Synthesis ofbisquinolines, naphthyridines and
pyronaridine to elucidate the mechanism ofantimalarial

drug action

Said AlizadehShekalgourabi

A thesis submitted in partial fulfilment of
Therequirement of the University of Hertfordshire
For the degree of Doctor of Philosophy

The programme of research was completed in the Pharmacy
Department at University of Hertfordshire.

June 202



Seek the cure, the science watficompassing parallel challenges, leave no stone
unturned, look for the key to this enigma, wonder the world in search of knowledge, read all
published and ask all questions to wipe away this unforgiving disease.

Do not weaken in pursuit, not to fall sleep, not to fall behind, not to get tired, not to slow
down, not to allow any doubt in, not to fear
goal, keep away from liars and the ones who are notinthe knawnpde 6 s out most t o
war on this parasite, and promise to light the way like a burning star and blaze numerous
trails for others to followé.

Said Alizadeh-Shekalgourabi September 1991

Honour and Gl ory demands Bl ood and Sweat.

Ahmad Alizadeh-Shekalgourabi (1932002)

AWhen you have eliminated the i mpossibl e,
be the truth.o

Arthur Conan Doyle, Sr. (Scottish writer 1852930)



Declaration.

No part of this thesis may be reproduced without the express permissions of the author and
my Supervisors Dr F.M.D. Ismail and Dr D.G. Griffiths. | declare that the contents of this
thesis are novel and it is to remain confidential until it is publisheeén reviewed journals
and/or conferences.

Said AlizadehShekalgourabi Dr. Fyaz M. D. Ismail

Dr. David G. Griffiths



Acknowledgements

I would like to thank my supervisors Dr. Fyaz M. D. Ismail and Dr. David G. Griffiths
for their expert guidance, patience, helpful discussions as well as provision of laboratory
facilities and continued access to members of the Medicinal Chemis$gaRh Group.
Also, | would like to thank Dr. Paul Bassin, Professor Anwar Baydoun and Professor Satyajit
Sarker (LIJMU) for believing in and supporting medicinal chemistry group.

The former staff of the Chemistry Department who, despiteltdseire of the Department,
continued to assist me in realizing my goal of completing my doctoral dissertation. | thank
Professor M. G. B. Drew of Reading University for providing single crystaydiffraction
facilities and also performing numerous Digngunctional Theory calculations which have
greatly aided the understanding of antimalarial haem drug receptor interactions detailed
herein.

| also wish to thank one of my former supervisors, Dr. Pamela Carr assisted with the
initial molecular modelling experiments (Macromodel and APEX) which were then
supplanted with more sophisticated molecuat@chanicstudies (Cerius2) and DFT
experiments in collaboration with Professor Michael G. B. Drew (University of Reading) and
Dr. Sam P. de Visser (Manchester Universiby. deepest gratitude to Dr Martin J. Frearson
(University of Hertfordshire) for valuable discusssanvolving electron ioniation mass
spectrometry.

Dr. Mark Scott (UH) and Mr. Roy Bird who valiantly maintained thentélss
spectrometer until it was finally scrapped. Consequently, Dr. Martin J. Frearson deserves
special thanks for providing an alternative service by acquiring numerous ion tr&S5GC
mas spectra for our research group and his expert guidance and fruitful discussions on
deciphering fragmentation patterns contained in botariel Ct mass spectra.

Mr. David Clarke, latterly, Wendy Poursai®-Brownhill performed NMR experiments. In
addition, thanks are due to Mr. Andrew J. Blackaby for providing multidimensional NMR
experiments (500 MHz) and -NMIS experiments at Glax@/ellcome when, for whatever
reason, such facilities became unavailabléwithe Chemistry Department.

Dr. Nicola J. Dempster of the School of Pharmacy (LJMU) provided DSC and
Electrospray measurements on the drug receptor complexes for which | am most grateful. Dr.
Giles Edwards of Waters PLGtterly Nizwa University, assisted with the M@S
fragmentation experiments involving various antimalarials, especially pyronaridine. Dr.

Harry Morris (LJMU) assisted with the mathematical and statistical analysis of the drug
binding (UV studies) involving all #gnantimalarials detailed in this study and wrbie

4



Fortran programs to unravel the nature and type of drug binding between haem and various
putative drugs. Dr. Philip Evans (currently at PeakDale) is due special mention for assisting
in repeating several key experiments involving the J&&oblds reactiomnd Hoffman
rearrangements.

Mr. Brian Robinson of Northwick Park Institute was most kind in providing a small but
vital sample of authentic pyronaridi(Es). A more generous quantity (2g) was available
both from the stalwarts of malaria research, Professors Wallace Peters and David Warhurst.
Ms Victoria Deering (Cancer research) who kindly and meticulously went through chemical
reactions and provided much needed technical support. Dr. Michael J. Dascombe (University
of Manchester) kindly provided antimalarial pharmacolwgyivo (Plasmodiunberghe)
over two decades to our research group whereas Prof. Prapon Wilairat tested various
analogues against wild type K1 mitdirug resistanPlasmodiunfalciparumstrain of parasite
at Mahidol University, Thailand.

Special thanks to Mr. Ricardo Adamcik for his advice and technical expertise in
keeping my computers in working order, formatting my thesis so many times and being
supportive throughout my studiedso, many thanks to Elizabeth. G. Stone and daughters
Jane and Anne for believing in me whilst morally supporting and encouraging me to march
this endeavouto fruition.

Finally, thanks are due to Lisa, Sami, Sara, Daladpermy parents and the rest of my
family and friends for being the wind beneath my wings, as well as their immeasurable
support, belief and encouragement throughout my studies.



Abbreviations.

AAQM
ADMET
ADF
AIDS
AMU
APT
ATR
Aq

CF3
COSY
CQ
CTZ
Da
DDT
DEPTQ

DFT

DMF
DMSO
DNA
Dowtherm
DSIR
ED50
ED90

ESI

FDA
Fe(llHPPIX
FTIR

GSH

Hm
HETCOR
HIV
HMBC

HMPA
HMQC

HNMR

HPLCMS
HRESMS
HTS

ICs0

1Q

IG

Alkyl amino quinolinyl methanol
Absorption,distribution, metabolism glimination andtoxicology

Accurate &efficient DFT programme
Acquiredimmunedeficiencysyndrome

Atomic massunit

Attachedprotontest

Attenuated total reflectance

Amodiaquine

Trifluoromethyl group

Correlationspectroscopy

Chloroquine

Clotrimazole

Dalton (unit of atomic mass)

Dichlorodiphenyltrichloroethane (dicophane)

Distortionless Enhancement by Polarization Transfer. This experiment allows
to determine multiplicity of carbon atom substitution with hydrogens
Densityfunctionaltheory

N-N-dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic Acid

A heat transfer fluid of biphenyl (@10) and diphenyl oxide (£H100)
Department of Scientific and Industrial Research

Dose producing an effect 50% of maximum

Dose producing an effect 90% of maximum

Electrospray mass spectrometry

Food anddrug administration

Ferriprotoporphyrin IX

Fourier transform Infraied

Glutathione

Haem

Heteronuclear correlation (HETCOR) spectroscopy
Humanimmunodeficiencyirus

Heteronucleamultiple bond correlation, experiment gives correlations
between carbons and protons that are separated by two, three, and, sometimes
in conjugated systems, four bonds.

Hexamethyphosphoramide

Heteronucleamultiple quantumcoherence, &C spectrum is displayed on
one axis and & spectrum is displayed on the other axis. Gpesaks show
which proton is attached to which carbon. COSY spectra sHowng
coupling (from HC-C-H)

Proton nuclear magnetic resonance is the application of nuclear magnetic
resonance in NMR spectroscopy with respect to hydrdgeuclei within the
molecules of a substance, in order to determine the structure of its molecules.
High performancdiquid chromatographypectroscopynassspectrometry
High resolutionelectro spray massspectrometry

High throughput screen

Concentration inhibiting response by 50%

Isoquine

Interessen Gemeinschatft



INS
Kd
LDH
MEP
MJF
MMV
MRC
MS
m.p.
NADH
NCE
NIMR
NMR
P.
PIHRESMS
Pyr
Scd
SN

Internationahumberingsystem forfood additives
Dissociation constant
Lactate dehydrogenase
Molecular electrostatic potential
Dr Martin J Frearson
Medicines formalariaventure
Medicalresearcltouncil
Microwave synthesis
Melting point
Nicotinamide adenine dinucleotide (H for hydrogen)
Novel chemical entity
Nationalinstitute formedicalresearch
Nuclearmagneticresonance
Plasmodium
Positive ion high resolution electrospray mass spectrometry
Pyronaridine
Single crystaX-ray diffraction
Surveynumber
Quinine
Quinidine
Quantitativestructureactivity relationships
Resonance Raman
Standarcerror of themean vsstandarddeviation
Nucleophilicaromaticsubstitution
Tuberculosis
Thin layerchromatography
United Kingdom
Unitedstates of America
Walterreedarmy institute ofresearch
World healthorganisation



Abstract.

In recent year®lasmodium falciparurhas become resistant to many clinically used
antimalarial agents. This reinforces the need to develop Novel antimalarial drugs.

This study details the synthesis of improved antimalarials baskiggquninolines. The
synthesised molecules were studied for their potential activity,ibbailico andin-vitro and
in an attempt to understand the structural determinants of their antimalarial activity. Further
in-vivo studies were performed on a variety of quinoline based compounds to determine their
possible mode/s of action, possibly associated with their interaction with haem and haem
derived complexes.

The synthesis of variousisquinolines, and consequently, the development of an extra
thermodynamic pharmacophore model that has allowed identification of a potent, soluble,
orally bioavailable antimalariddisquinoline,metaquine (N,N-bis(7-chloroquinolin4-
yl)benzenel,3-diamine) (dihydrochloride), which is active agaiR&asmodium berghen-
vivo (oral IDso 25 emol/kg) and multidrugesistanflasmodium falciparurkl in-vitro (0.17
eM). Meta-quine shows strong affinity for the putative antimalariakptor, haem at pH7.4
in aqueous DMSO.

In an effort to find compounds superiom@taquine, thede-halogeneamination/KAr
Displacement reaction iN-methylpyrollidinone was used to construct both a fluorinated
analogue of RO 47737, and an inactive-dminoquinoline/ mefloquine hybrid, and observed
lack of antimalarial activity of this compound agaiRismodium berghenfection in mice.
The latter Structure determined byr&y crystallography, revealed hydrogen bonding to
solvent (methanol).

The site and order of protonation of these quinolines was investigated using quantum
mechanics calculatior{f€ourtesy of Prof Drew, Reading University)

Results suggestithat protonation was impeded at the endocyclic nitrogen in mefloquine
due to electronic rather than steric factors and the molecule was protonated preferentially at
the piperidine side chain in Mefloquine. In contrast, botnce andbis-4-aminoquinolines
were protonated at the endocyclic quinoline nitrogen. This suggested thatariethyl
groups buttressing the endocyclic quinolinyl nitrogen was detrimenta&toidoquinoline
receptor binding, but not quinoline methanols; suggesting that these two classes of molecules
act by different mechanisms/binding modes within the asiaatiole of Plasmodia.

4-Hydroxy-1,5-naphthyridine (SN 13,639), a key intermediate in the production of certain
azasubstituted antimalarials, is normajynthessedby a multistep route comprising
cyclization, deesterification and decarboxylation. An unexpected and direct formation of 4
hydroxy-1,5-naphthyridine by Gouldacob cyclization in refluxing diphenyl ether was
found.

This occurred under microwave conditions, to produce etiylodtoxy-1,5
naphthyridine3-carboxylate, which spontaneously underwent a rare-fie@®rearrangement
to form 4hydroxy-1,5-naphthyridine, which also identified the transition state involvée. T
product was unambiguously characterised byaX crystallography and 2RIMR
experiments. Various adducts and solvated forms were examined by DFT experiments.



An examination of the large downfield shifts observed for the molecule indiFére
rationalised by proposing protonation abNiccompanied by the formation of a novel
hydrogen bonded complex with the solvent. Similar interactions may occur between
naphthyridines and the acidic side chain of the haem receptor. Although antinzalavig}
of 4-hydroxy-1,5-naphthyridine is weak against mudhiug resistant strains &lasmodia the
compound allows rapid access to various known antimalarial naphthyrahdesould act as
fluorescent probe of drug action.

Pyronariding4-[(7-chloro-2-methoxybenzo[b][1,5]naphthyridih0-yl)amino}2,6-
big[(pyrrolidin-1-yl)methyl]phenol). The first European synthesis of pyronariduié- 4
Chloro-2-methoxybenzo[b][1,5]naphthyridifl 0-ylamino)-2,6-bis-pyrrolidin-1-ylmethy}
phenol (5), a potent antimalarial, from commercially available starting materials, namely
2,4-dichlorobenzoic acid and@ethoxy5- aminopyridine. The copper mediated Ullmann
synthesis of £hloro-2-(methoxy3-pyridylamino) benzoic acid in-pentanol was
accompanied by the formation of its pentyl ester complicating isolation and purification.

An alternative UllmansGoldberg procedure was developed using DMF, both
successfully replaced timepentanol and also produced the pyridylardi@mzoic acid under
anhydrous, oxygen free, conditions, in which cyclodehydration was followed by
dehydrochlorination using anhydrous P@@he desired product 7,4dichloro-2-methoxy
benzo [b][1,5] naphthyridine was accompanied by an unexpected (and undesired)
trichlorinated product in which the methoxy group had been displaced to form-2,7,10
trichloro-benzo[b][1,5] naphthyridine.

The trichlorinated molecule was the dominant product (>50%) if the reaction was
continued beyond four hours as confirmed by-K&S spectrometry. SubsequeniA®
reaction whereby the halogen situated at the 10 position irdiGhro-2-methoxybenzo
[b][1,5] naphthyridine was displaced pyaminophenol produced@-chloro-2-methoxy
benzo[b][1,5]naphthyridiii0-yl(amino)}phenol as a bright yellow solid, as opposed to a
brown solid as reported by Zheagal.(1982. The presence of oxygen duririgetreflux
period proved detrimental and rapidly oxidized the material to various compounds including
a redbrown product identified as the corresponding quiniomee. The target substance was
produced by refluxing the air sensitivg2 7-dichloro-benzo p][1,5] naphthyridir10-
ylamino)phenol with excess pyrrolidine and aqueous formaldehyde (Mannich Reaction)
under argon.

Pyronaridine was isolated as a moderately air sensitive free base using flash column
chromatography on silica developed with methanol: ammonia (9:1, v/v under argon), and
proved identical to an authentic sample when examined by a variety of anaddivdaques
(NMR, HRMS, HPLCGMS and TLC). The solid was, however, stable as the known yellow
tetraphosphate salt. Hence, a superior, enhanced reliable synthetic procedure, but lower in
overall yield (919%), when compared to the original method (33%)ipliéd in the Chinese
language (Zhengt al. 1982 has been developed. Our spectroscopic (NMR and accurate MS)
confirms that the published structure coincides with the data presented herein. The biological
activity of pyronaridine, pyracrine and the aromatic head group was detefimivigd.

The side chain/head group was completely inactive at the doses tested whereas both
pyracrine and pyronaridine were highly active againsPlasmodium berghealrug sensitive
strain N/13/1A/4/20 and are suitable for further development.
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1. Introduction: clinical aspects ofmalaria.

Hal f of t he

wo r | drdaughly 8.8 pllion padple,ara atriskafo | vi ng

contracting malaria. According to the latest estima&202@, there were approximately 241
million cases of Malaria infection and an incredible 627,000 deaths in 2020 (World Health
Organisation2022. Plasmodiunfalciparumis the most prevalent malaria parasite in the
WHO African Region, accounting for 96% of estimated malaria cases in 2020, as well as in
the WHO SoutkEast Asia Region (50%), the WHO Eastern Mediterranean Region (71%)
and the WHO Western PacifiRegion (65%). Children aged under 5 years are the most
vulnerable group affected by malaria. In 2020, they accounted for 80% (500,000) of all

malaria deaths worldwide (World Health OrganisatReR2).

Consequently, it is estimated that a person dies every 50 seconds (World Health
Organisation2022. The prevalence of this disease is increasing globally with ovéb%®

of the worl dds popul ati on

eet &l,i2009 and itlis moce b e

than likely that climate change and Co\lifl will lead to an increase in infections.

Table :1. Specific risk groups amongst the population worldwide (W2{22).

Young children

Children living in stable transmission areas that have not yet
veloped protective immunity against the most severe forms (
the disease. Young children constitute the bulk of malaria de
worldwide.

Norrimmune pregnant wome

Non-immune pregnant women aaierisk since malaria causes
high rates of miscarriage (up to 60%Hnfalciparuminfection)
and maternal death rates ofi 50%.

Semiimmune pregnant
women

Affects pregnant women predominantly living in areas of hig
disease transmission. Malaria gasult in miscarriage and low
birth weight, especially during the first and second pregnanc
An estimated 200,000 infants die annually as a result of mal
infection during pregnancy.

Semiimmune HI\-infected
pregnant women

Women in stable transmission areas are at increased risk of
laria during all pregnancies. Also, women with the malaria in
tion of the placenta have a higher risk of passing HIV infectiq
onto to their newborn offspring.

People with HIV/AIDS/TB

Dramatic increase in thisk of malaria disease when infected
by either HIV or TB or both

International travellers from
nonendemic areas

These groups are at high risk of malaria and its consequenc
cause they lack immunity.

Immigrants from endemic ar-
eas and theichildren

Such transient populations living in nendemic areas and re-
turning to their home countries to visit friends and relatives g
similarly at risk because of waning or absent immunity.
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Figure 1.1. A depiction of highsk malariahotspots worldwide.

The efficacy of clinically used anthalarial drugs available is limited, due to problems of
toxicity, resistance and cost. The emergence of persistent parasite resistance since the 1960s,
especially inP. falciparumstrains, one of four (perhaps five) species infecting man, has been
a major contributor to the global resurgence of malaria in the last three decades (Marsh,
1998.

Emergence of drug resistant strains as well as increased reporting and diagnosis has
resulted in a doubling of malarattributable child mortality in Eastern and Southern Africa
(Korenrompet al, 2003. Elucidation of the®. falciparumgenome sequence (Gardegmal,

2002, affords opportunities for understandiRasmodiunbiochemistry, interaction with the
human host thereby assisting dargl possiblyvaccinedevelopmen{Figure 1.1) There is a
pressing need to synthesize novel antimalarials, diimitations on supplies of naturally
occurring antimalarials, coupled with the increased resistance to antimalarials in common use
(Ismail et al, 1996. Consequently, the design and synthesis of novel, safe and affordable
therapies to treat the disease are needed

1.1 What ismalaria?

Malaria is a complex mosquHmorne infectious disease caused by a diverse group of
eukaryotic microorganisms of the genus of Apicomplexan parasites. Four species of the
Plasmodiunparasite can infect humans directlyesebeing(P. for PlasmodiumP. vivax P.
ovaleandP. malariae with P. falciparumbeing the most serious form of the disease.
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The fifth species, known @&asmodiunknowlesj is a zoonosis that causes malaria in
macaques, a type of monkey, and which can also infect humans € ialgh004). Malaria
is generally confined to tropical and subtropical areas (Mattat, 2007). However, due to
climate change, malaria may become endemic both to mainland Europe as well as the United
Kingdom (Janet al,, 2008.

1.1.1 The malaria life cycle

]
Mosquito takes a blood meal,
2 inoculating human
with sporozoites
Human liver stages Mosquito stages

/ viil
= Mosquito innate
immunity

Peritrophic matrtx

vii
Antibody,
complement

e Mosquito takes a biood meal,
“ M ingesting gametocytes

Figure 1.2. The life cycle of the malaria parasite (Greenvebad, 2008).

The parasite develops within the female mosquito, and eventually mix with the
mosquitodbs saliva (i .e. sporozoites), and ar
they migrate to thlostliver. This hepatic system infection is known as the exoerythrocytic
phase. After a period lasting between two weeks to several months;casionallyyearsof
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occupying the human hosts liver cells (hepatocytis)elop into mermites(Figure 1.2)
The liver cells rupture, with the merozoites wrapping themselves around hepatocytes, the cell
membrane of the infected host liver cell (Stetral, 2008. This allows merozoites to
escape, undetected by the host, into the bloodstream entering the so called erythrocytic phase
they asexually develop into merozoi{@edsoe2005.

