9, 162.9, 152.8, 142.8, 136.9, 134.7, 132.9, 131.8,
130.8, 130.7, 128.4, 125.7, 125.1, 123.9, 123.7, 123.4, 120.8, 116.7, 111.0, 106.6, 106.5, 102.6,
95.9, 93.2, 66.6, 27.1(3C); EI-MS: (found m/z = 485.2 Cy9H3CIN3;O, requires M 485.19
Elemental analysis: (Found C, 67.52; H, 5.69; N, 7.51 Cy9H23CIN3;0,.2H,0 requires C, 67.24; H,
5.44; N 7.25%).
(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(3-((dimethylamino)methyl)-4-
hydroxyphenyl)prop-2-en-1-one, CDM42

10 19

N
HN" 14
4
6 X 3
Cl N 2
. Yellow crystals (0.121g, 34%); m.p. 216-
218 °C; R (5% MeOH:DCM) 0.14; 8y (300MHz, d-DMSO) 9.19 (1H, s, NH), 8.50 (1H, d, J
5.4, H-2), 8.48 (1.H, d, /9.0, H-5), 8.09 (1H, s, H-22), 8.06 (1H, d , J 8.4, H-18), 7.92 (1H, d, J
2.4, H-8), 7.91 (1H, d, J 15.6, H-15), 7.84 (1H, s, H-13), 7.74 (1H, d, J 15.6, H-15), 7.69 (1H, d,
J 7.5, H-11), 7.61 (1H, dd, J 2.4, 9.0, H-6), 7.52 (1H, t, J 8.1, H-10), 7.45 (1H, d, J 8.1, H-9),
6.97 (1H, d, J 8.4, H-19), 6.94 (1H, d, J 5.1, H-3), 3.98 (2H, s, H-24), 2.29(overlap with DMSO,
H-25a,b); 6c(75MHz, d-DMSO) 187.2, 161.7, 151.3, 149.0, 148.6, 145.2, 142.9, 136.0, 134.9,
131.6, 130.2, 129.8, 129.5 (2C), 127.4, 123.8, 122.5, 121.0, 119.8, 116.4, 116.1, 115.5, 113.6,
110.7, 58.9, 45.5 (2C); EI-MS: (found m/z = 487.2 C,7H24CIN;O; requires M 457.16 Elemental
analysis: (Found C, 67.41; H, 4.65; N, 8.02 C,7H4CIN;30,.2.5H,0 requires C, 66.87; H, 4.98; N
8.66%).

127



Chapter 5: Experimental

(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(3-((diethylamino)methyl)-4-
hydroxyphenyl)prop-2-en-1-one, CDM43

10 19 OH 26a

N

HN™ 14
4

6 & X 3
—=

Cl ga N~ 2

-

Yellow crystals (0.1198g, 20%); m.p.
207-210 °C; R; (5% MeOH:DCM) 0.16; Vay (CHCL3) / cm™! 3365 (C-N stretch), 2924-2851, (C-
H stretch), 1647 (C=0), 1604 (C=C),1604 (Ar-C=C), 1582-1542 (C-N bend), 1439 (CH, bend),
and 815 (Ar-Cl); dy (400MHz, ds-DMSO) 9.15 (1H, s, NH), 8.48 (1H, d, J 5.2, H-2), 8.45 (1.H,
d. /9.2, H-5),7.99 (1H, dd, /2.4, 8.4, H-18), 7.93 (IH, d, J 2.0, H-8), 7.90 (1H, d , J 2.4, H-22),
7.89 (1H, d, J 15.6, H-15), 7.82 (1H, s, H-13), 7.69 (1H, d, J 15.6, H-15), 7.66 (1H, d, J 7.6, H-
11),7.58 (IH, dd, J2.4,9.2, H-6), 7.51 (1H,t,J 8.0, H-10), 7.42 (1H, d, J 8.0, H-9), 6.94 (1H, d,
J5.6,H-3),6.78 (1H, d, J 8.4, H-9), 3.85 (2H, s, H-24), 2.61 (4H, q, J 7.2, H-25a,b), 1.03 (6H, t,
J 7.2, H-26a,b); 8c(75MHz, ds-DMSO) 186.9, 163.4, 151.9, 149.5, 148.3, 147.8, 142.0 (2C),
140.7, 136.2, 134.2, 129.9, 129.8, 129.7, 128.4, 127.6, 124.9, 124.5, 124.4, 124.3, 122.6 (2C),
115.5, 102.0, 55.0, 45.7 (2C), 10.8 (2C); EI-MS: (found m/z = 485.3 C;9H,5CIN;O; requires M
485.19 Elemental analysis: (Found C, 70.73; H, 5.68; N, 8.74 C39H,3CIN;0,.0.5H,0 requires C,
70.38; H, 5.70; N 8.49%).

