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Abstract i

ABSTRACT

The nature of the ferriprotoporphyrin X (Fe(lll)PPIX) antimalarial drug target and its
interactions with aminoquinolines was investigated spectrophotometrically. Fe(lll)PPIX was
found to be extensively dimerised in aqueous solution (log Kp =7.2 + 0.2) and is proposed to
exist as a stacked, n-n dimer and not a p-oxo dimer as breviously thought. Sensitivity of the
spectrum charge transfer region of the visible spectrum to pH further conforms that the
dimer is not a p-oxo dimer. A series of 17 synthesised compounds and 7 commercially
available quinolines were investigated for their ability to interact with Fe(lli)PPiX, inhibit -
haematin formation and for antiplasmodial activity against the D10 chloroquine-sensitive
strain of malaria parasite. 2- And 4-aminoquinoline were found to be unique in their ability to
form strong complexes with Fe(lll)PPIX (log K = 4.23 + 0.02 and 4.49 + 0.01 respectively)
whilst quinoline, 3-, 5-, 6- and 8-aminoquinoline fail to form any detectible complexes with
Fe(llHPPIX. The association with Fe(lll)PPIX was found to be a necessary, but not sufficient
requirement for inhibition of p-haematin formation. The presence of a chloro-group at the 7-
position on the quinoline ring was found to be a requirement for this inhibition. In tum,
inhibition of B-haematin formation was found to be a necessary but not sufficient requirement
for antiplasmodial activity. A basic side-chain was found to be the additional component
needed for this activity. In a further series of eleven N?-(7-X-4-quinolinyl)}-N', N'-diethyl-1,2-
ethanediamines where X = NH;, OH, OCHs, H, CHs, F, |, Br, Cl, CFas and NO; that were ,
synthesised, it was found that the pK, of the quinoline ring nitrogen and the tertiary amino
nitrogen are both lowered by electron withdrawing sustituents at the 7-posiiton. The
quinoline nitrogen pK, ranges from 6.28 in the nitro derivative to 8.36 in the amino derivative,
whilst the tertiary amino nitrogen has a pK, ranging between 7.65 in the trifluoromethyl
derivative and 10.02 in the amino derivative. Calculation suggests that the resulting pH
trapping of these compounds in the parasite food vacuole ranges between about 9% of that
observed in chioroquine for the nitro derivative and 97% in the amino derivative. It was found
that the critical structural feature in chloroquine and related 4-aminoquinolines responsibie
for strong B-haematin inhibition is the chloro-group at the 7-position on the 4-aminoquinocline
ring. In the series of eleven 7-substituted 4-aminoquinolines a direct correlation was
observed between antiplasmodial activity which had been normalised for the extent of pH
trapping and B-haematin inhibitory activity (* = 0.83, p = 0.004). The B-haematin inhibitory
activity was found to correlate with the Fe(lll)PPIX-quinocline association constant and the
Hammett constant of the substituent at the 7-posiiton. The association constant was found
to correlate with the lipophilicity of the group at the 7-position.
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INTRODUCTION

1.1. HISTORICAL OUTLINE

The antiquity of malaria, which is caused by protozoan parasites of the genus Plasmodium,
is demonstrated by the host specificity of over 100 parasite species found in reptiles, birds
and mammals. The four species of plasmodia that infect man are P. vivax, P. malariae, P.
ovale and P. falciparum; of which P. faiciparum is the most deadly (Bruce-Chwatt 1981).

It is thought that malaria was prevalent in ancient Egypt, India, China and Greece where its
symptoms were described and documented. The Romans named the disease “mal’ aria” as
at that time, the disease was attributed to the “bad air" surrounding stagnant waters.
Association of the disease with swamps, led to various methods of drainage practiced by the
Greeks and Romans from the sixth century BC and continued in Europe throughout the
middle ages (Bruce-Chwatt 1985, Sherman 1998).

1.2. CURRENT GLOBAL MALARIA SITUATION

1.2.1. The Global Malaria Eradication Campaign

Huge progress was made in reducing the number of malaria cases in the 1950’s following
the discovery of the insecticide dichlorodiphenyltrichloroethane (DDT), chloroquine
chemotherapy and the establishment of the World Health Organisation (WHO) who
embarked on a Global Malaria Eradication Campaign. The strategy was to interrupt malaria
transmission from vector to host by attacking the mosquitoes likely to have contact with
humans, namely inside homes. This was done by employing a very large taskforce of people
to spray DDT in eighty percent of houses in infected areas. With dramatic results, malaria
was eliminated completely from Taiwan, the Caribbean, the Balkans, parts of North Africa, in
most parts of Europe, Northern Australia and a large portion of the South Pacific. Also a
significant decrease in malaria cases was observed in S Lanka and India (Russel et al.
1963, WHO Health Report 1999, Gladwell 2001).

By the mid-1960’s resistance to DDT and chloroquine had emerged and the indiscriminate
use of DDT as an insecticide for agriculture had impacted in the Western American
environment. These factors, along with dwindling enthusiasm for the campaign, prompted
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the WHO to drop the eradication program and put in place control strategies which form the
basis of their malaria policy today (Gladwell 200, WHO Health Report 1999).

Contrary to the rest of the world, the Global Eradication Campaign had very little impact in
the Amazon basin and Sub-Saharan Africa where social and economic conditions meant the
program was either not implemented or not sustainable (WHO Health Report 1999).

1.2.2. The Current Global Situation

The downward trend in malana-related mortality achieved during the 1950’s has undergone
a reversal since the late 1980’'s. This resurgence is confined mainly to underdeveloped
countries where inadequate or deteriorating health systems are unable to provide rapid
diagnosis and treatment. Areas of civil conflict and large scale human migrations have
resulted in malaria epidemics due to increased vector-human contact or movement of
unprotected and non immune populations into malarious areas. Epidemics have also broken
out due to climatic and environmental changes which have caused an increase in the
number of vectors. Of growing concem is the increasing antimalarial drug resistance which
is rendering current antimalarial treatment ineffective (Pasvol 1995, Sherman 1998, WHO
Health Report 1999).

Today Malaria is the world’s most important parasitic disease. Each year around 300 million
people are infected with the disease and between 1.5 to 2.7 million people die. Almost 90%
of the deaths occur in Sub-Saharan Africa where young children are the most affected.
Malaria is directly responsible for one in five childhood deaths in Africa and indirectly
contributes to illness and death from respiratory infections, diarrhoeal disease and
malnutrition (WHO Health Report 1999). It is estimated that Malaria claims 100 000 lives per
year elsewhere in the world and these deaths occur in all age groups, mainly among
individuals who lack immunity and are infected by P. falciparum in areas where appropriate
diagnosis and treatment are not available (Sherman 1998). The current worldwide
distribution of malaria is shown in (Figure 1.1).
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Figure 1.1. Global malaria distribution in 1994 (Sherman 1998).

1.3. THE LIFE CYCLE OF THE MALARIA PARASITE

The life cycle of all species of human malaria parasites are essentially the same (except that
hypnozoites do not occur in P. falcipaum) and is represented in Figure 1.2.
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Figure 1.2. The life cycle of malaria parasites in the mosquito and human host (Bruce-Chwatt 1985)
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schizonts cause the erythrocytes to become sticky and adherent to the capillary endothelium
of deep organs which can result in coma, known as cerebral malaria, severe anaemia or
multiple organ failure (Pasvol 1995, Ridley 1998).

Some erythrocytic schizonts are intended to develop into male and female gametocytes
which may then be taken up by an Anopholes mosquito through its bite. Once inside the gut
of the mosquito, male and female gametes fuse to form a zygote which develops into an
oocyst, and later into sporozoites. These sporozoites travel to the salivary glands where they
wait to be discharged into the next human host when the mosquito takes another blood meal
(Russell 1963, Bruce-Chwatt 1985).

P. falciparum is the most dangerous of the four human malarias because it can invade red
blood cells of any age and produce overwhelming, potentially lethal parasitemias. There is
virtually no risk of death from the other species that infect humans because they produce
more limited parasitemias and can invade only young (P. vivax and P. ovale) or old (P.
malariae) red blood celis with the latter being the mildest of the three (Pasvol 1995). P. vivax
can complete its cycle inside the mosquito at lower temperatures than P. falciparum and was
the malaria species transmitted in the UK and Netherlands in the 1800’s (Pasvol 1995,
Sherman 1998). Liver stage P. vivax parasites tend to persist in the liver parenchymal cells
as hypnozoites and may give rise to late relapses, even after several years. P. ovale is
similar to P. vivax and is found predominantly in West Africa (Pasvol 1895).

1.4. CURRENT UTILISATION OF QUINOLINE ANTIMALARIALS

1.4.1. The Discovery of Important Antimalarials

The first effective treatment for malaria in Europe was brought from Peru by the Spanish
priests in the mid-sixteen hundreds. Whether the curative properties of the bark of the “fever
trees” growing on the mountainous siopes of the Peruvian Andes were known to the local
inhabitants before the Spanish conquest remains uncertain and controversial. Demand for
the powdered bark, known as “Jesuit’s powder” became so great in the seventeen hundreds
that accessible South American forests of “fever trees” were soon stripped. The Dutch
successfully planted Cinchona ledgeriana trees from Bolivia in Java and by the 1930’s were
producing 97% of the world’s production (Bruce-Chwatt 1981). “Jesuit's powder” contains
four quinine related alkaloids which differ with respect to symmetry about the chiral centres
at C-8 and C-9, namely quinine (13, 9R, 8S), quinidine (1b, 9S, 8R), 9-epiquinine (1c, 9S,
8S) and 9-epiquinidine (1d, 9R, 8R) (Figure 1.4). Of these four alkaloids, only quinine and
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quinidine have strong antimalanal properties (Winstanley and Breckenridge 1987, White et
al. 1981). ‘

1a 1b
Quinine Quinidine

1c 1d
9-Epiquinine 9-Epiquinidine

Figure 1.4. The four quinine alkaloids present in the bark of the Cinchona tree. Quinine (1a), quinidine (1b), 9-
epiguinine (1¢} and S-epiquinidine (1d).

During the First World War, the Germans, having found themselves cut off from the world's
supply of natural quinine alkaloids, began synthesising synthetic antimalarials. These efforts

resulted in the discovery of the first 8-aminoquinoline, pamaquine {2) in 1932 and quinacrine
(3) in 1933. 3 was used as the first Malaria prophylactic by the allied forces during World

War li (Coatney 1963, Bruce-Chwatt 1985).
HN/l\/\/N\/’
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Pamagquine Quinacrine

In 1935, Germans chemists working at Bayer |.G. synthesised analogues based on 2 and
discovered sontoquine (4) and resochin (later known as chloroquine {CQ)) (Kenyon 1949,
Coatney 1963). 4 was used as a prophylactic by the German troops and CQ was abandoned
due to toxicity problems observed in preliminary trials (Coatney 1863). When a stock of 4 fell
into US hands in 1941, CQ was rediscovered along with the development of amodiaquine
(40) and the 8-aminoquinoline primaquine (5) (Kenyon 1949). Both 40 and 5 exhibit toxicity
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which limits their widespread use. CQ however tumed out to be one of the most successful
drugs ever developed and formed the mainstay treatment and prophylaxis for over five
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decades.

In the 1960’s, CQ resistance to P. falciparum started to emerge simultaneously in Columbia,
Brazil and Thailand. A very large program was launched with WHO sponsorship at the
Walter Reed Army Institute of Research where 250 000 compounds were synthesised and
screened for antimalarial activity. The result of this effort was the discovery of the
phenanthrenemethanols of which halofantrine (6) is noteworthy and the quinolinemethanols
which include mefloquine (7) (Bruce-Chwatt 1981, Egan 2001).

HO,
H
X
o
N CF3
CF; 7
Halofantrine Mefloquine

Cl

Antimalarials currently being developed by the WHO include pyronaridine (8) which is based
on the template of (3} and artemesinin derivatives which are based on artemesinin (9), an
extract from the Chinese herb, Arfemisia annua. 9, has poor antiplasmodial activity due to
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limited water solubility however the synthetic analogues artemether (10) and artesunate (11)
have shown promising activity and are currently undergoing clinical trials (Sherman 1998).

0
b@

=X RN
o
o N =
8
Pyronaridine
9
Artemesinin No Name Z
10 Artemether CHs

11 Sodium Arfesunate = COCHCH>COONa

1.4.2. Clinical Use

The 4-aminoquinolines, acridines and quinolinemethanols, which include chloroquine,
amodiaquine, quinacrine, quinine and mefloquine, all act solely on the blood stage of the
infection and are termed blood schizonticides. They clear the malaria parasites from the
blood that give rise to the clinical symptoms of headaches, fevers and chills and therefore
cure the disease. In cases of low toxicity, these blood schzonticides can be used
prophylactically (Ridley 1998).

In contrast, the 8-aminoquinolines primaquine and pamaquine act only on the early liver
stage and are termed tissue schizonticides. Their clinical utility is for radical cure of certain
species of the malaria parasite, such as P. vivax, by eliminating the residual hypnozoites
that can lead to recurrent infections. These tissue schizontocides are too toxic for routine
use as prophylactics. For a summary of clinical use see Table 1.1.
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Table 1.1. Clinical utility of quinoline antimalarial drugs currently in use.

Drug Class of Compound Site of Action Clinical Utility
Blood Stage Liver Stage

Chloroquine 4-aminoquinoline + T, P
Amodiaquine 4-aminoquinoline + T
Quinacrine g-aminoacridine + ™
Quinine quinoline methanol + T

Mefloquine quinoline methanol + T,P
Primaquine 8-aminoquinoline + T
Pamaquine 8-aminoquinoline + ™

T = treatment, P = prophylaxis, ® limited by resistance, ° no longer in clinical use

Chloroquine cross-resistance has been observed clinically in the structurally related 4-
aminoquinoline drug amodiaquine and experimentally in pyronaridine. To delgy the spread
of resistance and prolong the utility of drugs, they are now marketed as combination
therapies. This has been done successfully for mefloquine where resistance, which is now
widespread in Thailand, has been successfully delayed by administration of Fansimef; a
cocktail of mefloquine and the antibacterial agents pyrimethamine and sulfadoxone (Ridley
1998). When pyronaridine is marketed, it will probably be in combination with artesunate
(Peters and Robinson 2000). Although quinine gives rise to serious toxic side effects, it is
used along with mefloquine to treat chloroquine-resistant malaria (Egan 2001b).

1.5. MECHANISM OF ACTION OF QUINOLINE ANTIMALARIALS

1.5.1. Evidence that the Food Vacuole is the Locus of Antimalarial Activity

The utility of quinoline blood schizontocide drugs is limited to the stages actively involved in
haemoglobin degradation, namely trophozoites and early schizonts (Yayon ef al. 1983,
Zhang et al. 1986). After exposure of these stage-specific parasites to CQ, the food vacuoles
enlarge (Langareth et al. 1978) and according to some studies produce reduced amounts of
haemozoin (Macomber and Sprinz 1967, Homewood et al. 1972, Zhang 1987, Zhang 1999)
although it has been suggested that this may be secondary to parasite killing
(Asawamahasakda et al. 1994). In addition, the parasite cytoplasm demonstrates ribosomal
aggregation, mitochondrial swelling and swelling of the rough endoplasmic reticulum
(Jacobs et al. 1988). Endocytosis and trafficking of erythrocytic haemoglobin to the central
food vacuole continues normally in the presence of CQ but the intact vesicles accumulate in
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the food vacuole without further digestion (Yayon et al. 1984). CQ accumulates (Aikawa
1972, Geary and Ginsburg 19‘89) in the damaged food vacuole of malaria trophozoites, and
has been shown to associate with haemozoin (Sullivan et al. 1996b). Given the
morphological changes and locus of accumulation upon CQ administration, it would appear
that the primary drug target of CQ and related quinoline antimalarials is located within the
food vacuole.

1.5.2. Biochemical Processes Occurring in the Food Vacuole
1.5.2.1. Haemoglobin Degradation

Malana parasites obtain most of their amino acids required for protein synthesis from
degrading 25 to 75% of host haemoglobin in the occupied erythrocyte (Goldberg et al. 1990,
Lona et al. 1999). In this process, large quantities of erythrocyte cytoplasm are ingested by
fluid phase endocytosis and transported in vesicies to a secondary lysosome known as the
food vacuole (Sherman 1998).

+1.5.2.1.1. The pH of the Food Vacuole

The pH of the food vacuole (pH..c) was originally thought to range between pH 5.2 and 5.4
based on cuvette measurements of pH-sensitive fluorescent probes that had been
endocytosed into the food vacuole of intra- (Krogstad et al. 1985) and extra-erythrocytic
parasites (Yayon et al. 1984). Recently Dzekunov et al. found the pH... of the CQ-sensitive
HB3 strain is 5.6 based on single-ceil fluorescence measurements of parasitised
erythrocytes stained with the fluorescent weak base, acridine orange (AO) (Dzekunov et al.
2000). Their experimental methods have since been called into question by Bray et al. who
claim that the fluorescence pattem observed by Dzekunov et al. arises wholly from the
parasites cytosol and not from the food vacuole (Bray et al. 2002a). Technical aspects of the
microscopy techniques used to monitor AO - fluorescence between the two laboratories,
interpretation of the fluorescence patterns and hence the reported pH..c of 5.6 is still a
matter of intense debate (Dzekunov et al. 2002, Bray et al. 2002b).

1.5.2.1.2. Proteases Involved in Haemoglobin Degradation
The food vacuole contains multiple proteases that degrade haemoglobin to peptide

fragments in an ordered process (Goldberg et al. 1990). Two aspartic proteases
plasmepsins | and | (PM I and II), that initiate degradation by cleaving native haemoglobin in
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a highly conserved hinge region, have been identified and extensively characterised
(Goldberg et al. 1990, Goldberg et al. 1991, Tyas et al. 1999, Moon et al. 1997). Recently
two additional proteases, namely a histidine-aspartic protease (HAP) containing an active
site histidine, and plasmepsin IV (PM IV) have also been identified and implicated in the
metabolism of haemoglobin (Banerjee et al. 2002). Two cysteine proteases falcipain 2
(Gluzman et al. 1994) and falcipain 3 (Sijwali et al. 2001) and a metallopeptidase falcilysin
(Eggleson et al. 1999) are thought to act by degrading haemoglobin into smaller peptide
fragments further downstream (Rosenthal and Meshnick 1996, Goldberg 1990). This
degradation process is complicated by the release of ferrous haem which is rapidly oxidised
to the ferric form known as haematin (aquaferriprotoporphyrin IX or H,O-Fe(llI)PPIX) (Figure
1.5). Solubilised haematin is cytotoxic and has been shown to damage biological
membranes (Tappel 19563, Orjih et al. 1981, Ginsburg and Demel 1983, Van Der Zee et al.
1996) and inhibit a variety of enzymes (Yasuhara et al. 1991) including vacuolar proteases
(Vander Jagt et al. 1987).

Q
1l ||
G—COH c—0C
7/
\
H20-Fe(lIHPPIX

Figure 1.5. Structure of aqua-ferriprotoporphyrin iX (HO-Fe(li}PPIX)
1.5.2.1.3. The Haem Detoxification Pathway

The malaria parasite has evolved a pathway to detoxify haematin by conversion, at least in
part, to the highly insoluble, black, granular substance known as malaria pigment or
‘ haemozoin. This substance is responsible for organ discolouration in malaria patients and

was first described by Lancisi in 1716 and later by Bright in 1831 (Sherman 1998).
Haemozoin formation is not unique to erythrocytic stage malaria parasites, but has also
been identified in other animals that degrade haemoglobin where it presumably serves the
same purpose. These organisms are a blood sucking insect Rhodinus prolixus, which is an
important vector of Trypanosoma cruzi, the causative agent of Chaga’s disease (Oliviera et
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al. 1999, Oliviera et al. 2000a); Shistosoma mansoni, a worm in humans causing
schistosomiasis (Oliveira et al. 2000b, Chen et al. 2000) and Haemoproteus columbae, a
protozoan parasite common in birds (Chen et al. 2001).

1.5.2.2. The Structure of Malaria Pigment

Malaria pigment can be synthesised /n vitro by precipitation of haematin under acid
conditions (Slater et al. 1991, Egan et al. 1994) to form the synthetic equivalent known as p-
haematin. The native and synthetic forms of haemozoin are chemically and structurally
equivalent as shown spectroscopically by infra-red, EXAFS and ESR spectroscopy as well
as X-ray powder diffraction (Slater ef al. 1991, Scott Bohle et al. 1998, Egan et al. 1999a).
For many years B-haematin was believed to be a polymer of haematin, however publication
of the recently solved X-ray diffraction pattern (Pagola et al. 2000) has shown that p-
haematin is composed of crystalline dimers linked together through a Fe(lli}-carboxylate
bond (Figure 1.6). These dimeric units interact in the crystal through hydrogen bonding
between the remaining propionic acid group on each Fe(ll)PPiX.

Figure 1.6. Structure of the B-haematin dimer (Pagola et a/. 2000).

1.5.2.3. Mechanism of B-Haematin and Haemozoin Formation
1.5.2.3.1. Mechanism of -Haematin Formation
p-Haematin can be precipitated from aqueous 0.1 - 4.5M acetate solution between pH 2.6

and 5, at temperatures ranging from 8 to 70°C and reaction times between 30mins and
overnight (Slater et al. 1991, Egan et al. 1994, Slater 1998). The optimum set of conditions
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for this process is a vigorously stirred solution of haematin in 4.5M acetate, pH 4.5 at 60°C
for 1h (Egan et al. 2001c). In this observed pH window, one of the deprotonated carboxylate
groups is available for coordination to the Fe(lil) centre of a second haematin molecule, with
the remaining protonated carboxylate group available for intermolecular hydrogen bonding
between two dimers. Formation of the product can be monitored by the appearance of two
peaks in the infrared spectrum around 1660cm™ and 1210cm™ which are believed to arise
from C=0 and C-O stretching of the Fe(lll}-coordinated propionate groups respectively
(Slater et al. 1991) (Figure 1.7).
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Flgure 1.7. Infrared spectra of haematin after 0 (A) and 30min incubation (B) 4.5M acetate, pH 4.5, 60°C. The
definitive peaks for B-haematin around 1660cm™ and 1210cm™ are marked by arrows (Egan ef al. 1994).

Conversion of haematin to B-haematin is spontaneous under the range of conditions
mentioned although the reaction is markedly slower in acetate solutions below 4.5M and at
pHs and temperatures below 3.0 and 60°C respectively (Egan ef al. 1994, Egan ef al.
2001c). The process of B-haematin formation occurs via rapid precipitation of noncrystalline
haematin followed by slow conversion fo the crystalline product. The acetate is thought to
facilitate the dimerisation reaction by solubilising haematin through formation of a
Fe(lil)PPIX-acetate complex (Egan ef al. 1994, Egan ef al. 2001c¢). The reaction kinetics
follow a sigmoidal relationship which has been explained in terms of a biomineralisation
process in which a rapidly precipitated, noncrystalline solid slowly converts to a more
thermodynamically stable, crystalline product through an ordered process involving
nucleation and crystal growth (Egan et a/. 2001c).
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1.5.2.3.2. Mechanism of Haemozoin Formation

There is still much uncertainty regarding the mechanism of haemozoin formation in vivo. -
Haematin can form spontaneously from haematin under physiological conditions (37°C and
pH 4.8) but the reaction only goes to completion after 12 days (Do et al. 1998a). Slater
and Cerami suggested that haemozoin formation is enzyme catalysed in vivo and
demonstrated the catalytic activity of this putative enzyme present in P. falciparum
trophozoites extracts (Slater and Cerami 1992). That the reaction is enzyme mediated was
questioned by Dom et al. who noted that heat treatment of the extracts had little effect on
the reaction and suggested the initiator is haemozoin itself (Dom et al. 1995). Bendrat et al.
suggested that this reaction promoting material is a lipid contaminating the haemozoin
extracts (Bendrat et al. 1995, Ridley et al. 1995). This has been supported by subsequent
work in which acetonitrile extracts of malanal trophozoites and uninfected erythrocytes
promote B-haematin formation (Dom et al. 1998a). It has been suggested that the active
promoters in these extracts are lipids which themselves can catalyse the reaction (Dorn et
al. 1998, Fitch et al. 1999, Fitch et al. 2000). This is further supported by the ability of
perimicrovillar membranes from the midgut of the haemozoin producing insect R. prolixus to
promote B-haematin formation (Oliveira et al. 1999, Oliveira et al. 2000a).

Sullivan et al. managed to idenfify and clone two histidine-rich proteins (HRP Il and HRP Il)
in purified digestive vacuoles which promote p-haematin formation in vitro. (Sullivan et al.
1996a). This protein, which bears a similarity to human histidine-rich glycoprotein (HRG),
can bind around 50 haem units which all share a similar environment as indicated by
electronic absorption, resonance Raman and EPR spectroscopy (Choi et al. 1999). These
authors claim all the ferrhaems in the HRP l-Fe(lll)PPIX complex are low spin, six
coordinate with two histidine ligands and that this complex is stable between pH 5.5 and 7.0.
These results are at odds with the findings of Lynn et al., who observed two types of pH-
dependent Fe(lll)PPIX binding in HRP-Il. Below pH 6, Fe(lll) is supposedly coordinated to
aspartate through a weak carboxylate-metal interaction which is capable of promoting
haemozoin formation. Above pH 6, it is thought that formation of a strong Fe(llI}-histidine
complex correlates to the lack of haemozoin formation in this pH range (Lynn et al. 1999).

Since recent findings on the mechanism of B-haematin formation in vitro have compared this
process to biomineralisation, it is possible that the role of HRP in vivo may be to provide a
scaffold on which nucleation and growth of the crystal can occur (Egan et al. 2001c).
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1.5.3. Hypotheses on the Mode-of-Action of Quinoline Antimalarials
1.5.3.1. Extravacuolar Hypotheses

From the morphological changes and specific accumulation associated with the food
vacuole upon CQ administration, it would appear that this is the primary locus of drug
activity. Various extravacuolar hypotheses have however been proposed over the last four
decades but none have found widespread acceptance.

1.5.3.1.1. DNA Binding

CQ was originally thought to exert its antimalarial activity through DNA intercalation and
hence inhibition of DNA replication and RNA synthesis. /n vitro CQ binds to DNA (O'Brien et
al. 1966) but at concentrations significantly higher (100puM) than the in vitro concentration
(typically 10nM) (Slater 1993). This theory has been further rejected on the basis that the
quinoline antimalarial, mefloquine, does not bind to DNA (Davidson et al. 1975), and that
there is no selectivity between the CQ - DNA interactions of host and parasite DNA
(Angerman et al. 1972).

1.5.3.1.2. Inhibition of Polyamine Synthesis

CQ inhibits omithine decarboxylase activity present in trophozoite extracts (Konigk et al.
1981). Since inhibition of this enzyme would block polyamine synthesis, it has been
suggested that CO may exert its antiplasmodial activity through this effect. There have been
no further follow-up experiments to lend weight to this hypothesis which does not account for
the erythrocytic stage specificity of this drug, as liver stage parasites also presumably have
orthinine decarboxylase (Slater 1993).

1.5.3.2. Intravacuolar Hypotheses
1.5.3.2.1. Inhibition of Haemoglobin Degradation

One of the morphological changes observed in malaria parasites u'pon CQ administration is
an accumulation of undigested haemoglobin-containing endocytic vesicles in the food
vacuole (Yayon et al. 1984b). This observation has led to hypotheses that CQO may interfere
with the parasites feeding mechanism by inhibiting haemoglobin degradation. In support of
this, Zarchin et al. have found a correlation between antiplasmodial activity of quinoline-
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containing antimalarial drugs and the parasite’s ability to produce amino acids (Zarchin et al.
1986). Several proposals as to how this inhibition occurs have been made.