Then their host, the liver cells, ruptures, whilst wrapping itself in the cell membrane of
the infected host liver cell (Stegt al, 2008. This allows merozoites to escape undetected
by the host into the bloodstream entering the so called erythrocytic phase (Biipe,

Once freed of a cellular environmenterozoites rapidly swim as flagellates to red blood
cells,invading andthenmultiplying asexuallyinto ring forms, trophozoites and schizonts.
The mechanics of parasitic invasion are still poorly understood (Koch & B#uif),. The
parasite, resides in this haemoglobin rich environment.

Within the bloodrophozoitegproduce replicates to form new merozoites, causing
anaemia. The resulting lighteadedness, shortness of breath and tachycardia is accompanied
by fever, chills, nausea and a-flke iliness caused by cytokine release (Hold2@Q1).

Waves of fever (paroxysms) have been known in both ancient Greek and Hindu
civilizations, which coincide with the simultaneous escape of merozoites from hepatic cells
which infect new red blood cells. The periodicity between attacks of fever can be used to
diagnose whiclPlasmodialstrain is present and, consequently, which therapy to administer.
Sexual forms, called gametocytes, are also produced which can infect a mosquito after
piercing the skin of an infect human host, thus continuing the life cyt¢leeohalaria
parasitgFigure 1.3)
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Figure 1.3. Left taight: infected host hepatocytes, are released from ruptured schizont,
and consequently lead to further infection of nearby red blood cells. It is this release of
merozoites into the bloodstream which causes the trademark malaria disease. (Garcia, 2010).

1.1.2. Noveldrugtargets

The search for novel drug targets witRilasmodiamay be achieved through functional
proteomics and genomics allowing rational, structure based, drug d¢NGEs (novel
chemical entitiesjCowmanet al, 2012 Dascombeet al, 2005. An additional tool,
combinatorial chemistry in its myriad forms, allows construction of large libraries of
compounds suitable for high throughput screening (HTS). Acceleration antinealarial
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drug discovery process is currently limited, in part, by the expense of maintaining cultured
parasitesthe reliable availability of fresh disease free, human blood, and the lack of cheap
automated equipment. In contrast, although animal models are considered expensive, they
remain the only effective tool for monitoring efficaicyvivo, whilst simultaneously
monitoring toxicity at an early stage of the drug discovery process. This approach allows for
the early rejection of toxic prototypes, thus decreasiaghances of developing
inappropriate NCEs.
Potential drug targets withirlasmodiacan be sorted into four categories targeting:

1) processes occurring within the digestive vacuole (Warh2@$x]),

2) enzymes involved in metabolite and macromolecular synthesis (Costnalbs2007),

3) membrane processes (Calagp0,

4) cell signalling (Harmse2001).

1.2 A brief historical review ofclinically usefulantimalarials.
1.2.1. Quinoline.

Quinolinehas been used for the production g@iracursoiin the synthesis of various
antimalarials including the-8minoquinolines (such as primaqui® &nd pamaquinery)
and 4aminoquinolines (like such afiloroquineg(1) (Figure 1.4)and or amodiaquin€))
(Dascombeet al, 2007). It has been suggested that compounds with a Huikyinoline
structure may be less efficiently removeddjoroquineresistanPlasmodia therefore
enabling them to maintainaatia | ar i al aettalii®98t y ( O0 Nei |

Pamaquine®), canmonly used in conjunction with quinin®)(Figure 1.4helps to
prevent relapses by effecting malarial hypnozoitéss combination has also shown its
efficacy towards the erythrocytic stages of all four human malarias. Pamaguvieef used
as a prophylactic agent against malarial parasites lacked effectiveness.
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Figure 1.4chloroquine(1), quinine @), quinidine @), cinchonine §), cinchonidine §).
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Its high toxicity in humans subsequently led to the development of the successful casual
prophylactic primaquine 6).
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Figure 1.5. Primaquiné), pamaquine?).
Primaquine §) (Figure 1.5)became the drug of choice for arglapse therapy especially
againstP. vivaxandP.ovalewhere it acts on the hypnozoite stage (Wdlf97). Primaquine
(6) also acts as a gametocytocidal agent (ChavalitshewiARetmitret al, 2000.

1.2.2. Quinine.

Quinine @) is an extensively usakaloidby many inhabitants of Peru before it was
brought to Europe in 1600, and eventually isolated from the bark of the native cinchona tree
by JosepkBienaime Caventoand Pierreloseph Pelletier in 1820 (Gringad®97). Quinine
2 acts by interfering with the exoerythrocy
schizonticidal and gametocide agaiRasmodiunvivaxandPlasmodiunmalariae

Its effects are mediated towards the inhibition of haemozoin crystallisation within the
food vacuoles. The drug was further developed during World War Il, although due to its
complicated structuret proved very expensive to synthesise. Quing)éhas been rendered
largely obsolete by the introduction of improved antimalarial€hl®roquine(1), which
display greater efficacyts mechanism of action is believed to be inhibition of haem
detoxification by forming a covalent adduct (De Villietsal, 2008). The secondary alcohol
coordinates centrally to the iron atom allowing émelocylic nitrogen to interact with the
carboxylic acidof the raem.

Before the development of malarial resistamtégroquing(l) was the most widely used
antiFmalarial in the worldChloroquine(1) was firstsynthessedin Germany in 1934 during
the antimalarial drug discovery effort following World War | by Hans Andersag at Bayer 1.G.
FarbenindustrieTesting at Bayer mistakenly showed thiakoroquing(l) toxicity made it
unsuitable as a chemotherapeutic drug. Subsequent work on the compound by the British and
the United States Armies during World War 1l showed that the initial toxicity testing was
incorrect ancthloroquing(1) was, in fact, a very promising antimalarial (Slaeal, 2009.

However, the drug was not produced on a commercial scale until after WWII when
chloroquing(l) replaced quinine?) as the first line of treatment for malaria due to its low
cost, straightforward synthesis and low toxicity (Slateal., 1993. The antimalarial mode of
action is commonly known to occur within food vacuoles of the parasite, most probably
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against haem, the action towardkibiting the biosynthesis dtflasmodiurmucleic aciddy
the formation of complexes with haem or DNA is now considered incorrect.
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Figure 1.6 N-tertbutyl isoquine (GSK3697968) amodiaquine (SN10751p)
SN-13,730 (0) (Bhattacharyat al.,, 2009).

The drug has activity againsbthgametocytes and schizonts (not resistant straing) of
vivax P. malariae, P. ovalas well as the immature gametocyte®ofalciparum an
assumption contradicted by Wo#t al. Amodiaquine 9) (Figure 1.6was first synthesised in
1948 (Wislogle Burckhaltest al., 1948 and improved by an alternative route in 1950
(Burckhalteret al, 1950. The drug is a fasicting blood schizonticide (Wol#t al., 1997).

In 1980s, it was demonstrated that amodiaq(@h&vas effective against botthloroquine
resistant andhloroquinesensitive strains d?. falciparum(Watkinset al, 1984. Itis also

cheap to synthesise, making the drug commerciddlyle Its use was hindered by

unforeseen side effects i.e. hepatic toxicity and agranulocytosis, caused by the oxidation of
the amine head group subsequently producing toxic semi quimane free radicals or a
guinoneimine. Production of such intermediatd®ws irreversible binding to proteins,
especially in the liverJewellet al, 1995 and may induce immunotoxicity

Heterocycles with aliphatic side chaivsrefirst developedy researchers at IG Farben
due to the presenad this privileged ringsystemwithin the prototypical antimalarial
investigationausing aquinine @) (Figure 1.4) Theyfocused on aryl bridged quinolines of the
amodiaquine9) class originally developed by Burckhalter at Parke Davis (Burckhedltr,
1950. This class of drug is most widely used for the treatment of erythrdeigsenodial
infections (Brayet al, 1996). Interestingly, the original report that disclosed amodiaquine
(then called camoquine) also tabulated the synthesis of the reversed isomer now dubbed
isoquine 10) (Figure 1.6)

The compendium by Wiselogle detailed all of the antimalarial data from the American war
effort on discovering clinically useful battlefield antimalarials (Wiselofy#l6 Burckhalter
et al, 1948. Subsequently, Barliat al (Barlin & Yan, 1989 Barlin et al, 1992. Eventually
O 6 N etal lvorked on thesenetd aminophenol antimalarialé O 6 Netal, 2008.

1.2.3 Quinacrine

Quinacrine 11) (Figure 1.7) an acridineX2) (Figure 1.7)xsynthesised in 1931 at Bayer,
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Germany, was one of the firsgnthetic substitutes for quinine (Figure 1.4), which due to
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Figure 1.7. Quinacrin€l() acridinering (12).

the outbreak of the World WarWas in short supplyThe drug is an exoerythrocytic
schizonticide, similar to quinine, with the ability to control symptomB.ofivax For a

limited number of susceptible individualsiglntiprotozoal haside effects including
jaundice and toxic psychosis, possibly causing permanent damage (Gehgh¥997)

thus limiting its useThe main problem associated with its use was noncompliance due to
staining the skin yellow. These reasons prompted its substitution for the improved
chloroquine which were used by allied forces during the later stages of World War II.

1.2.4. Mefloquine.

Figure 1.8. Mefloquinel3) halofantrine 13a)

Mefloquine (L3) (Figure 1.8)was developed in the 1970s during the Vietnam conflict at
the Walter Reed Army Institute of Research (WRAIR), as a synthetic analogue of gRjnine (
(Figure 1.4) The drug was developed in order to protect American troops abroad in tropical
high-risk malaria areas, to help protect against rrliig resistant strains &. falciparum
The mode of action is focused towards the food vacuole, and acts by interfering with the
intraerythrocytic stagesofh e par asi teds | i fe cymdtoeytes but
(Wolfe et al,, 1997).

Mefloquine (3) (Figure 1.8)probably has the same mechanism of action as disclosed for
halofantrine {33 (De Villierset al., 2008, and targets haem by axial coordination. It is used
for prophylaxis during acute therapy, is effective against all malaria strains capable of
infecting humans, and is renowned for its long gt
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Due to presence of trifluoromethyl (€)Fgroup at position 2, which prevents oxidative
metabolism causing the drug to have i&f of 15 days (Gringauet al, 1997). This
promotes the opportunity for clearing drug sensitive strains but also encourages resistant
strains to develop (Wolfet al, 1997. The Americarsociety oftropicalmedicine and
hygiene reported on 44 U.S. Marines who contraBtef@lciparumwhilst dosed on
prescribed mefloquinel 8) when deployed in Liberia in 2003 (Whitmanhal, 2010).

1.2.5 Methylene blue

14

Figure 1.9. Methylenblue (14)

Methylene blueX4) (Figure 1.9)was discovered in 1891 by Paul Ehrlich as a successful
treatment for malaria. Experiments have shown it (and some of its analogues) to be highly
effective antimalarial against certain straingtsmodia All compounds tested suppressed
the growth ofP. Vinckei Petterin-vivowith ICsoin the 1.25.2 mg/kg range, and Methylene
blue 4) and azure Blue (a synthetic structural analogue of methylene blue) suppressed
yoelii nigeriensis in the-41 mg/kg range (Atamret al, 1996. The drug was used
throughout the pacific war during World War 11, although lost popularity amongst the troops
and faded out due to its disliked side effects i.e. green urine and the ability to turn the sclera
(whites of the eyes) blue. However, becaugecheap, its use as an antimalarial has been
revived (Schirmeet al, 2011). Methylene blueX4) (Figure 1.9has been trialled in
combination withchloroquineg(1), results have proved promising (Meissatal, 2019, as
well asantiviral activity against covidl9 (Buckwaldet al, 2021).

Hayneset al, (2011) have suggested a unified redox theory of antimalarial drug action
which may explain in part how these phenazines kill parasites.

1.2.6. Pyronaridine
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Figure 1.10. Pyronaridind §).
Pyronaridine 15) (Figure 1.10)was first synthesised in 1938t the Institute of Parasitic

23



diseases in Shanghai, China (Chen & Zhel®02 and has been in clinical use in China
since the @&tal3109Q9.Pyrgn&ridirenagyets the erythrocytic stage, and the
ability of Pyronaridine 15) to hold both schizontocidal and gametocytocidal actions is a very
useful and attractive capability, whilst at the time, primaquéhevas the only known
gametocytocidal on the market (Chavalitshewink&atmitret al, 2000.

Also, studies prove that pyronaridi(féigure 1.10)pcts effectively againgthloroquine
resistant and sensitive strainshoffalciparum displaying less toxicity thachloroquine(1)
(Chen & Zheng.1992 Croftet al, 2012. Its discovery and development have been
extensively reviewed by Dascomeéeal, 2007.

1.2.7. Importance dfydrogenbonding in drug interaction at receptor sites.

Pharmacodynamids study of the biochemical and physiolaglieffects of drugs
(especially pharmaceutical drugs). The effects can include those manifested within animals
(including humans), microorganisms, or combinations of organisms (for example, infection).
The effect of the organism on the drug (or xenobiotic) is collectively referred to as
pharmacokinetics (ADME; absorption, distribution metabolism and elimination).

Pharmacodynamics and pharmacokinetics are the main branches of pharmacology, being
itself, a topic of biology interested in the study of the interactions between both endogenous
and exogenous chemical substances with living organRmasmacodynamics is the study of
how a drug affects an organism, whereas pharmacokinetics is the study of how the organism
affects the drugPharmacodynamics relates to the study of the action of drugs upon an
organism (usually at a receptor). Drug action at receptogdies enzymes, ion channels,
transporter proteins, RNA, DNA, RNAase and membranes (for anaesthetic action) and
usually involve two types of drugs which are either agonists or antagonist. Agonists stimulate
and often activate the receptor. Antagonists caenpéth agonists and prevent them from
activating the receptors. lon channels act on enzymes or transporter proteins. Stimulation of
receptors more often than not leads to an amplification of response, inducing an alteration of
cellular and physiologicalrpcesses, a release of hormones, etc.
Drugs interact at receptors by bonding at specific binding sites. Since most receptors are
composed of proteins, the drug's interaction with specific amino acids causes conformational
changes within the proteins. The strongest interactions are thosenigviolic bonds, which
vary with the reciprocal of the distance squared between interacting sites (Feteahan
2010. When a dissociative event occurs upon binding (e.g. between a basic drug and a
carboxyl group on an a-mieractionscanfal withintli€ chai n) ,
category, for instance when a cati on, e. g. a
cloud upon an aromatic group buried within its receptor (Ztstradg, 1998. lon-dipole and
dipole-dipole bonds have similar interactions, but are more complex in nature and are weaker
than ionic bonds. Receptors can also act by binding to drugs via hydrogen bonding, which

24



will be discussed in detail.

1.2.8. Hydrogetonding inreceptors.
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Figure 1.11. Pentar24-dione tautomerises tolydroxypent3-en2-one Carboxylic
acids often form dimers in the gas phase and in solution (depending on the concentrations)
and in the solid state as found wmay crystallography databases (green lingghweshwar
et al, 2002 Mirzaeiet al., 2020.

A hydrogen bond is an electromagnetic attractive interaction between polar molecules
where a hydrogen atom is bonded with a select range of electronegative atoms which include
nitrogen, oxygen and halogens (especially fluorine).

The hydrogen must be covalently bonded to another electronegative atom to create a
hydrogen bondFigure 1.11) The Nature of the Chemical Bond, Linus Pauling (first
published1939 credits Moore and Winmill with the first printed description of the hydrogen
bond concept (Mooret al, 1912 Weinhold & Kein,2014). These bonds can arise
intermolecularly between sets of molecules or intramolecularly i.e. within different parts of a
single molecule, for instance, pentahé-dione (acetylacetone), in whichdnpgen bonding
assists stabilisation of the enolic tautomer.

The 3D shape of a drug modulates its effects upon a receptor and each potential
conformer can interact to varying extents and this modulates the potency of each drug.

1.2.9. Potency.

Potency is a measure of how much of a drug is required in order to produce a desired
effect. Consequently, only a small dosage of a high potency drug is required to induce a large
response in an organism. 61l nt spossessingintansic i vi ty
activity = 1 whereas antagonists possess an intrinsic activity = 0, therefore, a partial agonist
lies between these two values. Notably, intrinsic efficacy also quantifies the various activated
state(s) of receptors as well as théitgiof a drug to induce maximum response without
occupying and or binding to all of the receptors.
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1.3. Drug specificity.

In order to afford specific, desired interactions and minimise interactions at other
unwanted sites, a knowledge of the binding arrangement between the drug and its receptor is
essential. For instance, the endogenous dcetylcholine (ACh) within the parasympathetic
nervous system activates muscarinic receptors but in the neuromuscular system it activates
nicotinic receptors. Since the compounds muscarine and nicotine can each preferentially
interact at one of two recepttypes, this allows them to preferentially activate only one of
the two systems, whereas ACh itself can activate both.

The affinity of a drug quantifies how #fAtig
results in a limited duration of action (measured numerically by a dissociation constant K
The magnitude of Kequates to the concentration of drug at 50% receptor occupancy.
Specifically: Ko = [Drug][Receptor])/[Complex]

This value is modulated by conformational effects, type of bonding involved between
drug and receptor, as well as the shape and volume of the drug. In general, the higher the
values of KD, the lower the affinity of the drug to that specific receptor.

1.3.1. Foodvacuole redox metabolism
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Figure 1.12. Redox within the parasite fo@tuolefttp://mpmp.huji.ac.il/maps/redoxmetpath.html
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The amino acids produced from the degraded globin are used as building blocks for
the parasiteodos etalnl999.eCormdrsely, fols moleCu@s ab rqnotein
bound oOf r e e -ptotappnphyrin (Xf Fe(l)PR(1X¥)}kare concurrently released from
each molecule of haemoglobin, each of which is highly redox active and therefore cytotoxic
by generating Reactive oxygepecie ROSA) which di srupt cell me

Free haem is toxic to the parasite and the unavailability of haem parasite oxygenase
suggests that haem cannot undergo detoxification through catabolism. Accumulation of free
haem (up to 40@m) is lethal to the parasite, causing disruption to metabolic functions by
generating free radicals, peroxidation of membranes, inhibition of enzymes and disruption of
DNA synthesis and associated processes (Zieglalr, 2001).

However, this is not an infinite chain but consists of ferric iron of one haem coordinated
to the propionate carboxylate group of an adjacent haem é€hbi1999. The model
suggested bffitch andKanjananggulpanl@87), has been supplanted by a new model by
pagola (Pagolat al, 2000.

Solution of a high resolution powderrdy diffraction patterriFigure 1.13)using
synchrotron radiation reveals a hydrogen bonded network of haem dimers linked by
reciprocating propionate carboxylate side chainsrciinating to the Fe(lll) from the
propionate side chains of each porphyrin, and to the iron(Hbrdmation cene of the next
porphyrin. The model has been further refined by Klonis (Klehel., 2010 (Figure 1.13)

Figure 1.13. Xray model reciprocally bondeth(Silico) depicts the reciprocal coordination
bonds between the central iron (Fe) atom of one umiaem with the propionate oxygen side
chains of another unit of haem, resulting in biomineralisation. The dimers are consequently
hydrogen bonded at right angles to the mean porphyrin (tdoeis et al, 2010.

Classic antimalarials such elsloroquing(1) are currently believed to target processes
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occurring within the parasite digestive vacuole includiagmoglobircatabolism (Egan and
Marques,1999. During this trophozoite stage, hdstemoglobins catabolised to amino
acids for thede novgparasite protein synthesis. Recently, lipid nanospheres have been
suggested to aid this process and certain amino acids may also be required to aid the
biomineralisation (Egast al, 2008 Coronadcet al,, 2014).

The currently accepted mechanism of action of quinoline antimalarials is through
inhibition of haemozoin formation (Egan and Marquex99. The quinoline ring of these
antimalarials is an essential feature of many existing drugs. Essential elements of a quinoline
pharmacophore have been proposed by Isehail (1996 1998 and by Egart al (2000.
Ridley & Hudson {998 suggested that this pharmacophore was consistent with haem.
Subsequently, Dascombé¢al (2005 showed thabisquinoline compounds su@smeta
qguine did indeed interact with haem (See chapter 3).
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Figure 1.14. Numbering system adopted in this study for various heterocycles.