(E)-3-(3-(7-Chloroquinolin-4-ylamino)phenyl)-1-(3-((dimethylamino)methyl)-4-hydroxy-5-
methoxyphenyl)prop-2-en-1-one, CDM44

. Yellow crystals (0.0226g, 20%); m.p. 280-
282 °C; R¢(10% MeOH:DCM) 0.36; 8, (400MHz, de-DMSO) 11.25 (1H, s, OH), 10.65 (I1H, s,
NH), 8.90 (1H, d, J 8.8, H-5), 8.54 (1.H, d, J 6.8, H-2), 8.25 (1H, s, H-8), 8.17 (1H, s, H-22),
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8.12 (IH,d, J15.2, H-15), 8.05 (1H, s, H-13), 8.00 (I1H, d, J 8.1, H-11), 7.89 (1H, d, J 9.2, H-6),
7.78 (1H, d, J 15.2, H-16), 7.66 (1H, s, H-18), 7.65 (1H, t,J 8.0, H-10), 7.55 (1H, d, J 7.6, H-9),
6.86 (1H, d, J 7.2, H-3), 4.39 (2H, s, H-24), 3.98 (3H, s, C,¢OCH3), 2.71 (6H, s, H-25a,b);
Sdc(75MHz, de-DMSO) 187.7, 155.4, 151.6, 148.7, 144.6, 142.6, 140.1, 139.5, 138.5, 1374,
131.4, 129.6, 128.7, 128.6, 127.9, 127.5, 126.2, 124.0, 117.5, 116.7, 112.3, 108.6, 101.4, 56.9,
54.6, 44.9; EI-MS: (found m/z = 487.2 C,3H,6CIN;O; requires M 487.17 Elemental analysis:
(Found C, 65.91; H, 5.24; N, 8.64 C,3H2cCIN;0;.1H,0 requires C, 66.47; H, 5.18; N 8.31%).

5.2 Single Crystal X-ray Diffraction

Single crystals of CDM06 and CDM14 were prepared by dissolving the compounds in a
minimum amount of heated ethyl acetate and methanol, respectively. Each solution was filtered
while hot through a 0.45 puM nylon microfilter and allowed to slowly evaporate at room
temperature. A single crystal which extinguished plane polarized light was selected and cut to an
appropriate size to minimize X-ray absorption. The crystal was coated with Paratone oil and
mounted on a glass fibre on a goniometer head. Reflection intensity data were measured on a
Nonius Kappa CCD single crystal diffractometer using graphite-monochromated MoKa radiation
(L = 0.71069 A) generated by a Nonius FR590 generator operating at 53 kW and 23mA. Data
collections were performed at low temperatures (113K and 173K), which were maintained by a
constant N, gas flow of 20 cm’/min. Cell refinement and data reduction were performed by
Denzo Scalepack and SADABS was used for absorption corrections.! XPREP? was used to
determine the crystal space group by examining systematic absences and intensity statistics. The
structures were solved by direct methods using SHELXS-97° and refined by the method of least-
squares against F* using SHELXL-97,* incorporated in the X-Seed” interface.

5.3 Cyclodextrin Inclusion Complexes

5.3.1 Materials
The cyclodextrin host compounds B-cyclodextrin, y-cyclodextrin and TRIMEB were obtained

from Cyclolab (Budapest, Hungary).
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5.3.2 Preparation Methods

Kneading, co-precipitation and co-solvent methods were employed in attempts to include target
compounds CDM13-15 and CDM38 in cyclodextrin hosts. Co-precipitation or co-solvent
methods involve dissolving B-CD or y-CD in a minimum amount of water at an elevated
temperature. A stoichiometric amount of guest compound (1:1 or 2:1 host:guest) was slowly
added to the stirring solution, either directly as for co-precipitation or as a methanol solution for
the co-solvent method. The resulting suspension was stirred for 24 h and then filtered through a
0.45 uM nylon microfilter and allowed to evaporate slowly. A similar procedure was employed
for attempted formation of TRIMEB inclusion complexes, the difference being due to TRIMEBs
inverse solubility relationship with temperature and it was thus necessary to prepare saturated
solutions of host compound at low temperatures (0°C- room temperature). After addition of the
guest, the cold solution was stirred for 5 h, filtered through a 0.45 pM nylon microfilter and
heated at 60°C in order to encourage crystallization. The method of kneading involved making a
paste of the cyclodextrin with water using a mortar and pestle. An equimolar amount of drug was
slowly added with continual grinding for an hour. The consistency of the paste was maintained

by dropwise addition of water during this period.