1.5.3.2.1.1. Inhibition of Phospholipase Activity

Vacular phospholipases have been identified within the food vacuole which are responsible
for degrading endocytic vesicle membranes in order to release their haemoglobin content
into the food vacuole. CQ has been shown to inhibit phospholipase activity in vitro (Ginsburg
and Krugliak 1992), but at concentrations substantially higher than those likely to occur in
the vacuole (Slater 1993).

1.5.3.2.1.2. Inhibition of Protease Activity

CQ has also been shown to inhibit the activity of partially purified aspartic protease from P.
falciparum extracts (Gyang et al. 1982) but again only at concentrations above the clinical
range. Furthermore, haematin itself is a very good inhibitor of acid proteases (roughly 101M)
and this activity is unchanged in the presence of CQ (Vander Jagt et al. 1987).

Hypotheses that CQ interferes with the parasite's feeding mechanism have further been
questioned by Ginsburg and Krugliak who noted that treatment of CQ-treated parasites with
membrane permeable amino-acids, is unable to alleviate inhibition of parasite growth
(Ginsburg and Krugliak 1992).

1.5.3.2.2. Increased Vacuolar pH

CQ has been shown to accumulate in the food vacuole, at least in part, through it's ability to
act as a weak base (Section 1.5.3.3.1.). Homewood et al. originally postulated that a rapid
influx of CQ into the food vacuole through this weak base effect could deplete the vacuole of
protons and thereby cause an increase in vacuolar pH (Homewood et al. 1972). This
hypothesis was supported by Goldberg et al. who showed that proteases operating in the
food vacuole showed reduced activity above pH 6 (Goldberg et al. 1990). The strongest
evidence in support of this hypothesis came from Krogstad et al. who showed temporary
alkalinisation of the parasite’s food vacuole following CQ treatment (Krogstad et al. 1992)
which correlated to antiplasmodial activity (Krogstad et al. 1985). These results have since
been questioned by Ginsburg and colleagues who claim that the pH measurements of
Krogstad et al. were probably complicated by physiological alterations to the parasite during
the isolation procedure (Ginsburg et al. 1989). Further experiments using fluorescinated
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dextrans to monitor the vacuolar pH have shown that vacuolar alkalinisation is only observed
at levels above the clinical concentration of the antimalarial drugs (Yayon et al. 1984, Yayon
et al. 1985, Geary and Ginsburg 1986, Ginsburg et al. 1989).

This theory further fails to explain the inactivity of the sterecisomers of quinine which
presumably have similar pK.'s and hence alkalinising abilities, but exhibit very different
antiplasmodial activities.

1.5.3.2.3. Binding o Haematin

Fitch originally observed that CQ uptake into parasitised red blood cells is saturable (Fitch
1970) and dependent on haemoglobin degradation (Fitch et al. 1974). This has been
supported by several recent findings that antiplasmodial activity of the blood stage
antimalarial drugs CQ, AQ, quinine and mefloquine, are dependent on haemoglobin
degradation (Mungthin et al. 1998, Bray et al. 1998, Bray et al. 1999). These observations
support the existence of a haemoglobin-derived or related drug receptor within the food
vacuole (Fitch et al. 1974). In theory, this receptor could be a protease responsible for
haemoglobin degradation, a haemoglobin-derived peptide, or the haematin end product. Itis
unlikely that CQ inhibits proteases (Section 1.5.3.2.1.2.) and there is no evidence to suggest
that CQ and related antimalarials act by interacting with haemoglobin-derived peptide
fragments (Egan 2001a). CQ does however, form a non-covalent complex with haematin
(Cohen et al. 1964). This complex has also been shown to exist in the parasite
(Balasubramanian and Mohan Rao 1984) and has been isolated from parasitised
erythrocytes (Fitch et al. 1980). There is therefore strong evidence that CQ acts by binding to
a haematin target.

1.5.3.3. Accumulation of Chioroquine in the Food Vacuole
Food vacuoles have an incredible ability to accumulate CQ where it is estimated to reach
millimolar concentrations at clinical doses (Yayon et al. 1985, Geary et al. 1986, Ginsburg
and Geary 1987). This ability has been explained in terms of non-saturable weak-base
properties and saturable binding to a drug target.

1.5.3.3.1. Non-Saturable Uptake via Weak-Base Properties (Intravacuolar)

CQ accumulation is sensitive to the proton gradient between the acidic food vacuole and the
extracellular environment (Fitch et al. 1974). Perturbation of these transmembrane proton
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gradients with specific inhibitors of vacuolar proton pumps (Bray et al. 1992b, Hawley et al.
1996), or by lowering the external pH or alkalinising the intravacuolar pH (e.g. with NH,Cl)
results in less CQ accumulation in mammalian lysosomes (Macintyre and Cutler 1993) and
parasitised red cells (Yayon 1984, Krogstad et al. 1985). This pH-dependent accumulation
has been explaired in terms of CQ's ability to accumulate as a weak base (Homewood et al.
1972).

CQ has two sites that are capable of being protonated under physiological conditions,
namely, the quinoline ring nitrogen (pKa1 = 8.3) and the diethylamino group on the side chain
(pKaz2 = 10.2) (Irvin and Irvin 1947, Schlesinger et al. 1988). These two protonatable sites
can give rise to three pH-dependent species B, BH' and BH,”" (Figure 1.8). The relative
percentages of these three species as a function of pH can be calculated from knowledge of

the pK.'s and are plotted in Figure 1.8 below.

m PKa1 =83 PKaz = 10.2
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Figure 1.8. (top) the three pH dependent species of CQ. (bottom) a speciation plot of the relative percentages of

— BH;*, (—) BH" and (—) B as a function of pH.

In the food vacuole (pH 5.2 to 5.6 (see Section 1.2.2.1.1)), CQ exists in the form of BH,”,
whereas in the serum (pH 7.4), CQ exists 0.02% in the form of B, and between 11.2% and

88.8% in the charged forms, BH* and BH,"" respectively (Table 1.2).



Chapter 1: Introduction 19

Table 1.2. Calculated percentages of the three pH-dependent CQ species present in the food vacuole (between
pH 5.2 and 5.6) and in the serum (pH 7.4) based on pKa1(8.3) and pKa2(10.2)

Location pH %B % BH' % BH,”"
52 7.9x 107 0.08 99.9
5.3 1.3x 10° , 0.10 99.9
Food vacuole 54 2.0x 10° 0.13 99.9
55 32x10° 0.16 99.8
5.6 50 x 10° 0.20 99.8
Serum 7.4 0.02 11.2 88.8

Since the lipophilicity of charged CQ species is greatly reduced (Hansch and Leo 1979),
predominantly B will pass by passive diffusion into the acidic food vacuole where it will be
converted to the charged BH" and BH,” species which cannot pass back out across the
membrane. This depletion of intravacuolar B will cause more of this species to diffuse into
the food vacuole until the B equilibrium concentrations on both sides of the membrane are
equal. Since both BH" and BH,** contribute to the total CQ concentration, the intravacuolar
concentration will become substantially higher than the external concentration.

Krogstad et al. observed that CQ accumulation into mammalian vesicles is virtually identical
to that predicted through pH trapping but that CQ accumulation in the vesicles of susceptible
parasites is substantially more than predicted by pH trapping (Krogstad et al. 1992). This
observation has been confirmed by Bray ef al. who showed that CQ accumulates roughly
1700 fold into red cells infected with the CO-sensitive strain HB3 (expressed as the celiular
accumulation ratioc (CAR), Bray ef al. 1996, Bray ef al. 1998). Assumuing that the food
vacuole occupies roughtly 2% of the volume of a red cell (Dzekunov et al. 2000), CQ is
predicted to accumulate 85 000 fold into the food vacuole (expressed as the vacuolar
accumulation ratio (VARY)). The predicted CAR for CQ based on pH trapping alone lies
between 71 and 446 {presuming the pH of the food vacuole to be between pH 5.2 and 5.6,
Equation 1 and Table 1.3). Since these predicted CAR values can only account for 4-26% of
the observed accumulation, there must be an additional CQ uptake mechanism to pH
trapping alone.
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In equation 1, /CQ], refers to the total vacuolar concentration of CQ and [CQ]. refers to its
total extravacuolar concentration. The terms /H'], and [H'], refer to the vacuolar and
extravacuolar hydrogen ion concentrations respectively and X,; = 5.01 x 10°M (pK, = 8.3)
and K, = 6.31 x 10" M (pK, = 10.2)

In contrast, Hawley et al. found that the CAR of CQ could be accounted for based on pH-
trapping alone by assuming a vacuolar pH of 5.0 and a fractional vacuolar volume that is
3.5% of that of the parasitised red blood cell (Hawley et al. 1996). This pH value for the
vacuole would however appear to be too low, lying well below those that have been
reported on the basis of experimental data.

Table 1.3. Predicted and observed CQ accumulation ratio in the red cell (pH 7.4) and food vacuole (between

pH 5.2 and 5.6)
Predicted Observed

pH, pH. VAR CAR VAR CAR
5.2 74 22324 446 85000 1700°
5.3 14088 282

54 8891 178

55 5612 112

5.6 3542 Y &

VAR = vacuolar accumulation ratio between pH 5.2-5.6 and an external pH of 7.4, CAR = cellular accumulation
ratio (for the paritisised red cell), ® Bray ef al. 1996.

1.5.3.3.2. Saturable Uptake via Haematin Binding

Fitch originally noted that CQ uptake is saturable and competitively inhibited by structurally
related quinolines. This observation prompted him to propose the existence of a structurally
defined drug receptor within the food vacuole (Fitch 1970, Fitch et al. 1974). Binding of CQ
to this receptor will deplete the free CQ concentration inside the food vacuole, thereby
causing more CQ to diffuse across the membrane until all the binding sites are saturated.
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Although accumulation of CQ through pH trapping can only account for 4-26% of the total
accumuation, it's importance in driving the total accumulation must not be underestimated
{Egan 2001a). If one considers formation of a 1:1 haematin-quinoline complex, an
appropniate equilibrium expression can be formulated (Equation 2):

H+ COr —= CQ{, 2

=19k i), = kiHC
[HJ[CQ}f’{ Ql, = K[H][CQ],

COior=CQOr+ COs

Here, [H] represents the free haematin concentration, [CQ]s represents the free CQ
concentration, [C(], represents the concentration of bound CQ and CQq: is the total CQ
concentration. The free haematin concentration is unknown aithough it has recently been
estimated at about 20uM (Dzekunov ef al. 2000) and the K value for CQ in 40% aqueous
DMSQ is 3.3x10°M™ (Egan et al. 1997, discussed in Section 1.5.3.5.). In the presence of pH
trapping, CQ is predicted to accumulate between 3542 and 22324 fold (Table 1.3) which
equates to a vacuolar CQ concentration of 3.5x10° — 2.2x10™ M at the ICs (10nM) (Table
1.4). The bound CQ is predicted to be roughly 2.3x10™* - 1.5x10° M (Equation 2) which gives
a total CQ concentration in the food vacuole of roughly 2.7x10*- 1.7x10™* M (26900 -169700
fold VAR accumulation). Since the food vacuole only occupies 2% of the total volume of the
red cell, this amounts to a CAR of roughly 538-3394 fold (which is in general agreement with
the experimentally reported value of 1700 (Bray et al. 1996).

Table 1.4. Calculated CAR of CQ based on pH trapping and haematin binding

pHy  Predicted [Col [cOl, [COler Predicted Predicted Found
VAR’ VAR® CAR CAR

5.2 22324 22x10° 15x10° 1.7 x 107 169700 3394 1700°

5.3 14088 1.4 x10* 9.3 x10* 1.1 x 10* 107050 2141

5.4 8891 89x10° 59x10* 6.8 x 10 67550 1351

5.5 5612 56x10° 3.7x10* 43x10" 42650 853

5.6 3542 35x10° 23x10* 2.7 x 10 26900 538

® Calculated from pH trapping alone (Table 1.3)
® Calculated from pH trapping and complex formation with Fe(liPPIX
°Bray et al. 1996
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In the absence of pH trapping, the free CQ concentration in the food vacuole will be roughly
the same as the external clinical concentration of 10nM. The concentration of bound CQ will
be roughly 6.6x10° M (Equation 2, Table 1.5.) which amounts to a total CQ concentration of
7.6x10° M which gives a CAR of approximately 8 (compared to the observed CAR of 1700).

Table 1.5. Calculated CAR of CQ based on haematin binding alone

[Cal, [Cal, [CO)x Predicted Predicted Found CAR
VAR CAR
1.0x 10° 6.6 x 10° 7.6x 10° 400 8 1700°

°Bray et al. 1996

Therefore, even though accumulation via pH trapping only contributes to approximately 4-
26% of the total accumulation, it is essential to drive the saturable accumulation component
through Le Chatelier's principle (Egan et al. 2001a).

1.5.3.4. The Nature of Fe(lll)PPIX-Quinoline Interactions

Fe(ll)PPIX-Quinoline interactions are difficult to study in aqueous solution as Fe(lll)PPIX
tends to aggregate (Davies 1940, Shack and Clarke 1947) and undergoes slow autoxidation
(Brown et al. 1968, Shack and Clarke 1947). Furthermore, this molecule precipitates out of
solution below pH 6 (Dzekunov et al. 2000) and has been observed to adhere to surfaces
(Brown et al. 1968). The most extensive study on the state of Fe(lll)PPIX in aqueous
solution was carried out by Brown et al. in 1970 (Brown et al. 1970) who found that
Fe(ll)PPIX is extensively dimerised in aqueous solution (log K= 0.65) and claimed itto be a
p-oxo dimer (Equation 3 and Figure 1.9).

II'-'e
K=45
—— D+H @) ?

Figure 1.9. Dimerisation equilibrium of Fe(ll)PPIX in aqueous solution proposed by Brown et al. 1970 where M

is the haematin monomer and D is the p-oxo dimer (12)
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Because of the problems associated with studying haematin in aqueous solution, alternative
binding models have been used. Studies have been performed either in non-aqueous
systems (Warhurst 1981, Warhurst 1987) or in aqueous detergent systems (Bachhawat et
al. 2000) where haematin is reported to be monomeric {(Simplicio et al. 1975). Also the iron
porphyrins that have a lesser tendency to aggregate have been used in studies
(Constantinidis and Satterlee 1988a, Constantinidis and Satterlee 1988b, Marques et al.
1996).

tnitial studies showed that the blood stage antimalarial drugs CQ, AQ, quinacrine, quinine
and mefloquine are all capable of binding to Fe(lIl)PPIX in aqueous solution at pH 7.4 (Fitch
et al. 1980). Qualitative experiments later questioned the ability of 4Q to form a complex in
benzene (Warhurst 1987), although subsequent studies using electronic and Mdssbauer
spectroscopies showed that a complex can be formed in aqueous solution (Blauer 1988,
Blauer et al. 1993). There were also early studies showing that 9-epiquinine, the inactive
enantiomer of quinine, could not form a complex with Fe(llDPPIX in benzene (Warhurst
1987, Warhurst 1981). This is not the case in aqueous solution as quinine, quinidine, 9-
epiquinine and 9-epiquinidine all form complexes with Fe(lll)PPIX (Egan et al. 1997, Egan et
al. 1999a, Mavuso, PhD thesis 2001, Bachhawat et al. 2000).

The binding interactions in CQ are thought to be coplanar n-n interactions between the
aromatic ring system of CQ and the porphyrin (Constantinidis and Satterlee 1988b, Moreau
et al. 1982, Adams et al. 1996, Marques et al. 1996, Egan et al. 1997). Evidence that
complexation does not involve metal-coordination is shown by the ability of CQ to form
complexes with the metal free porphyrins, protoporphyrin IX (Moreau et al. 1985) and
uroporphyrin | (Constantinidis and Satterlee 1988b) which are almost as strong as the
corresponding metal porphyrin complexes. Furthermore, the strength of the complex is
virtually unchanged between pH 5.6 and 7.4 (Egan et al. 1997) which implies that the
protonation state of the drug and hence metal-coordination is not important.

The term n-n complex does not necessarily imply that complex stability arises solely from
overlap of m-orbitals, hydrophobic interactions are also important (Hunter and Sanders
1990). The strength of the complex and hence hydrophobic interactions have been found to
depend on the nature of the surrounding solvent. This is observed by a weakening in the
association constant between CQ and Fe(ll)PPIX with increasing concentrations of
acetonitrile in water (Egan et al. 1997). The importance of the solvent in complex stability
may also explain why early researchers failed to observe complex formation between
Fe(lhHPPIX, and AQ or 9-epiquinine in benzene (Warhurst 1987, Warhurst 1981).
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Since haematin is predominantly dimeric in aqueous solution, the current view is that CQ
binds to haematin p-oxo dimers in a cofacial n-n sandwich type complex (Figure 1.10)
(Moreau et al. 1982, Dom et al. 1998a, Vippagunta et al. 1999).

Figure 1.10. Model of the interaction between CQ and Fe(lll)PPIX in aqueous solution (Moreau et al. 1982)

Interactions between quinine and haematin also have a large n-r component (Moreau et al.
1985, Constantinidis and Satterlee 1988a), but NMR spectra of the urohemin | complex
(Constantinidis and Satterlee 1988a) and the uv-vis spectrum of a haem-peptide complex
(Marques et al. 1996) indicates that additional coordination of the 9-OH group to the iron
centre is likely to occur.

Further evidence that CQ-haematin and quinine-haematin complexes are different is
supported by Mdssbauer spectroscopy (Adams et al. 1996). Also thermodynamic
parameters obtained for CO-haematin complex formation indicates the process to be largely
entropically driven whereas the quinine-haematin complex formation is enthalpically driven
(Egan et al. 1997).
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1.5.3.5. Association Constants for Fe(lll)PPIX-Quinoline Complexes

Fitch et al. originally reported association constants in aqueous medium based on an
equilibrium dialysis method (Fitch et al. 1980). Association constants have subsequently
been measured in an aqueous environment usihg titration calorimetry where large
haematin:drug stoichiometries are observed (Dom et al. 1998a) (Table 1.6). This is
supposedly because the drug is sandwiched between two or more haematin p-oxo dimers.
Since these large stoichiometries render the results difficult to interpret, efforts have been
made to obtain association constants in strictly monomeric Fe(ll})PPIX. Bachhawat et al.
obtained a similar value for CQ using titration calorimetry in a detergent system in which
haematin is likely to be monomerised into micelles (Bachhawat et al. 2000). Similar
association constants for the various drugs with haematin have also been obtained in our
laboratories in 40% DMSO (aq) systems in which haematin is strictly monomeric (Egan et al.
1997, Egan et al. 1999a) (Table 1.6).

Table 1.6. Associafion constants for interaction of quinoline antimalarials with Fe(ll)PPIX (haematin:drug
stoichiometry in parenthesis)

Compound fog K

Dormn et al. Bachhawat ef al. Egan et al.
Chioroquine 5.60+0.2 (4:1) 5.64 (2:1),2.90 552+ 0.03 (1:1)
Amodiaquine 497 £ 0.1 (4:1) 539+ 0.04 (1:1)
Quinacrine 5.70 + 0.04 (4:1)
Pyronadine 5.48 +0.03 (7:1)
Quinine 4.32 1 0.04 (5:1) 410 +0.02 (1:1)
Quinidine 5.02 +0.03 (1:1)
S-Epiquinine 4.04 £0.03 (1:1)
S-Epiquinidine 4.37 £0.02 (1:1)
Mefloguine 4.08+0.1(3:1) 3.90+0.08 (1:1)
Halofantrine 466 (1:1) 5.29 +0.02 (1:1)

* in 80% ethanol; Dorn ef al. haematin 0.25M phosphate buffer, pH 6.5, 37°C (Dorn et al. 1998a); Bachhawat et
al. Haematin in 0.2% Triton X-100, pH 7.4, 5mM phosphate buffer, 27.5°C (Bachhawat ef al. 2000), Egan et al.
haematin in 40% DMSO (aq), pH 7.4, 0.02M HEPES, 25°C (Egan et al. 1997, Mavuso, PhD thesis 2001)

Little is known about the structural features in CQ and related 4-aminoquinolines responsible
for complex formation with Fe(ll)PPIX. O’Neill et al. used molecular mechanics to model the
interaction between Fe(ll)PPIX and the AQ analogue tebuquine (O’'Neill et al. 1997). These
authors found complex stability depended on a combination of the coplanar interaction
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between the quinoline nucleus and the porphyrin ring, and an apparent hydrogen bonding
interaction between the side chain terminal amine of the drug and the Fe(lil)PPIX propionate
groups. A subsequent study has found that the hydrogen bonding interaction is not critical as
CQ analogues lacking a basic terminal amino group in the side chain (14) or lacking a side
chain (15) stili form complexes with Fe(il)PPIX (Vippagunta et al. 1999) (Figure 1.11A).
These authors claim that the 7-chloro substituent on the quinoline ring of CQ is a critical
structural determinant for binding as the 6-chloro analogue (17) of CQ failed to bind to
Fe(ll)PPIX (Figure 1.11B). This is supported by Egan et al. who found that quinoline, 5-, 6-
and 8-aminoquinoline (540, 640 and 84Q respectively) also failed to bind to Fe(lli)PPIX
(Figure 1.11B) (Egan et al. 1997).

A: Compounds that associate
strongly with Fe(lIl\PPIX

'

N
HN/]\/\/ ~
=
lLog K=5.60
Ci N
c@
/l\/\/N\/ » /k/\/C/
HN HN NH,
= = o
N/ lo]] N/ ct N/
13° 14° 15°
LogK= 4.93 LogK=4.90 LogK=4.72

Figure 1.11A. Reported analogues of CQ that all bind strongly to Fe(ll)PPIX. ® Vippagunta et a/. 1999.
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B: Compounds that do not associate
strongly with Fe(lilPPIX
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Figure 1.11B. Reported analogues of CQ that fail to bind to Fe(ll)PPIX. ® Vippagunta et al. 1999, ® Egan ef al.
1997

There is no evidence that the strength of haematin binding is quantitatively related to
antiplasmodial activity (Vippagunta et al. 1999, O'Neill et al. 1997, Egan et al. 1997, Dom et
al. 1998a) although all the CQ and related quinoline antimalarials form strong complexes
with haematin.

1.5.4. Hypotheses on how Complex Formation is Related to Antiplasmodial Activity
1.5.4.1. Inhibition of Protein Synthesis

Suriola and Padmanaban found that Fe(ll)PPIX stimulates protein synthesis and proposed
that CQ inhibits this process by forming a Cg-Fe(lll)PPIX complex (Suriola and Padmanaban
1991). This hypothesis has not found widespread acceptance as the CQ concentrations
required to inhibit protein synthesis are substantially higher {micromolar) than those required
for antiplasmodial activity {(nanomolar). Furthermore, there is no evidence that malaria
protein synthesis is dependent on Fe(lll)PPIX (Slater 1991).
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1.5.4.2. Inhibition of B-Haematin Formation
1.5.4.2.1. Inhibition of Haem Polymerase Activity

Slater and Cerami originally suggested that CQ and related antimalanal drugs may act by
inhibiting the haem detoxification pathway (i.e. haemozoin formation) in malaria parasites
(Slater and Cerami 1992). At that time, haemozoin was thought to be a polymer that
required a “haem polymerase” enzyme to form. This enzyme was supposedly present in
extracts from P. falciparum trophozoites and CQ was shown to inhibit this process
presumably by inhibiting the enzyme. Other researchers have supported the existence of a
haem polymerase enzyme (Fitch and Chou 1996, Coy and Fitch 1997) even though no such
enzyme has ever been isolated. Furthermore, under conditions where B-haematin has been
shown to form spontaneously in the absence of biological material, its formation is still
inhibited by CQ (Egan et al. 1994).

1.5.4.2.2. Inhibition of Crystallisation Activity

in the absence of a haem polymerase enzyme, it has been suggested that CQ inhibits p-—
haematin formation directly (Egan et al. 1994, Sullivan et al. 1996, Sullivan et al. 1998). It
was proposed that the CO-Fe(lll)PPIX complex prevents the incorporation of haematin into
B~haematin (Dom et al. 1995) by capping the growing polymer chain (Sullivan ef al. 1996).
This was supported by observations that [’H] CQ associates with haemozoin in vivo and that
association in vitro is dependent on the presence of free haematin (Sullivan et al. 1996,
Sullivan et al. 1998). Recently Pagola et al. have shown that f—haematin is not a polymer
but a crystalline haematin dimer (Pagola et al. 2000) which has led to the suggestion that CQ
may instead inhibit B-haematin formation by blocking the fastest growing crystal face
(Pagola et al. 2000) or inhibiting crystal nucleation (Egan et al. 2001a, Egan ef al. 2001c¢).

That B-haematin inhibition is responsible for the antiplasmodial activity of CQ is supported by
independent findings in the haemozoin-producing insect, R. prolixus. Following the feeding
of the insect on blood supplemented with CQ; midgut swelling is observed, haemozoin
production is inhibited and free Fe(lll)PPIX is seen to appear in the insect’s haemolymph
(Oliveira et al. 2000a). Furthermore, evidence of lipid peroxidation is seen (although the
insects do not die). '

CQ and related 4-aminoquinolines, quinolinemethanols, a wide range of
phenanthrenemethanols and bisquinoline antimalarials and antiplasmodials have been
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shown to strongly inhibit B-haematin formation (Table 1.7A) (Egan et al. 1994, Raynes et al.
1996, Egan et al. 1999a, Dom et al. 1998, Hawley et al. 1998, Vennerstroom et al. 1998,
Vippagunta et al. 1999). In these classes of compounds, complex formation with haematin
appears to be a prerequisite but not a sufficient requirement for B-haematin inhibition (Table
1.7B). This distinction is highlighted by the inability of the inactive sterecisomers of quinine,
namely 9-epiquinine and 9-epiquinidine, to inhibit B-haematin formation even though they
form complexes of similar strength to quinine and quinidine with haematin (Egan et al. 1997,
Egan et al. 1999a, Mavuso PhD thesis 2001). In agreement with these observations,
quinoline and related compounds that do not bind to Fe(lll)PPIX or inhibit p~haematin

formation fail to exhibit strong antiplasmodial activity (Table 1.7C).
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Table 1.7A. Compounds that form strong complexes with Fe(lH)PPIX, inhibit f-haematin formation and have
strong antiplasmodial or antimalarial activity

Compound Complex p~-Haematin Antiplasmodial
Formation Inhibition Activity
Chioroquine ad $abcd +
Amodiaquine 434 $3bcd +
Desbutythalofantrine +2 +2 +
Halofantrine 42 abod ,
Mefloquine 424 abed +
Quinine 424 4abod +
Quinidine +2 X +
Quinacrine 4 4 .
Pyronaridine +4 4bed +
Ro 48-6910 +4 4b.d +
HNR
0
Ct N/
R=H 38 +9 +9
R = CH,CH3; +9 +9 49
R = CH(CH;)CH.NEt, +9 +9 49
R = CH(CH5)CH,CH_NEt, +9 +9 +9
R =CH(CH;)CH,CH,CH.CH,NEt, +9 +9 49
R = CH(CH;)CH,CH,CH,CHEt, +9 +9 49

X R’ R’

NO, H H +9 +9 +9
Br H H +9 +9 +9
Cl CHs H +9 +¢ +7
Ci H CH, +9 +9 +9

“ Egan ef al. 1994, Egan ef al. 1897 and Egan ef al. 1999a, ® Dorn ef a/. 1998, ° Hawley ef al. 1998, 4 Do et al.
1998, ° Ridley and Hudson 1998,  Egan 2001, ¢ Vippagunta ef al. 1999.
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Table 1.7B. Compounds that form strong complexes with Fe(11)PPIX, do not strongly inhibit B~haematin
formation and do not have strong antiplasmodial activity.