Both 4aminoquinolines and-8minoacridines can target haem biomineralisation, and is
essential for parasite survival, unique to the parasite, these compounds will remain important
as chemotherapeutic agents for the foreseeable future (Ze¢gler2001), The various
numbering systems adopted in this study are demonstrated above (Figure 1.14)

A variety of different assays are available to investigate the inhibition of haemozoin
formation, differing primarily in reaction conditions; the spectroscopic methodologies; and
the aggregation templates used, include:

a) parasitic extracts;

b) parasitederived or synthetic haemozoin;
¢) histidine rich proteins, and/or;

d) various lipids.

X-ray diffraction techniques by (Bohét al, 1996 Bohle & dodd.2014 demonstrated
that haemozoin was identical fehaematin, and was not the result of extraction or
purification artefact.

Consequently, haem aggregation activity of antimalamaistro, by methodologies for
the preparation of synthetiehaematin is considered reasonable. However, the use of
conventional spectroscopic methods for such studies are ineffective under the acidic
conditions required for the reaction, since the starting material and product are insoluble at
the concentrations ad (Egaret al, 1997). This process was followed at vacuolar pH using
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positiveion electrospray mass spectrometry (Isreaél, 2009.

Thein-vitro chemical synthesisefd haematin (Egaet al, 1994, enabled the effects of
antimalarials orb-haematin formation to be assessed by Fourier transform infrared
spectroscopy (FTIR)(Egaat al, 19949, thereby demonstrating a direct relationship between
intracerythrocytic antimalarial activity and inhibition of spontaneftsaematin formation,
suggesting that the binding of drug to haem at low pH was the underlying mechanism of drug
action. However, this was challenged by Pandya (Paeidghg 2001), who suggested that
the product previously accepted todsbaematin was instead a haaeetate complex, and
expressed concerns about extrapolating biologically relevant results from experiments with
suchhigh, nonphysiological, concentrations of acetate. In response, (Egan and Marques,
1999 admirably validated their assay system demonstrating both through FTIR spectroscopy
and Xray powder diffraction that the assay products were identical to those produced by
other synthetic methods. Also, there was no evidence of a-aeetate complexyven in
11.4 M acetate solution. Although the acetate in this system catalyses the formation of
synthetico-haematin, it does so by acting as a phase transfer caiatysgsing the
solubility of haematin, which is the rate limiting factor. Novel substances structurally distinct
from existing drugs have been identified that target haem catabolism by using an HTS screen
based on haem biomineralisation (Sandtimal, 2014, suggesting that drugs unrelated and
therefore not cross resistant withloroquine(1) could be developed provided they show
corresponding efficacy against parasitesitro andin-vivo.
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Figure 1.15. MEPs (molecular electrostatic potential) superimposed onto total electron
density for the hematindxo-dimer (Portelaet al, 2004).

29



Molecular electrostatic potential (MEP) surfaces generated using the CUBEGEN. These

MEP iscenergy contours were generated in the rangB@fo 50 kcal/mol, superimposed
onto a surface of constant electron density (0.0002)etauprovide a measure of the
electrostatic potential at roughly the van der Waals surface of the molecule. Notably, this
colourcoded surface provides a measure of the overall size of the molecule, as well as the
location of negative or positive electtasc potentials. The régns of positive electrostatic
potential indicate excess positive charge, leading to repulsion of the positively charged test
probe, while regions of negative potential indicate areas of excess negative charge, leading to
attraction of the positively chagd test probéFigure 1.15)

Threedimensional surfaces of molecular electrostatic potential at the constant values of
i5 and 110 kcal/ mol were generated to detern
molecule when approaching the receptor (Poetkl, 2004

1.3.2. Drug receptor targets: Haem binding
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Figure :16. Ntert-butyl isoquine (GSK36979610) meta-quine Q1) ferroquine 10a).

Antimalarial drugs mediate their effects by disrupting processes or metabolic pathways in
different subcellular organelles. There are two phases in whidldkenodiunparasite
infects its host, exoerythrocytic and erythrocytic. Most relevant to the current study, the
quinoline class of compounds, have been the subject of intensive and ongoing study. In
drug:haem binding,-4minoquinolines target processes within thgheocytic stages of the
parasite development, where the parasite invades red blos@urdldigests haem. The 4
aminoquinolines, which includehloroquineg(1) (Figure 1.4) amodiaquine9) (Figure 1.6)
metaquine @1) (Figure 1.16)and more recently studied experimental candidedert-butyl
isoquine (GSK3697963] ( O ét hl.e2DOB), concentrate inside the acidic digestive
vacuole, where they are believed to bimdaematin and interfere with haem detoxification
(Fidocket al., 2004).

The quinoline drug molecule binds to the haem molecule, preventing further biominera
lisation. Views as to the stoichiometry and geometry of the-trogptor complex differ
between investigators and sometimes rely on fitting spectroscopic datagxigiregy models
of drug receptor geometry.
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Briefly, by binding to monomeric, dimeric, and oligomeric or biomineralised haem,
chloroquineis commonly assumed to interact with the porphyrin ring of the haematin by a
p- p stacking interaction of the quinoline ring. Subsequent accumulation of thedragm
complex within the erythrocyte ultimately poisons the parasite (Haetlay, 1996 OO6 Ne i |
et al, 1998. This structure is referred to as a dhagmatin complex. This has a toxic and
lethal effect on the parasite through the generation of freeatadiear sensitive structures
such as membrane lipids or proteins. Haemozoin formation is thought to be inhibited by
guinoline ant etmlalodrin-vard expeln@td\have shobwn slow
spontaneous, pH driven, biomineralisation of haematinhtaematin in celfree systems,
which is inhibited by antimalarials such@soroquing(1) (Figure 1.4)and quinine?) (Egan
et al, 1994.
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Figure 1.17. Proposed mechanism for the haem detoxification protein process (Netkatani
al., 2014).

Chloroquine(1) (Figure 1.4) for example, exploits haemoglobin degradation pathways in
P. falciparum As the parasite catabolises human haemoglobin, the haematindyct is
detoxified by crystallization to haemozoin.

An identified haem detoxification protein kh falciparumhas been shown to be one of
the most potent of the haemoz@roducing enzymes. The reaction mechanisms have
recently been clarified by Nakatani (Nakatahal, 2014 (Figure 1.17)

As the production and accumulation of ingttaematin is interrupted within the food
vacuole, this toxic substance can generate free radicals (especially if reduced outside the
vacuole) and kill the parasite (Hrycyetal.,2013.

Here, the drug forms complexes, probably in a 1:2 stoichiometry with respect to 4
aminoquinoline and acridines with haematin probably, which then escapes the vacuole and
contributes to cell lysis by oxidising and disrupting cell membranes (€traft, 2012).
Therefore, targeting the inhibition of haem biocrystallisation is a specific mode of action for
combating malarial parasites and is an attractive drug target and this is further discussed
below. In terms of monomeric haem, (Dascorabal.,2005 havesuggested that the inter
actions can be below the axially ligated iron substituent in haematin ¢ieteyon the same
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side or at the periphery involving hydrogen bonds (Isetaal.,2010.

Figure 1.18. Molecular mechanics binding between porphyrirNatealt-butyl isoquine
(O'Neill et al.,, 2009).

Other investigators invoke- p interactions as being responsible for drug action. The
haemmoxo-dimer being the target has been downgraded by some but Roepe and Egan
suggest it can still form under certain conditions, for instance high ionic strength (Dascombe
et al.,2005. Ismailet alhave shown that thigzoxo dimer is undetectable in normal positive
ion electrospray mass spectrometry. A previous sandwich complex of fvagm dimer,
drug haemmoxo dimer (Figure 1.22) was not detected using electrospray mass spectrometry
studies. It has been shown conclusively that the-tiaggnatin complex could be accompa
nied by belowface, abovdace and edgen motifs (Dascombet al., 2005 2007), of which
the last is most energetically stable since it involves hydrogen bomge 1.18)

The use of docking algorithms employing a MM2 field has been used to shométaw
quine binds by tofface interaction to haem (Figure 1.18) (i.e. the same face as the axial
substituent). It depicts the chemical structure of the haematin molecule (Haematin is a brown
to black ironcontaining oxygefiransport metalloprotein in the red btbcells of all vertebra
tes), a pigment formed by decomposition of haemoglobin. For instance, with the antimalarial
cryptolepine, Ismail et al have shown this to e tost likely mode of drug binding (Ismail
et al, 2010 which is consistent with the mode of actiorcbforoquing(1), showing 1:1
stoichiometry with the receptor involved with haem binding (Dascashlaé, 2005.

Binding to haemozoin has also been investigated for ferrogl@@ (Dubaret al.,
20117). The inhibition of nucleation and/or growth of haemozoin crystals as induced by
ferroquine 108 may be explained by the stereoselective binding of FQ to the principal faces.
In their study, the conformational energy of FQ was then minimized with the COMPASS
force field. Ferroquinel(Da) can possibly interact with the {0,0,1} and {1,0,0} faces of
haemozoin, blocking crystal growth. With respect to the struetctigity relationship, the
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antimalarial activity on 15 differem. falciparumstrains showed that the activity of FQ did
not correlate with CQ, confirming lack of cross resistance (Detal, 2017).

It is possible to form hydrogen bonds between a diprotonated FQ molecule and charged
CQO groups of haemozoin (Dubet al, 2011).

It is unclear how adsorption onto an inert pigment will cause oxidative stress unless it
also inhibits crystal growth of haemozoin. However, in resigttagmodialstrains, there is
decreased drug accumulation within the food vacuole and so the parasite is more likely to
survive and cause further damage and infection to the®llstroquine(1) is associated with
weak base properties, properties believed to be responsiloleldooquineaccumulation in
parasitesn-vivo (Ginsburget al, 199Q Gearyet d., 1990.

1.3.3. DFT andnolecular mechanics interactions

Figure 1.19A molecular mechanics interaction face binding model of the most favourable
porphyrin:N-tert-butyl isoquine 8 complex (carbon, grey: hydrogen, white: oxygen, red:
nitrogen, blue: chlorine, green: iron, orange). Hydrogen bonds are indicated with black and
pink dashed lines. Lowest energy Conformer of 1:1 haenmagtaquine 1) top-face

binding complex illustrating close contacts-@ between haematin angetaquine
(Dascombeet al.,2005
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Figure 1.20. Haemoglobin breaks down to route 1.1, amino acids and route 1.2, to
haematin, route 1.2.1 assumadxo dimer formation and 1.2.2, Wireframe Model of a 1:2
chloroquinehaematinp- p sandwichtype complex. Postulated food vacuole dynamics.
(Cortopasiet al, 2011).
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The docking energies of NADH and some quinoline derivatives were calculated (in the
free forms and in complex with dimeric haematin) in the active site d?ldsmodium
falciparumLDH (PfLDH) (Figure 1.20) The results showed better docking score values to
the complexes when compared to the free compounds, highlighting them as more efficient
inhibitors of Pf LDH. Furthermore, the performed Molecular dynamics (MD) simulation
studies on the best docking conformation of¢chlroquine/moxo dimer complex vih Pf
LDH, and suggested the resuhssilico corroborate experimental data, indicating a possible
action route for the quinoline derivatives in the inhibitiolP6£DH (Cortopasset al, 2011

Figure 1.2. An optimised DFT generated structure of haemhyidroxycryptolepine

complex (keto tautomer) in edge binding mode. Hydrogen bonds shown as dotted lines are
1.761, 1.570, 1.570 A reading from top to bottom. High resolution positivelectrospray

mass spctrometry (HRPIESMS), e.g. pH 1450844FeNsOs"; predicted: 864.2717 (courtesy

of Prof Drew)

1.3.4. Haem binding and fragmentation

Compare thigFigure 1.21)o chloroquinegeometry depicted in the top RHS corner
showingchloroquineand haematin (Figure 1.22). All studies conducted using Macrofodel
(Ismail and Carr; unpublished work, Modelledli®94). Magnolia panel below (Figure 1.22)
demonstrates haedrug binding of various monomer and dimer formations between
haematin anthetaquine, revealing close contacts as shown (Dascahak 2005. These
potential interactions suggest opportunities for drug design. For exampisosieric
substitution of the & methine bynitrogen (position F) makes symmetrical metazaquines
(e.9.N!,N3-big(7-chloro-1,5-naphthyridin4-yl)benzenel , 3-diamine).
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Figure 122. Top brown panel: From top LHS; proceeding anticlockwisetaquine
sandwiched between haemathoxo dimer and interactions; hydrogen bonded to the four
propionic acid moieties and positioned abdaee upon the upper, axially coordinated.
Lower energy form ofmeta-quine bound to receptor by enhanced hydregemding (dotted
lines).

In contrast, Dascomlet al (2005 have reported no binding tmoxo dimeric species (in
mass spectrometry) when samples are mechanically ground with various drugs or exposed to
the haem in solution at various pH (Dascorabal, 2005. Instead, they have reported
binding to both free haem and the reciprocal dimeric subunit of haemozoin. Initially,
following literature precedent, variows p models were generated. The speciation of
ferriprotoporphyrin IX (Fe(ll)PPIX) in agueous and mixed aqueanggnic slvents has
been investigated by\JVis, proton NMR, magnetic, and diffusion measurements.
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Figure 1.23. The speciation of ferriprotoporphyrin IX (Fe(lI)PPIX)(De Villiersl, 2009).
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Figure 1.24. Fragmnmtation of CQ:haem complex.
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1.3.5. Manichreaction

Themannich reaction (Mannich & Krosche, 1912), so named after Carl Ulrich Franz
Mannich is an important carbaarbonrbonding reaction that is utilized in the synthesis of
alkaloid natural products, and is a versatile building block within a range of biosynthetic
pathways. This chemistry exploited the known nucleophilic addition cealsgtween a
primary or secondary amine with a renolizable carbonyl group (i.e. formaldehyde,
followed by dehydration to form Schiff bag@jgure 5.41. Scheme 52)

The Schiff base intermediate reacts with an acidic proton (in this case from the
corresponding cyclohex2, 4dienone) subsequently forming the substitiieinino
carbonyl compound, also known as the Mannich base (aminomethyl@iramontini &
Angiolini, 1994).

L 1L
H\ /H ,H
(o) N (0] N
2 ~— 2
. .
N N

(a) (b)
Figure 1.25. Enol form a)-&-chloroquinolir4-ylamino) phenol; b) Keto form:
3-(7-chloroquinolinr4-ylamino) cyclohex&,4-dienone.

This threecomponent condensation reaction allows the construction of a common
heterocyclic scaffold appended to a wide range of compounds with differing side chains.
Consequently, a range of compounds can be constructed, from which we can select candidate
antimalarials possessing the best pharmacological and pharmaceutical properties (e.g. water
solubility, salt formation ability, etc). The Mannich reaction initially forms an iminium ion
from formaldehyde and amine. The enolizable carbonyl group canatiemterize to the
enol form due to the acidic reaction conditions, after which it can attack the iminium ion at
the electrophilic carbon atom. This involves the movement of a proton and a shifting of
bonding electronéFigure 1.25)

1.3.6. Mechanism of thenannichreaction.

The GH activated component is usually an aliphatic or aromatic aldehyde or ketone,
carboxylic acid derivativef-dicarbonyl compounds, nitroalkanes, electron rich aromatic
compounds, such as phenols (activated at tmtho position) and terminal alkynes. To
obtain high concentrations of iminium ion, protic solvents such as ethanol, methanol, acetic
acid or water are used as a reaction medium, ensuring maximum rate aminoalkylation.
Aromatic amines have a low reaction profile, therefore primary and secondary aliphatic

38



amines are favoured. Ovalkylation forms tertiary amines, and use of primary amines can

be an issue, overcome by using secondary amines. Unsymmetrical ketones give rise to regio

i someric Manni ch bas e s-positioned dekvativasiheeManmzchr e s ub s
base can react further in three ways in comparison to the route described above. Ifitis a

primary or secondary amine it may further condense with one or two additional molecules of
aldehyde and an active compound, for example If the deyideogen compound has two or

three active hydrogens, the Mannich base may condense with one or two additional

molecules of aldehyde and ammonia or anfifigure 1.26)
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Figure 1.26. Mechanism of tmeannichreaction.
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Chapter 2

An exploration of the structure -activity relationship ofmono- and
bis-4-aminoquinolines bridged by aliphatic and aromatic
rings: various antimalarials with superior in-vivo activity.
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AIM .

Synthesise compounds to deduce Geometry of the antimalarialesegtor complex for
4-aminoquinolines and related compounds
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2.1. Bisquinolines.

A new series ofmona andbisquinolines, including a proven group of novel
antimalarial drugs activie-vivo, were synthesised. Three different approaches were used to
synthesise the molecules namely:

a) S\Ar reactions in phenol (a high boiling protic solvent).
b) N-methyl pyrrolidin2-one (NMP, a nomucleophilic high boiling, aprotic solvent).
c) Methanol (a mildlynucleophilic low boiling, protic solvent).

Phenol (a nucleophilic and participating solvent) provided compounds in variable yield
but high purity, whereas NMP provides compounds in high yield but lower purity compared
to phenol. The highemperature (18@50 C) synthesis of aminoquinolines, including
bisguinolines, by nucleophilic displacement was both fast and efficient in both of these
solvents. Unlike NMP, methanol, failed to promote reactions with aliphatic side chains under
conventional reflux at atmospheric pressure.

Three types of side chains were investigated:

a) Side chains possessing one amine bound to an aryl or alky substituent.
b) An aliphatic diamine which was linear or cyclic.
c) Aryl-diamines.

It was discovered in the current study that the previously described, effiuieatiay
synthesis ometaquine (in refluxing methanol at ambient pressure) could be accelerated to
two minutes using commercial sealed vessels by conducting reactions in superheated
methanol at 180°C (focused microwave irradiation). Using aromatic phenylene diamines, the
crystal sructures of aromatic bridged compoundiho-, meta andpara-quine were then
obtained after screening numerous reaction conditleatgpromotedrystal growth. Each
had only four rotatable torsional angles around the bonds

H Bonding

(o] l = ,OH — R
L) e
Aﬁj_H’_,-I@. OH N/
Figure 21. Example of salt formation.

Examination of solvent interactions of alcohols and carboxylic acids withuineline
rings using both NMR (Ismail & Alizadeh., unpublished study) and crystallography (Ramon
et al 2014, allowed hydrogen bonding patterns to be deduced, setting the scene for
understanding how such compounds interact with proton donors (including (ragumg
2.5, Figure 26).

Surprisingly, examination of NMR chemical shifts of the proton at thedsition (the
proton on position 5 in quinoline molecule appears to be deshielded), suggest that that it is as
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deshielded (or more eghielded) as that bound at tH¥ position. Accordinglyaza

substitution of this site may allow retention of antimalarial activity whilst changing its effect
during xenobiotic drug metabolism reactions. This substitution typically reduced the
lipophilicity of compounds when compared to the parent compound

Figure 22. Aromatic bridged compoundsitho-, meta andpara-quine.

2.1.1. Quinoline

5, 4 9 o 101041
4 9a 19102 8 o 9q. 1
-
T eaN 2 ! Z5aN4a; 3 6 NG
1 416 5 12 57307° 4 12

Figure 23. A quinoline {6) and an acridinel@).

Quinoline, (GH7N 1-aza naphthalene{Figure 2.3) was first extracted from coal tar
in 1834by Friedlieb Ferdinand Runge (Anit955).

Notably, Ludwig Knorr had already synthesised this liquid as eadg&3but this is
consistent with Rungeds endeavours who was
substances including quinine and caffeine. In its unsubstituted form, quinoline is rare and
occurs naturally only in the phasmi@reophoetes peruaigaa stick insectEisneret al,

1997. Consequently, coal tar remains the most economic and viable source of commercial
quinoline. This heterocycle can be used as a high boiling solverfl@I®8/11mm Hg)
especially for performing decarboxylation reactions (Rattal., 2014. In its substituted

form, it is a useful building block to access more complex molecules, including natural
products and pharmaceuticals (Patehl, 2014).

This study was principally concerned with the chemicaldichloroquinoling(Figure
2.4) (Price andRoberts, 1946 and the compounds discussed were analogues/derivatives of
the quinoline ring system, of which a limited number of compounds contain the acridine ring
system 23a) (Figure 2.4)
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ool oees

N
23 23a
Figure 24. Dichloroquinoline 23) and 6,9dichloro-2-methoxyacridineZ3a).