5.3.3 Powder X-ray Diffraction (PXRD)

PXRD was used to ascertain whether a CD complex had been formed by comparing the PXRD
pattern of the kneaded material to that of the native CD and that of the guest. PXRD patterns that
are different from those of the host and guest indicate that a potential complex has formed and are
then used to determine if the complex is isostructural to any known isostructural series of
complexes.” PXRD patterns of kneaded samples were recorded on a HUBER Imaging Plate
Guinier Camera 670 with Ni-filtered CuKa-radiation (A = 1.5406A) generated by a Philips X-ray
generator operated at 40kV and 25mA. The kneaded paste was spread on Mylar® film and

exposed to radiation for 10-20 min with 10 multiscans to collect the data.
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5.4 Thermogravimetric Analysis

The three thermal analytical methods used in this study were Hot Stage Microscopy (HSM),
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC).

5.4.1 Hot stage Microscopy (HSM)

HSM was used to observe crystal morphologies and visual physical changes (melting,
desolvation) as crystals were heated. Crystals were submerged in silicone oil and placed between
cover-slides and viewed with a Nikon SMZ-10 stereoscopic microscope with the images captured
by a real-time Sony Digital Hyper HAD colour video camera. These images were viewed with
the Soft Imaging System program, analySIS.® Heat was provided by a Linkam THMS600 hot

stage apparatus and controlled with a Linkam TP92 temperature control unit.

5.4.2 Thermogravimetric Analysis (TGA)

TGA gives quantitative data for loss of mass with increasing temperature and was used to
determine the solvent content of CDM14. TGA experiments were performed on a Mettler Toledo
Star TGA/SDTA 851 instrument. Samples of mass 2-4 mg were placed in an open crucible and

heated at a constant rate of 10K min™" under nitrogen with a flow rate of 30 cm™ min™.

5.4.3 Differential Scanning Calorimetry (DSC)

DSC measures the heat flow required to increase the temperature of a sample at a constant rate
relative to an empty reference pan. This analytical method was used to measure endothermic and
exothermic changes in the inclusion complexes and guest compounds, and was used to accurately
determine melting points and onset temperatures of thermal events. DSC experiments were
performed on a Perkin- Elmer PC7-series Differential Scanning Calorimeter. Samples of mass 2-
Smg were sealed in a crimped, vented aluminum pan with a sealed, empty pan used as reference.

The sample was heated at a rate of 10 Kmin™ under nitrogen with a flow rate of 30 cm™ min™.
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5.5 Procedures for Biological Assays

In Vitro Activities of compounds against 3D7

All samples were tested in triplicate against the P. falciparum 3D7 strain, a clone of NF54, which
is known to be sensitive to all anti-malarials. The cultures are naturally asynchronous (65 — 75%
ring stage) and are maintained in continuous log phase growth in RPMI1640 medium
supplemented with 5% washed human A+erythrocytes, 25 mM Hepes, 32 nM NaHCO;, and
AIbuMAXII (lipid-rich bovine serum lbumin) (GIBCO, Grand Island, NY). All cultures and

assays are conducted at 37°C under an atmosphere of 5% CO; and 5% O,, with a balance of N,.

Primary screen

The preliminary screen uses the 3D7 strain. The compounds are tested at four concentrations (30,
10, 3, 1, 0.3, and 0.1 ug/ml) and their potency classified according to the observed activity at
these concentrations. The test compound is classified as inactive if it does not affect parasite
growth at 10 pg/ml, is designated as partially active between 10 and 1 pug/ml, and if it affects
parasite growth <1 ug/ml, the compound is classified as active and is further evaluated by three-

fold serial dilutions in a repeat test.

Secondary screen
The compound is diluted three-fold over at twelve different concentrations with an appropriate
starting concentration based on the preliminary screen. For each assay, the ICsy and ICy values

for each parasite line are determined against chloroquine.