Compound Complex f-Haematin Antiplasmodial
Formation Inhibition Activity™'
9-Epiquinine +? _a -2
9-Epiquinidine +2 -2 . .2
/l\/\/ + - -
NEt,
HN
=
/
H N

* Egan ef al. 1994, Egan et al. 1997, Egan et /. 1899a and Mavuso PhD thesis 2001, ¢ Vippagunta et al. 1999.

Table 1.7C. Compounds that do not form a strong complexe with Fe(ill)PPIX, do not inhibit B—haematin
formation or have sfrong antiplasmodial activity

Compound Complex p-Haematin Antiplasmodial
Formation Inhibition Activity™'
Quinoline -2 _a _a
5-Aminoquinoline 2 e 2
6-Aminoquinoline -2 -2 ’ 2
8-Aminoquinoline _a _a _a

NEL;

9 9 _8
<t
/
N

® Egan et al. 1994, Egan et al. 1997 and Egan ef al. 1999a, 9 Vippagunta ef al. 1999.

Strong evidence that p-haematin inhibition is primarily responsible for antiplasmodial activity
is demonstrated in a wide variety of quinoline antimalarial (Dorn et al. 1998b) and
antiplasmodials (Hawley et al. 1998, Vippagunta et al. 1999). Dorn et al. found a correlation
between pB-haematin inhibition and antiplasmodial activity for the blood stage antimalarial
drugs: CQ, AQ, halofantrine, pyronaridine, quinine, quinacrine, meflogquine and Ro 48-6910
(Figure 1.12A) (Dom et al. 1998b). Furthermore, these authors observed a comelation
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between the haematin binding constant and the ability of these compounds to inhibit B-
haematin formation. This is in line with the hypothesis that CQ-haematin binding is important
for antiplasmodial activity through p-haematin inhibition. Similar observations have also been
found in a series of 4Q analogues and CQ where antiplasmodial activity was strongly
correlated to B-haematin inhibition when activity was normalised for the extent of cellular
drug accumulation (Figure 1.12B) (Hawley et al. 1998). Vippagunta et al. also observed a
modest correlation between antiplasmodial activity and B-haematin inhibition for eleven CQ
analogues when B-haematin inhibition was normalised for u-oxo dimer binding affinities
(Figure 1.12C). In this case, no direct correlation was found between the strength of
haematin association and the ability to inhibit B-haematin formation although it was
suggested that vanable accumulation may have accounted for the lack of correlation
(Vippagunta et al. 1999). Finally, a comelation has been observed between the
antiplasmodial activity of a series of bis-quinolines and their ability to inhibit B-haematin
formation (Figure 1.12D) (Raynes et al. 1996).
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Figure 1.12. Cormelation between p-haematin inhibition and antiplasmodial activity in: (A) the CQ sensitive strain
NF54 for eight antimalarial drugs (Dom ef &l. 1888b); (B) the C@-sensitive strain 3D7 for seven AQ analogues in
which antiplasmodial activily was normalised for extent of celiular accumulation (CAR) (Hawley ef al. 1998); (C)
the CQ-sensitive strain NF54 for eleven CQ analogues in which B-haematin inhibition was normalised for
haematin p-oxo dimer binding affinities (Vippagunta ef &/. 1999) and (D) the CQ-sensitive strain D10-for nine bis-
quinoline analogues (open bars = antiplasmodial ICsg, solid bars = B-haematin inhibition {Csp) (Raynes et al.
19986).
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From the currently available literature, it is not obvious what structural features in CQ are
responsible for B—haematin inhibition. It would appéar that the chloro-group at the 7-position
in CQ may play a role as replacement with hydrogen or amino (Table 1.7B) renders the
compounds inactive and unable to inhibit B—haematin formation, whereas replacement with

nitro or bromo (Table 1.7 A) does not.
1.5.4.3. Interaction of Haematin with Biological Membranes

If formation of a CQ-haematin complex interferes with the parasite mechanism to sequester
haematin, vacuolar haematin concentrations would be expected to increase following CQ
administration. It has been proposed that haematin or the CQ-haematin complex exerts a
toxic effect on the parasite by compromising the integrity of the vacuolar membrane (Chou
and Fitch 1981, Orjih et al. 1981). This is in agreement with the observed morphological
changes upon CQ administration which include a loss of internal detail and swelling of the
food vacuole (Fitch et al. 1982). In vitro studies on erythrocytic membranes in P. berghei
(Orjih et al. 1981) and P. falciparum (Fitch et al. 1982) have shown that both haematin and
the CQO-haematin complex cause membrane lysis. Being hydrophobic, haematin has a
strong affinity to intercalate within erythrocytic membranes (Atamna and Ginsburg 1995) and
lipid bilayers (Tipping et al. 1979, Ginsburg and Demel 1983, Cannon et al. 1984) which is
likely to upset membrane order and increase permeability (Chou and Fitch 1981). In vitro,
haematin has been demonstrated to impair the ability of erythrocytic membranes to maintain
cationic gradients (Chou and Fitch 1981) and causes leakage of solutes trapped in inner
vesicles and liposomes in a concentration-dependent manner (Schmitt et al. 1993).

Another mechanism through which haematin may cause membrane damage is by promoting
lipid peroxidation (Tappe! 1953, Tappel 1955). This has been shown to occur in vitro where
haematin-catalysed lipid peroxidation displays a bell-shaped dependence on haematin
concentration as measured by thiobarbituric acid reactive substances (TBARS) (Schmitt et
al. 1993, Omodeo-Sale et al. 2001). The extent of lipid peroxidation appears to be
dependent on the pre-existence of hydroperoxides in the membrane (Omodeo-Sale 2001)
which is in agreement with a proposed mechanism in which haematin reacts with membrane
hydroperoxides to generate atkoxyl and peroxyl radicals (Van der Zee et al. 1996) which
subsequently degrade the membrane (Dahle et al. 1962). Furthermore, complex formation
between CQ and haematin has an increased ability to promote lipid peroxidation relative to
haematin alone (Sugioka et al. 1987, Sugioka and Suzuki 1991, Omodeo-Sale et al. 2001).
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1.5.4.4. Alternative Hypotheses for the Fate of Intravacuolar Haematin

Despite considerable evidence that quinoline antimalarals act by inhibiting haemozoin
formation, unequivocal evidence for this hypothesis has not been provided in vivo. Recently
two independent research groups have provided evidence suggesting that only less than
30% of haemoglobin derived haem is converted to haemozoin in P. félciparum infected
erythrocytes (Ginsburg et al. 1998, Loria et al. 1999). These observations have led to the
recent advancement of two alternative hypotheses on haematin detoxification.

Ginsburg et al. suggested that at least 70% of the haematin is not converted to haemozoin,
but exits the food vacuole into the cylosol where it is subsequently degraded by glutathione
and that CQ and related 4-aminoquinoline antimalarials inhibit this process {Ginsburg et al.
1998). Non-degraded haematin then exerts a toxic effect on the parasite by associating with
the membranes. Glutathione has been shown to degrade haematin in vitro (Atamna and
Ginsburg 1995) and CQ inhibits this process (Ginsburg et al. 1998). Furthermore, a
correlation has been observed between increased membrane-associated haematin following
CQ administration and antiplasmodial activity (Ginsburg ef al. 1998). A problem with this
hypothesis is that it assumes the existence of a CQ-haematin complex in the parasite’s
cytosol where no pH frapping is expected to occur. l:iere the free CQ concentration is
expected to be similar to the clinical concentration (10nM) which would resuit in the
existence of almost no CQO-haematin complex (disc'ussed in Section 1.5.3.3.2).

In an alternative hypothesis by Loria et al., it is proposed that haematin is degraded in the
food vacuole by reaction with hydrogen peroxide (Loria et al. 1999). Hydrogen peroxide may
arise from the oxidation of ferrohaem, released from haemoglobin, o ferrihaem (haematin)
(Equations 4, 5 and 6) (Atamna and Ginsburg 1995).

Fe?*+ 0, Fe’* + Oy (4)
Oy +H* ———= HO7; (5)
HO; + 0, + H*——— = H20, + O (6)

Haematin is known to display catalase-like and peroxidase-like activities with hydrogen
peroxide in vitro (Orjih et al. 1988, de Almeida Ribeiro et al. 1995, de Almeida Ribeiro et al.
1997) resulting in the destruction of the porphyrin ring (Brown et al. 1968), and CQ and
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related antimalarials have been shown to inhibit this degradation process in vitro (de
Almeida Ribeiro et al. 1995, de Almeida Ribeiro et al. 1997, Loria et al. 1999).

A potential problem with both these hypotheses is that the experimental methods used to
assay for haematin do not unequivocally identify the putative non-haem iron species in the
parasite-infected erythrocytes. The hypotheses rest on the accuracy of the haematin assay
alone. In a recent study in which the total iron content in infected erythrocyes isolated from
trophozoites, food vacuoles and haemozoin, was assayed using a ferrocene calorimetric
assay (Jill Combrink, Hons Project, Department of Pharmacology, University of Cape Town,
2001), 92% of the iron present in an infected erythrocyte was found to be located in the
trophozoite food vacuole and 88% of this was in the form of haemozoin. Furthermore, a

Mossbauer spectrum of the iron in trophozoites is identical to that of p-haematin with no

additional peaks observed, which implies that virtually all the iron in the parasite is
haemozoin-iron (Egan, unpublished results). This calls into question the existence of a

haematin detoxification route apart from conversion to p-haematin.

1.6. RESISTANCE MECHANISMS

Resistance to CQ was slow to develop suggesting that muitiple mutations were required to
produce the resistance phenotype. Two resistance foci appeared simultaneously in South
East Asia and South America in the 1960’s, and these have since spread to every country
where malaria is endemic (Foote and Cowman 1994, Foley and Tilley 1997). Once
established, the CQ-resistance phenotype appears to be stable and persists even in the
absence of drug pressure (Le Bras et al. 1983).

1.6.1. Reduced Uptake vs Enhanced Efflux

A common feature of CQ resistance is that CQ-resistant parasites accumulate less drug than
their sensitive counterparts (Macomber et al. 1966, Fitch 1969, Krogstad ef al. 1987). Much
debate has centred around whether this reduced accumulation is due to reduced drug
uptake or enhanced drug efflux from the parasitised cell (Bray and Ward 1993). CQ
resistance can be reversed by its co-administration with compounds such as verapamil
{(Martin et al. 1987), desipramine and chlorpromazine (Bitonti et a/. 1988) which are known to
reverse multi-drug resistance (MDR) in cancer cells. MDR is thought to arise from the
presence of an ATP-dependent, membrane bound drug effluxer protein known as P-
glycoprotein (Martin et al. 1987, Bray and Ward 1993). Verapamil is thought to compete with
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the anticancer drugs for P-glycoprotein binding and hence prevent their active efflux from the
cell. The similarities between MDR and CQ resistance in malania parasites has suggested
that a similar energy dependent efflux protein may be present in CQ-resistant parasites
(Krogstad et al. 1987, Warhurst 1988, Krogstad et al. 1992). Two MDR genes have been
found in P. falciparum (Wilson et al. 1989), one of which, pfmdri, has a high degree of
homology to mammalian MDR genes (Foote et al. 1990). However the level of CQ
resistance in a number of strains of P. falciparum do not comrelate with the level of pfmdri
expression arguing against a direct role for this protein in CQ resistance (Foote et al. 1990,
Cowman et al. 1994). In addition, offspring from a genetic cross of CQ-resistant and CQ-
sensitive cloned isolates could establish no linkage between the pfmdr1 gene and the rapid
efflux phenotype (Wellems 1990, Wellems 1891).

Chloroquine resistance has also been mapped to complex polymorphisms related to two
genes (cg1 and ¢g2) on chromosome 7 of the malana parasite (Wellems et al. 1991). A
recent study in which the cg7 and c¢g2 sequences in resistant parasites were replaced with
the cg? and cg2 sequences from sensitive parasites, however showed no subsequent
change in the degree of CQ resistance thereby arguing against this hypothesis (Fidock et al.
2000a). These authors instead suggested that a gene located close to ¢g? and cg2, namely
pfert, is probably responsible for CQ resistance (Fidock et al. 2000b). There is an increasing
body of evidence implicating the PfCRT protein in CQ resistance (Fidock et al. 2000b, Ward
and Bray 2000, Warhurst 2001). This protein is located in the vacuolar membrane and
resembles other 10 transmembrane domain proteins that facilitate transport of organic
cations (Zhang et al. 1997). Although 10 codon changes were found in the pfcrt sequance in
CQ resistant isolates from South America, Africa and Asia, only the point mutation from
lysine to threonine in codon 76 appears to be common to all CQ resistant strains (Warhurst
2001). Furthermore, the CQ-resistant phenotype has been expressed from a CQ-sensitive
strain by transfection with a plasmid containing the ‘resistance” pfcrt sequence (Fidock et al.
2000b).

There is various evidence that reduced CQ accumulation in resistant parasites is due to
reduced drug uptake and not enhanced drug efflux (Geary et al. 1986, Ferrari and Cutler
1991, Bray et al. 1992a and b, Martiney et al. 1995) which is supported by a number of
mathematical models (Ferrari and Cutler 1991, Ginsburg and Stein 1991).
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1.6.2. Other Hypotheses on Reduced Chloroquine Accumulation
1.6.2.1. Reduced NHE activity

Since the initial rate of CQ uptake into CQ-sensitive parasites is rapid, it has been proposed
that CQ is actively transported into the parasite (Ferrari and Cutler 1991, Sanchez et al.
1997). This is supported by evidence that specific inhibitors of a Na'/H" exchanger (NHE)
inhibit CQ uptake. It has therefore been proposed that CQ resistance is the resuit of an
impaired NHE pump and that verapamil reverses this effect (Sanchez 1997, Wiinsch et al.
1998). This hypothesis has recently been discredited by Bray et al. who showed that CQ
uptake is unchanged in the absence of sodium ions and that inhibition of CQ uptake by NHE
inhibitors (amiloride derivatives) occurs via inhibition of CQ-haematin binding as opposed to
inhibition of NHE (Bray et al. 1999, Bray et al. 1998).

1.6.2.2. Increased Vacuolar pH

Reduced CQ accumulation into resistant parasites has also been attributed to an increased
vacuolar pH in resistant parasites due to a weakened proton pump (Geary et al. 1986,
Ginsburg and Stein 1991). This was further supported by Bray et al. who found that inhibition
of the vacuolar ATPase system with bafilomycin A1 caused a greater reduction of [°H] CQ
uptake into CO—sensitive as opposed to CO—resistant parasites (Bray et al. 1992). Krogstad
et al. however found no significant differences in vacuolar pH between resistant and
sensitive parasites (Krogstad et al. 1985). Recently Dzenukov et al. found that the vacuolar
pH in resistant parasites is actually lower, and not higher, than their sensitive counterparts
(Dzenukov et al. 2000), although their experimental methods have recently been called into
question (Bray et al. 2002a, Dzekunov et al. 2002, Bray et al. 2002b).

-

1.6.2.3. Reduced Access to Haematin

A recent study by Bray et al. found that saturable CQ uptake is due solely to the binding of
CQ to haematin and that the number of binding sites in both resistant and sensitive parasites
are the same. The difference in CQ accumulation is accounted for by a reduction in CQ
binding affinity which can be reversed in the presence of verapamil (Bray et al 1998, Bray et
al. 1999). It has been suggested that the CQ-resistance mechanism probably regulates the
access of CQ to haematin which is consistent with the resistance hypotheses arguing that
prevention of CQ accumulation at the local site of action is the basis of activity.
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1.6.3. Concluding Remarks

The mechanism of CQ drug resistance appears to be multifaceted and is still the subject of
much debate. It appears that alteration in pfrhdrl and/or pfcrt gene sequences may play a
role, however the search for a genetic event capable of explaining resistance in all isolates is
probably too simplistic (Ward et al. 1997). In highly CQ-resistant parasites, it has been
proposed that at least two mechanisms are present; a verapamil-sensitive component which
is responsible for the shift in ICs, from moderate resistance to high resistance, and a
verapamil-insensitive component responsible for the initial loss in sensitivity compared to the
truly sensitive isolates (Ward et al. 1995). This is demonstrated by AQ resistance, which
shows a degree of cross-resistance to CQ but lacks the verapamil-sensitive resistance
component (Bray et al. 1996). It has been suggested that the existence of more than one
resistance mechanism in highly CQ-resistant malaria has contributed to many of the
controversies that surround the subject (Ward et al. 1995).

1.6.4. Structural Modifications that Circumvent Resistance
1.6.4.1. Changes to the Aminoalkyl Side-Chain of CQ

Although the CQ-resistance mechanism is still the subject of much debate, it appears to
arise from reduced drug accumulation and not modification of the target. The resistance
mechanism is extremely structure specific and seems to recognise the aminoalkyl side-chain
of CQO. This was demonstrated elegantly by Krogstad et al. who showed that close
analogues of CQ with either shortened (2-3C long) or lengthened (10-12C long) side-chains
maintain full activity against CQ resistant strains whereas those with chain lengths closer to
that of CQ have intermediate activities (Figure 1.13) (De et al. 1996).
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Figure 1.13. Relationship between length of the aminoalkyl side-chain and activity against chloroquine-sensitive
(Haiti 135) and chloroquine-resistant P. falciparum {De et al. 1996).

It appears that a high degree of variability can be tolerated in the side-chain as can be seen
from the introduction of a short side-chain similar to that of CQ in 18 and Ro 47-0543, or the
introduction of an organometallic substituent in 19 (Figure 1.14). Ro 47-0543 and three other
short chain analogues of CQ were selected for in depth scrutiny as potential replacements of
CQ. They exhibited comparable activity to CQ in the mouse model but showed partial cross
resistance with CQ. In addition, the metabolites of these compounds, which contribute to in
vivo activity, are inactive against CQ-resistant strains bringing into question the ultimate
efficacy of these compounds as CQ replacements in the clinic (Ridley ef al. 1996, Ridley et
al. 1997, Ridley and Hudson 1998).

kN Ete " NEy
HN

~

X
o
= Cl N
N

Ro 47-0543
ICso / nM (Ro 47-0543) = 18 (NF54 (S)), 59 (K1 (R))

Ch
18

Ing /nM (18) = 8 (Haiti 135(8)), 11 (Dd2 (R))

o

HN

I
= Ferrocene
o
Cl N

19
ICs0/ pg.mi™? (19) = 0.057 (FG4 (S)), 0.067(FG1(R))

Figure 1.14. Analogues of CQ with different side chains that retain activity against CQ-resistant P. falciparum. 18
(De et al. 1996), Ro 47-0543 (Ridley ef a/. 1996), 19 (Biot ef al. 1997). Srepresents a CQ-sensitive strain and R
represents a Cg-resistant strain of P. falciparum.

Many bis-quinolines with varying side chains also have good activity against CQ-resistant P.
falciparum (Figure 1.15) (Chen 1991, Vennerstrom et al. 1992, Raynes ef al. 1995, Raynes
et al. 1996, Ridiey et al. 1997, Vennerstrom et al. 1998). In particular 22 underwent
extensive preclinical evaluation at Hoffmann-LaRoche Ltd, but was rejected on toxicological
grounds (Ridley et al. 1997, Vennestrom et al. 1998).
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Ct N

Figure 1.15. Bis-quinoline analogues of CQ with different side chains that retain activity against CQ resistant
strains of P. falciparum. 20 (Chen 1991, 21 (Vennerstroom et al. 1992), 22 (Ridley et al. 1997, Vennerstroom et
al 1998) and 23 (Raynes et al. 1995).

1.6.4.2. Changes to the Quinoline Ring

Structural changes to the quinoline ring system appear to have little effect on antiplasmodial
activity of CQ against both CQ-sensitive and CQ-resistant parasites if the 7-chloro group is
substituted with iodo, bromo or nitro groups (Table 1.8). Substitution with fluoro or
trifluoromethyl groups at the 7-position significantly reduces CQ’s activity against both the
CQ-resistant and CQ-sensitive parasites, and substitution with methoxy, hydro or amino
groups substantially reduces CQ’s activity against both CQ-resistant and CQ-sensitive
parasites. From these observations, It appears that changes to the quinoline ring system
have little effect on the CQ-resistance mechanism but are essential for CQ's antimalarial
activity. Fromn these 7-substituted CQ analogues it would appear that antiplasmodial activitiy
may be related to the electron withdrawing ability and/or lipophilicity of the group at the 7-
position. ‘
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Table 1.8. Effect of changing quinoline-ring substituents on the antiplasmodial activity of CQ

Compound ICso/ NM
CQ-sensitive CQ-resistant
HN/L/\/NE"
20
X N/
X Haiti 135 Indochina |
Cl{CoyF 8 95
¢ 4 35
B 5 90
Fe 20 500
CFs° 16 45
OMe® 55 3000
H® 90 5000
NF54 Ki
Cl(cgy 13 350
NO,* 15 68
NH,® 2600 4300

HI\I/‘\/\/ NEt;

30 (Haiti 135)°
170 (NF54)

250 (Indochina 1)"°
4900 (K1)°

NE1,

Nee

N
,WJ\/\/
L
N/

Cl

1000 (Haiti 135)°

1050 (Indochina 1)"

® De et al. 1998, ® De et al. 19986, ° Vippagunta et al. 1999,

In summary, since close analogues of C@ maintain activity against CQ-resistant parasite
strains it appears that the resistance mechanism does not involve any change to the target
of this class of drug, but rather involves a compound-specific resistance. As a result, it
remains of considerable importance to understand the mode-of-action of CQ with a view to
rational design of new antimalarials based on the same mechanism of action. This is
especially true given that the putative haemozoin inhibition process occurs only in the
parasite and not in the host and so represents an ideal drug target.
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1.7. AIMS AND OBJECTIVES

1.7.1. Aims

The aims of the project are to investigate the nature of the ferriprotoporphyrin IX
(Fe(lll)PPIX) target and to determine the critical structural features in 4-aminoquinoline
antiplasmodials responsible for their complexation with Fe(li)PP1X and the relationship to
antiplasmodial activity. An attempt will also be made to identify the structural features in 4-
aminoquinolines responsible for B-haematin inhibition with an aim to probing whether these
compounds act by inhibiting B-haematin formation. In addition, it will be investigated if
accumulation of the 4-aminoquinoline antiplasmodials in the food vacuole is dependent on
pH trapping and whether pH trapping is important for antiptasmodial activity.

1.7.2. Objectives
1.7.2.1. Investigation of the Target
1.7.2.1.1. The Nature of Fe(lI)PPIX in Aqueous Solution

There is considerable evidence that ferriprotoporphyrin IX (Fe(lll)PPIX), released from
haemoglobin into an acidic aqueous environment is the target of CQ and related 4-
aminoquinoline antimalarials and antiplasmodials. Fe(ll)PPIX in aqueous solution is
generally thought to consist of monomers and p-oxo dimers with a dimerisation constant
strongly in favour of the dimer (K = 4.5) (Brown et al. 1970). Since behaviour of Fe(ll1)PPiX
in aqueous solution is central to understanding the mechanism of action of quinoline
antimalarnals, and there have been no follow-up investigations since the study by Brown et
al., the nature of the Fe(ll)PPIX target in aqueous solution will be investigated.

1.7.2.1.2. Structural Features of CQ critical for Fe(lll)PPIX- CQ Binding

Little is known about the structural features in CQ responsible for Fe(lll)PPIX binding. In this
study, the following structural features in CQ will be probed to ascertain the effect they have
on Fe(llI)PPIX- CQ binding: (i) the position of the amino-group on the quinoline ring, (ii) the
presence of a 7-chloro group and (jii) the presence of a side chain with terminal amino
functionality. The existence of a quantitative relationship between strength of Fe(lii)PPIX
association and antiplasmodial activity will also be investigated.
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1.7.2.2. Mechanism of Antiplasmodial Action of 4-Aminoquinolines
1.7.2.2.1. Accumulation Through pH Trapping

Since CQ accumulates roughly 10 000 fold in the food vacuole at the ICs, it would appear
that these enhanced internal concentrations are necessary for antiplasmodial activity. It has
recently been suggested that this vacuolar accumulation is driven predominantly by
Fe(llhPPIX complex formation and that pH trapping plays a lesser role. In this study, the
structural significance of the terminal amino-group will be probed to ascertain if pH trapping
is important in antiplasmodial activity. Furthermore, the extent of pH trapping will be
predicted for a series of structurally related compounds in order to ascertain if accumulation
through pH trapping is quantitatively related to antiplasmodial activity.

1.7.2.2.1. Inhibition of p-Haematin Formation

Although there is considerable evidence that CQ and related 4-aminoquinolines bind to
Fe(ll)PPIX, the resulting toxicity of this complex is still the subject of much debate. In this
study, the hypothesis that CQ-type antimalarials act by inhibiting f-haematin formation will
be investigated. An attempt will be made to identify the critical structural features in CQ and
related 4-aminoquinolines responsible for B-haematin inhibition in order to probe whether

this class of compounds acts by inhibiting p-haematin formation.
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SYNTHESIS

2.1. BACKGROUND
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Chloroquine

For more than 40 years, chloroquine (CQ) has been the drug most widely used in the
prophylaxis and treatment of malaria. The recent spread of CQ resistance has compromised
its utility and spurred on the need to develop new antimalarials. Instead of searching for a
completely new motif, there has been a trend towards understanding the structure-activity
relations in CQ with a view to rationally designing superior quinoline antimalarials. In this
project, it was decided to dismantle the CQ molecule to probe how the following three
structural features are related to antiplasmodial activity (Figure 2.1.):

1. Position of the amino-group on the quinoline ring

2. Functionality of the group at the terminal position on the side-chain, Y
3. Functionality of the group at the 7-position on the quinoline ring, X.

4y
H n

o

Figure 2.1. Schematic representation of the three structural features of interest in chloroquine (CQ). NH: position
of the amino-group, Y: terminal functionality of the group in the side-chain, and X: functionality of the group at the
7-position.
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2.1.1 Synthetic Targets Chosen for the Study

The following four classes (1-4 below) of aminoquinolines were obtained or synthesised in
order to probe the following structural features in CQ.

1. Position of the amino-group on the quinoline ring:
Quinoline, 3-, 5-, 6- and 8-aminoquinoline are commercially available, whilst 2- and 4-

aminoquinoline were synthesised (Figure 2.2.).
NH,

* XNk
/
¥ VT

Figure 2.2. Aminoquinclines required for the study

* Commercially avaliable

NH,

2. Influence of the group at the 7-position of 4-aminoquinoline (Figure 2.3.).

NH
2 X
AN Cl
CH;
, >
X N

Figure 2.3. 7-X-4-aminoquinclines reguired for the study

3. Functionality of the group at the terminal position in the side chain (Figure 2.4.).

HNR
@f% L
~ = |
N N~ SNHR
R R

CHs CHs
CH,CH,OH CH>CH,NH;
CH,CH,HNCOCH;

CH,CHNH:

CH.CH,NEL;

Figure 2.4. Derivatives with an amino-group at the 2- and 4-positions, containing a short alkyl side chain and
terminal functionality
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Compound 81 was purified by crystallisation and characterised by a sharp melting point

combustion analysis (Table 2.9). Compounds 82 and 83 were oils and were characterised

by High Resolution Mass Spectroscopy (HRMS).

Tabsle 2.9. Characterisation of Compounds §1-83

Mo, Observed Literature Microanalysis

mp/°C mpi°C Calculated / % Found / %

C H N C H N
81 200 - 202 Novel 68.1 6.6 183 878 6.6 183
HRMS
Calculated Found
/ g.motl™ { g.mol”

82 oif Novel 25916848 25916770
83 oil Novel 258.18445 258.18425
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Since precipitation of haematin from aqueous alkaline solution using solid sodium hydroxide
gives a p-oxo dimer (12) (Brown et al. 1969) (Figure 3.5.), it has long been thought that this
is the dimeric species present in aqueous alkaline solution (Brown et al. 1870).

Figure 3.5. u-oxo dimer of haematin 12.