The first approach to facilitating the discovery of superior antimalarials to those currently
in clinical use required examination of molecular features associated with antimalarial
activity collated from the literature, especially those involving quantitative struatinaty
relationshipsn-vivo. Consequently, correlation of published data relating tantive/o
antimalarial activity of numeroushloroquing(1) and acridine analogues with ttieee
dimensionabrientation of functional groups decorating these compounds allowed
formulation of certain empirical rules and using appropriate methods, the pharmacophore
(Dascombe2005. These rules have previously proved useful in predictingtwh
compounds should be synthesised and some of these can be screemeditsotandin-vivo
to assess their usefulness as potential drug development candidates.

In the literature, not all of the compounds have been tested under identical conditions nor
against the same parasite (or even species) or host making it importatesionew and
known compounds using a standardised antimalarial test system. |deaReterg-day
antimalarial tesin-vivois used (Peterd975 Nogueira & Rosario2010, with the data
subsequently analysed using QSAR (Deartead., 2009. However, this is time consuming
and expensive and is only carried out using compounds pivgsassful antimalarial
activity against clones of human malarias cultureditro.

Secondly, inexpensive antimalarial drugs are required due to the evolution of drug
resistance within parasites exposed to drugs in current use in the developing world. The
relatively high cost of existing antimalarial drugs makes them unaffordable totpatie
affected areas especially in regionsob Sahararifrica, the far east and selected regions of
South America.
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2.1.2. The role of the bridging unit.

The apparent lack of crosssistance between clinically useéuitimalarial
compounds that contain an aryl side chain i.e. amodia@®jras well as those that contain
an alkyl side chain e.ghloroquing(1), makesamodiaquine 9) a potential treatment for
malarial infections (Mulleet al, 1996 Olliaro et al, 1996 but is marred with concerns
about toxicity, generating semi quinemeine.

o.
H.y HN/@/HH
J N
e cela
1 9

OH B 0\ H

 ‘: r”wﬁ,@;:é r”wH—i-/(j:é ™

. . H.
OH 0)
C N \s

o .
H\N/(I o Hoy | H-O> H~~/@
el Nse T oD ™

benzyl radical not observed

Figure 25. Reaction of amodiaquin®)(with a hydroxyl radical (Bisby, 1990)

For instance, prophylactic administration of amodiag(@ean induce sevel@verse
effects including agranulocytosis and hepatitis in sensitive individuals (le¢etél 1986
Cook,1995. Such adverse effects are associated with oxidation of the phenolic group,
generating a free radical afnodiaquine 9) (Figure 2.5)

Irreversible binding of such intermediates to proteins, especially in liver microsomes
prepared from human livers might explain the observed toxicity (Meigals, 1988 Bisby,
199Q Harrisonetal., 1992. Consequently, the oxidisable OH group has been bioisosterically
replaced with a relatively inert fluorine atom or the amino methyl side chain transposed to a
position that cannot form quinine imines. In the latter approach, even the supposedly superior
compound (SN-10,751)(Chapterl, page 20), firssynthesised by Burckhaltet al (1949,
subsequently named isoquine by investigators at University of Liverpool (Céalll
2003, has apparently been withdrawn from further development.

One reason for its poor toxicological profile may be a consequence of its potential to form
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guinonemethideqFigure 26), which can also react with cysteine or glutathione, as well as
thiols within protein side chains (Ismail & Alizadeh., unpublished study). Consequently, the
apparent benefits of so called isoquifa) @re outweighed by their poor toxicity profile.

o (%\H Co
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Figure 26. Mechanism illustrating potential toxication of isoquéa(forming toxic @b) by
interacting with cellular thiols such as glutathione or cysteine (RSH)(Res@be1995)

Any carbon atom bonded to the fluoriffégure 2.5)s relatively electron poor since
electron density coalescasound the fluorine, imparting ionic character to the bond.

O'Neill et alhave studied the same compound suggesting it will have a better
toxicological profile than amodiaquine (O'Neati al.,2009. The mechanism above shows
that the formation of HOF will be thermodynamically unfavourgblgure 2.6) Two
alternative strategies have been reported:

a) The replacement of the hydroxyl group by a bioisosteric hydrogen, and.

b) Reduction of the ring to a cycloalkyl compound (and concurrent replacement of the

amino methylenside chain of amodiaquir(8)).

However, this side chain is considered vital for antimalarial activity (Wetksdl, 1986
Ruscoeet al.,1995.

In thisinvestigationamino methylenside chain has been replaced by a second proton
acceptor, an additionatahloro-4-aminoquinoline ring which introduces an element of
symmetry. In the second modification, the OH group oratjlebridge is absent,
consequently eliminating the possibility of inducing immediate quiimnige toxicityin-
vitro andin-vivo.

The rationale for synthesising aromatic bridge compounds is not only to avoid
metabolism mediated formation of quinine imines but also:

a) To introduce a symmetry intwyclo-alkyl-bridged compounds generatibgquino-
lines (in which the 4amino group corresponding to tamino methylengroup (Is-
mail et al., 1996 is replaced by an aryl or heterocyclic amine, which may also be
effective in antimalarial drugeceptor interactions (Ismagt al.,1998.

b) To produce achiral compounds, making both synthesis and purification easier.

c) To identify affordable compounds.

Thetwo-stepsynthetic route detailed in this study is an affordable;pmtesynthesis
since it utilises the 4;dichloroquinoline used in the manufacture of both amodiad@ne
andchloroquineg(1). Bisquinolinesinvestigatedortho, meta, paraquine(Figure 27).

The bridging unit should be chosen so that it minimises potential mutagenicity and
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carcinogenicity of any molecules incorporating the precursor amine (Douldedby2006.
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Metaquine(21) Orthoquine (24) Paraquine (25)
Figure 27. Diagram obisquinolines:ortho, meta, paraquine

Cycloalkyl bridged compounds with potential antimalarial activity have been
constructedn silico. These explore some of the previously mentioned design criteria,
especiallybisquinolines similar to (£)N*,N2-bis(7- chloroquinolir4-yl)cyclohexand,2-
diamine,ortho-quine (2) (Figure 2.7 Vennerstronet al, 1992. Notably, both (xfrans
andcis-N*,N?-bis(7-chloro-quinolin-4-y1)cyclohexanel,2-diamine are active against
Plasmodiunbergheiin mice (Ismailet al, 1996 Ridleyet al, 1997 but their mechanism of
antimalarial action requires further refinement.

The question to be considered whether haem is a possible target for these compounds and
if so, can these compounds be rationally designed to be superior in antimalarial activity to
molecules in current clinical use? It maybe that the optimal compoundshaady been
identified.

By changing the hybridisation in the bridging unit, from*@spsg¥) in the cycloalkyl
bridging unit to produce an aromatic ring, a planar non chiral molecule was designed. After
testing itsantimalarialactivity in-vivo, a potent prototype, i.&*,N?-bis(7-chloro-quinolin-4-
yl)phenylenel,2-diamine(ortho-quine) @4) (Figure 2.7)was produced. Hence other
isomers were also examined since they should have the same lipophilicity but the averaged
distances between the nitroggiomsin the molecules have different distances. Originally
this compound was considered useful as a potential amodiaquine substituteefisiail
1996 Dascombest al.,2009.

The arytbridgedbisquinolines have been reported and tested for antimalarial activity
vivo againstPlasmodiunberghej however, their mechanism of action was unknown at the
time. The arytbridgedbisquinolines were raynthesised in the current study, using methods
with improved yield and reduced reaction time to those reported by Ishz{1998.
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Figure 28. Diagram of various rotational bonds in aryl and cyalkyl bridge compounds.

The cyclohexane bridging unit in @fjans- andcis-N*,N2-bis(7-chloroquinolin4-
yhcyclohexanel,2-diamine(26) allows these molecules to populate a restricted number of
solutionstate conformer@rigure 2.9)compared tahloroquing1), which has a flexible side

chain

26

Figure 29. (+)-transandcis-N*,N?-bis(7-chloroquinolin4-yl)cyclohexanel , 2-diamine(26).
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2.2.Synthesis.

An initial goal was to synthesiggsquinolines of type €D (Fig 2.8). The use of a cyclic
alkane diaminas the bridging unit restricted the number of state conformers bistigno
lines(Bascoet al,, 1994).

Thereforejn this study, a range diisquinolines bearing a cyclohexyl, a piperidyl or a
piperazine moiety wergynthesisd using 4,7dichloroquinoline and the appropriate diamine.

The second series of compounds D were analogues in which a phenylene diamine ring
was used, to further reduc@amber of conformersince the molecules contained only four
rotatable bonds. Both were compared to lipophilic monomeric counterparts. In addition, rigid
molecules are known to have a markedly different log P profile than the corresponding
flexible compounds.

Biological activity for such molecules seemed very promisiny*ds®- bis(7-
chloroquinolin4-yl)-phenylenel,2-diamine and\*,N3- bis(7-chloroquinolin4-yl) i
phenylenel,3-diamine were found to be active agaiRsberghei invivo.(IDso= 30 mg /kg
and IDso= 1.2 mg /kg) (Ismaikt al.,1998. In this model of malariashloroquineg(1) was
activein-vivo at IDso= 4.3 mg /kg. Additionally, Elslager demonstrated that certain 2,4
disubstituted quinazolines proved to have some good antimalarial activitygéksial
1981).

Though thebisquinolines do not possess any substituent on4asfion, the insertion of
a nitrogen on the-Bosition of the quinoline ring could give additional information as to the
kind of interaction involved at the3osition of the quinazoline ring, if active not. Thus,
alkyl and arylbisquinazolines (C and D respectively) were synthesised and their activity
compared with those of correspondimigquinolines

2.2.1. Othersolvents used in$Ar reactions.

Useful replacements include methanol for aromatandines, andN-methyt2-
pyrrolidonefor aliphatic diamines, but ethoxyethanol proved unsuitable (Vennersttah,
1992.

2.2.2. Acid scavengers.

Nucleophilic substitution between 4drchloroquinolines has also been conducted in the
presence of a suitable acid scavenger which may be inorganic eGP3d8inghet al,
1977 or organic (e.g. triethylamin€¢Yennerstronet al, 1992. Triethylamine as hydrogen
chloride scavenger has been used to construct both alkyl aratidgédquinolines.
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2.2.3. Electronic effects in the displacement of the chlorine at thesition using
phenol.

The nature of the substituents on the quinoline ring and their position affect nucleophilic
substitution. Early investigators divided the effects into the two regions of the quinoline ring
(Baciocchiet al, 1958. The first effect involves substituents on the carbocyclic ring, the
second on the pyridine ring.

2.2.4. Effects of the substituents located on the carbocyclic ring.

Reactivity of a chlorine atom on thep#sition of the quinoline ring can be affected by
remote substituents located on the6p, 7- and 8positions(Figure 1.14) Most
investigations, however, have involved theafid 7 and & positions in the case of 4
chloroquinoline, since a substituent at tHgpBsition causes steric hinderance to incoming
nucleophile (Lutzt al, 19717).

Two bulky substituents occupying th# dnd 3" positions exert an unfavouratperi
interaction upon one another. kostance(Baciocchiet al, 1958 examined the reaction of
4-chloroquinolines (substituted at positions6s7- or 8) with various nucleophiles,
especially the methoxide anion.

Their results indicate methodechlorination varied according to the nature of the substi
tuent in the gosition, the rate being accelerated with an elestvibindrawing group M
effect), such as a nitro group and was depressed with an eldomatinggroup (+M effect),
such aglimethyl aminagroup. Electrordonating (+M) groups in the-gosition exhibited a
stronger deactivating conjugative effect on thehfbro than the same group at thpaaition,
the situation being reversed by an electwotindrawing group at the-position.

The presence of nitro groups at theabd 8positions(llluminati et al, 1964 revealed
that the 5nitro group depressed the reaction rate in comparison terfieogroup under
comparable reaction conditions. One explanation is the unfavourable steric hindrance
between the nitro group and the chlorine at t#p®dition of the guioline ring.

This effect has led to reaction failures if the group becomes excessively large, such as the
trifluoromethyl group Cutz et al,, 1971). The activating effect of the substituents decreases in
the order: NO, > 7-NO; > 7-Cl > 7-Br > 6-Cl > 6-H > 7-MeO (lluminati et al, 1964).

However, Surreyet al (1946 have shown that it is possible to react compounds
containing a moderately bulky substituent such as chlorine orf'thesfion to form the
corresponding berBichloro-4-aminoquinoline derivatives in good yield (88%).(Surrey
et al, 1946.

Consequently, all of these substituents have been incorporatedantmdquinolines
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that have been used to explore antimalarial activity ethitro andin-vivo. In all cases, the
best antimalarial activitin-vivo activity was shown by halogens occupying tkiepbsition,
especially chlorindWerbel & Thompsonl972 Vippaguntaet al, 1999.

2.2.5. Effects of substituents located on the pyridine ring

As with the substituents in the carbocyclic ring, elecirathdrawing €1) groups such as
trifluoromethyl enhanced theu8r reaction rate, if present at thep@sition of the quinoline
ring. llluminati et alfound that activation followed the following ordera2a> 2-CFs > 2-

H > 2-Ph > 2Me2N (llluminati et al, 1964 Sample & Senge021). Alkoxy groups were
strongly deactivating substituents, especially if located on"fheo2ition(Belli et al, 1963.
One explanation may be mesomeniteractions present in the starting materiaalf@xy-4-
chloroquinoline) which cause a decrease in the eleetconpting ability of the quinoline
(Figure 2.10).

2.2.6. Solvent effects in the displacement of the chlorine at thesition using
Phenol.
Phenol as solvent/reagent was introduced by the investigators (Mag&idsogorowski,

1933. In a subsequent paper, they showed tkatldroacridines also react with phenol to
form the 9phenoxyacridines, which can be displaced by nucleophilic amines to form the 9
amino derivative such as mepacriMagidson & Grigorowskil936 Staderiniet al, 2013.

N/\ Q

22a A

Figure 2.10. Nucleophilic substituti@i an amine and a-dhloroquinoline with phenol
as solvent.

Phenol acts as a nucleophile awdvent(Figure 2.10)serving a dual function (Surrey &
Cutler,1951) . I n the mid 1940 édanjnoquinoknespespecialyavish e x t e n
an alkyl side chainSurrey & Cutler,195]). For instance, it was shown that4,7
dichloroquinoline, dissolved in hot phenol in the presend¢'di'-diethyk1,4-
pentanediamine (made by Winthrop Chemical Company and called Novol diamine) reacted
via an intermediate which was identified ashiforo-4-phenoxyquinoline42a) to give
chloroquing(l) (Surrey & Cutler1951, Cherukuet al, 2003.

Racemic (x)xhloroquine(l) is also prepared by condensatioNoN-diethyk1,4-
pentanediamine with 4,dichloroquinoline in anhydrous phenol (Surrey & Cutl51)
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rather than the original IG Farben preparation of Resochin with high boiling mineral oil
(Andersag,1939. The effect of the solvent on the reaction betweehldroquinoline and
aliphatic amines was investigated by Surrey & Cuttenfey & Cutler1951) whereby
phenol improved the yield by 50%.

Physical organic studies involving piperidino dechlorination-ohbroquinoline and the
influence of solvent on reaction rates have been rep(@iegpman & Russefill, 1956
Baciocchiet al, 1958.

These classical syntheses edubstituted quinoline antimalarial heterocycles involve
thermal condensations betweehaloquinolines and a suitable amine or, less frequently, a 4
aminoquinoline with an alkyl or aryl halide at around 180°C

{@\ L, {@\ L
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L)L —
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Figure 2.11. Shloroacridines also react with phenol to form thgh@noxyacridines,
which can be displaced by nucleophilic amines to form tamBho derivative such as
mepacrineZ7) (Magidsonet al., 1936.

Subsequently, phenol was adopted in the synthesisaofidoquinolines$urrey & Cutler
1951, Staderiniet al, 2013. Somebisquinaldines were synthesised using phenol as solvent
(Schock,1957) (Figure 2.11) Refluxing diamines with the appropriate hglinaldine (150
160 C for 4 to 5 hrs) provided the desireidquinolines between 29 and 90% yield (Schock,
1957. Thebisquinolines obtained were variously substituted on tpegtion with amino,
dimethylamino, methoxy, chlorine or nitro groups. Sinha@oilkagues also used anhydrous
phenol to preparbisquinaldines (Sinhat al, 1977), where a 4&hloro-7-nitroquinaldine (4
chloro-2-methytkquinoline) was reacted with various diamines to produce various
bisquinolines in good to excellent yields (99%, 136135 C, 18 hrs). The reaction
proceeded well especially with various alkyl or alkylamino grotdosvever,the use of
phenol is currently unpopular due to its corrosive properties, high expense and environmental
concerns.

In the above reactionphenol (pKa = 10.0) serves simultaneously as solvent and proton
donor. At room temperature, the phenol molecule has weak tendencies to lo5éothe H
from the hydroxyl group, resulting in the highly waseluble phenolate aniornssO-,
(phenoxide anion)March,1985. Compared to aliphatic alcohols, phenol is more acidic by a
factor of 16. One explanation for the increased acidity is resonance stabilization of the
phenoxide anion by the aromatic ring. Alternatively, it may bematised as an orbital
overlap between the oxygen's lone pairs and the aromatic system. The dominant effect could
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be inductive; the comparatively more powerful inductive withdrawal of electron density that
is provided by the €mystem (compared to a’sgystem) increases oxyanion stabilization.

When haloquinolines arklo acridinesccept protons on to the endocyclic nitrogen, the
carbon bearing the chlorine atom is the target for nucleophilic substitGtoalley,1977).

After this study was complete, microwave accelerations were reported for the synthesis of
various acridines (Staderiat al, 2013 Since focused microwave irradiation of
equimolecular mixtures of-8hloroacridines, €hloroquinolines and-dhloroquinazolines
with amines in the presence of 2 equivalents of phenol allowed efficient synthesis of
aminated heterocycles it is consistelittwthe results reported here that at least one molecule
is required to displace the halogen and the other acts as solae®duldolines have been
extensively reviewed it977by Smalley.

2.2.7. Nucleophilic displacement of the chlorine atom froraMoroquinolines.
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Figure 2.12. Substitution nucleophilic displacement of chlorine atom with a phenyl.amine

The endocyclic nitrogen heteroatom within hglainolines predisposes halogens at the 2
and 4 position towards nucleophilic substituti@iigure 2.12) One classical interpretation
invokes intermediate anions that are stabilized by resonance effects. Expulsion of the halogen
can occur by several routes. Six nucleophilic mechanisms are known nameka&dition
elimination mechanism), the aromatiglSmechanism, the benzyne mechanism, the free
radical &n1 mechanism, ANRORC mechanism and Vicarious nitigic substitution.

Hﬁl/R H. _R
NG N
() — ®
— /
N f;l@
H
exocyclic protonation endocyclic protonation

Figure2.13 Classification of protonation sites.

Currently evidence favours, a nucleophilic aromatic substitutiQgArjSnechanism
(Bunnettet al, 1951, 1970 whereby the nucleophile displaces a good leaving group, which
in this case is a halide ani@irigure 2.13)
Such a mechanism involves a bimolecular process whereby the transition state bears both
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the incoming and the leaving groups, sloecalledJacksoAMeisenheimer Complexes
(Terrier,1984 (Figure 2.14)Benzyne type routes would lead to scrambling of the incoming
amine to both termini of the quinolirgryne(Figure 2.14)
In the case of 4;dichloroquinoline, to our knowledge, evidence for this later
mechani smdéds involvement has n epostionhbsoeen encou
confirmed using crystallographic studies as well as MS investigations.
It is important not to reflux haloquinolines in pure amines (in the absence of solvent),
since this led to highly exothermic reaction, including HCI liberated from the substitution
reaction, entering a catalytic phase which is occasionally expldsiyeré 2.16.

m m
+

= —
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) H+ lRNHZ
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Figure 214. Benzyne type routes (Terrier, 1984)

The resultant reaction rate increases, promotes halogen lability Jf 24"
positions, by protonation of the endocyclic ring nitrogen (NMR and DFT experimental
evidence; Ismail &Drew unpublishe@igure 2.15).