In Vitro Activities of compounds against W2 P. falciparum,

W2-strain P. falciparum parasites (1% parasitaemia, 2% hematocrit) were cultured in 0.5 ml of
medium in 48-well culture dishes.” The test inhibitors from 10 mM stocks in DMSO were added
to cultured parasites to a final concentration of 20 uM. From 48-well plates, 125 pM of culture
was transferred to two 96 well plates (duplicates). Serial dilutions (1%) of inhibitors were made
to final concentrations of 10 uM, 2 uM, 0.4 uM, 80 nM, 16 nM and 3.2 nM. Cultures were
maintained at 37 °C for 2 days after which the parasites were washed and fixed with 1%
formaldehyde in PBS. After two days, parasitaemia was measured by flow cytometry using the

DNA stain YOYO-1 as a marker for cell survival.®
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In Vitro Activities of compounds against D10 P. falciparum

All experiments were performed in duplicate on a single occasion against the chloroquine-
sensitive strain of P. falciparum D10. Continuous in vitro cultures of asexual erythrocyte stages
of P. falciparum were maintained using a modified method of Trager and Jensen.” Quantitative
assessment of antiplasmodial activity in vitro was determined via the parasite lactate
dehydrogenase (pLDH) assay using a modified method described by Makler.” The average
percentage parasite viability was determined at three different concentrations and compounds
showing significant activity (reduction of parasite viability below 50%) were tested further to
determine their 50% inhibitory concentration (ICsp) values. These values were obtained from
dose-response curves, using nonlinear dose-response curve fitting analyses with GraphPad
Prism® v3.0 software. All compounds were dissolved in 100% DMSO and were then diluted
with water to a concentration of 20 pg/ml. Samples were stored at —20°C until use. All samples
were further diluted to 2 pg/ml in complete medium on the day of the experiment. The highest
concentration of DMSO to which the parasites were exposed had no measurable effect on the
parasite viability. Chloroquine diphosphate was used as the positive control in all experiments.

\

In Vitro Activities of compounds against Falcipain-2

ICso values against the recombinant enzyme (falcipain-2) were determined as described by
Rosenthal and coworkers.® Briefly, an equal amount of recombinant protein (~1 nM) was
incubated with different concentrations of test compounds (added from 100x stock solutions in
DMSO) in 100 mM sodium acetate (pH 5.5)-10 mM dithiothreitol for 30 min at room
temperature before addition of the substrate benzoxycarbonyl-Leu-Arg-7-amino-4-methyl-
coumarin. Fluorescence was continuously monitored for 30 min at room temperature in a
Labsystems Fluoroskan® Il spectrofluorometer. 1Csy values were determined from plots of

activity over inhibitor concentration with GraphPad Prism® software.
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Assay of B-Haematin inhibition

All samples were screened for their ability to inhibit synthetic haemozoin (B-haematin) as
describe by Egan and co-workers.'” B-Haematin was prepared in 4.5 M acetate at 60 °C from
hemin dissolved in 0.1 M NaOH as described previously.'' High-throughput screening was
performed using 1 and 5 equivalents of test compounds relative to haematin. A 20 ul stock
solution of haematin was mixed with a 1M HCI or methanol solution of test compound.
Prewarmed acetate solution was then added (11.4 pl, 12.9 M, pH 5.0) and after 1 h incubation,
250 ul of 12% (v/v) pyridine solution (pH 7.5, 20 mM Hepes, ambient temperature) was added.
Supernatants were transferred to a 96-well plate and detection of B-haematin inhibition was

carried out by visual inspection and by absorbance measurement at 405 nm.

In Vitro Activities of compounds against HeLa (human adenocarcinoma of the cervix) cells

An adapted MTT method as desribed by Van Rensburg er al'' was performed to establish the
sensitivity of the HeLa cancer cell line to the test compounds. [3-(4,5-dimethylthiazol-2-yl)-2-5-
diphenyl tetrazolium bromide] (MTT) is a pale yellow substance that is metabolized to dark blue
formazan crystals by metabolically active cells. An 80 ul medium was dispensed into each well
of a 96 well tissue culture plate and 100 pl of cell suspension was then added to each well.
Cultures were incubated at 37 °C in an atmosphere of 5% CO, for an hour and then 20 ul
dilutions of the test compound was added at different concentrations. Cultures were incubated for
7 days, after which 20 ul MTT (Smg/ ml) was added to each well, incubated for a further 4 h and
then centrifuged for 10 min at 800g. Supernatant was carefully removed, washed with 150 pl
PBS and allowed to dry. DMSO was then added to solubilize the formazan crystals and then
detected by absorbance measurement at 570 nm. Percentage survival was calculated and used in

[Cs determination.
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