This p-oxo dimer, can also be synthesised by {i) addition of water or alumina to the
monomer in chloroform (Sadasivan et al. 1969, Fleischer and Srivastava 1969); (i)
treatment of the monomer with pyridine followed by alumina chromatography (O'Keeffe and
Barlow 1975) or (jiii) autoxidation of the dipyridine Fe(ll)DP-DME monomer in benzene
(Alben et al. 1968).

The crystal structure of the u-oxo dimer of 82 is consistent with the sguare-pyramidal five
coordinate geometry that is typical for high-spin ferric porphyrins. In this case, both the iron
centres are displaced 0.5A from the plane of the porphyrin ring towards the axial oxo-ligand
with the two iron centres anfiferromagnetically coupled through a near linear 174.5° oxo-
linkage (Hoffman et al. 1972, Fleischer and Srivastava 1969). Magnetic susceptibilities and
Mossbauer spectra of the haematin p-oxo dimer (Lucas and Silver 1983, Lucas et al. 1982)
and various p-oxo Fe(lihDP-DME dimers (O'Keeffe and Barlow 1975, Torrens ef al. 1972,
Cohen 1969) are consistent with two high spin (S = 5/2) Fe(ill) ions antiferromagnetically
coupled to each other. A distinctive infrared absorption band between 800cm™ and 900cm™,
assigned to a vs asymmetric stretching vibration of the Fe-O-Fe bond (Brown et al. 1969),
has often been used for quick identification of the p-oxo-dimer. The Uv-vis spectrum of the
w-oxo Fe(liDDP-DME dimer in chioroform shows a peak at 567nm and a shoulder at 590nm
{Sadasivan et al. 1969) (Figure 3.6. left). The data in Figure 3.6 (right) show that this peak
and shoulder are largely substituent independent. Comparison of Figure 3.6 (left) with
spectrum (D) in Figure 3.6 (right} shows that it is also solvent independent.
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Figure 3.6. (left). Uv-vis spectrum of (—) Fe(ll)DP w-oxo dimer and {...) CI-Fe(iNDP monomer in chloroform
(Sadasivan ef al. 1989). (right). Uv-vis spectra of u—oxo Fe(l)DP-DME derivalives in benzene where the
hydrogens at positions 2- and 4- are substituted for: A, hydrogen; B, ethyl; C, 2-(ethoxycarbonylcyclopropyl; D,
vinyl: E, propionyl; F, acetyl (O'Keeffe and Barlow 1975).
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3.1.3. Evidence for the Existence of Higher Aggregates in Aqueous Solution

inada and Shibata, and Srinivas and Rao, both observed two rate constants for the
formation of dimers and higher aggregates in aged, non-buffered haematin solutions {inada
and Shibata 1962, Srinivas and Rac 1990). Kuzalova et a/. further supported these findings
in phosphate-buffered (pH 7.4) solutions by measuring the binding kinetics of monomeric
haematin to albumen. In fresh solutions the rate of binding was dependent on the
dissociation of dimers to monomers (Kuzalova et al. 1997). This dissociation process was
biphasic in aged solutions and thus suggested to provide support for the formation of higher
aggregates over time.

Haematin has however been shown to undergo slow autoxidation in phosphate buffered
solutions {pH 11} (Figure 3.7.) {(Brown et &/. 1968, Shack and Clarke 1947). This has been
atiributed to the slow oxidation of the vinyl groups of haematin as Fe(lll)DP (Brown ef al.
1968) and ferrihematoporphyrin (Marques 1992), in which the vinyl groups are replaced by
hydrogens or hydroxyethyl groups respectively, show no such behaviour. Since the authors
studying the higher aggregation of haematin did not take precautions against autoxidation,
their spectral changes assigned to aggregation may have been due to the appearance of an
oxidised product. Definitive evidence of higher aggregation in aqueous solution is thus
tacking. By contrast, it is well established that metal free protoporphyrin undergoes extensive
aggregation in aqueous solution (Brown and Shillcock 1976).

molar extinction coefficient x 10-* - -
-
LB :

Figure 3.7. Speclroscopic changes associated with ageing haematin in phosphate buffer, pH 11; { —) fresh
haematin; (L........ ) aged haematin (Brown ef &/, 1968).
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3.1.4. Existence of the p-oxo-dimer in Agueous Solution

Although there is unequivocal proof for the existence of the p-oxo-dimer, it is less clear that
this is the dimeric species present in fresh aqueous solution. Silver and Lucas have provided
evidence indicating that Mssbauer spectra of frozen haematin solutions are composed of
monomers at low pH and p-oxo-dimers at high pH (Silver and Lucas 1983). The authors also
recorded uv-vis spectra of 50uM haematin in fresh aqueous solution and assigned the
limiting spectrum at low pH to the monomer and the spectrum at high pH to the p-oxo-dimer
suggesting that formation of the two species are pH-dependent (Figure 3.8.). These authors
found no evidence for aggregates higher than dimers in their frozen agueous systems.
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Figure 3.8 (left) Uv-vis speclra of 50uM haematin in aqueous solutionalpHs (___ )88, (._...)786,(___)82
and {......) 13.0. Note the peak maxdmum at 610nm which does not correspond to the distinclive peak and
shoulder in the p-oxo-dimer at 580 and 567nm. (Right) pH dependent monomer ardd p-oxo-dirner haematin

species proposed o exist in aqueous solution (Silver and Lucas 1983).

3.1.4.1. Spectrophotometric Study by Brown et al.

The most extensive study of haematin dimerisation was carried out by Brown et &/. in 1970.
it has frequently been cited as evidence of u-oxo dimer formation in aqueocus solution
(Brown et al. 1970). In this study, the authors measured a pH dependent dimerisation
constant in aqueous solution. Brown et al. collected spectra of the Soret region of Fe(lll)DP
(384nm) and Fe(ll)PPIX (394nm) in the concentration range 2x107 — 2x10™M at pH 6.98,
and noted that Beer's Law is not obeyed (Figure 3.9). There is a drop in the extinction
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fraction of haematin in the form of the dimer (1), Equation 8 can be written which is only true
in the case where the absorbance at 361nm is an isosbestic point.
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Equation 8 was therefore used o fit the absorbance ratios collected at 385nm and 361nm to
the dimerisation equation {See Section 7.2.2.2.5. for derivation of the model).

3.2.1.3. Analysis of Data

Absorbance ratios (A+/Az) were collected for haematin in the same pH range as Brown ef al.,
namely between pH 6.9 to 8.0, and fitted to the dimerisation equation using non-linear least
squares fitting procedures (See Section 7.2.2.2.5. for derivation of the model). In agreement
with Brown ef al., the data collected gave excellent fits to the dimerisation equation with no

evidence of higher aggregation {Figure 3.16.).

As observed by Brown ef al., the limiting absorbance ratio of the monomer is never reached
although this value appears to increase with decreasing pH. At high haematin
concentrations, the curves flatten off significantly to the limiting absorbance ratio of the dimer
which appears to increase slightly with increasing pH. Three parameters describing this
behaviour were extracted from the dimerisation equation namely: o, the absorbance ratio of
the pure monomer; B, the absorbance ratio of the pure dimer and log Kas, the log of the pH-

conditional dimerisation constant (Table 3.5.).
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Table 3.7. a ratios for haematin in 0.25 - 3% SDS in the pH range 7.2 to 10.1.

% SDS pH o

2 7.2 1.74

2 8.0 1.73

2 10.1 1.76

0.26 8.0 1.75

05 80 .71

1.0 80 1.75

25 8.0 1.76

3.0 80 1.75
Mean 1.74 + 0.02

This value of « = 1.74 is lower than some of the experimental values for mixtures of the
monomer and dimer in agueous solution and hence cannot be a pH-independent value for
monomeric haematin in aqueous solution at pH 5. It was therefore decided to investigate

another non-coordinating solvent, methanol.

The spectrum of haematin in dry methanol is again different from the p-oxo dimer and
haematin in aqueous solution (Figure 3.22A) and the value of ais again 1.74. In this system,
o is very sensitive to the presence of water, with only a few percent causing a large increase
in the value of o at low pH. This effect is further dependent on pH, with the largestincreases

in the value of o at low pH (Figure 3.22B) and little change at pH 10.

A

0.20
® 0.15+
(8]
o
4]
£
5 0.10-
L]
L
P

0.05

0.00 T Y ¥ T T f

350 400 450 500 550 600 650 700
Wawelength / nM

Figure 3.22. (A) Uv-vis spectrum of haemalin in dry methanol, o = 1.74.
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+ H' i Dimerisation

— <, — RN v J
fethanol 10-30% HO-Methanol 30-100% H,O-Methanol
a=174 a=3.60,pH6.0 a=1.74, pH 10.0

Figure 3.23. The haematin monomers present in methanol (86} and 10-30% H;O-Methanol mixtures (87a and
87h). Since Fe(lll) carries a +3 charge, the porphyrin nitrogens carry a -2 charge and the HO  ligand carries g -1
charge, the overall charge on 86 and 87ais zero, since 87a Zwitterionic. Similarily, the overall charge on 87b is

1- as the charge on the HO ligand is zero.

Table 3.8. Limiting o values of haematin in 10 - 30% water-methanol mixures as a function of pH

pH «
5.99 3.60+0.08
6.51 3.25+0.08
6.89 323002
7.19 2.96 + 0.01
741 2.82 + 0.01
7.73 2.48 + 0.01
8.00 2.22+00
922 1.80+0.01
10.03 1.71 +0.01

Relatively large errors are associated

with the o values at the two lowest pHs investigated.

This is probably due to the onset of haematin precipitation in the low pH range. To check
where the onset of haematin precipitation begins, samples of 1.95uM haematin in HEPES
buffer between pH 5.1 and 8.0 were stired for 30mins and then centrifuged. This haematin
concentration was chosen as it is the same as that used in the Fe(lll)PPIX-quinoline binding
assays. In the low pH samples a black pellet formed on the botiom of the tube after
cenfrifugation indicative of precipitation. A plot of the absorbance of the Soret band as a
function of pH indeed shows that haematin starts to precipitate around pH 6 (Figure 3.24.).
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Since the two monomeric species of haematin in 10 - 30 % water-methanol appear to be
those expected in pure water, namely HO-Fe(lllPPIX and H,O-Fe(Il)PPIX, we can assume
that the limiting o values for the monomer in the mixed water-methanol systems are good
approximations of the comesponding « values in aqueous solution. The o values at the pHs
of our titrations can be read off the pK, curve and fixed in the haematin dimerisation
equation in order to recalculate log Kqns using non-linear least squares fitting.

3.2.3. Determination of log K., and B by Fixing o

The recalculated values of log Kews and B obtained when o is fixed at the limiting values for
the monomer obtained in 10 - 30% water-methanol systems are presented in Table 3.9.

Table 3.8. log Ko and B obtained by non-linear least squares fitling with « fixed to the limiting water-methanol

values

pH o B log Kous
6.92 3.20 0.86+0.03 7.00+0.09
7.19 3.00 0891002 73+02
7.39 2.81 0.89+0.01 7.2+0.1
7.69 250 0.93+£0.02 75+£02
7.99 2.22 0.92 +£0.02 7.2+01
Mean 7.2+02

A plot of log Kas vs pH confirms our original findings that there is no significant dependence
of log Koss On pH (Table 3.10. and Figure 3.27.) and that dimerisation does not involve

deprotonation.

Table 3.10. Slope and statistical parameters obtained from a linear regression fit to log Kas vs pH for values of
log Ko Obtained by free fitting and methanol fitting procedures

Parameters Free Fitted log Kous Methano! Fitted log Kous
Slope 02+03 03+£02
P 0.175 0.486
P value 0.483 0.191

Deviation from zero Not Significant Not Significant
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4.2. EXPERIMENTAL METHODS

4.2.1. Synthesis of the Chloroquine Analogues

Various simplified analogues of CQ were obtained commercially or synthesised according to
the procedures outlined in Chapter 2. To ensure analytical purity of all the compounds,
microanalysis were obtained for the solids and HRMS for the oils. Details of the
experimental procedures used are reported in Section 7.1.2.

4.2.2. Spectrophotometric Titrations

it is not possible to determine quinoline-Fe(lil}PPIX association constanis
spectrophotometrically in aqueocus solution as the spectrum of the haematin dimer is broad
{Figure 3.12.) and undergoes litle change upon complex formation. The association
constants were therefore obtained by the method of Egan et al. in aqueous 40%
dimethyisulfoxide (DMSO) at pH 7.4 (Egan ef al. 1997, Mavuso PhD thesis 2001) according
to methods outlined in Section 7.2.3.

Association constants were determined spectrophotometricaily at pH 7.4 and not at the pH
of the food vacuole (5.2 and 5.5) as haematin has only 30% solubility in this lower pH range
{see Figure 3.2.3). In 40% DMSO (aq) haematin is strictly monomeric (Collier ef al 1879)
with a coordinating DMSO molecule occupying the axial position (Brown and Lantzke 1968).
Since the trends observed for the association constants in 40% DMSO are the same as
those observed in pure aqueous media using titration calorimetry (Dorn et al. 1998a) it
appears that the association constants measured in 40% DMSO at pH 7 .4, provide a good
reflection of the interactions occurring in the food vacuole. Furthermore, interpretation of the
results is simplified under conditions where haematin is strictly monomeric and either one or
two quinoline molecules associate with each haematin molecule (Egan et al. 1997)
compared to large stoichiometries of between 1 and 19 haematin molecules per guinoline
molecule obtained in a pure aqueous medium (Dom ef al. 1998a, Vippagunta et al. 1999).

From Figure 4 2A, it can be seen that no changes in the spectrum of Fe(ll)PPIX in 40 %
DMSO are observed in the presence of compounds unable to form complexes with
Fe(llHPPIX (for example 27b). Compounds that do however, form such complexes (for
example 88) cause a substantial decrease in intensity of the Soret band at 402nm with no
shift in the peak maximum (Figure 4.2B.). At longer wavelengths, the Q) band (494nm and

537nm} decreases in intensity and the charge transfer band at 620nm increases in intensity
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Figure 4.7. (A ) Comparison of log K values for association between Fe(lll)PPIX and the synthesised CQ
andglogues (58 — 66, 68 - 74, B1) {black circles). Triangles correspond to the bbg K values obtained for known
antimalarial drugs and refer to {8) CQ, (b) amodiaquine, (¢} quinacrine, (d) quinine and (e) quinidine. The weakly
associating compound (27b) is shown for comparison {f). (B } Pol of lbg ICs vs log K for the synthesised CQ
analogues whose 1Cso values are below 10 000nM (circles) and for the known antimalarial drugs (triangles) which

refer to (a) mefloquine, (b} quinine, (c) quinidine, {d) amodiaquine, {e) chloroquine.
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terminal hydroxy group (96) exhibits much reduced activity (Gasquet et al. 1987). The result
of Vippagunta et al. is also at odds with the observed result that 70 has greatly reduced

activity relative to 74 (Figure 4.11).

POV

é

H N/\// N\/
N N
o S
Cl N N
cQ 74

1Csp (nM) = 13 (NF54)®

ICs0 (nM) = 48 (D10}

CH3
M H NN
= RN
-
Ci N N/
85 70

ICso (nM) = 54 (NF54)2

ICso (NM) = 954 (D10)

J\/\/OH
HN

N

P
Cl N

96
ICsg (nM) = 570 (FCC, 2spp)®

Figure 4.11. The guincline analogue lacking a terminal amingo group in the side chain 70 exhibits much reduced
activity against the CO- sensistive strain D10 relative to 74, This result is at odds with the findings of Vippagunta
et al. who found 95 had only 4-fold reduced activity relative to CQ egainst the CQ-sensitive strain NF54. °
Vippagunta ef al. 1998, ” Gasquet ef al. 1987. The ICs has been normalised relative to the value obtained for CQ
against the FCC strain and scaled for comparison with the NF54 sirain

in line with the SAR hypothesis, all the 4-aminoquinolines used in this study can be
classified into one of the four catagories presented in Table 4.3. 4-Aminoquinolines that do
not strongly inhibit B-haematin formation and do not have a terminal amino-group for strong
accumulation, have no activity against the malaria parasite {ICse >10 000nM) (Category A).
4-Aminoquinolines that strongly inhibit B-haematin formation but do not have a terminal
amino group are only weakly active (ICs, ~ uM) (Category B). Those 4-aminoquinoclines that

do not strongly inhibit B-haematin formation but can accumulate strongly in the food vacuole
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(Parapini et al. 2001) in order to obtain quantitative B-haematin inhibitory results. This
method is based on the differential solubilisation of the starting material (haematin) and the
product (B-haematin) in DMSO and NaOH solution respectively. In this method, the BHIAs,
value corresponds to the number of equivalents of 4-aminoquinoline required to obtain 50%
percent inhibition of B-haematin formation relative to a control experiment under the same

experimental conditions.

5.2.4. pK, Determinations

The pKy's of the 4-aminoquinolines were determined by glass electrode potentiometric
titration according to the methods of Jackson ef al. 1996 (see Section 7.2 for experimental
details) and the data were analysed by Thembalani E Nomkoko (Department of Chemistry,
University of Cape Town) using the program ESTA (May et al. 1985, May et al. 1988). In
each case two pK, values were obtained.

5.2.5. Antiplasmodial Testing

All the 4-aminoquinolines were sent to Prof. D. Taramelli (Institute of Microbiology,
University of Milan) for antiplasmodial testing against the CQ-sensitive D10 strain of malaria
parasite. No attempt was made to investigate the activities against a CQ-resistant strain as
in these systems, the reduced uptake or enhanced efflux mechanism is likely to mask the

inherent mechanism of action of the 4-aminoquinoline antiplasmodials.
5.2.6. Statistical Correlations

The statistical correlations were performed using the computer programs EXCEL and
GPAPHPAD PRISM 3.0. In all cases where the p value was < 0.05, the correlations were
considered to be significant.
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Equation describing log BHIA, -1.060,,-0.52logK +3.67 -0.680,-0.55logK +3.62

Figure 5.9. Graphs and statistical variables demonstrating the dependence of f-haematin inhibitory activity on
the association constant and on (A) or o, (B) of the group at the 7-position. The slraight line represents the best

fit of a linear equation to the data. Error bars represent one standard error from the mean.

5.5. CONCLUSIONS

Evidence from this study supports the hypothesis that 4-aminoquinoline antiplasmodials act
by accumulating to therapeutic levels in the food vacuole of the malaria parasite through an
important pH trapping component, and that here they exert their antimalanal effect by
inhibiting B-haematin formation. In support of previous observations (Hunter and Sanders
1991, Egan et al. 1997, Mavuso, PhD thesis 2001), the Fe(lll)PPIX-quinoline complex
stability appears to be governed by hydrophobic interactions. Antiplasmodial activity was
found to depend indireclly on Fe(lilPPiX-quinoline association through pB-haematin
inhibition. The electron withdrawing ability of the substituent at the 7-position was found to
be of greater importance in promoting B-haematin inhibition than the strength of association
with Fe(lIPPIX. This is presumably related to the ability of the complex to adopt a particular

conformation which is required for B-haematin inhibition.
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Figure 6.1. Possible struciures of the predominant haematin-quincline complex at pH 7.4 (101 and 103). Here
the 4-aminoquinoline interacts with the porphyrin ring of the slacked =-x dimer on either the fop face (103)or in
between the two monomer units of the dimer (101). For comparison, the proposed structures of the haemalin-
guinoline complex in 40% DMSO at pH 7.4 (102 and 104) where the fifth coordination site is occupied by the
oxygen atom of a DMSO molecule (Brown and Lantzke 1969). Again the 4-aminoquinoline is proposed {o interact
with the porphyrin ring on either the top (104) or the bottom (102) face of the porphyrin ring. The proposed
structure of the m-r dimer likely explains why association constants obtained in 40% DMSO and in pure aqueous
solution are similar as both haematin specias have oxygen as an axal ligand.

in this study, interactions between the aminoquinolines and the haematin-DMSO monomer
in vitro were used to model interactions that occur between aminoquinolines and the n-n
dimer in vivo. It was found that the 4-aminoquincline nucleus is the critical structural feature
in CQ and related quinolines responsible for Fe{lll)PPIX~quincline complexation. The 7-
chloro group and the terminal amino group were found o have relatively little effect on the
strength of Fe(lll)PPIX association although a combination of these two structural features
increased the association constant significantly relative to 4-aminoquinoline. In a series of 7-
substituted 4-aminoquinolines, the association constant was found to depend on the
lipophilicity of the substituent at the 7-position which is in agreement with previcus reports
that the Fe{ll)PPIX-quincline complexes are held together by hydrophobic interactions.
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inhibition. In this regard, it will be necessary to study the molecular interactions in the
complex using computational methods, taking into account the molecular orbitals and

solvent interactions.

Although evidence from this study supports the hypothesis that CQ-related 4-
aminoquinolines act by inhibiting haemozoin formation, proof for this hypothesis has not
been provided in vivo. In order to unequivocally establish the validity of this hypothesis, it
would have {0 be shown that CQ and related 4-aminoquinolines are capabile of blocking
haemozoin formation in vivo, and that this effect is dose dependent. This would presumably
have {o be investigated using a physical technigue (eg Mdssbauer spectroscopy) which is
capable of distinguishing unequivocally between haematin iron, haemozoin iron and iron in

g

i SN

QL A~ K
Ci N/ N/\/N\/ Cl N/ N/\/N\/

101 H 102 i

the Fe(li)PPIX-quincline complex.

Figure 6.4. Proposed compounds thal may exhibit antiplasmodial activity

Since the CQ-resistance mechanism appears fo be compound specific rather than target
specific, compounds that act by interacting with the Fe(lll)PPIX target and inhibiting B-
haematin formation may still find utility in malaria chemotherapy. Since the 4-aminoquinoline
class of compounds acts via this mechanism, it may be possible {o rationally design novel 4-
aminoquinoline antimalanals based on the findings in this project.
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Table 7.1. Commercially available chemicals used in the synthetic work

Chemical Supplier
3-Aminophenol Sigma
m-Anisidine Sigma
4-Amino-1-diethylaminopentane Sigma
4-Chloro-7-(trifluoromethyl)quinoline Sigma

4 7-Dichlorogquinoline Sigma

N, N-Diethylenediamine Sigma

Diethy! ethoxymethylenemalonate Sigma
Diphenylether ACROS Organics
3-Fluoroaniline Sigma
2-Hydroxyquinoline Sigma

30% Hydrogen peroxide Protea Chemicals
3-lodoaniline Sigma
7-Methyiquinoline Sigma
3-Nitroaniline Merck
Phosphorus oxychloride Protea Chemicals
Phosphorus trichloride Protea Chemicals
Propylamine Sigma

Silver nitrate Labchem (Pty) Ltd
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Ethyl 3-(3-bromoanilino)-2-ethoxycarbonylpropenoate (51b)

o)
- OEt
: /@\A/[ Ot
B N O

A mixture of 3-bromoaniline (10g, 58mmol) and diethyl ethoxymethylenemalonate (13g,
60mmol) was stirred at room temperature for 0.5h and then heated under reduced pressure
at 60°C for 2h. Initially a lot of bubbling was observed 'as the ethanol produced was
liberated. Upon cooling, a red/rust solid came out of solution. This was crystallised twice
from ethanol to yield 51b (18g, 88%), mp 70 - 72°C (lit. Conroy et al 1949, 70 - 71°C); &y
(300MHz, CDCl3) 1.33 (3H,t,J7.2,CHs), 1.37 (3H,t, J7.2,CH,), 422 - 4.34 (4H, m, J 7.2,
2 x CHp), 7.05 (1H, dt, J 7.5, 2.0, 2.0, Ar-H), 7.20 — 7.30 (3H, m, 3 x Ar-H), 8.44 (1H, d, J
13.4, vinylic H), 11.0 (1H, bd, J 13.4, NH), 8¢ (75.5MHz, CDCls) 14.2 (CH3), 14.4 (CHa), 60.3
(CHy), 60.6 (CH,), 94.7 (C=CH), 115.8 (Ar-CH), 120.1 (Ar-CH), 123.5 (C-3), 127.7(Ar-CH),
131.1 (Ar-CH), 140.6 (C-1), 151.2 (C=CH), 165.5 (C=0), 168.9 (C=0); (Found: MS (El)
m/z% 343 ((M+2)", 88), 341 (M, 89), 297 (89), 295 (87), 29 (100). Requires: (M+2)", 343;
M’, 341); (Found: C, 49.3; H, 4.5; N, 4.0%. Requires for C14H:sNO4Br: C, 49.1; H, 4.7; N,
4.1%).

Ethyl 2-ethoxycarbonyl-3<(3-iodoanilino)-3-propenoate (51c¢)

O
Okt

N) OEt
0
H

A mixture of 3-iodoaniline (10g, 46mmol) and diethyl ethoxymethylenemalonate (11g,
50mmol) was stirred at room temperature for 0.5h and then under reduced pressure for
10mins. Initially a lot of bubbling was observed as the ethanol produced was liberated, The
resulting solid was crystallised from ethanol to give 51¢ (15, 83%), mp 90 - 92°C (lit. Conroy
et al 1949, 92 - 93°C; Counsell et al 1967, 88 - 89°C); 5, (400MHz, CDCl3) 1.33 (3H,t,J7.2,
CHa), 1.37 (3H, t, J 7.2, CH3), 4.25 (2H, q, J 7.2, CHy), 4.30 (2H, q, J 7.2, CH), 7.08 (2H, m,
2 x Ar-H), 7.47 (2H, m, 2 x Ar-H), 8.42 (1H, d, J 13.8, vinylic H), 10.93 (1H, bd, J 13.8, NH),
8¢ (100.6MHz, CDCl3) 14.2 (CHa), 14.4 (CHa), 60.3 (CH,), 60.5 (CH,), 94.8 (C=CH), 94.9 (C-
3), 116.4 (Ar-CH), 126.0 (Ar-CH), 131.2 (Ar-CH), 133.7 (Ar-CH), 140.5 (C-1), 151.2 (C=CH),



Chapter 7.1: Experimental (Synthetic Methods) » 164

165.5 (C=0), 168.9 (C=0); (Found: MS (El) m/z% 389 (M, 100). Requires: M", 389);
(Found: C, 43.5; H, 3.9; N, 4.0%. Requires for C1sH1gNO4l: C, 43.2; H, 4.1, N, 3.6%).

Ethyl 2-ethoxycarbonyl-3-(3-nitroanilino)-3-propenoate (51d)

, o '

OEt

Q=
CHZ0 N 0

A mixture of 3-methoxyaniline (10g, 81mmol) and diethyl ethoxymethylenemalonate (17ml,
83mmol) was heated in an open flask at 105°C for 1h. Petroleum ether was added to the
warm reaction mixture and the insoluble starting matenal filtered off. The residue was
evaporated under reduced pressure and dried to give 51d (23g, 91%), mp 39 - 41°C; &y
(400MHz, CDCl3) 1.30 (3H, t, J 7.2, CHa), 1.36 (3H, t, J 7.2, CHa), 3.80 (3H, s, OCH3), 4.22
(2H, q, J 7.2, CH), 4.29 (2H, q, J 7.2, CH,), 6.63 (1H, t, J 2.4, H-2), 6.67 (1H, ddd, J 8.2,
2.4, 0.8, Ar-H), 6.71 (1H, dd, J 8.2, 2.4, Ar-H), 7.24 (1H, t, J 8.2, H-5), 8.48 (1H, d, J 14,
C=CH), 10.93 (1H, d, J 14, NH); 8¢ (100.6MHz, CDCl;) 14.3 (CH3), 14.4 (CHaz), 55.4 (OCHs),
60.1 (CHy), 60.4 (CH,), 93.7 (C=CH), 103.3 (C-2), 109.4 (Ar-CH), 110.3 (Ar-CH), 130.7 (C-
5), 140.5 (C-1), 151.8 (HC=C), 160.9 (C-3), 165.7 (C=0), 169.0 (C=0); (Found: MS (El)
m/z% 293 (M’, 87), 247 (100). Requires: M*, 293); (Found: C, 61.7; H, 6.7; N, 4.8%.
Requires for C1sH1sNOs: C, 61.4; H, 6.5; N, 4.8%).