Cu bronze

NO,
@ QOil or Metal Bath Q O

2 Hrs Reflux

Figure 215. Example of the formation of a b|aryl usm:lgmann conditions

A violent exothermic reaction, resulting in damage to CEM microwaves was one of those
unfortunatesvents.

Figure 216. Example of haloquinolines exothermic reaction
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2.3. Resultsand discussion.

A number of solvents including high boiling mineral oil (BxR0C’C), Hexamethylphe
sphoramidéHMPA), sulfolane, NMP, diphenygther, biphenyl, DMSO, water, methanol,
ethanol, propanol and phenol were screened. Some of these solvents were found not suitable
in synthesis omonoandbisquinolines:biphenyl and diphenygther persisted in the products
and their use was abandoned. Similarly, sulfolane, DMSO and hexamethyl phosphoramide
(HMPA) proved too difficult to remove from thesquinolines and often caused the products
to decompose. The white mineral oil, INS No: 905« @@ boiling point of the mineral oil
(INS), while above 200, varied from batch to batekre also rejected. HMPA was
considered especially noteworthy since it selectively solvates cations, and accelerates some
difficult SnAr reactions. Although, HMPA is considered only mildly toxic, its propensity to
cause nasal cancers in rats led it to be abandoned. Of all the above solvents, only three proved
sufficiently safe, versatile and easy to remove from the desired target catspoamely,

NMP, phenol and mbanol.

2.3.1. Use ofphenol as a solvent: advantages and disadvantages.

Solventhaseffects in the displacement of the chlorine at #podition.Studies on the
piperidino dechlorination of-éhloroquinoline and the influence of solventreaction rates
have been reporte@éciocchiet al, 1958 Chapman & Russdlill, 1956. The effect of
altering the solvent on the reaction betweahkbroquinoline and aliphatic amines were
investigated $urrey & Cutler,1951). Using phenol as a solvent improved the yield by 50%.
It was shown that 4;@dichloroquinoline dissolved in hot phenol in the presend¢" -
diethyl1,4-pentanediamine reacteth an intermediate as@hloro-4-phenoxyquinoline
(Surrey & Cutler195]) to give chloroquineg(1). Phenbacted in these cases as both reactant
and solvent, in agreement with datafeonajuinolines synthesised by Motiwala2007,
using a domestic microwave oven (Motiwalaal,, 2007).

Consequently, when haloquinoline dmalo acridinesccept protons on to the endocyclic
nitrogen, it activates the carbon bearing the chlorine atom towards nucleophilic substitution.

Phenol as solvent/reagent was introdu@@dgidson and Grigorowslat al., 1933, and
in a subsequent papirese investigators showed thattforoacridines also react with
phenol to form the §phenoxyacridines, which can be displaced by nucleophilic amines to
form the 9amino derivativdMagidson & Grigorowski1l936. Subsequently, phenol was
adopted in the synthesis ofaninauinolines(Surrey & Cutler1951).

Practical replacements for phenol have been sought due to its corrosive nature which,
include methanol for aromatic-dmines and the polar aprotic solvéhmethyl2-
pyrrolidonefor aliphatic diamines.

Nucleophilic substitution between 4gifichloroquinoline and an amine have also been
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conducted in the presence of a suitable acid scavenger which may be inSaghini
carbonater organic (e.g. triethylaminépinghet al, 1971, Vennerstronet al, 1992 Ismail
et al, 1996. Triethylamine as hydrogen chloride scavenger has been used to construct both
alkyl and aryl bridge&uinolines (Ismail et al., 1998.

Though cycloalkyl bridged compounds such asN¥N?-bis(7-chloroquinolin4-
yl)cyclohexanel,2-diamine were successfulsynthessed in this study using phenol, the
yields were poor (25%)(Fig 218).

The requiredisquinolines were prepared in adequate yield (84%) usingethyt2-
pyrrolidone as a suitable solvent (Cahal, 1978.

Displacement of chlorine from 4dichloroquinoline, which is a solvedependent
process, should be promoted with protic solvents like ethanol compared with aprotic ones
such as toluene. Ethanol, methanol and DMSO (Muller &, Siegfti@tl) were used as
solvents in this study, they did not promote the formatioortbio-quine at reflux (Ismaiet
al., 1998 but were readily formed when microwave irradiation was emplqyed.study).

The reaction time of-B days for the synthesis bisquinolines (Ismaikt al, 1998
limited both the number of compounds and the cost effectiveness of the study. The suitability
of diphenyl ether, a high boiling solvent for accelerating the formatiantod-quine was,
therefore, studied (Fig-28). However, prolonged heating under reflux in diphenyl ether,
encouraged the formation of novel compounds containing three molecules of quinoline to one
of thediaminesand fast atom bombardment mass spectnon{EAB MS) was used
(Compound®4a, 266€. They are completely insoluble in most deuterated solvents at room
temperature. Some Mass spectral data indicated a possible(tiohghown)

2 4. Synthesis ofisquinolines viaUllmann reaction, biaryl compounds.

TheUllmann reaction is routinely employed for the synthesis of biaryl compounds when
aryl halides react with copper or other metals such as nickel, silver, palladium and platinum
(Hassaret al, 2002. The postulated reaction mechanism invokes aryl radical formation
which reacts with Cuto form arytcopper (I) complexes. The latter then couples with the
precursor aryl halide to form a symmetrical biaryl compound. For instante, 2,2
dinitrobiphenyl is synthesised froochloronitrobenzene in the presence of excéss o
activated copper (2.5 equivalents) to give yield 54%.

Although aryl iodides are used most often, chloride and bromides also undergo the
reaction. The ease of formation follows normal bond strength mediated lability i.e. I>Br>Cl.
For example, the molecutepresented by CGIX has a bond dissociation energy (BDE) of
57.6, 72.1, 83.7 kcal/mol representing caitbonds taodine,bromine ancthloring
respectively (Blanksby and Elliso2003. Alternatively, by employing two different aryl
halides, two symmetrical and one unsymmetrical compoupaucedFigure 2.17)

68


http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Chlorine

X H,N g E NH, \N Il Il NH,
o
- | N 4,4-methylenedianiline
N X=Br

i \
/m I
- |
N N

29

Figure 217. Synthesis of eithenonauinolinesvs. bisquinolines depending on nature of
leaving group under copper catalysis.

However, depending on the reactivity of the halides and using steric hindrance on the aryl
rings, one product is exclusively formed. For instance, the reaction between picryl chloride
and iodobenzene gives solely 2:4i@itrobiphenyl (March1985.

As expected, the yields @filmann coupling reactions are highly influenced by the
position and the nature of substituents on the aryl (Riggire 2.17)

The reaction has been employed {iaubstituted quinolines. For instance, udiHtmann
conditions (Slateet al, 1930 when an excess of 4,diethylenedianiline was heated in the
melt phase with €hloro-6-methoxy2-quinoline, thebisquinolineN,N-(methylenebis(4;1
phenylene)bis@nethoxy2-methylquinolird-amine)was exclusively produced (Figu2el§).

Interestingly, the intermediate monomer was obtained wHaomo 6-methoxy:2-
methylquinoline was used since it was more reactive than-théfocompound which
required more forcing conditions leadinghisquinolines (Slater1937).

22 22h 24

Figure 218. Vennerstronet al, 1992at Roche, who reported and produced certain
bisquinolines.

Thebisguinoline was produced during a study involving-Behzgcarbolines
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(Kermack and Storey1950 . De s pi t WWIKreolvenaeat kn dirgling novel

antimalarials, such compounds were not tested until 1998 (Ietrelil 1998 . OQur groupo
renewed interest in aryl bridged quinolinesbeganind®®® s and t he first pr
ortho-, meta andpara-quine by looking at the work done by Vennerstrom (Vennerséiom

al., 1992 (Figure 2.18ayho reported a variety of alkyl bridgé&isquinolinesone of which

was further examined at Roche, produced a number of alkyl and aryl boidgacholines

(Hofheinzet al, 1998.

A number of 4amino substituted 2;Bis(trifluoromethyl)quinoline derivatives were
synthessedby Mital et alto evaluate activity againsycobacteriuntuberculosigM.tb
strain H37Rv)n-vitro. Most of the compounds demonstrated notable antimycobacterial
activity and are comparable to first line antituberculosis drugs currently in use. However,
they did not evaluate these compounds ag&ilastmodia(Mital, 2006).

In the search for potential new anticancer drugsetalreported an efficient synthesis of
bis-tetrahydroaminoacridindis-tacrine) and its congeners involvibg-amination of 9
chlorotetrahydreacridine Hu, 2001, Zhuet al, 2002. Subsequently, compounds that bind to
DNA have also been investigated (Sebestikl.,2006.

Newer trifluoromethyl containinisquinolines have been described. (Kgokengl.,

2008. A series oN,N-bis(trifluoromethylquinolin4-yl)- andN,N-bis(2,8-bis(trifluoro-
methyl)quinolir4-yl) diamino alkane and piperazine derivatives were synthesised by
reaction of both 4hloro group on the-gifluoromethyl and 2,8bis(trifluoromethyl)
guinoline by diaminoalkane or piperazine groups (Kgokeina., 2008). Results ofn-vitro
antimalarial activity and evaluations of these compounds againshltivequine(1)-sensitive
(D10) andchloroquing(1) resistantK1) strains ofPlasmodiunfalciparumsuggested that
compounds with trifluoromethyl groups in both tHé @nd & positions, coupled with
diaminoalkylbridging chains of 2 to 6 carbon atoms exhibit a slightly higher activity than

compound with only a trifluoromethyl group at position 2 (Kgokehgl, 2008.
N
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Figure 218a. Generabisguinolines synthesisVennerstronet al, 1999
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2.41. Basescavengers

Triethylamine was chosen as a convenient volatile and available HCI scavenger.
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Although Singhet alhave utilised both N&Osz and KCO;s, they proved ineffective at high
temperatures as also found by Vennersted@l (1992. Notably, triethylamine was also
miscible with NMP. Other tertiary amines, suchi\asethylpiperidine could also be used,
but offered no significant advantage over triethylamine in these stidigeermoreN MP 6 s
low volatility was a distinct disadvantage during wank and purificatior{Figure 2.19)

i N
=
m
stretch 2.4889
HN., Bend 147413
trans Stretch-Bemdd 0.3689
HN Torsion -12.9946

Hon-1,4VDW  -2.98638

1,4VDW 30.4106
X DipoleDipole 2.0358 =
= total Energy: 34.0641KCal/nwol N/
N cl

Figure 219. Structural formulae of compound:tegns-(z)-N!, N2-bis(7-chloroquinolin4-
yl)cyclohexanel,2-diamine and b) theis-isomer.

2.42. Optimum temperature range

A useful temperatureange for bimolecular nucleophilic displacement ¢fadoqui
nolines in solution lies between 12020 C, with 180°C being preferred since the aryl
formation occur at lower temperatures, aliphatic compounds require bégheeratures.
Reaction temperatures greater than £58lways led to the formation of both, the desired
compounds and high molecular weight produktsno- or bis-4-aminoquinolines were not
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formed when 4,dichloroquinoline was heated with aliphasigbstances such as {ttans
1,2-diaminocyclohexane at temperatures below 170°C, the lowest temperature at which a
thermally assisted nucleophilic displacement will take place, in acceptable yield.

2.43. Synthesis of aromatigisquinolines
H
|
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Ho N7
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H H H H
32
H H H
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Figure 220. Putative Side products formed from oxidation of phenylenediamines including
phenazines. (molecular ions consistent with Ms data)
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Aryl bridgedmona andbisquinolines wereynthesisal using a published method (Barlin
& Jiravinyu,199]) that uses HEMeOH (pH 4.7) as the solvent.

CHsOH:water:hydrochloric acid (3:1: trace, pH 4.7) proved convenient for synthesising
of arylbridgedbisquinolines but failed for alky bridged diamines (fig2.19). Reaction
side-products, in addition to the corresponding monomers, were complex oxidation products
of the phenylenediamines (i@tho, metaandpara-quine)(Figure 2.20) In the presence of
oxygen, products can be rather complex as shown above. Many of these compounds were
highly coloured and can also be mutagenic.

For instance, Kanet al. have found that in the presence of ozone, the synthesis of one of
the mutagens can be optimised (Kanhal, 2000. In contrastm-phenylene diamine can also
form a 2,7diaminophenazine (Watanabeal, 1989.

Exclusion of oxygen reduced the yields of these high molecular weight side products,
(Barlin & Jiravinyu,1991) which were readily separated from the target compounds by
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washing with excess acetone and if requiredrystallizationof compounds such aseta
quine from pyridine and activated charcoal.
Accurate determination of the melting point transitioig§uinolines by visual
observation proved impossible as these compounds either charred or decomposed into dark
material. Investigation afrtho-quine by differential scanning calorimetry (DSC) indicated
the onset of the phase transition to charring at@%8r crude material and 316 for
acetone triturated material. Using methanol or ethanol rather than NMP may be considered a
relatively ecefriendly process.

2.44. TLC/Flash chromatography.

Most compounds streaked on TLC plates since the log P values were high (log P
estimated > 6.25). The most useful TLC system on silica gel found-was
butanol/water/Acetic acid (50/1.5/ 1.5, v/viv)

2.45. Reaction mechanisms amomatic bridged compounds.

The reaction mechanism involved in the formation of compouortis-quine,meta
quine andoara-quine involves two sequentiak&r substitutions (Bunnett & Zahlet957).
In aqueouscidicmethanol (to increase acidity and allow solvent addition to the reaction,
(Forrestet al,, 1984) the reaction of 4;dichloroquinoline with 1,2phenylenediamine
initially produces the monomer (Compound 24a) as the major component and small
guantities (1015%) of thebisquinolines. In solution, solvation or steric hindrarfor both)
of the monomer hinders the approach of the secondidhloroquinoline molecule, thereby
reducing the probability dfisquinoline formation. The unreacted primary amino group of the
monomer decreases in nucleophilicity (compared wApenylenediamine), because it is
protonated under these conditions and is also attached to the aryl quinoline ring, consequently
the amino group is electronically deactivated towards substitution reactions. As the
temperature of the mixture increasesysots ae driven off producing a sersblid mass
which evolved a noxious gas, possibly HCI gas. These conditions favour the formation of
aryl-bridgedbisquinoline isolated as hydrochloride salibe approach of the second
quinoline during the formation difisquinolines metaquine ancpara-quine is probably more
favourable because of reduced steric hindrance. The increase in yield might be attributable to
the phenomenon of acidity jump, i.e. when a strong acid is introduced into a weakly acidic
solvent the overalHammett acidity parameter gHincreases, partly because of the reaction
generating HCIThe intention was to synthesise the HCI salt and recrystallize thisifay X
crystallographic analysis. The reaction was designed to emplapthigination of a weak
base and a strong acid to promote an acidity j(@ahet al.,2009.

Overall, all our KAr reactions are standard adydse reactions, since the hydrogen

73



chloride evolved is absorbed by thisquinoline base to form a salt. The rate limitation
appears to be related to inefficiency in stirring the entire solution during microwave heating
(Scheme 227).

2.46. Mass spectrometry and NMR studies.

Mass spectrometry of compounaisho-, meta andpara-quineproved useful in
confirming the absence or presence of intermediates i.e. monomers, or side products such as
4-methoxy7-chloro-quinoline and interestingly, coloured high oxidation products.

Using positiveion electrospray mass spectrometry, clear evidence for the suggested
molecular formulae (strong M ions) was obtained for all compounds, even when they
were insoluble for NMR studies. Solubility in common deuterated NMR solventgdQD
(CDsSOCD)DMSO-ds, and CDC4) was higher foprtho-quine andpara-quinethan for
metaquine.

Though the solubilities afrtho-quine andnetaquine were higher in trifluoroacetic acid
(TFA-d) than in DMSQde, the smallerrietg coupling constant information was lost
because of signal broadening. The problem was overcome by refluxing the compounds in
ammonia and generating the free bases, usually under a blanket of inert atmosphere such as
argon. Consequently, NMR spectra wezadily obtained for all compounds exceptpara-
qguine. The poor solubility, even in TF probably arises due t® p stacking of the
compound by adoption of a planar conformer in the crystal state or through a hydrogen
bonded complex. Despite doublinfjthe number of scans to 96, théspectra remained
broad. Addition of DO to the solution reduced the solubilitypEra-quine, and the smaller
coupling constants within the quinoline ring were calculated by extending the number of
scans to 1000. Compounds precipitated from TFA within 48 hrs, which complicated the
automated acquisition ofR NMR data. Spectra gfara-quine was obtained in hot DMSO
ds in one experiment (360K, 64 scans), and the solubilipao&-quine was insufficient to
enable acquigiin of 2D HETCOR or COSY information even at high temperatures (100°C).
Towards the end of the study, samples were run as free bases in heateedpp®@ded
liquid nitrogen levels for the NMR magnet were carefully monitored.

It was noted that the introduction of a nitrogen substituent attipegtion would cause
reduction of gperii nt er acti on or perhaps fAthrough bond
deshielded as a proton founaetalalioldalcZ)@ded t o t he
dihalogenoquinolines note that H5 was located downfield of H8 in contradiction to the earlier
work by Beaket al (1970.

From the predicteH i NMR data, it appears that the substituent at C4 has a pronounced
effect on the predicted chemical shift position at H5 and is a through bond effect (rather than
through spaceeri effect) since thé&l-dimethyl analogues do not affect predicted shift
positions at H4.
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2.47. Putative oxidation of isomerigisquinolines.
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Figure 221. a)metaquine, d)ortho-quine, f)para-quine and their computationally accepted
isomeric (imine form)pisquinolines. (CQ stands forZdichloroquine)

Putative oxidation of isomertgisquinolines. (a)metaphenylenediamine (b1l & b2): putative
biradical intermediates; (c1) and (c2): (1S,2Z,5S8ZN°-bis(7-chloroquinolin4-
yl)bicyclo[3.1.0]hex3-ene2,6-diimine; (d):ortho-phenylenediamine; (ef1E,2E}N* N
bis(7-chloroquinolir4-yl)cyclohexa3,5-dienel,2-diimine; (f): para- phenylenediamine; (g):
(1Z,4Z)}N*, N*-bis(7-chloroquinolin4-yl)cyclohexa2,5-diene1,4-diimine; selected/Z
isomers of quinonémines shown. This strategy was found to be efficient, cost effective and
fast. This suggested to us the most adventitt@assubstitution would be at C5 which may
explain why compounds such as-b#&pthyrdines show marked antimalarial activity bath
vitro andin-vivo. (Figure 2.21)Barlin et al, 1985 McCaustland & Cher,970.

Preliminary MM2 calculations (Using MM2 programme) confirm that the relative
energies of thertho, paraandmetaoxidation i.e. products (e,c1/c2 andhgve relative
energies of e (0 kcal/mol), g (5.2167 kcal/mol) and c1/c2 (88.4049 kcal/mol) confirming that
themeta substituted phenylene bridged compound is the most stable to oxidative conditions.
Notably, simpler analogues of chloroquinoline substitul&bQ-bicyclo[3.1.0]hex3-ene
2,6-diimine derivatives have been studied by The Houk group (Ddapkt al, 2006

(Figure 2.22).
NH

HN

H

Figure 222. (1S,5Spicyclo[3.1.0]hex3-ene2,6-diimine
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2.5.Materials and methods.

2.5.1. General

Glassware was cleaned with detergent, then by repeated rinsing with ordinary, and
distilled water. All Pyrex glassware was cleaned further by baking at its annealing
temperature, eliminating adsorbed organic residues. All reactions were treated as both
moisture and aisensitive and the procedures outlined by Shriver & DrezdZe8g were
used throughout. All materials used were of the highest purity available (Aldrich, Lancaster
Synthesis). Substances were modified before use, using suitable proceduresi(P
Armarego 1988 or the original literature as appropriate, excgporoquineg(l) phosphate
(Sigma Chemical Co.) which was used as received.

Reactions were treated as ligahd airsensitive and special synthetic procedures detailed
were used throughout; reactions were performed using vatnartechniques under dry
argon or nitrogen.

N-methyl2-pyrrolidonewas dried with barium oxide by addition and removal by
distillation of one third its volume of anhydrous benzene, using a-Btak trap. The
residue was then distilled and the fraction boiling between 204 an@ 2@4s collected
(anhydrousN-methyl2-pyrrolidone b.p. 8282 C, 10 mmHg). Triethylamine was purified
according to the procedure described by Perrin & Armargg83 under inert conditions.
Moisture was rigorously excluded from the work up.

N-methyl2-pyrrolidone triethylamine, 4,/tlichloroquinoline, 1,phenylenediamine,
1,3-phenylenediamine and tphenylenediamine were purified before use (Perrin &
Armarego,1988. All solvents were ralistilled under argon before use. Methanol was
purified carefully by distillation from magnesium because reageade methanol can
contain measurable quantities of lead salts.

2.5.2. Analysis of compounds.

All substances were further purified by flash column chromatography before biological
testing; separation was performed under pressurized argon (5 psi) on silica gel (Merck 60,
230 400 mesh) or alumina (Laporte Industries UGI, 100 mesh).

Vacuum drycolumn chromatographyas performed in polythene tubing either on
deactivated silica gel (grade 3) or basic alumiran-layer chromatography (TLC) was
performed on preoated silica gel 60 plates in tanks saturated with the vapour of the
indicated solvent.

Substances were observed at 254 nm under UV light and detected for functional group
tests, by spraying with a 5% solution of phosphomolybdic acid in ethanol, 5% sulphuric acid,
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5% aqueous potassium permanganate, iodine vapour or by charring with a hot air gun, as
appropriate. Most-4minoquinoline compounds are sensitive to the phosphomolybdic acid
spray and develop intensely coloured blue spots.

Spectral and HPLC analysis were conducted using the facilities of the Chemistry
Department, University of Hertfordshire. NMR was performed with a Bruker 250 MHz FT
Aspect 2000, and Varian VXR400 (Liverpool University of John Moore); tetramethylsilane
(TMS) was used as internal standard (chemical shiftis(ppm) and coupling constants in
Hz) and unless otherwise specified the solvent used were:@D@iimethylsulphoxidels.
Substances such as thie-(acridinyt4-yl)ethanel,2-diamines were sparingly soluble even in
CDsSOCD:. In such cases tH&C NMR spectra were poorly resolved. IR spectra were
acquired with a Mattson Galaxy series FTIR 5000; 1% compound KBr mixture was
compressed into discs under vacuum.

Oils were dissolved in CHelnd evaporated as a thin film on KBr discs. Mass
spectrometry was performed with a VG 7070H with VG 2050 data system and heated probe.
Spectra were recorded with an electron beam energy of 70eV and a trap current of 200PA.
The ion source temperature wd)2240 C and the probe was operated at ambient
temperature. Reversgahase HPLC was performed with a Perkin Elmer series 10
chromatograph (€8 column). The mobile phase (isocratic) wasCN-THF-H20, 55: 40: 5
(viviv). UV spectrometry was performed withPailips PU8720 UV/VIS scanning
spectrophotometer. A Gallenkamp capillary melting point apparatus was used to measure the
melting points (m.p.) of each compound. The m.p. of compounds which sublimed were
investigated in sealed tubes. Reported m.p. arerteated, however, verification was sought
by differential scanning calorimetry (PerkinElmer DSC4).

2.5.3. Syntheticmethods.

Reactions betweenHaloquinolines and amines were conducted in various solvents;
acidified agueous methanol (apparent pH 3.5) proved the cheapest and most convenient. The
starting mixture was refluxed for 248 hrs under argon. The yields have not bee¢maged
(Ismailet al, 1996 Vennerstromnet al, 1992. Crude reaction mixtures were quenched by
allowing the hot reaction mixture to cool, washing with distilled water and then acetone, and
vacuum filtration. If product did not precipitate out after wogk it was often triturated with
dry acetone and suctidittered. Compounds were ovaltied and then desiccated over KOH
under dry argon and protected from light until analysis. Reaction mixtures were processed by
using one of the following procedures:

2.5.3.1. Process |
The reaction mixture was left to cool in a Dewar flask. Mixture was fil{gyemtiucing
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colourless crystals (triethylamine hydrochloride) which were then washed with anhijdrous
methyl2-pyrrolidone(NMP). The filtrate was then concentrated under reduced pressure,
poured on to ice, filtered and centrifuged. Unreacted starting materials were removed by
extraction with boiling ethyl acetate (or acetone) and distilled water (b@)90

2.5.3.2. Process Il

The crude reaction mixture was mixed with ice and triturated with ethyl acEfate.
precipitatewas filtered and washed with distilled water (1 L). The solid was then slowly
dissolved in 2M acetic acid,hlst cooling (liquid nitrogen) and the resulting solution was
filtered. And extracted with ethyl acetate. The aqueous solution was cooled and made
alkaline (pH 12) with 2M aqueous ammonia. purification was repeated to eliminate
impurities. Dilute solutions of acetic acid and ammonia were used and ice was added during
the purificaton process, as-d@minoquinolines may decompose intbydroxyquinolines.
Quinolines containing trifluoranethyl groups on the"2and 8" positions were more likely to
decompose, as were all compounds witlisadiaminocycloalkyl bridging unit.

2.5.3.3. Process lll

The reaction mixture was triturated with acetone using a mortar and pestle. The resulting
suspension was filtered and the solid was then slowly dissolved in 2M acetic acid, with
cooling (liquid nitrogen), filtered and extracted with ethyl acetate. Theoagulution was
cooled and made alkaline (pH 12) with 2M aqueous ammonia. The procedure was repeated
until the melting point of the compound was constant. Compounds were dried under vacuum.

2.5.4. Synthesis dfisquinolines.

Previously reported syntheses efdinoquinoline antimalarial heterocycles use phenol
(Surrey & Cutler195]) to improve thermal condensations betwedralb-quinolines and a
suitable amine (Ismadt al.,1996 Tymanet al.,1989 Vennerstronet al.,1992. Our
attempts to synthesisetho-quine using phenol as a solvent failed, they were difficult to
clean up an@haracteris¢0-20% yield).

The desiredisquinolines weresynthesisedn good yieldfMonomers: Compound6 at
85%,38 at 82% bisquinolines:Compound 26 at 78% and 842y heating the appropriate
phenylenediamine under reflux with 4Jithloroquinoline in acidified aqueous methanol (pH
4.7 with 2M HCI). 1,3 and 1,4phenylenediamines reacted with 4lj¢hloroquinoline
(compound®1a 243 25a) at lower temperatures than the bimolecular nucleophilic
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displacement of -4aloquinolines with alkylamines (12Z10°C)(Ismail et al., 1996. To
synthesize thertho compound an oil bath heated to 180°C was used. Compouthds
quine,metaquine andara-quine were solid dihydrochlorides which decomposed without
melting. NMR spectra ahetaquine were acquired in (GRSO, those obrtho-quine and
para-quinein CRCO.D.

2.5.4.1Ulimann coupling method in the presence of copper.

: NH, ©_ : N\“: : :NHz
NH, N~ NH3
33
Figure 223. Oxidation taN*,N*-bis(6-chloroquinolin4-yl)benzenel , 2-diamine.

Using microwavesprtho-phenylenediamine was irradiated at 200W (10 minutes, 180°C)
and left to stand for 2 days. Aftericrowaving, a multiayered sandwich of coloured
products formed, including an orange, a blue and a brown solid. Some unreacted starter 4,7
dichloroquinoline sublimed to the top of each tube. Methanolnfb).2vas subsequently
added, the suspension vortexed for 10 minutes or until all material had dissolved. The
solution was then further4ieradiated at 100W power for 30 minutes attaining a temperature
of 180°C.

A black liquid formed, when diluted with either water or acetone, it turned a yellow
colour, which was then filtered to remove copper salts. After refluxing, charcoal was added
(1%). The purple liquid which formed, wagtho-phenylenediamine being oxidised to the
known phenazin€,3-diamine (Isemingeet al, 1997 (Figure 2.23) To avoid oxidisation,
solutions were filtered and solids washed with methanol immediately after irradiation.
Oxidation of phenylenediamines can produce immunotoxins known as Baskillmases.

This is well known fop-phenylenediamine, other aromatic amines can behave in a similar
fashion (Farrelkt al, 2009.
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2.6. General synthetic procedures.

Bisquinolines can be constructed using focused microwave reactions, and for aryl bridged
qguinolines, acidified methanol proved suitable whereas alky bridged quinoline could be
constructed ifN-methyl pyrrolidine. NMRstructure activity relationships identified suitable
positions for bioisosteric substitution (th®€ Bositior) and a number of such compounds are
described in Chapter 4.

2.6.1. Synthesisifionomers)

Figure 224. SyAr displacement reactigmvith phenol.

All compounds were prepared by a modification of Vennerstrom (Vennerstraim
1992 (The chemicals synthesised are given Scheme numbers in this study. A total of 57
schemes in the whole thesis. This chapter contains 39 scHechesns 40 to 42 are in
chapter3, schema 43-47 in chapted and Scheme48 to 57 in chaptes). The condensation
reactionsbetween the €hloroquinolines and amines were conducted in various anhydrous
solvents, especialljd-methyt2-pyrrolidone Although heating the mixture of starting
materials under reflux for-8 days under argon ensured high conversion to the required
products, quoted yields have not been optim{zgubted yields were around 78% and 84%
as mentioned abovelrude reaction mixtures were processed using one of the following
procedures. Infrared peaks were assigned using an online datahase@ww.scienceand
fun.de/tools(Sacrates2004).

1. @)-NY(7-chloroquinolin4-yl)cyclohexylaminecompound36.

4,7-Dichloroquinoline (1.98 g, 0.01 mol), the cyclohexylamine (0.99 g, 0.01 mol) and
triethylamine (1.012 g, 0.01 mol) were heated under refliNemethyt2-pyrrolidone(25
ml) for 3 days to give a black oil that was worked up using process I. The yield from a single
synthesis oB6was 1.64 gyield %85 (m.p. 82C). FTIR (cm?): 3372(GH bridge), 1617
(aryl conjugated, C=QFigure 2.25)
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Figure 225. Schemel, S\Ar displacemet) cyclohexylamineNMP, reflux.

Molecular Formula = @H17CIN2. *H NMR (DMSO- ds) d (ppm) : 1.051.30 (4H, m),
1.582.0 (6H, m), 3.78.95 (1H, m), 6.91 (1H, d2& 5.7 Hz), 7.50 (1H, dds3=7.1 Hz,
Js.5=2.1 Hz), 7.88 (1H, s), 8.32 (1H, @63 8.9 Hz), 8.35 (1H, d2}= 5.7 Hz).1*C NMR
(DMSO- dg) d (ppm): 55.7, 30.59, 24.0, 25.0, 24.0, 30.59, 151.78 (C2, CH), 100.12 (C3,
CH), 149.7 (C4, quaternary), 118.5 (C4a, quaternary)123.8 (C5, CH), 119.4 (C6, CH), 128.0
(C7, quaternary), 126.5 (C8, CH), 149.7 (C8a, quaternary). MS B02&2.

2. N}(7-chloroquinolin4-yl)-adamantydl-amine.compound3?.

4,7-Dichloroquinoline (1.98 g, 0.01 mol), theatlamantanamine (1.51 g, 0.01 mol) and
triethylamine (1.012 g, 0.01 mol) were heated under refliNinethyl2-pyrrolidone(25
ml) for 3 days to give a black oil that was worked up by repeating process | three times. The
yield from a single synthesis 87 was 2.60g, 85% (m.p. 3333°C by DSC)Figure 2.26)

H

N

| N NMP, TEA =
+ H ~ |

N/ N/ Reflux, 3d N
22 H 37

Figure 226.Scheme2, S\VAr displacement, -adamantanamin@&MP, reflux.

Molecular Formula = @H21CIN2. *H NMR (DMSO-ds) d (ppm) 1.52.2 (15H', m), 6.74
(AH, d, 33=5.7 Hz), 7.31 (1H, ds3= 8.9 Hz, ds=2.1 Hz), 7.68 (1H, s), 8.18 (1H, d,6F
8.9 Hz), 8.33 (1H, d,2}=5.7 Hz).23C NMR (DMSO ds) d (ppm): 53.7, 41.2, 29.7, 36.5,
29.7, 36.5, 29.7, 41.2, 41.2, 36.5, 151.7 (C2, CH), 100.2 (C3, CH), 154.5 (C4, quaternary),
118.5 (C4a, quaternary), 124.9 (C5, CH), 121.8 (C6, CH), 133.9 (C7, quaternary), 129.7 (C8,
CH), 149.3 (C8a, quaternary). MS m/z25314, 178/180.

3. NL-(7-chloroquinolin4-yl)-adamanty2-amine.compound38.
4,7-Dichloroquinoline (1.98 g, 0.01 mol), thea2lamantanamine hydrochlorided1 g,
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0.01 mol) and triethylamine (2.02 g, 0.02 mol) were heated under reflxnathyl2-
pyrrolidone(25 m) for 3 days to give a black oil that was worked up by repeating Process I,
two times. The yield from a single synthesi88fwas 2.56g, 82% (m.p. 2560 C by

DSC). This compound decomposed in bright light over a period of onéRigare 2.27)

ii 1 H
H N
Ny
B +@/ NMP, TEA_ [© |

— =
N Reflux, 3d

22 38
Figure 227. Scheme3, S\Ar displacement, zadamantanamin®&MP, reflux.

Molecular Formula = GH2:CIN2. *H NMR (DMSO-ds) d (ppm): 1.72.9 (15H', m), 6.74
(1H, d, 33=5.7 Hz), 7.31 (1H, ddsd= 8.9 Hz, ds= 2.1 HZ), 7.68 (1H, d,s3= 2.1 Hz),
8.23 (1H, d, Js= 8.9 Hz), 8.36 (1H, d23 = 5.7 Hz).:*C NMR (DMSGO ds) d (ppm): 62.8,
41.3, 30.2, 35.7, 36.6, 35.7, 30.2, 41.3, 30.2, 30.2, 152.5 (C2, CH), 100.2 (C3, CH), 154.5
(C4, quaternary), 118.5 (C4a, quaternary), 124.8 (C5, CH), 122.6 (C6, CH), 133.9 (C7,
guaternary), 129.3 (C8, CH), 149.7 (C8a, quaternary). MS m2£3384, 178/180.

4. N*-(7-chloroquinolin4-yl)-2,4-dichlorophenydl-amine. compound39.

4,7-Dichloroquinoline (1.97 g, 0.01 mol), the Z}chloroaniline (1.62 g, 0.01 mol) and
triethylamine (1.01, 0.01 mol) were heated under refluNymethyt2-pyrrolidone(25 nt)
for 3 days to give a blaefgreen oil that was worked up by repeating process | three times.

\@ -H
N NMP, TEA N
+ —_—
7 _H Reflux, 3d SN
N N

0 L
22 39

Figure 228. Schemet, S\Ar displacement2,4-dichloroaniling NMP, reflux.

The yield from a single synthesis was 2.62g; 81% (greenish solid, m.p. 258°C by DSC);
FTIR (cnit), 798 (C = C stretch). (Bl aromatic stretch), 1611 ¢dend, secondary amine),
1477 cm (GH bend, CH). 1238, 1212 (&N stretch, aromatic Gl bond), 652 (&Cl stretch).

Molecular Formula = GHoClsN2. *H NMR (DMSO-ds) d (ppm): 6.39 (1H, d,25=5.7
Hz), 7.397.67 (2H, H5', HE'), 7.86 (1H, dds & 7.1 Hz), 7.95 (1H, H3', m), 8.27 (1H, d,
Js5=2.1 Hz), 8.59 (1H, d,»3= 5.7 Hz), 9.00 (1H, ds3= 7.1 Hz).*C NMR (DMSO-ds)
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d (ppm): 134.4 (C1', quaternary), 126.6 (C2', quaternary), 131.2(C3',CH), 125.7(C4',
quaternary), 127.7(C5',CH), 119.1 (C6',CH), 155.1 (C2, CH), 100.91 (C3, CH), 154.3
(C4,quaternary), 119.7 (C4a, quaternary), 126.2 (C5, CH); 129.7 (C6, CH), 135.9 (C7,
guaernary), 129.4(C8,CH), 154.6 (C8a,quaternary). MS m/z: 288,290,322/324/326 with a
base ion m/z = 288.

5. (1S,2SN!,N2-bis(6-chloro-2-methoxyacridird-yl)cyclohexanel , 2-diamine.
compound40.

6,9-Dichloro-2-methoxyacridine (5.56 g, 0.02 mol), {¥)2-diaminocyclohexane (1.14 g,
0.01 mol) and triethylamine (1.01 g, 0.01 mol) were heated under reflexnathyl2-
pyrrolidone(25 m) for 12 h. The reaction mixture was allowed to cool to room temperature,
triethylamine (1.01 g, 0.01 mol) was added again. iridure was refluxed for 48 hrs,
cooled to room temperature and worked up using process | and then Process Il to give a
yellow solid in 5.07g, 85% yield.

This yellow compound charred above 350°C (onset of charring: 268°C determined by
DSC and because of its poor solubility precipitated before NMR spectra could be
satisfactorily acquired. Molecular Formula 34830CI2N4O». This experiment was repeated
andit had aslightly differentresults. The expected molecular ion was seen at m/z = 596, 598

together with the base ion at m/z Z8%yure 2.29)
N
90e
| T,
) e 0
\ *H
N/ HZN\\ Reflux, 60 hrs AN
o
~
40 ~
N °H

Figure 2.29Schemed, SVAr displacement(+)-1,2-diaminocyclohexaneNMP, reflux.

2.62. Synthesis ofliphatic bridgedbisquinolines (phenol method).

A mixture of 4,7dichloroquinoline (19.8 g; 0.1mole) and héxamethylenediamine
(6.07g, 0.052 moles) were suspended in anhydrous phenol (47.05g; 0.05 moles) and were
refluxed for 2 hrs using an air condenser. The resulting mixture was cooled then was
cauiously poured into an excess of sodium hydroxide solution (10% in wateml)0The
resultant product was filtered (glass fibre filter paper) and then washed with copious
guantities of water to remove excess alkali. Subsequently, it was triturateg8O@ithl of
anhydrous methanol; 50 g of crude base was obtained. These results were compared with the

83



NMP solvent method detailed blow.
6. (+)-trans-N!,N2-bis(7-chloroquinolin4-yl)cyclohexand,2- diamine,compound26.

4,7-Dichloroquinoline (3.96 g, 0.02 mol), thens-1,2-diaminocyclohexane (1.14 g, 0.01
mol) and triethylamine (2.02 g, 0.02 mol) were heated under refldxnethyl2-
pyrrolidone(25 m) for 3 days to give a dark brown liquid that was worked up using process
Il (Figure 2.30) Yields from two separate syntheses of compdfwere 3.41, 78% and
3.67, 84%. The crearoloured powder obtained after purification was recrystallized from
agueous ethanol to give greenish crystals (m.p. 331ld°®ennerstronet al(1992). m.p.
330-333°C, by DSC. FTIR (c): 3446 (NH stretch, quinoline), 3442, 3257 i stretch,
secondary amine), 3233 (secondary amine), 2938 &omatic stretch), 1571 (N bend,
secondary amine), 1416 (C=C stretch), 108&{@romatic stretch), 859 (6 bend), 767,
643 (GCl stretch) 306, 2938, 2766, 1631, 1584, 1550.

N

I AN
HN = «H

HN
TEA, NMP O

HZN Reflux, 3d HNY
)"
22 36a N~ 26

Figure 230. Schemes, SVAr displacementtrans-1,2-diaminocyclohexaneNMP, reflux.