Ethyl 2-ethoxycarbonyl-3-(3-nitroanilino)-3-propenoate (51e)
0

OEt
ON N~ O

A solution of 3-nitroaniline (50g, 0.36mol) and diethyl ethoxymethylenemalonate (80g,
0.37mol) was stirred in an open flask at 110°C for 1hr. The mixture was then cooled slightly
and hot ethanol (400ml) added. Upon cooling, canary-yellow crystals of 51e were obtained
(1069, 95.3%), mp 82 - 83°C (lit. Vippagunta et al. 1999, 81 - 82°C); 8y (300MHz, ds DMSO)
1.26 (6H,t, J7.2, 2 x CHs), 4.18 (4H, bs, 2 x CH,), 7.65 (1H, t, J 8.2, H-5), 7.85 (1H, ddd, J
8.2,2.1,0.9, Ar-H), 7.95 (1H, ddd, J 8.2, 2.1, 0.9, Ar-H), 8.27 (1H, t, J2.1, H-2), 8.40 (1H, s,
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C=CH), 10.71 (1H, s, NH); (Found: MS (El) m/z% 308 (M’, 82), 206 (100). Requires: M,
308); (Found: C, 54.8; H, 5.6; N, 9.2%. Requires for C1;H1gN:0s: C, 54.6; H, 5.2; N, 9.1%).

Ethyl 2-ethoxycarbonyl-3-(3-hydroxyanilino)-s-pr_openoate (519

0
OEt
oW e
H N '
O N 0O

A vigorously stired mixture of 3-hydroxyaniline (20.1g, 184mmol), diethyl ethoxy-
methylenemalonate (38.0ml, 188mmol) and methanol (20ml) was refluxed at 80°C for 0.5h.
During this time, the insoluble white flakey starting material changed to a powdery white
solid. This solid was crystallised from methanol and ethanol directly from the reaction flask.
Collection of the crystals by filtration followed by drying gave 51f (48g, 91%), mp 151 -
153°C; vmadcm™ (KBr) 3337, 1691, 1648, 1593, 1320, 1256, 1216, 1159, 1089, 1080; 5
(300MHz, ds DMSO) 1.25 (6H, m, 2 x CH3), 4.12 (2H, q, J 9.6, CH>), 4.20 (2H, q, J 9.6, CH,),
6.58 (1H, ddd, J 10.9, 2.9, 1.1, Ar-H), 6.70 (1H, t, J 2.9, H-2), 6.75 (1H, ddd, J 10.9, 2.9, 1.1
Ar-H), 7.17 (1H, t, J 10.9, H-5), 8.34 (1H, d, J 13.8, C=CH), 9.68 (1H, bs, OH), 10.57 (1H, d,
J 13.8, NH); 3¢ (75.5MHz, ds DMSO) 14.1 (CHs), 14.2 (CHs), 59.4 (CH,), 59.6 (CHy), 92.9
(C=CH), 104.1 (C-2), 108.2 (Ar-CH), 111.9 (Ar-CH), 130.5 (C-5), 140.4 (C-1), 150.8 (C=CH),
158.5 (C-3), 164.8 (C=0), 167.3 (C=0); (Found: MS (El) m/z% 279 (M*, 55), 187 (100).
Requires: M, 279); (Found: C, 60.5; H, 6.4 N, 5.0%. Requires for C1sH7NOs: C, 60.2; H,
6.1; N, 5.0%).

7-Fluoro-4-hydroxyquinoline-3-carboxylic acid ethyl ester (52a)°

OoH O

X OEt

aﬂ/z
F 4 N

To a refluxing solution of diphenyl ether (60ml) at 260°C, crushed 51a (10g, 36mmol) was

* 4-hydroxyquinoline exists in tautemeric equilibrium with 4-quinolone. For simplicity, the quinoline tautomer has been shown
throughout the thesis but in some cases the prdtons assigned as OH in the 'H NMR spectrum may likely be NH protons from
the quinolone tautomer.
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added slowly over 20 mins. Whilst performing the addition, the water in the condenser was
switched off to allow the ethanol formed to escape. Thereafter the mixture was refluxed fora
further 20mins. Once the solution had cooled to room temperature, hexane (20ml) was
added, and the solid white precipitate was collected by filtration, washed with hexane and
dried in vacuo over P,0Os. Any remaining diphenyl ether was removed in the next step,;
(Found: MS (El) m/z% 235 (M", 48), 189 (100). Requires for Ci2H1gNOsF: M*, 235).

7-Bromo-4-hydroxyquinoline-3-carboxylic acid ethyl ester (52b)
OH O

Xy~ TOEt
Br N/
Over a period of 20mins, 51b (10g, 29mmol) was added to refluxing diphenyl ether (50ml)
and then refluxed for a further 25mins. After cooling to room temperature, petroleum ether
(15ml) was added and the powdery, white precipitate collected by filtration and washed with
large volumes of petroleum ethér to give 52b (1.7g, 20%), mp 285 - 288°C (lit. Conroy et al.
1949, 307 - 309°C); (Found: MS (El) m/z% 297 ((M+2)", 42), 295 (M", 43), 251 (97), 249
(100). Requires: (M+2)*, 297; M’, 295); (Found: C, 49.0; H, 3.1; N, 4.6%. Requires for
Ci2H1gNO:Br: C, 48.7; H, 3.4; N, 4.7%).

4-Hydroxy-7-iodoquinoline-3-carboxylic acid ethyl ester (52c)
OH O
X OEt

N

To a boiling solution of diphenyl ether (60ml), crushed 51c (6.1g, 16mmol) was added over
10mins. During this time, the condenser was switched off to allow the ethanol formed to
escape. Thereafter the mixture was refluxed for a further 40mins. Once the solution had
cooled to room temperature the resulting white precipite was filtered and washed extensively
with methanol to remove all the diphenyl ether to give, after drying, 52¢ (4.29, 77%), mp 287
- 295°C (lit. Conroy et al. 1949, 302 - 304°C; Counsell et al. 1967, 255°C); (Found: MS (El)
m/z% 343 (M', 75), 297 (100). Requires for M, 343); (Found: C, 42.0; H, 2.7; N, 4.0%.
Requires for CoH1oNO3l: C, 42.0; H, 2.9 N, 4.1%).
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4-Hydroxy-7-methoxyquinoline-3-carboxylic acid ethyl ester (52d)

OH O
AN OFt
7

CH50 N

To a stirred, refluxing solution of diphenyl ether (60mi), was added 51d (10g, 34mmol) and
the resulting mixture refluxed for 0.5hr. After cooling to room temperature, the precipitate
was filtered, washed extensively with cold dichloromethane and dried to give 52d (4.5g,
54%]) in the form of a pale beige-pink solid, mp 269 - 273°C (lit. Lauer et al. 1946, 275°C
dec.); 84 (400MHz, ds DMSO) 1.26 (3H, t, J 7.2, CH3), 3.85 (3H, s, OCH;), 4.18 (2H, q, /7.2,
CHy), 6.98 (2H, m, H-6 and H-8), 8.04 (1H, d, J 7.6, H-5), 8.45 (1H, s, H-2), 12.02 (1H, s, Ar-
OH); 84 (300MHz, CsDs / ds DMSO) 1.08 (3H, t, J 7.2, CH3), 3.60 (3H, s, OCH,), 4.08 (2H, q,
J7.2,CHy), 6.83 (1H, dd, J 8.3, 2.5, H-6), 6.94 (1H, d, J 2.5, H-8), 8.16 (1H,d, J 8.3, 1.0, H-
5), 8.42 (1H, s, H-2); (Found: MS (El) m/z% 247 (M', 38), 201 (100). Requires for
Ci3H13NO4: M, 247). :

4-Hydroxy-5-nitroquinoline-3-carboxylic acid ethyl ester (52e), and 4-hydroxy-7-
nitroquinoline-3-carboxylic acid ethyl ester (52e)

NO, OH O

A OEt

Z
N

51e (259, 81mmol) was added over 10mins to vigorously stirred, refluxing diphenyl ether
(160mi) at 265°C, and then refluxed for Shr. Upon cooling to room temperature, petroleum
ether was added (150ml} and the powdery yellow product filtered and washed extensively
with cold acetone (important) and petroleum ether to remove any unreacted starting material
and diphenyl ether. Treatment of the dried product with boiling methanol selectively
solubilised the 5-nitro isomer 52e, which was collected as a filtrate, by filtration. Evaporation
of the filtrate under reduced pressure followed by crystallisation from methanol yielded 52e
(2.1g, 11%), mp 267 - 272°C; vmadcm™ (KBr) 3082, 1684, 1624, 1588, 1529, 1465, 1357,
1206; 8, (300MHz, d¢ DMSO) 1.27 (3H, t, J 7.0, CHs), 4.22 (2H, q, J 7.0, CH»), 7.62 (1H, t, J
42, H-7), 7.84 (2H, m, J 4.2, H-6 and H-8), 8.63 (1H, s, H-2); 8¢ (75.5MHz, ds DMSO) 14.2
(CHa), 59.8 (CH,), 111.0, 117.5, 118.7 (C-7), 121.9 (Ar-CH), 132.5 (Ar-CH), 140.3, 145.5 (C-
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2), 1484, 164.2 (C=0), 170.4 (Ar-OH); (Found: MS (HRMS) m/z% 262.05826. Requires:
262.05897); (Found: C, 65.3; H, 3.8; N, 10.6%. Requires for CioHsNOs: C, 55.0; H, 3.8; N,
- 10.7%). .

OEt

ON

The remaining yeliow solid was crystallised from a large volume of DMSO and washed
extensively with water and methandl to :afford 53e (5.0g, 23%), mp 293 - 295°C (lit.
Vippagunta et al. 1999, 290 -296°C); 8y (400MHz, ds DMSO) 1.28 (3H, t, J 7.0, CHy), 4.23
(2H, q,J 7.0, CH3), 8.11 (1H, dd, J 8.6, 2.3, H-6), 8.35 (1H, d, J 8.6, H-5), 8.48 (1H,d, J 2.3,
H-8), 8.70 (1H, s, H-2), 14.83 (1H, bs, OH); (Found MS (HRMS) m/z% 262.05782. Requires:
262.05897; (Found: C, 55.2; H, 3.6; N, 10.7%. Requires for Ci2H1oN20s: C, 55.0; H, 3.8; N,
10.7%). |

7-Fluoro-4-hydroxyquinoline-3-carboxylic acid (54a) .

The crude ester 52a (8.0g, 34mmol) and 10% NaOH (60ml) was heated at 110°C for 2hr
and subsequently stirred at room temperature ovemigth Any remaining diphenyl ether was
then extracted into hexane (three times) after which dropwise addition of 10% HCI to the
aqueous phase resulted in precipitation of the white powdery acid 54a. This product was
collected by filtration and dried in vacuo ov"er P,0s. The product obtained (6.5g, 88% vield)
was recrystallised from methanol to give a white, feathery solid, mp 259 - 260°C (lit. Shah
and Coats 1977, 267 - 268°C), 81 (400MHz, ds DMSO) 7.45 (1H, ddd, J 8.9, 8.8, 2.4, H-6),
7.55 (1H, dd, J 9.6, 2.4, H-8), 8.33 (1H, dd, J 8.9, 6.4, H-5), 8.90 (1H, s, H-2), 13.32 (1H, bs, -
RCOOH), 15.09 (1H, s, Ar-OH); 8¢ (100.6MHz, ds DMSO) 105.8 (Jo.r 25, C-8), 108.6 (C-3 ),
115.9 (Jor 24, C-6), 122.2 (Jor 2, C4a), 129.3 (Jor 11, C-5), 141.8 (Jor 13, C-8a), 146.8 (C-
2), 165.4 (Jor 253, C-7), 166.8 (C=0), 178.5 (Ar-OH); (Found MS (El) m/z% 207 (M", 29),
189 ,(52), 163 (100),' 135 (38). Requires: M*, 207); (Found: C, 57.3; H, 3.0; N, 6.6%.
Requires for CiHsNFO5: C, 58.0; H, 2.9; N, 6.8%).
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Vippagunta et al. 1999, 274 - 275°C); 8. (300MHz, ds DMSO) 8.26 (1H, dd, J 9.2, 2.3, H-6),
8.50 (1H, d, J 9.2, H-5), 8.81 (1H, d, J 2.3, H-8), 8.94 (1H, s, H-2), 14.49 (1H, bs, Ar-OH); ¢
(75.5MHz, ds DMSO) 109.0 (C-3), 115.7 (C-8), 119.5 (C-6), 127.5 (C-5), 128.0 (C-4a), 139.4
(C-8a), 146.8 (C-2), 149.9 (C-7), 165.7 (C=0), 1775 (Ar-OH); (Found MS (El) m/z% 234
(M*, 16), 216 (43), 190 (100), 144 (56), 53 (71). Requires: M*, 234); (Found: C, 51.3; H, 2.5;
N, 11.8%. Requires for C1oHsN-Os: C, 51.3; H, 2.6; N, 12.0%).

7-Fluoro-4-hydroxyquinoline (56a)

To refluxing diphenyl ether (264°C), was added 54a (1.3g, 6.1mmol) and the mixture
refluxed for 50mins. The reaction could be monitored by solubilisation of the product in the
biphenyl ether. Upon cooling to room temperature, petroleum ether (12ml) was added and
the subsequent beige solid filtered, washed with cold ethyl acetate : petroleum ether (2:1)
. and dried to give 56a (0.81g, 81%). This product was crystallised from water, mp 247 -
248°C (lit. Shah and Coats 1977, 247 - 249°C); 8, (400MHz, d¢ DMSQ) 6.01 (1H, d, J 7.4, H-
3),7.14 (1H, ddd, J 8.9, 8.8, 2.4, H-6), 7.26 (1H, dd, J 10.4, 2.4, H-8),7.88 (1H,d, J 7.4, H-
2), 8.12 (1H, dd, J 8.9, 6.4, H-5), 11.71 (1H, bs, OH); 8¢ (100.6MHz, ds DMSQ) 104.0 (Jc.r
25, C-8), 109.7 (C-3), 112.6 (Jc.r 24, C-6), 123.5 (C4a), 129.0 (Jc¢ 11, C-5), 140.6 (C-2);
142.1 (Jor 13, C-8a), 164.4 (Jor 248, C-T), 177.0 (Ar-OH); (Found MS (El) m/z% 163 (M",
©100). Requires for CsHNOF: M*, 163). | |

7-Bromo~4-hydroxyquinoline (56b) ‘

A vigorously stirred mixture of 54b (1.2g, 4.5mmol) and diphenyl ether (10ml) was heated to
260°C over 40mins, and then refluxed at this temperature for a further 30mins. After cooling
this mixture to room temperature, petroleum ether was added, and the light brown, powdery
precipitate was collected by filtration and washed extensively (important) with cold petroleum
ether. After drying in vacuo, 56b was obtained (0.99g, 99%). This product was crystallised
from ethanol, mp 288 - 292°C (lit. Surrey and Hammer 1946, 279 — 281°C, Conroy et al.
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1949, 289 - 291°C); 34 (400MHz, ds DMS0) 6.03 (1H, d, J 7.0, H-3), 7.42 (1H, dd, /8.5, 1.8,
H-6), 7.78 (1H, s, H-8), 7.87 (1H, d, J 7.0, H-2), 7.99 (1H, d, J 8.5, H-5), 11.9 (1H, bs, Ar-
OH); 8¢ (100.6MHz, ds DMSO) 109.3 (C-3), 120.4 (C-8), 124.7, 124.9, 126.0 (C-6), 127.3 (C-
5), 139.7 (C-2), 141.0 (C-8a), 176.4 (Ar-OH); (Found: MS (El) m/z% 225 ((M+2)", 98), 223
(M*, 100). Requires: (M+2)", 225; M", 223); (Found: C, 48.3; H, 2.6; N, 6.2%. Requires for
CoH¢NOBr: C, 48.2; H, 2.7; N, 6.3%).

4-Hydroxy-7-iodoquinoline (56¢)
OH

AN
=
N

54c¢ (2.8g, 9.0mmol) and diphenyl ether (15ml) were heated to 264°C over 45mins and then
refluxed at this temperature for a further 30mins. After cooling to room temperature, the
resulting precipitate was filtered and washed thoroughly with petroleum ether to give, after
drying, 56¢ (2.4g, 97%). This product was crystallised from water and methanol, mp >315°C
(lit. Conroy et al. 1949, 306 - 308°C; Surrey and Hammer 1946, 346 - 348°C); (Found: MS
(EN) m/z% 271 (M", 100). Requires for CaHsNOI: M*, 271).

4-Hydroxy-7-methoxyquinoline (56d)
OH

/

\

CH;O

The crushed HCI salt of 54d (3.9g, 15mmol) was added slowly to refluxing diphenyl ether
(40ml) resulting in effervescence. After 10 mins at this temperature, the insoluble starting
materal had been converted to soluble product. The reaction was stopped after 0.5h and
allowed to cool to room temperature. Petroleum ether (40ml) was then added and the white
precipitate washed extensively with ethyl acetate:petroleum ether (2:1) to remove the
diphenyl ether and then dried to give 56d (2.2g, 82%), mp 210 - 215°C (lit. Lauer et al. 1946,
215°C}); 34 (300MHz, ds DMSOQ) 3.84 (3H, s, OCH3), 5.92 (1H, d, J 7.3, H-3), 6.89 (1H, dd, J
92,24,H-6),7.02 (1H,d, J 2.4, H-8), 7.78 (1H, d, J 7.3, H-2), 7.97 (1H, d, J 9.2, H-5), 11.9
(1H, bs, Ar-OH); 3¢ (75.5MHz, ds DMSO) 55.3 (OCHa), 99.1 (C-8), 108.4 (C-3), 113.0 (C-6),
120.1 (C4a), 126.7 (C-5), 138.9 (C-2), 141.8 (C-8a), 161.6 (C-7), 176.4 (Ar-OH); (Found:
MS (El) m/z% 175 (M*, 100). Requires for C1oHeNO,: M*, 175).
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4-Hydroxy-7-nitroquinoline (56e)
OH

AN

o
ON

54e was decarboxylated according to the method of Baker et al. 1946 {187} by way of its
silver salt. This was prepared by addition of 25% NH; (aq) (0.64ml, 9.4mmol) to a slurry of
54e (2.1, 8.9mmol) in deionised water (25ml) at 100°C, followed by addition of a saturated
solution of AgNO; (1.5g, 9.1 mmol).. The reaction mixture was then refluxed and vigorously
stirred (important) at 100°C for 16hr. The mixture was then cooled on ice and the beige,
powdery solid precipitate filtered, washed with water and dried in vacuo over P,Os to yield
the silver salt of 54e (2.7g, 90%); 54 (300MHz, ds DMSQ) 8.15 (1H, dd, J 8.9, 2.3, H-6), 8.47
(1H, d, J 8.9, H-5), 8.79 (1H, d, J 2.3, H-8), 9.04 (1H, s, H-2), 16.33 (1H, s, Ar-OH); 8¢
(100.6MHz, d¢ DMSOQ) 109.4, 117.2 (C-6), 123.8 (C-8), 127.1 (C-5), 130.1, 149.3, 149.9,
154.8 (C-2), 169.8, 174.9. This solid was added slowly to refiuxing diphenyl ether (260°C),
as effervescence upon additién was observed. The mixture was refluxed for 45mins, cooled
to room temperature and the resulting grey solid washed thoroughly with ethyl acetate :
petroleum éther (2:1). This product was then refluxed in ethanol (100mi) at 90°C for 5hr. Hot
filtration of the resuiting mixture followed by removal of the ethanol under reduced pressure
yielded a yellow, powdery solid 56e (0.38g, 13%), mp 312 - 317°C dec. {lit. Ellis et al. 1973,
317 - 320°C; Vippagunta et al. 1999, 314 - 317°C dec.); 84 (200MHz, ds DMSQ) 6.18 (1H, d,
J 7.5, H-3), 8.04 (1H, dd, J 8.9, 2.1, H-6), 8.11 (1H, d, J 7.5, H-2), 8.29 (1H, d, J 8.9, H-5),
8.44 (1H, d, J 2.1, H-8); (Found: MS (El) m/z% 190 (M, 100). Requires for CoHeN-O3: M",
190).

4-Chloro-7-fluoroquinoline (57a)

Cl
5 4

6 4a \ 3

F o N/ 2
56a (0.73g, 4.5mmol) was treated with phosphorus oxychloride (7.0mi, 74mmol) and the
mixture refluxed under N, at 115°C for 1hr. The reaction mixture was then poured onto ice
followed by neutralisation with 10% NaOH (aq). The white precipitate was extracted into
ethyl acetate, dried over MgSO; and evaporated to dryness under reduced pressure to give
a crystalline solid (0.74g, 91%) of 57a which was crystallised from hexane, mp 71 - 72°C (lit.
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Snyder et al. 1947, 73.5 - 74°C); & (300MHz, ds DMSO) 7.70 (1H, ddd, J 9.3, 8.5, 2.4, H-6),
7.76 (1H, d, J 4.5, H-3), 7.87 (1H, dd, J 9.9, 2.4, H-8), 8.29 (1H, dd, J 9.3, 5.7, H-5), 8.87
(1H, d, J 4.5, H-2); & (75.5MHz, ds DMSO) 113.0 (Jor 21, C-8), 118.3 (Jor 25, C-6), 121.1
(C-3), 122.8 (C-4a) 126.6 (Jor 10, C-5), 141.3 (C-4), 149.5 (Jor 13, C-8a), 151.8 (C-2),
162.8 (Jor 250, C-7); (Found: MS (EI) m/z% 181 (M", 100). Requires: M', 181); (Found: C,
59.3; H, 2.7; N, 7.6%. Requires for CoHsNCIF: C, 59.5; H, 2.8; N, 7.7%).

7-Bromo-4-chloroquinoline (57b)

Ci

AN
B N/
To a stimed mixture of phosphorus oxychloride (4.5ml, 48mmol) and phosphorus
pentachloride (0.93g, 4.2mmol) under N, 56b (0.93g, 4.2mmol) was added and the mixture
refluxed at 120°C for 0.5hr. The reaction mixture was then poured onto ice followed by
neutralisation with cold 10% NaCH (aq). The cream white precipitate was collected by
filtration, washed with water and dried in vacuo over P;Os. The dried matenal was then
dissolved in benzene and unreacted 56b removed by filtration to give 57b (0.749g, 73%)
which was crystallised from hexane, mp 100 - 105°C (lit. Surrey and Hammer 1946, 100.5 —
101.5°C, Conroy et al. 1949, 105 - 106°C}); 8. (300MHz, CDCl3) 7.50 (1H, d, J .4.8, H-3),
7.73 (1H, dd, J 9.0, 1.8, H-6), 8.10 (1H, d, J 9.0, H-5), 8.31 (1H,d, J 1.8, H-8),8.77 (1H,d, J
4.8, H-2); 8c (75.5MHz, CDCls) 121.5, 124.8, 125.3, 125.6, 131.2, 132.1, 1428, 149.7,
150.9; (Found: MS (El) m/z% 243 ((M+2)’, 100), 241 (M’, 80). Requires: (M+2)", 243; M",
241); (Found: C, 44.7; H, 1.8; N, 5.8%. Requires for CsHsNBrCI: C, 44.6; H, 2.0; N, 5.8%).

4-Chloro-7-iodoquinoline (57c)
cl

R
L
N

A mixture of 56¢ (1.8g, 6.6mmol), phosphorus oxychloride (5mi, 53mmol) and phosphorus
pentachloride (1.7g, 7.9mmol) was refluxed under N> at 120°C for 0.5hr. The reaction
mixture was then poured onto ice followed by neutralisation with 10% NaOH (aq). The
yellow precipitate was then filtered, washed with water and dried in vacuo over P;0s. The
product was dissolved in benzene and insoluble impurities filtered off to give a solid which
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was crystallised from heptane and benzene to give 57¢ (1.2g, 62%), mp 97 - 101°C (lit.
Conroy et al. 1949, 1(}1 - 102°C; Surrey and Hammer 1946, 95.5 - 97°C; Counsell et al.
1967, 97 - 98°C); &, (300MHz, CDCls) 7.49 (1H, d, J 4.8, H-3), 7.91 (2H, m, H-5 and H-6),
8.55 (1H, d, J 1.2, H-8), 8.76 (1H, d, J 4.8, H-2); & (75.5MHz, CDCl,) 96.8 (C-7), 121.7 (C-
3), 125.4 (C-5), 125.7 (C-4a), 136.4 (C-6), 138.8 (C-8), 142.8 (C-4), 149.7 (C-8a), 150.6 (C-
2); (Found: MS (El) m/z% 289 (M", 100). Requires: M*, 289); (Found: C, 37.7; H, 1.4; N,
4.7%. Requires for CgHsNCIl: C, 37.3; H, 1.7; N, 4.8%).

4-Chloro-7-methoxyquinoline (57d)
a

AN

CHyO N

56d (2.0g, 12mmol) was treated with phosphorus oxychloride (14ml) and the mixture was
refluxed under N, at 110°C for 20mins. The reaction mixture was then poured onto ice and
neutralised with 10% NaOH (aq). The white-powdery precipitate was then extracted into
dichloromethane (four times), dried (MgSQ,), and evaporated to dryness under reduced
pressure to give the HCI salt of 57d (2.2g, 80%). Crystallisation from ethyl acetate vielded
the HCI salt of 57d (1.3g, 49%), mp 180 - 186°C; &, (300MHz, d¢ DMSO) 4.00 (3H, s,
OCHs,), 5.06 (1H, bs, NH), 7.59 (1H, dd, J 9.3, 2.6, H-6), 7.75 (1H, d, J 2.6, H-8), 7.94 (1H, d,
J 5.4, H-3), 8.26 (1H, d, J 9.3, H-5), 9.03 (1H, d, J 5.4, H-2); 8¢ (75.5MHz, d¢ DMSO) 56.3
(OCH,), 102.7 (C-8), 119.9 (C-3), 121.5 (C4a), 122.6 (C-6), 126.1 (C-5), 144.2 (C-4), 146.5
(C-2), 147.4 (C-8a), 163.1 (C-7). Extraction of this product from water (pH 7) into ethyl
acetate gave the free base of 57d, mp 84 - 85°C (Lauer et al. 1946, 82 - 83°C), 5, (400MHz,
DMSO0) 3.94 (3H, s, OCH3s), 7.39 (1H, dd, J 9.2, 2.6, H-6), 7.46 (1H, d, J 2.6, H-8), 7.56 (1H,
d, J 4.6, H-3), 8.08 (1H, d, J 9.2, H-5), 8.74 (1H, d, J 4.6, H-2); & (100.6MHz, ds DMSOQ)
56.4 (OCHj;), 108.6 (C-8), 120.1 (C-3), 121.0 (C-4a), 121.4 (C-6), 125.6 (C-5), 141.6 (C4),
151.5 (C-2), 153.5 (C-8a), 161.7 (C-7); (Found: MS (El) m/z% 193 (M*, 100). Requires: M",
193); (Found: C, 61.9; H, 4.4; N, 7.1%. Requires for C1oHsNOCI: C, 62.0; H, 4.2; N, 7.2%).
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4-Chloro-7-nitroquinoline (57e)

R

O,N ¢
A mixture of 56e (0.36g, 1.9mmol) and phosphorus oxychloride (3.0ml) was refluxed under
N2 at 115°C for 0.5hr. The reaction mixture was then poured onto ice followed by
neutralisation with 10% NaOH (aq). The peach coloured precipitate was extracted into ethyl
acetate, dried over MgSQ4 and evaporated under reduced pressure. The residue was
chromatographed on silica gel (70:1) using dichloromethane as the eluent. Subsequent
crystallisation from heptane and toluene yielded 57e (0.30g, 76%), mp 169 - 172°C (iit. Ellis
etal. 1973, 171 - 173°C; Vippagunta et al. 1999, 156 -160°C); &, (300MHz, CDCl;) 7.67 (1H,
d, J 4.7, H-3), 841 (2H, m, 2 x Ar-H), 8.95 (1H, d, J 4.7, H-2), 9.02 (1H, m, Ar-H); 3¢
(100.6MHz, CDCl3) 121.0 (Ar-CH), 123.8 (C-3), 126.1 (Ar-CH), 126.3 (Ar-CH), 129.7, 142.9,
148.3, 148.7, 152.2 (C-2); (Found: MS (El) m/z% 208 (M, 100). Requires for CsHsN-O,Cl:

M v 208)'

A mixture of 24 (0.449, 2.7mmol), 25% NH; (aq) (10ml) and a catalytic amount of ZnCl, were
placed in a sealed glass tube and heated at 140°C for 65h. The product was then extracted
into ethyl acetate (four times), dried over anhydrous MgSO, and concentrated under
reduced pressure to give a white crystalline residue which was crystallised from benzene to
give 58 (0.30g, 78%), mp 129°C (DSC) (lit. Brown and Plasz 1970, 128 - 129°C); vaudcm™
(KBr) 3402 and 3336 (Ar-NH_); 3, (400MHz, CDCl;) 4.68 (2H, bs, NH,), 6.61 (1H, d, J 8.9, H-
3),7.15(1H, W, J 7.6, 1.3), 7.45 (1H, td, 7.6, 1.3), 7.53 (1H, dd, / 8.2, 1.3), 7.58 (1H, dd, J
8.2,1.3),7.78 (1H, d, J 8.9, H-4); 5 (100.6MHz, CDCl;) 111.6 (C-3), 122.7 (C-6), 123.6 (C-
4a or C-8a), 126.0 (C-8), 127.5 (C-5), 129.7 (C-7), 138.0 (C4), 147.7 (C-4a or C-8a), 156.9
(C-2); (Found MS (HRMS) m/z% 144.0690. Requires: 144.0687); (Found: C, 75.3; H, 5.6; N,
19.5%. Requires for CoHsNz: C, 75.0; H, 5.6; N, 19.4%).

2-Aminoquinoline (58)
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2-Methylaminoquinoline (59)

A mixture of 24 (0.50g, 3.1mmol) and 33% methylamine : methanol (33:66) (4ml) was placed‘
in a sealed tube and the mixture heated at 120°C for 20h. The methylamine was then
removed under reduced pressure and NaxCOs; (aq) added. The products were extracted into
ethyl acetate (three times), dried over anhydrous MgSO, and the solvent removed under
reduced pressure. The residue was chromatographed on silica gel using triethylamine : ethyl
acetate : petroleum ether (10:30:60) as the eluent to give 59 (0.39g, 81%) which was then
crystallised from benzene and petroleum ether, mp 70 - 72°C (lit. Watanabe et al. 1980, 69 -
71°C); 8u (200MHZz, CDCl5) 3.09 (3H, d, J 5.1, NCH3), 4.78 (1H, bs, NH), 6.63 (1H, d, J 9.0,
H-3), 7.21 (1H, td, 7.7, 1.4, Ar-H), 7.51 (1H, td, J 7.7, 1.4, Ar-H), 7.58 (1H, d, Ar-H), 7.71
(1H, d, J 8.3, Ar-H), 7.81 (1H, d, J 9.0, H-4); & (50.3MHz, CDCl;) 28.7 (CHs), 111.1 (C-3),
121.9 (C-6), 123.3 (C-4a or C-8a), 126.1 (C-8), 127.4 (C-5), 129.5 (C-7), 137.2 (C-4), 148.1
(C-4a or C-8a), 157.6 (C-2); (Found: MS (El) m/z% 159 (M, 100). Requires: M*, 159),
(Found; C, 76.1; H, 6.5; N, 17.4%. Requires for CisH:oN2: C, 75.9; H, 6.4; N, 17.7%).

N-(2-Quinoliny!)-1 ,2-ethanediamine monohydrochloride (60)

X
HCl. N
~
N/\/ 74

H

A mixture of 24 (2.7g, 16mmol) and excess 90% ethylenediamine (aq) (10mi) were heated in
a 25ml sealed tube at 105°C for 19h. The reaction mixture was then concentrated under
reduced pressure and the residue chromatographed on silica gel (40:1). The unreacted
starting material was first eluted with petroleum ether followed by product elution using 25%
NHs (aq) : methanol (1:99) to afford 60 as a hydrochloride salt (3.0g, 82%) which was
crystallised from ethanol to give white needles, mp 174 - 178°C;. vadem™ (KBr) 3259, 3132,
3051, 2954, 2892, 2076, 1625, 1540, 1148, 813; 8, (400MHz, d¢ DMSO) 3.06 (2H, t, /6.2,
CHz), 3.61 (2H, m, CH>-$), 6.80 (1H, dd, J 9.0, 1.2, H-3), 7.16 (1H, dt, H-8), 7.44 (1H, bs,
NH), 7.48 (1H, dt, H-7), 7.56 (1H, dd, J 8.0, 1.0, H-8), 7.63 (1H, dd, J 8.0, 1.0, H-5), 7.88
(1H, d, J 9.0, H4), 8.15 — 8.25 (2H, bs, NH,) ; 8c(100.6MHz, ds DMSO) 39.0 (CH>.), 39.1
(CH-B), 113.7 (C-3), 122.0 (C-6), 123.4 (C-4a or C-8a), 125.9 (C-8), 127.9 (C-5), 129.6 (C-
7), 136.9 (C-4), 147.8 (C-4a or C-8a), 157.2 (C-2); (Found: MS (El) m/z% 187 (M", 9), 158
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(41), 157 (100), 145 (46), 144 (50), 129 (50), 128 (66). Requires: M* (free base), 187);
(Found: C, 59.0; H, 6.3; N, 18.8%. Requires for C;sH43N3.HCI: C, 59.1; H, 6.3; N, 18.8%).

4-Aminoquinoline (61)

Method A

To a solution of dry, distilled liquid ammonia (50ml) and freshly prepared potassium amide
(1.1g, 19mmol) in a sealed tube at -40°C, quinoline (1.0g, 7.7mmol) was added. The clear
yellow solution that resulted upon quinoline addition changed to opaque dark green upon
warming to room temperature. After 1hr at room temperature, the tube was recooled to -
40°C, opened and the contents transferred to a wide-necked conical flask in a bath at-40°C.
Potassium permanganate was then added (4.3g, 27mmol)} slowly, with stirring. After 15mins
the reaction temperature was raised very slowly to 0°C during which time the ammonia
slowly evaporated off. The mixture was then quenched dropwise with cold (NH.),SO., (aq),
filtered through celite, extracted into ethyl acetate (four times), dried over anhydrous MgSQ.
and evaporated under reduced pressure. The residue was chromatographed on silica gel
using mixtures of triethylamine : ethyl acetate (0:100) to (10:90) as the eluent and
crystallised from benzene to afford 61 (0.26mg, 26%), mp 151 - 153°C (lit. Den Hertog et al.
1967, 151 - 152°C; Tondys et al. 1985, 149 - 150°C); vmadcm™ (KBr) 3402 and 3336 (Ar-
NH.); 8+ (200MHz, CDCls) 5.02 (2H, bs, NHy), 6.56 (1H, d, J 5.1, H-3), 7.41 (1H, td, H-6),
7.62 (1H, td, H-7), 7.78 (1H, dd, J 8.4, 0.8, H-8), 7.95 (1H, dd, /8.5, 0.7, H-5), 8.51 (1H, d, J
5.1, H-2), 8; (50.3MHz, CDCl;) 103.6 (C-3), 118.8, 120.3 (C-5), 124.7 (C-6), 129.3 (C-7),
129.7 (C-8), 148.8 (C4 or C-8a), 149.8 (C4 or C-8a), 150.6 (C-2); (Found: MS (El) m/z%
144 (M, 100). Requires: M", 144); (Found: C, 74.8; H, 5.7; N, 19.6%. Requires for CgHsN>:
C,75.0,H,56; N, 19.4%).

Method B }
A mixture of 30a (0.11g, 0.66mmol), 25% NHs (aq) (3ml) and a catalytic amount of ZnCl.

were placed in a sealed glass tube. After 35h at 150°C, the product was extracted into ethyl
acetate (three times), dried over anhydrous MgSQO, and evaporated under reduced pressure.
The product was chromatographed on silica gel (5g) using mixtures of triethylamine : ethyl
acetate (0:100) to {10:90) as the eluent and crystallised from benzene to give 61 (57mg,
60%), mp 149 - 152°C; 'H NMR (CDCl) identical to that found with the reference compound
(Method A); (Found: MS (El) m/z% 144 (M”, 100). Requires for CoHgN2: M*, 144).
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Method C

A mixture of 29a (0.95g, 5.0mmol), 10% Pd-C (2.7g, 2.6mmol), glacial acetic acid (7ml),
acetic anhydnide (1.5ml) and ethanol (5ml) was placed in a three-necked round bottomed
flask. Hydrogen was bubbled through the reaction mixture at room temperature for 7.5h. The
mixture was then filtered through Celite and a solution of potassium hydroxide in ethanol
added to the filirate until an alkaline solution was obtained. The organic phase were then
removed under reduced pressure and the products extracted into ethyl acetate (three times),
dried over anhydrous MgSO. and the extracts concentrated again. The products were
adsorbed onto a silica gel column (60g) and eluted using mixtures of triethylamine : ethyl
acetate (0:100) to (10:90) to obtain 61 (0.50g, 69%) which was crystallised from benzene,
mp 152 - 155°C. '"H NMR (CDCl,) identical to that found with the reference compound
(Method A); (Found: MS (El) m/z% 144 (M", 100). Requires for CoHgN2: M”, 144).

4-Methylaminoquinoline (62)
HNCH;Z

\

~
N

A solution of 30a (0.53g, 3.2mmol) and excess methylamine : methanol (1:2) (4ml) was
heated in a sealed tube at 154°C for 20h. The reaction mixture was then concentrated under
reduced pressure and the residue chromatographed using flash column chromatography
{80:1). Any unreacted starting material was first eluted using triethylamine : methanol : ethyl
acetate (1:1:98), followed by product elution using mixtures of triethylamine : methanol :
ethyl acetate (2:5:93) to (10:10:80) to afford 62 (0.48g, 94%) which was crystallised from
ethyl acetate and ethanol, mp 233°C (DSC) (lit. Luthy et al. 1949, 227 - 227.5°C; Watanabe
et al. 1980, 231 - 232°C; vimdcm™' (ds DMSO) 3484, 3432, 1662, 1586, 1545, 1343, 1152; 5,
(400MHz, ds DMSO) 2.87 (3H, d, J 4.5, CHz), 6.35 (1H, d, J 5.3, H-3), 7.25 (1H, bd, J 4.5,
NH), 7.40 (1H, ddd, J 8.0, 7.5, 0.9, H-6), 7.56 (1H, ddd, J 8.0, 7.5, 0.9, H-7), 7.75 (1H, d, J
8.0, H-8), 8.10 (1H, d, J 8.0, H-5), 8.40 (1H, d, J 5.3, H-2); ¢ (100.6MHz, de DMSO) 29.7
(CHs), 98.3 (C-3), 119.2 (C-4a), 121.8 (C-5), 124.2 (C-6), 129.1 (C-7), 129.4 (C-8), 148.5 (C-
8a or C-4), 151.2 (C-2), 151.2 (C-8a or C-4); (Found: MS (El) m/z% 158 (M*, 100). Requires:
M*, 158); (Found; C, 75.8; H, 6.6; N, 17.9%. Requires for CioHioN2: C, 75.9; H, 6.4, N,
17.7%).
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2~(4-Quinolinyl)-aminoethanol (63)
OH
HN/\/

N

N/

A solution of 30a (0.20g, 1.2mmol) and ethanolamine (3ml) was heated in a sealed tube at
120°C for 4.5h. The product was then extracted into ethyl acetate (three times) from Na,COa
(aq), dried over anhydrous MgSQ, and evaporated under reduced pressure. Crystallisation
from ethyl acetate and methanol followed by drying in vacuo over P,Os afforded 63 (86mg,
37%), mp 139°C (DSC); vmedcm™ (KBr) 3322, 1585, 1546, 1340, 1070; &, (400MHz, de
DMSO0) 3.35 (2H, m, CH,), 3.65 (2H, m, CH,), 4.82 (1H, bs, OH), 6.45 (1H, d, J 5.4, H-3),
7.05 (1H, t, J 5.5, NH), 7.39 (1H, td, H-6), 7.58 (1H, td, H-7), 7.75 (1H, dd, J 8.3, 0.9, H-8),
8.18 (1H, dd, J 8.5, 1.1, H-5), 8.36 (1H, d, J 5.4, H-2); 8; (100.6MHz, ds DMSO) 45.5 (CH,),
59.2 (CH,), 98.6 (C-3), 119.2 (C4a), 122.0 (C-5), 124.2 (C-6), 129.1 (C-7), 129.4 (C-8),
148.7 (C-8a or C-4),.150.5 (C-8a or C-4), 151.1 (C-2), (Found: MS (El) m/z% 188 (M", 48),
157 (100). Requires: M’, 188); (Found: C, 69.6; H, 6.7; N, 14.0%. Requires for C,;H:2N.O:
C,70.2;H,6.4; N, 14.9%).

N-(4-Quinolinyl)-1,2-ethanediamine monohydrochloride (64)

N NNHZ

X
« HCI
Z :

A solution of 30a (0.57g, 3.5mmol) in excess 90% ethylenediamine (aq) was heated in a
sealed tube at 120°C for 5h. The reaction mixture was then concentrated under reduced
pressure and the residue chromatographed on silica gel (60:1) using mixtures of 25% NHs
(aq) : methanol (0.5:95.5) to (3.5:96.5) as the eluent to yield 64 as the hydrochloride salt.
This was crystallised from ethyl acetate and methanol to afford 64 as a powdery beige solid
(0.60g, 92%), mp 211 - 212°C; Vmadcm™ (ds DMSO) 3482, 3314, 2971, 1663, 1583, 1543,
1342; 8, (400MHz, d¢ DMSOQ) 3.10 (2H, t, J 6.3, CH-B), 3.56 (2H, t, /6.3, CH>), 3.2-4.2
(3H, bs, NH, and NH), 6.56 (1H, d, J 5.4, H-3), 7.44 (1H, td, H-6), 7.63 (1H, td, H-7), 7.80
(1H, dd, J 8.4, 0.6, H-8), 8.33 (1H, d, J 8.5, H-5), 8.43 (1H, d, J 5.4, H-2); 8¢ (100.6MHz, de
DMSO) 38.3 (CH=B), 41.2 (CH>-a), 99.2 (C-3), 119.7 (C-4a), 123.0 (C-5), 124.8 (C-6), 129.4
(C-8), 129.9 (C-7), 148.7 and 150.7 (C-8a and C-4), 151.2 (C-2); (Found MS (HRMS) m/z%
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187.1116. Requires: 187.1109 (free base)); (Found: C, 59.0; H, 6.5; N, 18.6%. Requires for
Ci1HsN3s.HCI: C, 59.1; H, 6.3; N, 18.8%).

N’44-Quinolinyl)-N',N'-diethyl-1,2-ethanediamine (65)

g

e Ve
=y

-
N

A mixture of 30a (0.40g, 2.5mmol) in excess N,N-diethylethylenediamine (1.5ml) was heated
in a sealed tube at 150°C for 8h. The reaction mixture was then concentrated under reduced
pressure and the residue extracted into dichloromethane (four times) from K:CO; (aq),
evaporated under reduced pressure, dried over anhydrous MgSO4 and chromatographed on
silica gel (60:1) using mixtures of triethylamine : ethyl acetate (0:100) to (2.5:97.5) to elute
65 as a brown solid (0.46g, 77%), mp 82°C; vmadem™ (KBr) 3202, 2965, 1581, 1550, 1167,
1092, 809; &4 (400MHz,CDCl,) 1.08 (6H, t, J 7.1, 2xCHg), 2.61 (4H, q, J 7.1, 2xCH,), 2.83
(2H, t, J 6.0, CH>B), 3.27 (2H, m, CHza), 6.07 (1H, bs, NH), 6.38 (1H, d, J 5.4, H-3), 7.43
(1H, td, H-6), 7.62 (1H, td, H-7), 7.74 (1H, dd, J 8.3, 1.1, H-8), 7.97 (1H, dd, J 8.5, 0.7, H-5),
8.55 (1H, d, J 5.4, H-2); 8¢(100.6MHz, CDCl;) 12.1 (2 x CHj3), 39.8 (CHzx), 46.6 (2 x CHy),
50.8 (CHxB), 99.0 (C-3), 119.1 (C-5),119.6 (C-4a), 124.5 (C-6), 128.9 (C-7), 129.8 (C-8),
148.4 (C-8a or C4), 149.9 (C-8a or C-4), 151.1 (C-2); (Found MS (HRMS) m/z% 243.1731.
Requires: 243.1735); (Found: C, 74.0; H, 8.8; N, 17.2%. Requires for CisHa1N3: C, 74.0; H,
8.7; N, 17.3%).

4-Amino-7-methylquinoline (66)

A solution of 30b (0.14g, 0.79mmol) in 25% ammonia (aq) (3ml) and a catalytic amount of
ZnCl, was heated in a sealed tube at 145°C for 18h, followed by a further 24h at 160°C. The
products were then extracted into ethyl acetate (four times), dried over anhydrous MgSO.
and the solvent evaporated under reduced pressure. The residue was chromatographed on
silica gel (15g) using mixtures of triethylamine : ethyl acetate (0:100) to (1:99) as the eluent.
The solid residue was crystallised from benzene to give 66 (80mg, 64%), mp 164 - 1 65°C;
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Vmadem't (KBr) 3428, 3315, 3160-2970, 1652, 1582, 1511, 1455, 1332, 1291, 1224: &,
(400MHz, CDCls) 2.52 (3H, s, CHs), 4.76 (2H, s, NHy), 6.53 (1H, d, J 5.1, H-3), 7.27 (1H, dd,
J 8.6, 1.7, H-6), 7.65 (1H, d, J 8.6, H-5), 7.77 (1H, m, H-8,), 8.47 (1H, d, J 5.1, H-2); &
(100.6MHz, CDCls) 21.6 (CHs), 103.2 (C-3), 116.7 (C-4a), 119.9 (C-5), 127.0 (C-6), 128.9
(C-8), 139.5 (C-7), 149.1 (C-8a or C4), 149.4 (C-8a or C-4), 150.7 (C-2); (Found: MS (EI)
m/z% 158 (M*, 100). Requires: M*, 158); (Found: C, 75.7; H, 6.5; N, 17.7%. Requires for
CroHiNz: C, 75.9; H, 6.4; N, 17.7%).

N',N'-Diethyl -N*~(7-methyl-4-quinolinyl)-1,2-ethanediamine (67)

-
P N
v\

P
N

A solution of 30b (0.14g, 0.79mmol) and excess N,N-diethylethylenediamine (3ml) was
heated in a sealed tube at 130°C for 18h followed by a further 6h at 150°C. The reaction
mixture was then concentrated under reduced pressure. The products were extracted into
dichloromethane (four times) from aqueous K>COs, dried over anhydrous MgSO, and the
solvent evaporated under reduced pressure. The residue was chromatographed on silica gel
(15g) using mixtures of triethylamine : ethyl acetate (0:100) to (2:98) as the eluent to give a
solid that was crystallised from hexane to give white crystals of 67 (0.16g, 78%), mp 102 -
105°C (lit. Patent US2940974 1960, 99 - 103.6°C); Vyadem™ (KBr) 3195, 2964, 1591, 1580,
1552, 1455, 1380, 1230, 1165, 809; &4 (400MHz, CDCls) 1.07 (6H, t, J 7.2, 2 x CH3), 2.51
(3H, s, CH3),2.60 (4H, q, /7.2, 2 x CH), 2.82 (2H, t, CH-B), 3.26 (2H, m, CH>«), 6.02 (1H,
s, NH), 6.33 (1H, d, J 5.3, H-3), 7.26 (1H, dd, J 8.6, 1.7, H-8), 7.63 (1H, d, J 8.6, H-5), 7.756
(1H, m, H-8,), 8.50 (1H, d, J 5.3, H-2); &c (100.6MHz, CDCl3) 12.1 (2 x CH3), 21.6 (CHa),
39.8 (CHxa), 46.5 (2 x CHy), 50.8 (CH_-B), 98.5 (C-3), 116.9 (C-4a), 119.3 (C-5), 126.6 (C-
6), 128.9 (C-8), 139.0 (C-7), 148.6 (C-8a or C-4), 149.9 (C-8a or C-4), 151.1 (C-2); (Found:
MS (El) m/z% 257 (M", 13), 171 (14), 115 (19), 86 (100), 58 (38), 30 (58). Requires: M",
257); (Found: C, 74.6; H, 9.4; N, 16.3%. Requires for Ci¢H2sN3: C, 74.7; H, 9.0; N, 16.3%).
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4-Amino-7-chloroquinoline (68)

68 was prepared via reaction of 4,7-dichloroquinoline with aqueous ammonia and ZnCl,. The
material was then crystallised from benzene and ethanol to give 68, mp 134°C (lit. Price et
al. 1946, 105 - 110°C; Roseman et al. 1970, 152 - 154.4°C; Lin and Loo 1978, 146 - 147°C),
vmadcm™ (KBr) 3460, 3358, 3242, 3428, 1643, 1613, 1578, 1510, 1284, 878; 5, (200MHz, d¢
Acetone) 6.35 (2H, bs, NH,), 6.67 (1H, d, J 5.1, H-3), 7.36 (1H, dd, J 9.0, 2.1, H-6), 7.85
(1H, d, J2.1, H-8), 8.14 (1H, d, J 9.0, H-5), 8.38 (1H, d, J 5.1, H-2); §c(100.6MHz, ds DMSO)
103.1 (C-3), 117.5 (C-4a), 124.2 (C-6), 125.1 (C-5), 127.7 (C-8), 133.9 (C-7), 149.9 (C-8aor
C-4), 151.9 (C-2), 152.1 (C-8a or C-4); (Found: MS (El) m/z% 178 (M", 100). Requires for
CoH7N,CI: M*, 178).

7-Chloro-4-methylaminoquinoline (69)
HNCH;

Cl

69 was prepared via 4-substitution of 4,7-dichloroquinoline with methylamine : methanol
(1:2) and then crystallised from ethyl acetate and ethanol to give 69, mp 245°C (jit. Craig
and Pearson 1968, 245 - 246°C); vmad/cm™ (KBr) 3201, 3060, 1580. 1436, 1369, 1280, 1203,
1146, 1080. 867; & (400MHz, ds DMSQ) 2.86 (3H, d, J 4.8, CHs), 6.38 (1H, d, J 5.4, H-3),
7.42 (2H, m, H-6 and NH), 7.77 (1H, d, J 2.4, H-8), 8.16 (1H, d, J 9.0, H-5), 8.40 (1H, d, J
5.4, H-2); 8¢ (100.6MHz, ds DMSQ) 29.7 (CHa), 98.8 (C-3), 117.8 (C-4a), 124.2 (C-6), 124.5
(C-5), 127.9 (C-8), 133.7 (C-7), 149.3 (C-8a or C4), 151.3 (C-8a or C4), 152.4 (C-2);
(Found: MS (El) m/z% 192 (M’, 100). Requires: M", 192); (Found: C, 62.2; H, 4.6; N, 14.5%.
Requires for CoHsN.Cl: C, 62.3; H, 4.7; N, 14.5%).
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N-(7-Chloro-4-quinolinyl)-aminopropane (70)

HN/\\/

N

a N/

A mixture of 4,7-dichloroquinoline (2.0g, 10mmol) and propylamine (15ml) were heated in a
tube, sealed under N, at 95°C for 20h. After cooling to room temperature, the tube was
reopened and the propylamine evaporated off under reduced pressure. 0.95M potassium
hydroxide (40ml) was added and the white solid residue collected by filtration and washed
with cold ether. The crude solid was dried in vacuo over P;Os, and then crystallised from
ethanol and ethyl acetate to give 70 (0.91g, 37%), mp 146 - 148°C; 8, (300MHz, ds DMSO)
0.96 (3H, t, J7.3, CH3), 1.67 (2H, sext, J 7.3, 4.8, CH$), 3.21 (2H, m, CH>), 6.45 (1H, d,
J 5.1, H-3), 7.29 (1H, t, J 5.3, NH), 7.43 (1H, dd, J 8.9, 2.3, H-6), 7.78 (1H, d, J 2.3, H-8),
8.28 (1H, d, J 8.9, H-5), 8.38 (1H, d, J 5.1, H-2); ¢ (75.5MHz, ds DMSO) 11.5 (CHs), 21.0
(CH>-B), 44.1 (CHr«), 98.6 (C-3), 117.4 (C4a), 123.9 (C-6), 124.1 (C-5), 127.4 (C-8), 133.3 ~
(C-7), 149.1 (C-8a or C4), 150.1 (C-8a or C-4), 151.8 (C-2); (Found MS (HRMS) m/z%
220.07708. Requires: 220.07673); (Found: C, 65.5; H, 6.1 N, 12.5%. Requires for
Ci2H1aN.Cl: C, 65.3; H, 5.9; N, 12.7%).

2-(7-Chloro-4-quinolinyl)-aminoethanol (71)
OH

X

Ci N/

71 was obtained via 4-substitution of 4,7-dichloroquinoline with ethanolamine (aq) and
subsequent crystallisation from ethanol to give 71, mp 217 - 218°C (lit. Elderfield et al. 1946,
214°C); Vmadcm™ (KBr) 3311, 3100-2845, 1583, 1453, 1344, 1081, 803; & (400MHz, dg
DMSO) 3.35 (2H, t, CHx-B), 3.65 (2H, m, CH-), 4.84 (1H, bs, OH), 6.49 (1H, d, J 5.5, H-3),
7.25 (1H, bt, J5.3, NH), 7.43 (1H, dd, 9.0, 2.2, H-6), 7.77 (1H, d, J2.2, H-8), 8.25 (1H, d, J
9.0, H-5), 8.38 (1H, d, J5.5, H-2); 6 (100.6MHz, ds DMSO) 45.5 (CH-), 59.1 (CH), 99.1
(C-3), 117.8 (C-4a), 2 x 124.4 (C-5 and C-6), 127.9 (C-8), 133.7 (C-7), 149.5 (C-8a or C-4),
150.6 (C-8a or C-4), 152.3 (C-2); (Found: MS (El) m/z% 222 (M", 60), 191 (100), 156 (70).
Requires: M, 222); (Found: C, 59.2; H, 5.0; N, 12.5%. Requires for C11H1sN-OCI: C, 59.3; H,
5.0; N, 12.6%).
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N-«(7-Chloro-4-quinolinyl)-1,2-ethanediamine (72)

e~

X

Ci N/

72 was prepared via 4-substitution of 4,7-dichloroquinoline with 90% ethylenediamine (aq).
The material was then crystallised from acetonitrile and methanol to give 72 mp 13?’ -139°C
(lit. Peck et al 1959, 137 - 139°C); vmgcm" (ds DMSO) 3490, 1660, 1580, 1450, 1366, 1280;
3x (400MHz, ds DMSO) 2.80 (2H, t, J 6.5, CHz-B), 3.23 (2H, m, CH>a), 3.30 (2H, bs, NH),
6.47 (1H, d, J 5.4, H-3), 7.21 (1H, bs, NH), 7.41 (1H, dd, J 9.0, 2.1, H-6), 7.76 (1H, d, J 2.1,
H-8), 8.26 (1H, d, J 9.0, H-5), 8.36 (1H, d, J 5.4, H-2); 8¢ (100.6MHz, d¢ DMSO) 40.5 (CH-
), 46.5 (CHx), 99.1 (C-3), 117.9 (C-4a), 124.4 (C-5), 124.5 (C-6), 127.9 (C-8), 133.8 (C-
7), 149.5 (C-8a or C-4), 150.7 (C-8a or C-4), 152.3 (C-2); (Found: MS (El) mz% 221 (M",
46), 191 (77), 163 (23), 156 (37), 30 (100). Requires: M, 221); (Found: C, 59.6; H, 5.6, N,
18.9%. Requires for C4H:N;Ck: C, 59.6; H, 5.5; N, 19.0%).