Molecular Formula = @&H22Clo2N4. *H NMR (DMSO-ds) d (ppm): 1.341.69 (4H', m), 1.7

1.91 (4H', m), 2.2.2 (2H', m) 3.78.95 (2H, m), 6.74 (2H, d2&5.7 Hz), 7.31 (2H, dds4

= 8.9 Hz, ds= 2.1 Hz), 7.587.68 (2H, d, ds= 2.1 Hz), 8.228.35 (2H, d, J3= 5.7 Hz) (the
intensities are 1:3:3:1, ABX pattern, type 1 according to the classification used byetlalgh
(1965. The absolute positions of the quinoline ring protons are concentration dependent and,
therefore, differ from those reported by Vennerstedral (1992. The mass spectrum
indicatespresence of both compou8@ and36a, (with a relative molecular mass (RMM) of

440 and 275 atomic mass units. Upon purification onl\btsguinoline was detected. The

purified compound shows molecular ions 436 and 438 and a base ion at 205. MS m/z: 437.13
confirming G4H22CloNa. Attempts to synthesize timeonajuinoline36a shown in (Figure

2.30) resulted solely in the formation 86, which was confirmed both by NMR and TLC
analysis. Attempted purification of thisonauinoline by dissolution in 2M acetacid and
subsequent reprecipitation with 2M ammonia, caused it to decompogsg/tivaky-7-
chloroquinoline. Similarly, the 1R,2R)-, 1S,2S(+)- compounds had identical spectra to

that of26 whereas theis isomer differed significantly by the appearance of three broad
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singlets between 1 and 3 (ppm):6.74 (2H, d, J2,3 = 5.7 Hz),76083(2H, 16 Hz, NH).
7. Cis-Nt,N?-bis(7-chloroquinolin4-yl)clohexanel, 2-diamine,compound26b

4,7-Dichloroquinoline (3.96 g, 0.02 mol), tlees-1,2-diaminocyclohexane (1.14 g, 0.01
mol) and triethylamine (2.02 g, 0.02 mol) were heated under refldxnethyl2-
pyrrolidone(25 m) for 3 days to give a dark brown oily liquid that was worked up using
process |. The yield from synthesis2éfb was 55%(Figure 2.31) Purification of26b was by
trituration with analytical grade acetone and recovery of the insoluble product by filtration
(process lll) (The reaction mixture was triturated with acetongywesmortar and pestle. The
suspension was filtered and the solid was then slowly dissolved in 2M acetic acid, with
cooling (liquid nitrogen), filtered and extracted with ethyl acetate. The aqueous solution was
cooled and made alkaline (pH 12) with 2M aqueammonia. The procedure was repeated
until the melting point of the compound was constant. Purified compounds were dried under
vacuum. The presence of steric hindrance (Fig8#®), arising from unfavourable
interactions between the two quinoline ringgy contribute to the instability of this
compound (m.p. 290°C). FTIR (¢t 3446 (NH stretch, quinoline).

H
_N
N
N/ H\I;l Reflux 3d \ / N
H

22
Figure 231.Schemer, SVAr displacementms—l,2-d|am|nocyclohexand\lMP, reflux.

Molecular Formula = @&H22Clo2Ns. 400 MHz*H NMR (DMSO-ds) d (ppm): 1.56 (2H,
m, H3'ax), 1.79 (2H, m, H3'eq), 1.89 (2H, m, H2'ax), 2.52 (2H, m, H2'eq),22549(2H, m,
H1'ax), 7.00 (2H, d, 6.6 Hz, H3), 7.67 (2H, d, J = 9.2 Hz, H6), 8.06 (2H, s, H8), 8.55 (2H, d,
J=6.6 Hz, H2), 9.21 (2H, d, J = 9.2 Hz, H5). Thelaalkyl peaks were broadened owing to
slow ring inversion resulting in loss of fine couplingsi{Z< 3H2).

13C NMR (DMSO-ds) d (ppm): 21.8 (C3', Ch), 26.5 (C2', CH), 51.9 (C1', CH), 144.6
(C2, CH), 99.3 (C3, CH), 153.7 (C4, quaternary), 116.12 (C4a, quaternary), 125.9 (C5, CH),
120.4 (C6, CH), 126.7 (C7, quaternary), 137.0 (C8, CH), 147.6 (C8a, quaternary). Accurate
MS m/z: 437.13 confirming £H22N4Cl>.

8. 1R,2R(-)-N* N2-bis(7-chloroquinolin4-yl)cyclohexanel ,2- diamine, &1S,25+)-
N,N2-bis(7-chloroquinolin4- yl)cyclohexand,2-diamine,compound26c.
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4,7-Dichloroquinoline 22) (3.99 g, 0.02 mal), the 1R,2R)-1,2-diaminocyclohexane
(1.14 g, 0.01 mol) and triethylamine (2.02 g, 0.02 mol) were heated under reflemathy}
2-pyrrolidone(25 m) for 3 days to give a dark brown oily liquid that was worked up using
process lll (The crude reaction mixture was triturated with analytical grade acetone using a
mortar and pestle. The suspension was filtered and the solid was then slowly dissolved in 2M
acetic acid, with cooling (liquid nitrogen), filtered and extracted with ethyhteethe
agueous solution was cooled and made alkaline (pH 12) with 2M aqueous ammonia. The
procedure was repeated until the melting point of the compound was constant. Purified
compounds were dried under vacuum before chromatography and biologica) {&stoge
2.32) The yield from synthesis @6cwas 3.37g, 77%. The crearnloured powder obtained
after purification was recrystallized from aqueous ethanol to give crystals (m-g232@
by DSC).

/@\)j \O NMP, TEA_ H H _
Reflux 3d N\ / N/— N \ /N

22 26¢

Figure 232. Scheme 8, SAr displacementlR,2R(-)-1,2-diaminocyclohexaneNMP,
reflux.

Molecular Formula = &H22Clo2N4 250 MHzH NMR (DMSO-ds) d (ppm): 1.191.28
(2H, m, H3'ax), 1.44..48 (2H, m, H3'eq), 1.81.83 (2H, m, H2'ax), 2.06 (2H, broad s, H2'
eq), 2.522.62 (2H, m, HI' ax), 6.80 (2H, dz,g= 5.7 Hz), 7.32 (2H, dds4= 8.9 Hz), 7.67
(2H, d, 8= 2.1 Hz), 8.14 (2H, ds3= 8.9 Hz), 8.28 (2H, d23= 5.7 Hz).

13C NMR: (DMSO-ds) d (ppm): 24.6 (C3', Ch), 31.5 (C2', CH)), 55.6 (CI', CH), 153.7
(C2, CH), 99.0 (C3, CH), 154.2 (C4, quaternary), 124.1 (C5, CH), 127.0 (C6, CH), 149.9
(C7, quaternary), 133.2 (C8, CH), 123.5 (C9, quaternary), 154.2 (C10, quaternary). Accurate
MS m/z: 437.13 confirming £H22N4Cl>.

1S,2S(+)-N*, N2-bis(7-chloroquinolin4-yl)cyclohexand,2-diamine, was made in similar
conditions using 1S,26)-1,2-diaminocyclohexane giving %55 yield (m.p. 291°C).

9. 1S,25(-)-Nt, N?-bis(7-chloroquinolin4-yl) cyclohexanel,2-diamine.compound 26d.
Compound26d was prepared in a similar fashion as 1§251,2-diaminocyclohexane

(55% vyield); it had similar spectra 26cwhen run under the same concentration and
conditions and the m.p. of the compound was-298°C by DSQFigure 2.33)
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NMP, TEA_ N, N NN 7 N
Reflux 3d — H H
22 26d

Figure 233.Scheme 9, $Ar displacementlS,2S(+)-1,2-diaminocyclohexaneNMP,
reflux.

10. (+)-trans- N, N2-bis(7-(trifluoromethyl)}-quinolin-4-yl)cyclohexanel , 2-
diamine,compound26e

4-Chloro-7-(trifluoromethyl)quinoline (4.63 g, 0.02 mol), the {¥)2-diaminocyclohe
xane (1.14 g, 0.01 mol) and triethylamine (2.02 g, 0.02 mol) were heated under réffux in
methyl2-pyrrolidone(25 m) for 3 days to give a dark brown viscous liquid that was worked
up using process | to give a white powder 4.43 g, 88% (m.p3383C by DSC). FTIR
(cm1): 1092 (GF stretch), 798 (C=C stretctHigure 2. 34)

H
N / \ J \
N . H NMP, TEA
Z H. Reflux 3d
N N
|
22b H

Figure 234.Scheme 10, $Ar displacement(+)-1,2-diaminocyclohexaneNMP, reflux.

Molecular Formula = @H22FsNs. 'H NMR (DMSO-ds) d (ppm): 1.341.69 (4H', m),
1.7-1.91 (4H', m), 2.2.2 (2H', m), 3.78.95 (2H, m, ), 6.91 (2H, d2,d= 5.7 Hz), 7.50 (2H,
dd, 3s= 7.1 Hz), 7.88 (2H, de3=2.1 Hz), 8.32 (2H, d,sk = 8.9 Hz), 8.35 (2H, d23=5.7
Hz).

BC NMR DMSOds d (ppm): 55.77 (CI', CH), 30.59 (C2', GK124.0 (C3', CH), 151.78
(C2, CH), 100.12 (C3, CH), 149.70 (C4 quaternary), 122.5 (C7", quaternary, CF3), 123.8
(C5, CH), 117.0 (C6, CH), 128.0 (C7, quaternary), 126.5 (C8, CH), 147.5 (C9, quaternary),
118.5 (C10, quaternary). MS m/z: 504 (100%), 484HM), FAB (M + H)505.

11. (%) trans-N*,N2-bis(2,8-bis(trifluoromethyl)quinolin4-yl)cyclohexanel , 2-diamine,
compound26f.

4-Chloro-2,8-bis(trifluoromethyl)quinoline (0.69 ¢).0@ mol), the (x}1,2-
diaminocycle hexane (0.11 ).00L mol) and triethylamine (0.20 g, 0.02 mol) were heated
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under reflux inN-methyt2-pyrrolidone(5 ml) for 3 days to give a dark brown viscous liquid
that was worked up using process | which produced a brown compound. Suspension and
vortexing in chloroform/ conc. N&|H{15 ml/15 ml, V/V) for one hour, filtering at the pump

and washing with chloroform (5 x 25 ml) at the pump produced a tan solid 0.32 g (50%)
(Figure 2.35).

H

r':
A LN NMP, TEA_ N, N\ ’N 7 N
NS H\N\\ Reflux 3d

|

H

22c

Figure 235. Scheme 1, SVAr displacement(+)-1,2-diaminocyclohexaneNMP, reflux.

Molecular Formula = &HzoF12N4. Free baseH N MR:: U Hds) (1.BDMN.SIQ4H",
m, 3J HaxHax = 9.48 Hz), 1.771.89 (4H', m), 2.06 (2H', d) Hux-Hax= 12.64 Hz), 4.00 (2H,
m), 7.16 (2H, s, H3), 7.89 (2H, d, H9+.n=7.20 Hz), 8.27 (2H, d, 33 = 8.49 Hz).
Methanol peak at 3.33 ppm.

3¢ NMR: APT (75. 5-ds)\2H.G (C3', Ci),3B1. (O2VISHD 56.8 (C1',
CH), 145.3 (C2, quaternary, distorted), 95.1 (C3, CH), 114.6 (C2", qdastet, 33 Hz),
152.0 (C4, quaternary), 123.7 (C5, CH), 128.5 (C6, CH), 125.8 (C7, CH), 129.2 (C8",
quartet?Jcr= 29 Hz), 143.5 (C8, quaternary,), 147.3 (C9, quaternary), 126.3 (C10,
guaternary).

The dihydrochloride was a grey solid: (decomp) >380°C. MS (El at 70 g¥Ap&DlaF12
640 Da. Detected, 640 (M+ 4%), 360 (MF 1%), 360 (15%), Gf, 69(8%), 319 (6%),
307 (5%), 280 (5%), 36 (100%). The dihydrochloride (100mg) was suspended in chloroform
(200ml) to which was added conc. NKLOO ml) and stirred then left for one week. The
solution slowly deposited a mass of clear crystals. These were isolated by filtration then
slowly crystallized from a methanol chloroform mixture. Free base: m.p. P23512°C by
DSC: 0 to 300C at 10°C mirt).

12. (¥)-trans-N*,N?-bis(2-phenylquinazolird-yl)cyclohexand,-2 diamine, 7chlore-
phenylquinazolinecompound4 1.

4-Chloro-2-phenylquinazoline (4.81 g, 0.02 mol), the-&»- diaminocyclohexane (1.14
g, 0.01 mol) and triethylamine (2.02 g, 0.02 mol) were heated under refiiriethyl2-
pyrrolidone(25 nl) for 3 days to give a blaerown liquid that was worked up using process
Il to give a white crystalline solid, m.p. 274{Eigure 2.36)
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Figure 236. Scheme 12, $Ar displacement(+)-1,2-diaminocyclohexane\NMP, reflux.

The yield from a single synthesis4f was 2.98 g, 57%. Molecular Formula z4s830Ne.
'H NMR (DMSO-dg) d (PPM): 1.341.69 (4H', m), 1.71.91 (4H', m), 2.@.5 (2H', m), 7.3
(2H, dd, d6= 8.9 Hz, dg= 2.1 Hz), 7.88.4 (10H, m), 7.5&.68 (2H, d, ds= 2.1 Hz), 8.02
8.18 (2H, d, ds= 8.9 Hz), 8.228.35 (2H", d, 3= 5.7 HZz).
13C NMR (CDCEb) d (ppm): 56.50 (CI', CH), 32.63 (C2', GK24.98 (C3', CH), 154.12
(C2, quaternary), 150.05 (C4, quaternary), 121.18 (C5, CH), 125.43 (C6, CH), 130.31 (C7,
CH), 132.62 (C8, CH), 160.03 (C9, quaternary), 121.18 (C10, quaternary), phenyl: 128.36
(C2", CH); 128.5 (C3",CH) 129.50 (C4",CH) 131.7, (C1",quateynst$ m/z: 522.5 (M+),
222 (100%), 301 (100%) base peak.

13. NN2-bis(7chloroquiolinr4-yl) ethanel,2-diamine,compound42.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molkthanel,2-diamine (0.62 g, 0.01 mol) and
triethylamine (2.02 g, 0.02 mol) were heated under reflud-methyl2-pyrrolidone(25 m)
for 3 days to give a dark brown oily liquid that was worked up using process lll. The yield
from a single synthesis d2 was 2.51 g crude yield, 77@%pigure 2.37) The crearncoloured
powder obtained after purification was recrystallized from agueous ethanol to give crystals
(1.53 g, 61%), (m.p. 34245°C (Lit. Pearsoet al.(1946)) m.p. 334.5337 C by DSC: 0 to
300 C at 10°C mirt; IR 3460, 3230, 3065, 3020, 2970, 2890, 1610, 1580, 1535 cm

/
H A N N / N
X . H’N NMP, TEA
7 H. Reflux 3d
N N

Figure 237. Scheme 13, $Ar displacementethanel,2-diaming NMP, reflux.

Molecular Formula = @H16CloNs. 'H  NMR: U Hde)( 3BRA(BH] m), 6.58 (2H,
H3, d, J=5.4 Hz), 7.47 (2H, H6, dd, J = 9.0, 2.4 Hz), 7.79 (2H, H9, d, J = 2.4 Hz, 2H), 8.23
(2H, H7, d, J = 9.0 Hz), 8.41 (2H, H2, d, J = 5.4 Hz).
13C NMR: (DMSO-ds) d (ppm): 49.34, 98.91, 118.5, 121.16, 124.34, 129.14, 134.29, 149.34,
152.17, 154.29.
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14.N*,N3-bis(7-chloroquinolin4-yl)propanel,3-diamine,compound43.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molyropanel,3-diamine (0.88 g, 0.01 mol)
and triethylamine (2.02 g, 0.02 mol) were heated under reflbknrethyl2-pyrrolidone(25
ml) for 3 days to give an oily liquid that was worked up using proceg¢Bi¢giure 2.38) The
yield was 0.98 g, 50%), m.p. 387 C; ((Vennerstronet al, 1992 m.p. 312314°C, 0.70g,
37%), IR 3450, 3240, 3070, 2960, 2880, 1610 1580, 1535 cm

H. _H /\l\
N
X . NMP TEA
_ H Reflux 3d
v
22 H

Figure 238.Scheme 14, @Ar displacementpropanel,3-diamine NMP, reflux.

Molecular Formula = &H1sCloN4. *H NMR dH: 2.07 (2H, HZ2, m), 3.43 (4H, H{ m),
6.51 (2H, H3d, J = 5.4 Hz), 7.45 (2H, H6, dd, J =9.0 Hz, J = 2.4 Hz); 7.78 (2H, H9, d, J =
2.4 Hz), 8.29 (2H, H5, d, J = 9.0 Hz), 8.37 (2H, H2, d, J = 5.4F2)NMR: (DMSOds) d
(ppm): 28.49, 41.12, 98.92, 118.50, 121.16, 124.28, 129.41, 139.34, 149.31, 152.17, 154.25.

15. N, N*-bis(7-chloroquinolin4-yl)butanel,4-diamine,compound44.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molhutanel,4-diamine (0.88 g, 0.01 mol) and
triethylamine (2.02 g, 0.02 mol) were heated under refli¥-methyt2-pyrrolidone(25 nt)
for 3 days to give an oily liquid that was worked up using proce¢Bigjure 2.39)2.05 g,
50%, m.p. 36QC; (lit, Vennerstronet al (1992 m.p. 339341°C, 1.11g, 54%); IR 3215,
3065, 2960, 1610, 1580, 1550 ¢m

H H
m N/ N\ NMP, TEA_ v\
\H Reflux 3d - 7 N\

\ /)
N 44 =N

Figure 239. Scheme 15, $Ar displacementbutanel,4-diamine NMP, reflux.

Molecular Formula = &H20CloN4. *H NMR dH 1.741.87 (m, 4H'), 3.2B.54 (4H', m),
6.50 (2H, d, J = 5.3 Hz), 7.4047 (2H, m), 7.74.77 (2H, m), 8.26 (2H, d, J = 9.1Hz),
8.37(2H, d, J = 5.1 Hz).

13C NMR: (DMSO-ds) d (ppm): 26.34, 51.72, 98.90, 118.51, 121.62, 124.8, 129.34,
139.41, 149.23, 152.71, 154.35.
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16. N}, N°-bis(7-chloroquinolind-yl)pentand,5-diamine,compound4s.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molyentanel,5diamine (1.021 g, 0.01 mol)
and triethylamine (2.02 g, 0.02 mol) were heated under reflbknrethyl2-pyrrolidone(25
ml) for 3 days to give an oily liquid that was worked up using proceg¢Bigiure 2.40) The
yield was 2.08g, 49%. m.p. 268F1°C, (lit: Vennerstronet al (1992 m.p. 272274 C, 0.50g,
23%): IR 3450, 3250, 3070, 2950, 2880, 1610, 1585,1535 cm

X H H  NwmP, TEA_ \
> H N\/\/\/ “H Reflux 3d \/\/\/
N

N =

22
Figure 240.Scheme &, SVAr displacementpentanel,5diamine NMP, reflux.

Molecular Formula = &H2,CloN4. *H NMR d 1.491.56 (2H', m), 1.64..78 (4H', m),
3.253.32 (4H', m), 6.46 (2H, H3, d, J = 5.4 Hz), 7.44 (2H, H6, dd, J = 9.0, 2.4 Hz), 7.78 (2H,
H9, d, J = 2.4 Hz), 8.28 (2H, H7, d, J = 9.0 Hz), 8.38 (2H, H2, d, J = 5.4 Hz);

13C NMR: (DMSOds) d (ppm): 24.25, 27.55, 42.33, 98.56, 117.42, 123.88, 124.04,
127.45, 133.28, 149.08, 150.03, 151.85.

17. N N8-bis(7-chloroquinolin4-yl)hexanel,6-diamine,compound46.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molhexanel,6-diamine (1.11 g, 0.01 mol) and
triethylamine (2.02 g, 0.02 mol) were heated under refli¥-methyt2-pyrrolidone(25 n)
for 3 days to give an oily liquid that was worked up using proces¢Bigure 2.41) The yield
was 1.74g, 80%), (lit Vennerstroah al (1992, m.p. 282283, 1.55g, 70%); m.p. 28286°C;
IR 3450, 3300, 3105, 3065, 3010, 2930, 2830, 1610, 1570, 1535 cm

H
N, NMP, TEA_
_ N\/\/\/\ \/\/\/\N
N H” N Reflux 3d

22

Figure 241. Scheme 17, $Ar displacementhexanel,6-diaming NMP, reflux.

Molecular Formula = &H24CloN4. *H NMR d 1.42-1.53 (4H', m), 1.63.74 (4H', m),
3.233.29 (4H', m), 6.45 (2H, H3, d, J = 5.4 Hz), 7.43 (2H, H6, dd, J = 9.0, 2.1 Hz), 7.77 (2H,
H9, d, J = 2.1 Hz), 8.27 (2H, H7, d, J = 9.0 Hz), 8.37 (2H, H2, d, J = 5.4 Hz).