N?(7-Chloro-4-quinolinyl)-N', N'-dimethyl-1,2-cthanediamine (73)
l
HN//\/ N\
AN

Z
c N

A solution of 4,7-dichloroquinoline (0.53g, 2.7mmol) and excess N ,N-dimethylenediamine
(5ml) was heated in a sealed tube at 140°C for 3.5h. The reaction mixture was then
concentrated under reduced pressure to give a solid residue, which was crystallised from
benzene to afford colourless crystals of 73 (0.36g, 54%), mp 122 - 124°C (lit. Surrey et al.
1959, 121 - 122.8°C); 81 (400MHz, ds DMSO) 2.20 (6H, s, 2 x CHs), 2.49 (2H, m, CHzp),
3.36 (2H, m, CH,a), 6.47 (1H, d, J 5.3, H-3), 7.14 (1H, bt, NH), 7.42 (2H, dd, /9.1, 2.3, H-
6), 7.77 (1H, d, J 2.3, H-8), 8.20 (1H, d, J 9.1, H-5), 8.38 (1H, d, J 5.3, H-2); 8¢ (100.6MHz,
ds DMSO) 41.2 (CH.), 45.9 (2 x CHzs), 57.6 (CH>), 99.4 (C-3), 118.1 (C-4a), 124.6 (C-5),
124.8 (C-6), 128.2 (C-8), 134.1 (C-7), 149.7 (C-8a or C-4), 150.7 (C-8a or C4), 152.6 (C-2),
(Found: MS (El) m/z% 249 (M*, 33), 59 (100), 42 (88), 30 (70). Requires: M, 249); (Found:
C,61.7; H, 6.6; N, 16.4%. Requires for C13HsN3Cl: C, 62.5; H, 6.5; N, 16.8%).
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N°{7-Chloro-4-quinolinyl)-N',N'-diethyl-1,2-ethanediamine (74)

A solution of 2,4-dichloroquinoline (2.1g, 10mmol) and excess N,N-diethylethylenediamine
{6ml) was heated in a sealed tube at 150°C for 5h. The reaction mixiure was then
concentrated under reduced pressure and the solid residue crystallised from petroleum ether
and ethyl acetate to give glassy-like colourless crystals of 74 (0.94g, 33%), mp 106 - 108°C
(lit. De et al. 1997, 92°C); 6, (400MHz, CDCl) 1.07 (6H,t, J7.1,2 x CH3), 2.60 (4H, q,J 7.1,
2 x CHp), 2.82 (2H, t, J 6.0, CH>-B), 3.25 (2H, m, CH,<), 6.10 (1H, bs, NH), 6.36 (1H, d, J
5.4, H-3), 7.36 (1H, dd, J 8.9, 2.2, H-6), 7.65 (1H, d, J 8.9, H-5), 7.94 (1H, d, J 2.2, H-8)),
8.52 (1H, d, J 5.4, H-2); 8¢ (100.6MHz, CDCls) 12.0 (2 x CH3), 39.7 (CH-a), 46.5 (2 x CH,),
50.6 (CHxB), 99.3 (C-3), 117.4 (C-4a), 121.1 (C-5), 125.2 (C-6), 128.7 (C-8), 134.7 (C-7),
149.1 (C-8a or C-4), 149.8 (C-8a or C-4), 152.1 (C-2); (Found: MS (El) m/z% 277 (M*, 1), 86
(100), 58 (6), 30 (12). Requires: M*, 277); (Found: C, 64.7; H, 7.3; N, 15.1%. Requires for
CisHx2NsCl: C, 64.9; H, 7.3; N, 15.1%).

N',N'-Diethyl-N*{7-fluoro-4-quinolinyl)-1,2-ethanediamine (75)

(

HN/\/N\/

=

F N/
32a (0.43g, 2.4mmol) and N,N-diethylethylenediamine (4ml) were heated under N, in a
sealed tube at 160°C for 6hr. Excess reagent was then removed under reduced pressure to
give a brown oil. This oil was then treated with Na,COj; (aq) and the product extracted into
ethyl acetate (four times), dried (MgSOs) and evaporated to dryness under reduced
pressure. This crude material was chromatographed on silica gel (60:1) using triethylamine :
ethyl acetate (2:98) as the eluent. The residue was crystallised from heptane to give 75
(0.39g, 62%), mp 81 - 82°C (lit. De et al 1998, 72 - 73°C); 8x (300MHz, CDCls) 1.07 (6H, t, J
7.2, 2 x CHs), 2.59 (4H, q, J 7.2, 2 x CHy), 2.81 (2H, t, J 6.3, CH=B), 3.25 (2H, m, CH»a),
6.09 (1H, bs, NH), 6.33 (1H, d, J 5.4, H-3), 7.17 (1H, td, J 8.4, 2.7, H-6), 7.57 (1H, dd 10.5,
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2.7,H-8),7.71 (1H, dd, J 9.3, 6.0, H-5), 8.51 (1H, d, J 5.4, H-2); 8¢ (75.5MHz, CDCl5) 12.1 (2
x CHa), 39.7 (CHrw), 46.5 (2 x CH,), 50.7 (CH2-B), 98.7 (C-3), 113.3 (Jor 20, C-8), 114.3
(Jer 25, C-6), 115.9 (C-4a), 121.8 (Jcr 10, C-5), 149.9 (Jor 12, C-8a), 150.0 (C-4), 152.2
(C-2), 162.9 (Jcr 249, C-7); (Found: MS (El) m/z% 261 (M", 2), 86 (100), 58 (7), 30 (12).
Requires: M", 261); (Found: C, 69.1; H, 7.8; N, 16.2%. Requires for CsHxoNsF: C, 68.9; H,
7.7; N, 16.1%).

N°{7-Bromo-4-quinolinyl)-N',N'-diethyl-1,2-ethanediamine (76)

g

i SN

X

Z
Br

57b (0.69g, 2.8mmol) and N,N-diethylethylenediamine (7ml) were heated in a sealed tube at
135°C for 6hr. The excess reagent was then removed under reduced pressure and 10%
NaOH added. The product was extracted into dichloromethane (three times), dried (MgSQa)
and evaporated under reduced pressure. The solid residue was crystallised from ethyl
acetate to give glassy-like, flat, white, transparent crystals of 76 (0.52g, 57%), mp 120 -
121°C (lit. De et al. 1998, 111 - 112°C); 8y (300MHz, CDCl;) 1.07 (6H, t, J 7.1, 2 x CHa),
2.60 (4H, q, J 7.2, 2 x CHp), 2.82 (2H, t, J 5.9, CHz-a), 3.25 (2H, m, CH2-B), 6.07 (1H, bs,
NH), 6.38 (1H, d, J 5.4, H-3), 7.49 (1H, dd, J 8.9, 2.0, H-6), 7.58 (1H, d, J 8.9, H-5), 8.13
(1H, d, J 2.0, H-8), 8.52 (1H, d, J 5.4, H-2); 8¢ (75.5MHz, CDCl;) 12.1 (2 x CHs), 39.8 (CH»-
a), 46.5 (2 x CHy), 50.7 (CH-B), 99.4 (C-3), 117.8 (C4a), 121.2 (C-5), 123.0 (C-7), 127.8
{C-6), 132.1 (C-8), 149.4 (C-8a or C-4), 149.9 (C-8a or C-4), 152.1 (C-2); {(Found: MS (El)
m/z% 323 ((M+2)", 1), 321 (M", 1), 155 (3), 86 (100), 58 (9), 30 (15). Requires: (M+2)", 323,
M*, 321); (Found: C, 56.0; H, 6.3; N, 13.0%. Requires for CisHxNaBr: C, 55.9; H, 6.3; N,
13.0%).
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N',N"-Diethyl-N°-(7-iodo~4-quinolinyl)-1,2-ethanediamine (77)

-
HN/\/N\/
AN

=
I N

57¢ (0.97g, 3.4mmol) and N,N-diethylethylenediamine (8ml) were heated in a tube, sealed
under N, at 120°C for 8hr. The excess reagent was then removed under reduced pressure
and 10% NaOH added to the residue. The resulting precipitate was extracted into
dichloromethane (three times), dried (MgSQ4) and the solvent removed under reduced
pressure. The solid was crystallised from ethyl acetate to give 77 (0.83g, 67%), mp 133 -
136°C (lit. 131 - 132°C, De et al 1998); 84 (300MHz, CDCl;) 1.07 (6H, t, J 7.1, 2 x CH;3), 2.60
(4H, q, J 71,2 x CH.), 2.81 (2H, t, J 6.3, CH--8), 3.25 (2H, m, CH2-a), 6.07 (1H, bs, NH),
6.37 (1H, d, J5.3, H-3), 7.43 (1H, d, J 8.8, H-5), 7.68 (1H, dd, 8.8, 1.8, H-6), 8.37 (1H, d, J
1.8, H-8), 8.50 (1H, d, J 5.3, H-2); 8¢ (75.5MHz, CDCl5} 12.1 (2 x CHs), 39.8 (CH>x), 46.5 (2
x CHp), 50.7 (CH»-B), 94.8 (C-7), 99.5 (C-3), 118.2 (C-4a), 121.1 (C-5), 133.0 (C-6), 138.7
(C-8), 149.5 (C-Ba or C4), 150.0 (C-8a or C-4), 151.8 (C-2); (Found: MS (El) m/z% 369 (M",
1), 155 (2), 86 (100), 58 (6), 30 (10). Requires: M’, 369); (Found: C, 48.8; H,5.7; N, 11.4%.
Requires for CisHzoNsl: C, 48.8; H, 5.5; N, 11.4%).

N',N"-Diethyl-N*-{(7-methoxy-4-quinolinyl)-1,2-ethanediamine (78)

C

i SN

R

CH;O N
57d (1.2g, 5.3mmol) and N, N-diethytethylenediamine (6ml) were heated in a tube, sealed
under N, at 140°C for 5h. The reagent was then removed under reduced pressure to give a
thick, yellow oil, to which 10% NaOH (aq) was added. The product was extracted into
dichloromethane (four times), dried (MgSQO.) and evaporated under reduced pressure. The
resulting solid was crystallised from heptane to give 78 as a white solid (1.1g, 75%), mp 98 -
99°C (lit. De et al 1998, 94 - 95°C), 8, (400MHz,CDCl3) 1.08 (6H, t, 2 x CH3), 2.60 (4H, q, J
7.2, 2 x CHyp), 2.81 (2H, t, J 6.0, CH-B), 3.26 (2H, m, CHzw), 3.93 (3H, s, OCHa), 5.97 (1H,
bs, NH), 6.30 (1H, d, J 5.2, H-3), 7.07 (1H, dd, J9.2, 2.6, H-6), 7.33 (1H, d, J 2.6, H-8), 7.62
(1H,d, J 9.2, H-5), 8.47 (1H, d, J 5.2, H-2); 8¢ (100.6MHz, CDCls) 12.1 (2 x CHs), 39.8 (CHz-
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a), 46.6 (2 x CHy), 50.8 (CH-B), 55.4 (OCHs), 98.1 (C-3), 108.1 (C-8), 113.5 (C-4a), 116.9
(C-6), 120.9 (C-5), 150.1 (C-8a or C4), 150.2 (C-8a or C-4), 151.3 (C-2), 160.3 (C-7);
(Found: MS (El) m/z% 273 (M", 5), 86 (100), 58 (9), 30 (15). Requires: M", 273); (Found; C,
70.4; H, 8.8; N, 15.2.%. Requires for C1¢HzNsO: C, 70.3; H, 8.5; N, 15.4%).

N',N'-Diethyl-N°(7-nitro-4-quinolinyl)-1,2-ethanediamine (79)

y

HN/\/N\/

N

OoN 7

A mixture of 57e (0.16g, 0.77mmol) and N,N-diethylethylenediamine (7ml) were heated at
85°C, under N, for 5h. The reaction mixture was then cooled to room temperature and
Na,CO; (aq) added. The organic matenal was extracted into ethyl acetate (three times),
dried over MgSQ,, and the solvent removed under reduced pressure. The residue was
chromatographed firstly on silica gel (150:1) using ethyl acetate as the eluent to remove the
excess reagent and then on silica gel (200:1) using mixtures of triethylamine : ethyl acetate
(0.5:99.5) to (3:97) as the eluent to isolate 79 (0.14g, 63%), mp 110 - 113°C; Viedcm™
(CDCls) 3018, 2972, 1754, 1590, 1546, 1479, 1374, 1352; 5, (300MHz, CDCl;) 1.09 (6H, t, J
7.2, 2 x CHs), 2.63 (4H, q, J 7.2, 2 x CH), 2.85 (2H, t, J 5.9, CH>B), 3.28 (2H, m, CHza),
6.28 (1H, s, NH), 6.49 (1H, d, J 5.4, H-3), 7.85 (1H, d, J 9.0, H-5), 8.17 (1H, dd, J 9.0, 2.3,
H-6), 8.65 (1H, d, J 5.4, H-2), 8.84 (1H, d, J 2.3, H-8); 8¢ (75.5MHz, CDCls) 12.1 (2 x CHa),
39.8 (CHzw), 46.5 (2 x CH,), 50.5 (CHzB), 101.1 (C-3), 117.7 (C-6), 121.5 (C-5), 122.5 (C-
4a), 125.9 (C-8), 147.9, 147.9, 149.7, 153.2 (C-2); (Found: MS (El) m/z% 288 (M", 1), 155
(3), 86 (100), 58 (21), 30 (29). Requires: M*, 288); (Found: C, 62.8; H, 6.7; N, 19.1.%.
Requires for CysHoN1O2: C, 62.5; H, 7.0; N, 19.4%).
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N',N'-Diethyl-N’<{7-trifluoromethyl-4-quinolinyl)-1,2-ethanediamine (80)

'/

=
Fy N
A mixture of 4-chloro-7-trifluoromethylquinoline (0.29g, 1.3mmol) and N,N-diethyl-
ethylenediamine (7ml) were heated in a tube, sealed under N, at 145°C for 7h. Most of the
excess reagent was then removed under reduced pressure and the product selectively
dissolved in hot petroleum ether. This was then decanted and evaporated under reduced
pressure to afford 80 after crystallisation from heptane (0.22g, 56%), mp 121 - 123°C (lit. De
et al 1998, 122 - 123°C); 8, (400MHz, CDCl5) 1.07 (6H, t, J7.2,2 x CHa3), 2.61 (4H, q, J 7.2,
2 x CHy), 2.83 (2H, t, J 6.0, CHx-B), 3.27 (2H, m, CH-a), 6.20 (1H, s, NH), 6.43 (1H, d, J
5.2, H-3), 7.58 (1H, dd, J 9.0, 1.5, H-6), 7.84 (1H, d, J 9.0, H-5), 8.24 (1H, d, J 1.5, H-8),
8.59 (1H, d, J 5.2, H-2); 8¢ (100.6MHz, CDCl5) 12.1 (2 x CH3), 39.8 (CHz-1t), 46.6 (2 x CHy),
50.6 (CH>-B), 100.3 (C-3), 120.1 (C-6), 120.1 (C4a), 121.0 (C-5), 127.6 (C-8), 127.6 (C-7),
147.7 (C-8a or C-4), 149.7 (C-8a or C-4), 152.3 (C-2); (Found: MS (EI) m/z% 311 (M, 1), 86
(100), 58 (11), 30 (20). Requires: M*, 311); (Found: C, 61.9; H, 6.4; N, 13.4%. Requires for
CisH2oNsF3: C, 61.7; H, 6.5; N, 13.5%).

N-2-(4-Quinolinyl)-aminoethylethanamide (81)

H
N
HN/\/Y
5
& ¥ N3 ©
7 &N/z

8

To a stirred solution under N at 0°C of 64 (0.17g, 0.92mmol) in THF (0.5ml) was added
triethylamine (0.17ml, 1.2mmol) and acetic anhydride (0.11g, 1.1mmol) and the resulting
solution was stirred at this temperature for 1hr, followed by 2.5hr at ambient temperature.
The reaction mixture was then extracted into ethyl acetate (three times) from Na.CQ; (aq),
dried over anhydrous MgSQ, and evaporated under reduced pressure. The residue (0.16g,
78%) was crystallised from ethyl acetate and ethanol to give 81, mp 200 - 202°C; v /cm™
(ds DMSQ) 3463, 3300, 3062, 1666, 1583, 1542, 1285; 5, (400MHz, d¢ DMSO) 1.82 (3H, s,
CHa), 3.30 - 3.37 (4H, m, 2 x CHy), 6.49 (1H, d, J 5.3, H-3), 7.22 (1H, bt, NH), 7.40 (1H, dt,
H-6), 7.59 (1H, dt, H-7), 7.76 (1H, d, J 8.4, H-8), 8.10 (2H, m, CONH and H-5), 8.38 (1H, d, J
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5.3, H-2); 8 (100.6MHz, ds DMSO) 23.0 (CH;), 37.8 (CH,), 42.9 (CH,), 98.5 (C-3), 119.2 (C-
4a), 121.8 (C-5), 124.3 (C-6), 129.1 (C-7), 129.4 (C-8), 148.7 (C-8a or C-4), 150.2 (C-8a or
C-4), 151.1 (C-2), 170.5 (C=0); (Found: MS (El) m/z% 229 (M", 39), 170 (28), 157 (100).
Requires: M", 229); (Found: C, 67.9; H, 6.6; N, 18.3%. Requires for Ci3HsNsO: C, 68.1; H,
6.6; N, 18.3%). |

N',N"-Diethyl-N°-{7-hydroxy-4-quinolinyl)-1,2-ethanediamine (82)

C

HN/\/N\/
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HO 7

A solution of 78 (1.1g, 4.0mmol) in dry dichloromethane (15ml) was cooled under Ny, to -
78°C. BBrs (4.0g, 16mmol) was added to this solution and the mixture stirred at -78°C for
1hr. The reaction mixture was then placed in the freezer at -13°C for 40h. Work-up involved
recooling the mixture to -78°C and basification by dropwise addition of K-.CO; (aq). Upon
heating to room temperature, a white solid precipitate formed This was filtered, washed with
water and dried in vacuo over P,0s. The dried organic materal was extracted into methanol
and the insoluble material filtered off. The product was then chromatographed on silica gel
(three times) (20:1) using ethyl acetate to pack the column and methanol to load the
material. Elution using triethylamine : methanol : ethyl acetate (2:20:78) afforded mono-aqua
82 (0.685g, 61.6%) as a luminous, yellow-green, thick oil, vmadcm™ (DMSO) 3257, 1617,
1584, 1545, 1458, 1346, 1301, 1235; &, (400MHz, ds DMSO0) 0.95 (6H, t, J 7.2, 2 x CHg),
253 (4H,q,J7.0,2 x CHy), 2.66 (2H, t, J 7.0, CHB), 3.35 (2H, t, CH), 6.38 (1H, d, J6.2,
H-3), 6.99 (1H, dd, J 9.1, 2.5, H-6), 7.04 (1H, d, J 2.5, H-8), 7.10 (1H, bs, NH), 8.02 (1H, d, J
8.1, H-5), 8.25 (1H, d, J 6.2, H-2); 8¢ (100.6MHz, ds DMSO) 12.5 (2 x CH3), 41.5 (CH>w),
47.4 (2 x CHy), 51.4 (CHB), 97.3 (C-3), 108.5 (C-8), 112.3 (C-4a), 117.3 (C-6), 124.0 (C-5),
147.6 (C-8a or C-4), 148.5 (C-2), 152.3 (C-8a or C-4), 159.9 (C-7); (Found MS (HRMS)
m/z% 259.16770. Requires: 259.16846)
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N’{7-Amino-4-quinolinyl)-N,N"-diethyl-1,2-ethanediamine (83)

HN/\V N\/

=

S
HN N

A mixture of 79 (0.11g, 0.38mmol) and 10% Pd-C (12mg, 0.011mmol) in ethanol (15ml) was
stirred under H; for 22h. The mixture was then filtered through Celite and washed with large
volumes of ethanol. The filtrate was evaporated under reduced pressure and the residue
adsorbed onto silica gel {(80:1) and eluted using mixtures of methanotl : triethylamine : ethyl
acetate (0.5:10:89.5) to (1.5:10:88.5). Purfication was achieved by neutral alumina
chromatography (70:1) eluting firstly with large volumes of ethyl acetate and then methanol :
25% NHj; (aq) : ethyl acetate (10:2:88) to obtain 83 (76mg, 78%) in the form of a brown oil;
vmadcm' (CDCls) 3402, 3382, 3020, 1631, 1586, 1538, 1471, 1329, 1224; &, (400MHz,
. CDCls) 1.06 (6H, t, J7.2,2 x CH3), 2.58 (4H, q, J 7.2, 2 x CH,), 2.78 (2H, t, J 6.0, CHB),
3.23 (2H, m, CH-a), 3.96 (2H, bs, NH,), 5.86 (1H, s, NH), 6.20 (1H, d, J5.2, H-3), 6.84 (1H,
dd J9.0, 2.4, H-6), 7.11 (1H, d, J 2.4, H-8), 7.54 (1H, d, J 9.0, H-5), 8.40 (1H, d, J 5.2, H-2);
8¢ (100.6MHz, CDCls) 12.0 (2 x CHs), 39.8 (CHz-x), 46.5 (2 x CHy), 50.9 (CH»-B), 97.1 (C-3),
110.4 (C-8), 112.3 (C4a), 116.0 (C-8), 120.9 (C-5), 147.2 (C-7), 150.0 (C-8a or C-4), 150.0
(C-8a or C4), 151.3 (C-2); (Found MS (HRMS) m/z% 258.18425. Requires for CisHaNa:
258.18445).
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7.2. PHYSICAL METHODS

7.2.1. Commercially Available Chemicals Used

The chemicals used were all of analytical gradé and were obtained from the following

suppliers:

Chemical “Supplier
3-Aminoquinoline Sigma

5-Aminoquinoline Sigma

6-Aminoquinoline Sigma

8-Aminoquinoline Sigma

Dimethyl Sulphoxide (DMSQ) BDH Laboratory Supplies
Haematin Sigma

Haemin Sigma

Hydrochloric Acid (HCI) BDH Laboratory Supplies
2-[N-Morpholinojethanesulfonic acid (MES acid) Sigma
2-[N-Morpholinolethanesulfonic sodium salt (MES salt) ~ Sigma
N-[2-Hydroxyethyl]piperazine-N-2-ethanesulfonic acid] (HEPES acid) Sigma
N-[2-Hydroxyethyl]piperazine-N -2-ethanesulfonic sodium salt] (HEPES Sigma

salt)

Sodium Hydrogen Phthalate (KHP) Merck
2-{N-Cyclohexylamino]ethanesulfonic acid (CHES acid) Sigma

Methanol for HPLC Riedel-de Haen

Sodium Perchlorate
Potassium bromide
Sodium Chloride

Sodium Hydroxide

Sodium Dodecyl Sulphate (SDS)

Polyoxoethylene (10} Isooctylpentyl Ether (TRITON X-100)
Polyoxoethylene Sorbitan Monolaurate (TWEEN-20)

Hopkin and Williams LTD
Merck

Saarchem-Holpro Analytic
(PTY)LTD

QOrion Chemicals

BDH Chemicals

DH Chemicals

Merck
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7.2.2. Haematin Dimerisation Methods
7.2.2.1. Instrumentation and General Methods

The pH measurements were carried out using a Crison MicropH 2000 pH meter. Standard
phosphate buffer solutions, from BDH laboratory supplies, atpH 4.00 + 0.02 and 7.00 £ 0.02
were used to calibrate the meter prior to use. Samples were mixed on a Snijders Magnetic
Stirrer 34521, vortexed using a press-to-mix Snijders Analyser 34524 and centrifuged using
a Centrifuge 5410 for Eppendorf. Volumes were delivered using combinations of Gilson's
Pipetman and Hamilton syringes. Uv-vis readings for haematin dimerisation titrations were
done on a CARY 3E using 10cm quartz cuveltes with temperature control using a
thermostated Haoke waterbath. Uv-vis readings for spectra collected between 700 and
450nm were obtained on a Beckman DU-68 spectrophotometer using 1cm quariz cuvettes
with temperature control using a circulating YIH DER BL-710 thermostated waterbath.

Methanol was dried over 4A molecular sieves in a tightly sealed, parafilmed bottle for one
week prior to use. Water was purified by glass distillation and pyridine was distilled and
stored over KOH. Cuvettes and volumetric flasks used in the work were prepared by
washing with detergent followed by rinsing with 30% nitric acid and drying in an oven
ovemight. Sample vials used for storage of solutions were used only once, as new, and then
discarded.

7.2.2.2. Methods for Determination of Kus, o and B

7.2.2.2.1. Preparation of HEPES Buffers

The 50mM HEPES Buffers were prepared by dissolving HEPES acid (2.98g, 12.5mmol) and
sodium perchlorate (see Table 7.2) in less than 250ml of distilled water in a beaker. The pH
was then adjusted using concentrated sodium hydroxide and the solution transferred
carefully to a volumetric flask, taking care to transfer all the dissolved material with distilled
water. The final volume was then adjusted to the mark with distilled water.

7.2.2.2.2. Calculation of lonic Strength

Since only the HEPES base contributes to the ionic strength, the equilibium proportions of
HEPES acid (BH) and HEPES base (B") were calculated at the five different pHs (Table 3.1.)
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using the derivation below, the ionic strength was then adjusted to the desired value with
sodium perchlorate (Table 7.2.).

e (7)
_[BTI[H"] (8)
“" [BH]

But [Byj=[B]+(BH]
Therefore [BH]=[B7]-[B] 9)
Substitute (9) into (8) |
K.[Br]-K.[B]=[B][H']

KufB]=[B]([H']+KJ)

=7 Ka[BT]
[B ]_[H+]+Ka (10)

Since [Br] = 50mM and K, = 107 = 3.16x10"°M

(3.16x10° M) {50x107* M)

[B"]= " -
[H*1+(3.16x10° M)

[B] can be calculated at the five different pH's (Table 3.1.).

Table 7.2. Concentrations of B calculated at the five different pHs.

pH HT™M [B1/mM
6.9 1.3x107 ‘ 10.0
7.2 6.3x10° 16.7
74 4.0x10% 22.1
7.7 2.0x10% 30.7
8.0 1.0x10° 38.0

The ionic strength, p, is defined as p = % Imiz?, where m; is the molarity of species (i) and z
is the charge on species (i). Therefore, at pH 6.9, the contribution to the ionic strength from
B



Chapter 7.2: Experimental (Physical Mothods) 196

u= Y% {me- (-1 + myat.(+1)2
= 1% {(10.0mM x 1) + (10.0mM x 1)}
= 10.0mM

ie. the contribution to p from B = [B7]
To obtain proa = 154mM; [NaClO4.H.O} added = 154mM — [B7] (Table 7.3).

Table 7.3. Amounts of NaClO4.H,0 added to adjust the ionic strength of the 50mM HEPES solutions (V = 250ml)

to 154mM.
1
pH [B]/mM NaCl0,.H:O/ g [NaClO4.H,0} / Hrotat / M
mM
6.9 10.0 5.065 144.2 1564.2
7.2 16.7 '4.832 137.6 1543
7.4 221 4635 132.0 1541
7.7 30.7 4333 1234 154.1
8.0 38.0 4.075 116.0 154.0

7.2.2.2.3. Preparation of Haematin Solutions

A 0.1M NaOH solution was prepared by dissolving NaOH (405.2mg, 10.13mol) in distilled
water (100ml) in a volumetric flask. This solution was flushed with argon (20mins) and then
used to prepare the haematin stock solutions C1, C2 and C3.

C1 2.68x10°M: Haematin (17.0mg, 2.68x10°mol) was dissolved in 0.1M NaOH (10ml)in a
volumetric flask. This solution had to be shaken vigorously and was left to stand in the dark
for 0.5h before further use as the large haematin crystals were slow in dissolving in 0.1M
NaOH.

C2 5.79x10™*M: An aliquot of C1 (2.160ml) was diluted to 10ml with 0.1M NaOH in a
volumetric flask.

C3 9.92x10°M: An aliquot of C2 (1.713ml) was diluted to 10ml with 0.1M NaOH in a
volumetric flask.

The stock solutions C1, C2 and C3 were then transferred to 10ml sample vials that had been
wrapped in aluminium foil, stoppered with septums and deoxygenated with argon for
10mins. These solutions were used within a few hours and then discarded.
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7.2.2.2.4. Collection of Titration Data

Titrations were performed in 50mM HEPES buffer, u = 154mM at pHs 6.92, 7.19, 7.39, 7.69
and 7.99 in a haematin concentration range 2x10°M — 4.2x10°°M. Typically, the buffer
solution (20ml) was placed in duplicate into two 10cm, quartz cuvettes. Parafilm was placed
over the top of the cuvettes and argon bubbled through the solutions for 10mins. Thereafter
the cuvettes were placed in the spectrophotometer at 25°C and the compartment continually
flushed with a strong argon flow. The buffer solutions were allowed to equilibrate under
these conditions for 10mins before the titrations were commenced. The titrations were
performed by adding 160ul of C3 in 2-10ul aliquots followed by 120 of C2 in 5-20pl aliquots
to give a final haematin concentration of 4.2x10°M. After each addition, the same volume of
0.1M NaOH was dispensed into the reference cuvette and both solutions were stirred about
10 times each in a back and forth motion with a spatula. The data was fitted to a
dimenisation model (derived in 7.2.2.2.5. below) using non-linear-least squares fitting
procedures with the program FIT.

7.2.2.2.5. Dernivation of the Haematin Dimernisation Model
7.2.2.2.5.1. Methods for Determination of Kqs, o and B

Brown et al. proposed the following relationship for haematin dimerisation (Brown et al.
1970):

K . .
M ——= M;+nH (11)

where M is the haematin monomer, M; is the haematin dimer, K is the equilibrium constant
and n is an integer or zero comresponding to the number of protons released in the
dimerisation process. '

The equilibrium constant for Equation (11) can be written as follows:

_[MJH* ]

K
[M]?

(12)

At a fixed pH, a conditional equilibrium constant K. is defined such that:

K _[M]

K., =
[H+]n [M]2 (13)

obs
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The total haematin concentration, My, can be written in terms of M and M:

[M] = [M] + 2[M;], therefore [M] = [My] — 2[M;]

Substituting (14) into (13) where M, M and M, all refer to concentrations:

_ M 2
(M7 -2M, )P

Kobs

_ M,
M2 —4AM M, +4M2

obs

KoosM7 - 4K o MM + 4K 0, My = M,
KoM - 4K MM + 4K My - My = 0
KopsM7 - Mo(4K o sMr+1) + 4K 5 M5 = 0

(4K o )My’ - (4K p M7 + DM + K, M7 = 0

Solving for M,
e —b+Vb? —4ac
B 2a

where a=4K b5, b=-(4K,psM1+1), =K, p:M7’

_ (4KobsMT +1+ \/(_4KobsMT B 1)2 - 4(4Kobs)(KobsMZg)
2=
2(4Kobs)

_ (4KobsMT + 1) * \/(4KobsMT + 1)2 - 16K3bsM$
8K

M,

obs

(14)

(15)

We now have an expression for M; in terms of K.,s and My (Equation 15) and an expression

for M in terms of M, and My (Equation 14).

The absorbance ratio at any particular haematin concentration is a weighted average of the
absorbance ratio due to the fraction of haematin in the monomer (f;;) and the absorbance

ratio due to the fraction of haematin in the dimer (fi;) (Equation 16):



Chapter 7.2: Experimental (Physical Methods) 199

A A A ’ (16)
{ 395) =fM[ 395} +sz( 395}
Aze1 )7 A3e1 )y A361 )y,
Where the fraction of haematin in the form of the monomer is:

M

Iu EE

and the fraction of haematin in the form of the dimer is:

_2M,
My

u,

Let the observed absorbance ratio be R, where:

A
Raps = ( A395 ]
361 /r

Let the absorbance ratio of the pure monomer be «, such that:

A
Azt )y

Let the absorbance ratio of the pure dimer be B, such that:

A
361 ),

Therefore:
M
Ry =M gi2¥2p an
My M,

Using Equation 17 it is now possible to calculate «, B and Kops using non-linear least squares
fitting procedures where: Asgs/Ass: is the experimentally determined absorbance ratio, My is
the total haematin concentration,

MzMT-ZMz

(4K My +1) % (4K My +1) 16K, 2 M
- 8Kabs

2
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4

In solving for M,, only the negative root was used as the positive root gave negative values
for oo and B. ‘ ‘

7.2.2.2.5.2. Methods for Determination of K and n

K and n were determined by the method of Brown et al. where K. is defined as:

__ kK _[Mp]
[H*]" [M]?

obs

Taking logs of both sides gives a linear relationship between log Kat; and pH:

log Ko»s = log K + npH

Hence a plot of log Ko< against pH should give a straight line with slope equal to the number
of protons involved in dimerisation and the y-intercept equal to log K.

7.2.2.3. Derivation of the Model for Single Deprotonation
An equilibrium expression for single deprotonation can be written as follows:

K,

AH

- +
A+H (18)

Where AH is the protonated species and A is the deprotonated species. The equilibrium
constant for Equation 18 can then be written:

K, _[4JH"] (19)
[AH]

The total concentration of A (A1) can be written as in Equation 20 where Ay, A" and AH all
refer to concentrations:
Ar =AH +A’, therefore AH = A7y — A" (20)

An expression for A" can now be formulated in terms of Ay, H* and Ka. by substituting
Equation 20 into Equation 19.
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_ A H'

K =
Ar - A~

K(Ar-A) =4 .H'
KAr - KA =AH'
KAy =AH + KA

_A(H"+K,)
B K

Ay

a

A4 =—"T 1)

An expression for AH can also be formulated {(Equation 22) in terms of Ar, H* and K. by
substituting Equation 21 into Equation 20.

Y aS
(I;a + 1} (22)

The absorbance ratio Aas/Ass: at any particular concentration of A (o) is a weighted
average of the absorbance ratio due to the fraction of A in the form of AH (f.s) and the
absorbance ratio due to the fraction of A in the form of A” (/i) (Equation 23):

AH:AT—

A395 A305
@ ohs =[—— Sar |2 (23)
A361 ) 4y As61 ) 4
Where f. is the fraction of A in the form of AH:

il S S (24)
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and f; is the fraction of A in the form of A™:

A~ 1
Jo =7y = (H"‘ J (25)

—+1
K+

a

Let the absorbance ratio of pure AH be a4 such that:

oy = [ﬁé@.‘ij (26)
A361 } 4

Let the absorbance ratio of pure A" be o™ such that:

a :[ﬁ‘&} 27
Ase1 ) { )

Substituting Equations 24, 25, 26 and 27 into Equation 23 gives Equation 28 which can be

used to calculate values of aan, aa. and K, using non-linear least squares fitting procedures.

(28)

7.2.2.4. Methods for Determination of a in Detergent and Methanol Solutions
7.2.2.4.1. Preparation of Buffer Solutions
7.2.2.4.1.1. Preparation of SDS Solution

Solutions of 0.25 - 3% SDS in 50mM HEPES buffer with an ionic strength cormrected to
154uM using NaClO4.H.O were prepared using the quantities in Table 7.4. below.
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Table 7.4. Quantities of SDS, HEPES and NaCl04.H,0 used to make the SDS Detergent Sclutions

% SDS SDS/g pH HEPES/g [HEPES]/ NaClO.H 0/ p/mM Viota/ mi
mv g
2.0 2.002 7.24 1.192 50.0 0.955 154.0 100
20 2.002 8.00 1.193 50.0 0.655 154.2 100
20 1.001 10.13 0.592 49.7 0.592 153.7 50
0.25 0.249 8.01 1192 50.0 1.509 154.0 100
05 0.501 8.01 1.192 50.0 1.382 153.8 100
1.0 1.001 8.00 1.192 50.0 1.141 153.9 100
25 1.251 8.02 0.596 50.0 0.208 154 .4 50
3.0 3.003 8.01 1.193 50.1 0.169 154.1 100

7.2.2.4.1.2. Preparation of TRITON X-100 and TWEEN 20 Solutions

Solutions of 3% TRITON X-100 and 2% TWEEN 20 were prepared by dissolving TRITON X-
100 (1.5g) or TWEEN-20 (1g) with HEPES acid (1.19g, 5.00mmol) and NaClO4.H,O (see
Table 7.5.) in less than 100mi deionised water and the pH was adjusted using concentrated
NaOH. The total volume was then adjusted to 100ml using distilled water (Table 7.5.).

Table 7.5. Preparation of 100mi of 3% TRITON X-100 and 2% TWEEN-20 Solutions

pH NaCiO..H;0/g p/mM
3% TRITON X-100

7.18 1.893 150.8
8.01 1.571 150.9
2% TWEEN-20
7.19 1.894 150.8
7.99 1.570 150.9

7.2.2.4.1.3. Preparation of MES, HEPES and CHES Solutions

The 50mM buffer solutions were prepared by dissolving MES acid, HEPES acid or CHES
acid and NaClO4.Hz0 in less than the total volume of distilled water in a beaker. The pH was
then adjusted with concentrated NaOH and the total volume adjusted with distilled water
(Table 7.6.).
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Table 7.6. Preparation of 50mM Buffers, p = 154mM from pH 5.99 to 10.03

pH NaClO4.HzOI g qum imi ul mv

MES acid (0.976g, 5.00mmol)

5.99 1.855 100 154.2
6.51 1.659 100 153.9
HEPES acid (2.98g, 12.5mmol)

6.89 5.056 250 154.0
719 4.816 250 153.9
7.41 4.632 250 154.0
7.73 4.332 250 153.9
800 4.074 250 154.0

CHES acid (0.518g, 2.50mmol)

9.22 0.963 50 A 159.8
10.03 0.516 50 154.0

The buffered water-methanol mixtures were prepared by pipetting the required amount of
50mM HEPES, MES or CHES solution into a 10ml volumetric flask and adjusting to the mark
with dry methanol.

7.2.2.4.2. Preparation of Haematin Stock Solutions and Water-Methanol Solutions

Haematin stock solution for determination of o in the detergent solutions (H1): haematin
(8.6mg, 1.36x10°mol) was dissolved in 0.1M NaOH in a volumetric flask. This solution was
then transferred to a 10mi sample vial and covered with aluminium foil.

Haematin stock solution for determination of o« in the water-methanol solutions (H2): a
saturated solution of haematin in dry methanol (2mi) was centrifuged at 10rpm for 10mins.
The supematent was then removed and used.
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7.2.2.4 3. Collection of Spectra

Determination of o in the detergent solution and water-methanol solutions: the relevant
buffer solution (2ml) was placed in a 1cm cuvette and a baseline between 700 and 450nm
recorded. To this solution, H1 (45mtl) or H2 (75ml) was added and the resulting solution was
stirred with a spatula. The spectrum then rescanned between 700 and 450nm to obtain the
individual absorbances at 395 and 361nm and « was collected from the ratio. '

7.2.2.5. Determination of Haematin Solubility in Aqueous Solution
7.2.2.5.1. Preparation of KHP, MES and HEPES Buffers

The 50mM buffer solutions were prepared using either KHP, MES salt or HEPES salt and
sodium chloride was used to adjust the ionic strength. For buffers at pH 5.06,5.27 and 5.38,
KHP (2.55g, 12.5mmol) was dissolved in less than the total volume of distilled water. The pH
was then adjusted with concentrated NaOH (aq) from which the equilibrium concentrations
of the monodeprotonated (B') and dideprotonated (B*) KHP species were calculated (Table
7.7.). The ionic strength was then corrected to 154mM using NaCl and the final volume
adjusted to 250ml in a volumetric flask.

Table 7.7. Preparation of 50mM KHP Buffers, u = 154mM from pH 5.06 to 8.01

pH [B]/mM [B°1/mM  NaCllg  [NaCl]/mM Vrotal p/mM
5.06 35 15 1.053 721 750 152
5.27 29 21 0.920 63.0 250 155
5.38 26 24 0789 54.0 250 152

MES salt was used to make buffers at pH 5.54, 5.60, 5.94, 6.24 and 6.55 by dissolving MES
salt (2.72g, 12.5mmol) and NaCl (1.52g, 26.0mmol) in less than 250ml of distilled water. The
pH was then adjusted using concentrated HCI and the total volume adjusted to 250ml in a
volumetric flask.

HEPES acid was used to make buffers at pH 6.85, 7.11 and 7.97 by dissolving HEPES acid
(3.26g, 12.5mmol) and NaCl (1.52g, 26.0mmol) in less than 250ml of distilled water. The pH
was then adjusted using concentrated HCI and the total volume adjusted to 250ml in a
volumetric flask.
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7.2.2.5.2. Preparation of Haematin Stock Solution and Collection of Spectra

The haematin stock solution (H3: 1.94x10°M) was prepared by dissoiving haemin (12.3mg,
18.9mmol) in DMSO (10ml) in a volumetric flask. The haematin solutions (H4: 1.01x10°°M)
were then prepared by dissolving H3 (26p1) in the relevant buffer solution (50ml) in a
volumetric flask. The solution was stirred in the dark for 0.5h and then centrifuged. The
supematent was removed and the absorbance at 395nm recorded.

7.2.2.6. Spectra of Haematin Solutions Between 700nm and 450nm
7.2.2.6.1. Spectra of Haematin in HEPES Buffer with Pyridine, NaCl or NaClO,

The relevant HEPES buffer solution (2ml) was placed in a 1cm cuvette and the background
absorbance scanned. H2 (75ul) was then added to the buffer, the mixture stirred with a
spatula and the resulting spectrum scanned between 700 to 450nm. Thereafter, either
pyridine (50ul), saturating NaCl or saturating NaClO, was added to the cuvette mixture and
the resulting spectrum recorded again in the same absorbance range.

i

7.2.2.6.2. Spectra of Haematin in 20% HEPES-Methanol Mixtures

A 50mM HEPES buffer that had not been pH adjusted was prepared by dissolving HEPES
acid (0.586g, 2.50mmol) in distilled water (50ml). This solution was used to make a 20%
water-methanol mixture by pipetting the 50mM HEPES buffer (2mi) into a 10ml volumetric
flask and filling to the mark with dry methanol. The initial pH of this mixture was measured.
This solution {2ml) was then placed in a 1cm cuvette and the background absorption
between 700 and 450nm recorded. H2 (70ul) was then added, the mixture stirred with a
spatula, and the absorption spectrum recorded again. Thereafter 1M NaOH (20ul) was
added in 2pl aliquots and the spectrum recorded after each addition. At the end, the final pH
was recorded again.

7.2.3. Methods for Determination of Haematin-Quinoline Association Constants

7.2.3.1. Instrumentation Used

The pH measurements were carried out using a Crison MicropH 2000 pH meter. Standard
buffer solutions from BDH laboratory supplies, at pH 4.00 £ 0.02 and 7.00 + 0.02 were used
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to calibrate the meter prior to use. Spectrophotometric titration data for compounds 58, 61-
63 were collected on a Hewlet-Packard 8450A diode array spectrophotometer and the
remaining compounds were collected on a on a Beckman DU-68 spectrophotometer. The
latter uv-vis spectrophotometer was used to record all spectra. Cuvettes for spectroscopic
titrations were connected to a thermostated YiH DER BL-710 waterbath. Volumes were
delivered using combinations of Gilson’s Pipetman and Hamilton syringes and compounds
were weighed on a E. Mettler or Sartorius balance.

7.2.3.2. Preparation of Buffers

The 0.2M HEPES and MES buffers were made by dissolving HEPES acid (4.77g, 20mmol)
or MES salt (4.34g, 20mmol) in less than 100ml of distilled water. To this solution
concentrated NaOH was added until the desired pH was obtained. The mixture was then
transferred to a 100mi volumetric flask taking care to transfer all the dissolved material with
distilled water and the total volume was adjusted with distilled water.

7.2.3.3. Preparation of Stock Solutions

It has been found that scrupiously clean glassware can help to stabilise the haematin
solutions in the 40% DMSO (aq). This was done by washing the 10ml volumetric flasks and
cuvettes in concentrated NaOH, followed by concentrated nitric acid then rinsing with
acetone and drying in an oven ovemight.

S1 (1.23x10*M): Haematin (8.0mg, 1.23x10°mol) was dissolved in DMSO (10ml). This
solution was stored in the dark and could be used for up o a week.

$2 (1.97x10°M): DMSO (4ml), and 0.2M HEPES or MES buffers (1ml) were mixed together
in a 10ml volumetric flask. To this solution 81 (16ul) was added and the resulting solution
was mixed again. The volume was then adjusted to 10ml with distilled water. 2 was then
stored in a new, unused vial (important for maintaining stability of the solution) which had
been wrapped in aluminium foil and was used within a few hours.

B1: The blank solution was prepared by mixing DMSO (4ml) and 0.2M HEPES or MES
buffers (1ml) in a 10mi volumetric flask. The volume was then adjusted to 10ml with distilied
water.

D1: The quinoline solution was prepared by dissolving the quinoline (2.0x10°° mol) in DMSO
(4ml) in a 10mi volumetric flask. 0.2M HEPES or MES (1ml) was then added and the volume
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adjusted with distilled water. The solution was then stored in a sample vial and after use and
kept in the fridge.

7.2.3.4. Collection of Spectra

The blank solution B1 (2mi) was placed in a 1cm thermostated cuvette at 25°C in the uv-vis
spectrophotometer. After 5mins at this temperature, a baseline was recorded between the
appropriate wavelengths. This solution was then discarded and S2 (2ml) placed in the
cuvette. The spectrum was then recorded between the same wavelengths as B1 after an
equilibration period of 5mins. D1 was then added in microlitre aliquots up to a total volume of
1ml and resulting spectrum was recorded after each addition.

7.2.3.5. Spectrophotometric Titrations

The blank solution B1 (2ml) was placed in a 1cm thermostated cuvette at 25°C in the uv-vis
spectrophotometer. After Smins at this temperature, the instrument was zeroed at 402nm.
This solution was then discarded and S2 (2ml) was placed in the cuvette. In general, the
absorbance at 402nm dropped slightly over 10 mins but was stable thereafter. In the case
where the absorbance at 402nm continued fo drop, the 82 solution was discarded and a
fresh stock solution was made. To the stable 82 solution, D1 was added in microlitre
aliquots over about 37 additions until a total of 1ml had been added. After each addition the
resulting solution was stirred with a spatula in a back and forth motion and the stabilised
absorbance at 402nm recorded (see Appendix for raw titration data).

The absorbance data at 402nm was corrected for dilution. Where the compound exhibited
significant absorbance at 402nm, a blank titration was preformed and the absorbance of the
compound subtracted from the ftitration data. The resulting data was fitted to either 1:1
aésociation model (Equation 30) or a stepwise 2:1 model (quinoline:haematin) (Equation 33)
using non-linear least squares fitting methods. For the derivation of these equations see
Mavuso (Mavuso PhD thesis 2001).

7.2.3.5.1. The 1:1 (quinoline:haematin) Association Model (Model 1)

The equation representing 1:1 (quinoline:haematin) association can be written as follows:

K

g+M

oM (29)
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Where Q represents the quinoline, M represents haematin and QM represents the haematin-
quinoline complex. The equation to describe model 1 is:

A=A0+A00K[Q]ﬁ-ee ' (30)
1+ K[Q] free

Where A is the comrected absorbance at 402nm, A, is the absorbance of the haematin before
the quinoline is added, Ax is the corrected absorbance at the end of the titration, K is the
association constant for the process and [Qlw. is the concentration of the uncomplexed

quinoline.
7.2.3.5.2. The 2:1 {quinoline:haematin) Association Model (Model 2)

The equation representing 2:1 (quinoline:haematin) stepwise association can be written as

follows:

Q+M:_—If__'L‘QM 31)

oM+ M=K o, (32)

where K, is the first association constant and K: is the second association constant. The
equation to describe model 2 is:

A=Ay fu+ A; frup + Aw fup2 (33)
_ [H] _[HD] _[HD;]
whete i =tm1y T =m0 ™ T,

and: [HD,] = [H];— [HD] — [H]

[}ID]= [H]T

[H]r : ' 1
[m}” +K[0] e

[H]=
1+ K4[O] ree + K1K2[ Q] 4, ©
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7.2.3. Derivation of the Equation for Vacuolar Accumulation Ratio

The equations representing deprotonation of a diprotic base (H>A) can be written as follows:

KaI

H,A HA+H' (34)

KaZ

HA A+H (35)

Where HA represents the singly deprotonated species of H,A and A represents the doubly
deprotonated species H,A. The equilibium constant for Equations 34 and 35 can then be
written:

_[HAJ[H"] [HAJ[H"]
T [H,A] therefore [HpA] = K., (36)
[HTJ[A] HYJ[A
2= thergfore  [HA] A ] i ! @37)

The total concentration of A (Ai) can be written as in Equation 38 where A, A, H2A and HA
all refer to concentrations:

(38)
A[g[ =H2A + HA + 4

Substituting Equations 36 and 37 into Equation 38, it is possible to obtain an expression in
terms of A (Equation 39)

+ +
A, = HAH + H™ .4 Ny
Ka1 Ka.? ‘ (39)
+
[

P A4

Ka1 KaZ

+ +
(@ ma_

£
" KuppKyr Ko

HY? H
Aot = A{ + + 1} (40)

Ka1Ka2 KaZ
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If (Awt) is the total vacuolar concentration of A and (Awt)e is the total extravacuolar
concentration of A then from Equation 40:

+—+1
(Afot)v _é{KtﬂKaZ Ka2

(Atot)e B A{ H:z H }
+ +1

H? m }

KiK,2 Ko

+2 +
Hy + Hy +1
theref (Atot)v _ Ka1Ka2 Ka2 »
erefore ( Atot)e H;g . HY B 41)
KuKao Koo

7.2.4. p-Haematin Inhibition
7.2.4.1. IR Method (Egan et al. 1994)
7.2.4.1.1. Instrumentation and General Methods

The B-haematin reaction was carried out in a glass titration cell connected to a GRANT Y6
thermostated water bath set at 60°C. Compounds were weighed on a E. Mettler or Sartorius
balance and volumes of solutions were delivered using a Gilson’s Pipetman. Infrared disks
of the product were pressed on a 30 Ton Press and the spectrum was recorded using a
Perkin-Elmer 983 infrared spectrophotometer.

7.2.4.1.2. Assay

The inhibition experiments for the compounds were always done in duplicate and compared
to a single control experiment in every case.

Control: B-Haematin was prepared by dissolving haemin (6mg, 9.2x10°mol) in 0.1M NaOH
(1.2ml) and the resulting solution stirred in a glass titration cell connected to a thermostated
water bath at 60°C for 5mins. 1.0M HCI (0.120ml) was then added followed by 12.9M
acetate (0.707ml), which had been preincubated at the same temperature, to give a final
acetate concentration in the mixture of 4.5M. After 30mins at this temperature, the reaction
was stopped by cooling on ice and diluting with cold water. The solid was collected by
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filtration on a cellulose nitrate disc (0.22um), washed extensively with water and dried over
phosphorous pentoxide for two days.

Compounds: The same procedure was followed as for the control except that the compound
(4eq, 3.68x10°mol) was added to the haematin-NaOH solution and the resulting mixture
allowed to stir for 10mins before addition of the 1.0M HCI.

The infrared sample was prepared by grinding the dried product (1.5mg) with KBr (250mg)
to form a homogeneous mixture which was subsequently pressed into a pellet under 15 tons
for 1min. Two peaks around 1660 and 1210cm™ in the infrared spectrum of the product
characterise the p-haematin product. Therefore, the absence of these two peaks in the
product spectrum indicates that the compound is inhibitory.

7.2.4.2. BHIA Method (Parapini et al. 2000)

The compounds were sent away to the laboratory of Prof. D. Taramelli, University of Milan,
ltaly to test for p-haematin inhibition using the BHIA method.

7.2.5. pK, Determinations

Two pK.'s were determined the 4-aminoquinoline analogues 65, 67, 74-80, 82-83. Solutions
for potentiometry were prepared in glass-distilled, deionised water which had been boiled to
remove CO; Solutions of NaOH were prepared form Merck Titisol ampoules and stored
under an atmosphere of N, (g) in high-densisty polyethylene bottles. These solutions were
standardised againsed recrystallised potassium hydrogenphthalate and used within one
week of preparation or discarded. The HCI solutions were also.prepared from ampoules and
standardised againsat recrystallised sodium tetrabarate and the previously standerdised
NaOH. The titration procedure followed has been described previously (Jackson and Kelley
1989, Jackson et al. 1996) except that the 4-aminoquinolines were weighed directly into the
titration vessel (2.0-4.0 mM) and the electrode system was callibrated in situ. To measure
the potential, a 6.0133.100 glass electrode and a 6.0726.100 reference electrode was used.
Protonation constants were determined under stirring, at 25°C and at an ionic strength of
0.15M NaCl. Three independent titrations were measured in each case and between 100
and 120 data points were collected per titration. The data was then analysed by Mr
Thembalani E Nomkoko using the programme ESTA (Murray and May 1984, May ef al.
1985, May et al. 1988).
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7.2.6. Antiplasmodial Testing

All compounds were tested for antiplasmodial activity against the CQ-sensitive D10 strain of
P. falciparum. Compounds 58-62, 63-74 and 81 were tested by Jason Waldon, Dept of
Pharmacology, UCT and compounds 65 and 74 were retested along with compounds 67,
75-80, 82-83 in the laboratory of Prof. D. Taramelli, University of Milan, Italy. In both
laboratories, the compounds were cultured continuously according to the method of Trager
and Jensen (Trager and Jensen 1976). Chloroquine diphosphate was dissolved in water and
all other compounds were dissolved in methanol and then diluted with medium to obtain the
required concentrations (final concentrations all contained less than 1% methanol which was
found to be non toxic to the parasites). Antiplasmodial activity was assessed by measuring
the activity of the parasite lactate dehydrogenase enzyme, according to a modified method
of the method of Makler et al. (Makler et al. 1993). All antiplasmodial testing was performed
at 1% hematocrit and 2% parasitemia. Compounds were added at the late trophozoite stage
for a period of 48h before LDH measurement. Each ICso measurement is the result of at
least three separate experiments performed in duplicate.
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APPENDIX 1

1.1. Spectroscopic Titration Curves

Titration curves for compounds 58 - 83 fitted to a 1:1 association model for 58 — 60, 62 — 70, 72, 75 — 80, 82, 83
and a 2:1 association mode! (quinoline:Fe(lI)PPIX) for 64, 65, 71, 73 — 74, 81. The solid line represents a best fit
to the association mode!.
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APPENDIX 2

Infrared spectra of the preducts of all the compounds in the project tested for B-Haematin inhibitory activity by the
IR method of Egan et al. (Egan ef al. 1994).
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