13C NMR: (DMSOds) d (ppm): 26.37, 27.71, 42.29, 98.52, 117.39, 123.86, 124.02,
127.41, 133.25, 149.06, 150.01, 151.83.
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18. N, N’-bis(7-chloroquinolin4-yl)heptand, 7-diamine,compound4?.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molheptanel,7-diamine (1.30 g, 0.01 mol)
and triethylamine (2.02 g, 0.02 mol) were heated under reflbknrethyl2-pyrrolidone(25
ml) (1.98 g, 80%; NMP) for 3 days to give a dark brown seofid that was worked up using
process lli(Figure 2.42)2.27 g 50%; m.p. 22223°C; (lit Vennerstronet al (1992 m.p.
218220°C); IR 3450, 3060, 2935, 2860, 1610, 1580, 1535 cm

N™ l
AN H H NMP, TEA N N/\/\/\/\N,H
* N N Reflux, 3d !
AN N NN\ )
N~ H H H X
»
22 47 N

Figure 242. Scheme 18, @Ar displacementheptanel,7-diamine NMP, reflux.

Molecular Formula = @H26CloN4. *H NMR dH: 1.39 (6H, H3, H4;, br s), 1.531.77
(4H, H2;, m), 3.163.32 (4H, H1, m), 6.44 (2H, H3, d, J = 5.5 Hz), 7.44 (2H, H6, dd, J = 9.0,
2.2 Hz), 7.79 (2H, H9, d, J = 2.2 Hz), 8.29 (2H, H7,d, J = 9.1 Hz), 8.39 (2H, H2,d, J=5.4
Hz).

13C NMR: (DMSOdg) d (ppm): 27.73, 28.64, 42.35, 98.54, 117.43, 123.91, 124.08,
127.46, 133.30,149.09,150.04, 151.87.

19. N}, NB-bis(7-chloroquinolin4-yl)Octanel,8-diamine,compound48.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 mol)pctanel,8-diamine (1.44 g, 0.01 mol) and
triethylamine (2.02 g, 0.02 mol) were heated under reflid-methyl2-pyrrolidone(25 m)
for 3 days to give a brown solid that was worked up using procg$sdure 2.43) Yield:
3.27 g, 70%, m.p. 22220°C (lit. Vennerstronet al (1992 m.p. 216219°C, 3.60 g, 77%);
IR 3450, 3350, 3070, 2940, 2865, 1610,1580, 1546.cm

N
| N
=
X
*HO A~~~ I ~ HPp, TEA N~~~
N/ l}l H Reflux,3d H N
H S
22 48 N

Figure 243.Scheme 19, $Ar displacementoctanel,8-diaming NMP, reflux.
Molecular Formula = &H2sCl2N4. *H NMR dH: 1.35 (8H, H3, H4j, br s), 1.571.75

(4H, H2;, m), 3.153.31 (4H, H1, m), 6.44 (2H, H3, d, J = 5.5 Hz), 7.43 (2H, H6, dd, J =
9.0,2.3 Hz), 7.77 (2H, H9, d, J = 2.2 Hz), 8.27 (2H, H7, d, J = 9.1 Hz), 8.38 (2H, H2, d, J =

92



5.4 Hz);
13C NMR: (DMSO-ds) d (ppm): 26.58, 27.73, 28.79, 42.36, 98.55, 117.42, 123.92,
124.08, 127.44, 137.4, 147.7, 149.3 152.3.

20. N, N°-bis(7-chloroquinolinr4-yl)nonanel,9-diamine,compound49.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 molyonanel,9-diamine (1.58 g, 0.01 mol) and
triethylamine (2.02 g, 0.02 mol) were heated under refli¥-methyt2-pyrrolidone(25 nt)
for 3 days to give a grey serwolid that was worked up using procesgHigure 2.44)
Yield: 3.56 g, 85% ((3.64 g 74%n.p. 163164°C, lit Vennerstronet al (1992)161-164°C;
IR 3455,3370,3065, 2930,2860, 1610, 1575, 1540, 1535 cm

SN H H NMP, I'II |TI
| |
pZ M /N\/\/\/\/\/N\ TEA > = N\/\/\/\/\/N =
N H Reflux | |
N N
22 3d X 49 =

Figure 244. Scheme 20, $Ar displacementnonanel,9-diamine NMP, reflux.

Molecular Formula = &HzoCl2Na. *H NMR dH 1.14-1.50 (10H, H3 H4;, H5;, brs),
1.541.73 (4H, H2, m), 3.133.32 (4H, H}, m),6.44 (2H, H3, d, J = 5.5 Hz), 7.43 (2H, H6,
dd, J=9.0, 2.3 Hz), 7.77 (2H, H9, d, J = 2.2 Hz), 8.28 (2H, H7, d, J = 9.0 Hz), 8.38 (2H, H2,
d, J = 5.4 Hz).

13C NMR: (DMSO-de) d (ppm): 26.61, 27.74, 28.78, 28.98, 42.37, 98.53, 117.43, 123.90,
124.08, 127.46, 133.30, 149.09, 150.04, 151.87.

21. N, N¥-big(7-chloroquinolin4-yl)decanel, 10-diamine,compoundsO.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 mol)lecanel,10-diamine(1.58 g, 0.01 mol)
and triethylamine (2.02 g, 0.02 mol) were heated under reflbknrethyl2-pyrrolidone(25
ml) for 3 days to give a grey semswlid that was worked up using procesqHilgure 2.45)
Yield: 3.56 g, 85% ((3.64 g 74%); m.p. 2&84°C, lit Vennerstroret al(1992)161-164°C,;
IR 3455,3370,3065, 2930,2860, 1610, 1575, 1540, 1535 cm

§ H  NwmP, y E
+H\N/\/\/\/\/\/N\H TEA, ‘N/\/\/\/\/\/ 7z i
N/ | Reflux ~__N
H 3d | X
~
22 N 50

Figure 245. Scheme 21, §Ar displacementdecanel,10-diamine NMP, reflux.

Molecular Formula = &HzoCI2N4. *H NMR dH 1.14-1.50 (10H, H3 H4j, H5j, br s),
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1.541.73 (4H, H2, m), 3.133.32 (4H, H}, m),6.44 (2H, H3, d, J = 5.5 Hz), 7.43 (2H, H6,
dd, J=9.0, 2.3 Hz), 7.77 (2H, H9, d, J = 2.2 Hz), 8.28 (2H, H7, d, J = 9.0 Hz), 8.38 (2H, H2,
d, J=5.4 Hz).

13C NMR: (DMSO-ds) d (ppm): 26.61, 27.74, 28.78, 28.98, 42.37, 98.53, 117.43, 123.90,
124.08, 127.46, 133.30, 149.09, 150.04, 151.87.

22. N, N'2-bis(7-chloroquinolin4-yl)dodecand, 12-diamine,compourd 51.

4,7-Dichloroquinoline 22) (3.96 g, 0.02 mol)odecanel,12diamine (2.00g, 0.01 mol)
and triethylamine (2.02 g, 0.02 mol) were heated under reflbknrethyl2-pyrrolidone(25
ml) for 3 days to give a white liquid that was worked up using procefSidllire 2.46)
Yield: 2.61g, 65% (% extractionyield: 1.57g, 50%); m.p. 18890 C; IR 3460, 3070, 2930,
2860, 1610, 1580, 1540 ¢in

B
\V/A\V/A\V/A\V/A\V/A\V/A\N =
NMP TEA

+
N Reﬂux 3d
— 51
N

22

/A\V/A\V/A\V/A\V/A\V/A\v/N
N
H

Figure 246. Scheme 22, $Ar displacementdodecanel,12-diaming NMP, reflux.

Molecular Formula = €HzeCloNa. *H NMR d 1.24-1.35 (16H, H3 H4j, H5j, H6;j, br m),
1.591.69 (4H, H2 m), 3.223.28 (4H, H1, m), 6.46 (2H, H3, d, J = 5.7 Hz), 7.44 (2H, H6,
dd, J=9.0, 2.1 Hz), 7.78 (2H, H9, d, J = 2.1 Hz), 8.29 (2H, H7, d, J = 9.0 Hz), 8.39 (2H, H2,
d, J=5.7 Hz).

13C NMR: (DMSO-de) d (ppm): 18.49, 25.42, 26.55, 27.69, 28.4, 48.91, 93.34, 117.97,
121.52, 123.86, 124.05, 137.41, 149.07,150.03, 151.83.

2.63. Synthesis oflibenzylaminebridgedbisquinolines.

23. (7-chloroquinolir4-yl)-(4-(7-chloroquinolin4-yl-aminomethyhbenzyl}amine,
compounds2.

4,7-Dichloroquinoline (2.90 g 0.0156 moles) was added,&-diamincp-xylene (1,4
phenylenedimethanamir{@36)) (1g, 0.009 moles) and triethylamine (330.013 moles)
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were reacted at 12Q in Ethoxyethano(10 ml) under Argon for 16 hrs.

After cooling, water (50 ml) and ethyl acetate (50 ml) were added and the mixture was
adjusted to pH 1 (coné&lCl). Precipitated product was filtered off and was triturated in 2N
NaOH (150 ml). Extraction with ethyl acetate (100 ml), aqueous solution was evaporated and
filtered. Crystalline amine (0.§) was obtained. Then reflux in 1N HCI (15 ml) and ethanol
(10 ml) producing Crystalline dihydrochloride (0.8% (m.p. :>>250C) (Figure 2.47)

NH, N
Ethoxy
Ethanol H N X
X
+ TEA N
N/ Argon | N H
Reflux N/
22 HoN 16 hrs 52

Figure 247.Scheme 2, SVAr displacementargon, ethoxyethanaglreflux.

Molecular Formula = &H20CI2N4. *H-NMR (DMSO-ds/ D20) d (PPM): 4.57(4H, s),
5.54(2H, d, J=7.5 Hz), 7.26(2H, s), 7.56(4H, m, J=2 and 9Hz). 7.75(2H, d, J=2Hz), 8.15(2H,
d, J=7.5 Hz), 8.23(2H], J=9Hz).

2.6.4 Synthesiof aromaticbridgedbisquinolines.

24. N, N?-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)
compound24a(l)

4,7-Dichloroquinoline (1.05 g, 0.005 moles) and freshly recrystallized 1,2
phenylenediamine (0.31 g, 0.003 moles) were refluxed in methaatel (3: 1, v/v, 40nl
adjusted to pH 4.7 with 2M HCI) for 2 days to give a cream precipitate, then washed with
water (3 x 50 ) and acetone (3 x 50 ml, Analar) respectively. The solid was triturated with
and filtered from acetone (3 x B) before drying (120QC) (Figure 2.48)

Yields from three syntheses @ftho-quinewere on average 53%; the product was a white
powder (decomposition point at around 32@etermined by differential scanning
calorimetry (DSC).

m * Q CH3OH/H20 Q
— 80°C

N N .
N \ /N H

HN
H,N  NH, 48Hrs \ HH
22 24a orthoquine
Figure 248.Scheme 2, SVAr displacementmethanolwater (3:), reflux.
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FTIR (cntY): 3446 (NH stretch, quinoline), 3442, 3257 (i stretch, secondary amine),
3233 (secondary amine), 2930-KCaromatic stretch), 1571 (N bend, secondary amine),
1416 (C=C stretch), 859 (8 bend),767, 643 (&l stretch).

Molecular Formula = &H16CloNa. 'H NMR (D:0-TFA-d) : G (N 0. 305 Hz) :
J,3=7.11 Hz, H), 7.76 (2H, dd,s)e = 9.15 Hz, dg=1.69 Hz, H), 7.457.85 (4H, H sHz 5
Ha sHs )} 8.00 (2H, d, ¢ls= 1.62Hz, H), 8.37 (2H, d,sls = 9.14Hz, H), 8.39 (2H, d, 2]z =
7.09 Hz, H).

13C NMR (TFA-d): 158.0 (CH, C2), 118.0 (CH, C3), 144.3 (CH, C1), 122.0 (CH, C2",
133.3 (CH, C3"), 144.0 (quaternary C4), 132.7 (CH, C5), 130.1 (CH, C6), 133.7 (quaternary
C7), 133.2 (CH, C8), 140.1 (quaternary C9), 122.9 (quaternary C10).

Theelectrorimpact (El) mass spectrum of purified compowntho-quinecontained the
ions m/z = 430/432 (100%) confirming4El16N4Cl2, 395 (12%) loss of HCI, 268
(18%)monomer, 252 (12%)NH2 from monomer, 215 (100%) mass ion and parent ion, 523,
mass ion + glycerol + H, 269 (35%), 253 (12%), 218 (6%) 397 (10%). (16%), 178 (4%), 163
(9%), 128 (6%). FAB: 431 (100%) mass ion and parent ion, 523, mass ion + glycerol + H,
269 (35%), 253 (12%), 218%) 397 (10%).

25.N!, N*-bis (7-chloroquinolinr4-yl)phenylenel,3-diamine.2HCI (netaquine)
compound2la

4,7-Dichloroquinoline (5.12 g, 0.027 moles) and freshly sublimeephghylenediamine
(1.41 g, 0.013 moles) and copper (2.7 mg, 0.00042 moles) were under reflux for 12 hrs (at
68 C) in acidified (pH 4.7) methanaVater (100: 30, v/v). Product was filtered and triturated
three times with Analar acetone and filtered again. Yields okmthesesvere 80% and
85%. m.p. 298296 C determined by DS(Figure 2.49)

joeo el
MeOH!Cu =
N/ H>N NH,
Reflux, pH 4.7

22 H Metaquine
21a

Figure 249. Scheme5, SVAr displacement, methanalater (10:3), Cureflux.

FTIR (cml): 3446 (NH stretch, quinoline), 3442, 3257 M stretch, secondary
amine), 3233 (secondary amine), 2936H@romatic stretch), 1571 (N bend, secondary
amine), 1416 (C=C stretch), 859-tCbend), 767, 643 ({C stretch).

Molecular Formula = &H16Cl2N4. *H NMR (DMSO-ds) assuming firsb r der sy st e m:
6.93 (2H, d, H3),7.09 (1H, s, H6'), 7.22 (2H, dgs=) 2 3= 7.94 Hz, H2', H4'), 7.44 (2H, d,
be=h s~ 1.70, H2), 7.50 (1H, t43=8.01 Hz, H3'), 7.62 (2H, d5 & 9.05 Hz, s =2.89 Hz,
H6), 7.96 (2H, d,sl= 2.05 Hz, H8), 8.55 (2H, d5,d-4.84 Hz, H5).
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13C NMR: (DMSOds), d (ppm): 151.5 (CH, C2), 115.2 (CH, C3), 141.05 (quaternary
C1", 115.7 (CH, C2", 117.8 (CH, C3"), 102.3 (CH, C6'), 148.4 (quaternary C4), 125.2 (CH,
C5), 122.5 (CH, C6), 134.3 (quaternary C7), 128.2 (CH, C8), 148.2 (quaternary C9), 118.2
(quaternary C10)

The chemical ionization (Cl) mass spectrum contained the ions m/z = 431/433 confirming
C24H16N4Cl>, 432 (64%), 430 (100%), 394 (7%), 252 (19%), 217 (6%), 215 (9%), 197/198
(10%), 43 (10%).

26. (1S,2SIN!,N2-bis(6-chloro-2-methoxyacridir9-yl)cyclohexanel , 2-diamine, an
acridine hybridcompound4((1l).

6,9-Dichloro-2-methoxyacridine (3.56 g, 0.02 moles),-&}» diaminocyclohexane (1.14
g, 0.01 mol) and triethylamine (2.02 g, 0.02 mol) were heated under reflemethyl2-
pyrrolidone (25 ml) for 3 days. The mixture was worked up using process | angrdwess
Il to give a yellow solidFigure 2.50) This highly insoluble compound had m.p. of
approximately 380C (yield: 1.75g, 49%) FTIR (cH): 3268.95, 3237.61, 3168, 3137, 3 107
(N-H stretch, secondary amine), 3030.77H@romatic stretch), 1570 (N bend, secondary
amine), 1223 (N stretch, aliphatic), 684.17 {CI stretch). It had similar spectra as last
experiment, when run under the saoonditions. MS confirmed a molecular ion at m/z =
596, 598 together with the base ion at m/z = 258.

NH,
| NMP
0
s O
+ —
_ Reflux ~
N HoN - a4 H

22A
Figure 250. Scheme26. SVAr displacement, acidifiechethanoiwater (L0:3), reflux.

2.65. Microwave synthesis (MS).

Microwave synthesis was developed as opposed to thermal synthesis

27. N*,N?-bis( 7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)
compound24a(ll).

4,7-Dichloroquinoline (1.99 g, 0.01 moles) was addedrtbo-phenylenediamine
(benzene 1,2 diamine) (0.54 g, 0.005 moles) and coppem(®.000042 moles) then finely
ground (mortar and pestle) until homogenous, With Cu and NaCl. It was then irradiated for
10 minutes at 18@ and 100W(Figure 2.51)

97



Loy o O
_ 100W,180°C H.N N — NLH
N NN / N

. N
H,N NH, 10min H H \
22 24a orthoquine
Figure 251. Scheme 2, SVAr displacementCu, NaCl, trituration,irradiation.

28. N, N2-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a(lll).

4,7-Dichloroquinoline (1.979, 0.01 molesjvas added to afrtho-phenylenediamine
(0.53g, 0.005 moles) witlkkopper(4mg, 0.0006 molesandsodiumchloride (6.77 g, 0.12
moles). This was ground with a mortar and pestle until homogenous. It was then irradiated
for 30 minutes at 18@ and 100W. Methanol (2.72 g) was added before vortexing. The
solution was irradiated for a further 30 minutes at €88nd 100W(Figure 2.52)

X ., C
- 100W, 180°C
N N.H

H,N NH, (2x 30min)

22 orthoquine

Figure 252. Scheme 8, SVAr displacement, Cu, NaCtrituration,irradiation.

29. N, N?-bis(7-chloroquinolinr4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a(IV).

4,7-dichloroquinoline (1.00g, 0.005 moles) was addedrtbo-phenylenediamine (0.27
g, 0.0@5 moles). Potassiuindide (0.19 g, 0.012 moles) was added. This was ground with a
mortar and pestle until homogenous. This mixture was then split into five equal fractions of
approximately 0.29¢Figure 2.53)

Phenol was added five timegproximatelyl gram. Each mixture was then irradiated for
30 minutes at 100W from 1225 C (Table 21). After microwaving, a dark brown solution
formed which was yellow and thin at first. 4.5g of acetone was then added to each and
irradiated further. The products were filtered, washed with acetomal{Xhd dried.
Products were measured in moles. Optimum results were given & ([[#@ble 21).
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Table2-1 Optimisation ofOrtho-quine Synthesis

Temp (°C) | Mass of reactants (g) Mass of phenol (g)] mmoles| Equiv
125 0.29 0.99 10.54 | 2.077
150 0.29 1.07 11.40 | 2.248
175 0.29 1.09 11.60 | 2.287
200 0.29 0.89 9.508 | 1.874
225 0.28 0.91 9.668 | 1.905
.H
joe =
= PhOH/KI H
+ [ —
N~ Q 100 W, 125-225°C No )N NN
H2N NH; 30 min HH
22 24a orthoquine

Figure 253. Scheme 9, SVAr displacementKl, phenol trituration,irradiation.

30. N}, N?-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine) compound
24a(V).

4,7-dichloroquinoline (1.05g, 0.0053 moles) was added to (0@XH moles) obrtho-
phenylenediamine. Methanol (5g) was added along with phenol (0.96g, 0.01 moles). The
mixture was sealed and vortexed, producing a yellow solution (95 minutes, 1003).188
HCI gas was formed, and absorbed, oscillations in the pressure profile were observed,
resulting a red solutiofFigure 2.54)

/@\)\j PhOH/MeOH H
+
N~ 100 W, 180°C

HoN NH; 95 min
22 orthoqume

Figure 254. Scheme30, SVAr displacementphenol methanol trituration,irradiation.

31. N}, N2-big(7-chloroquinolir4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a (V).

4,7-Dichloroquinoline (1.03 g, 0.0052 moles) was addeartioo-phenylenediamine (0.29
g 0.0027 moles), which was dissolMadnethanol (4.4 g) befor@thophosphoric acid was
added (1.73 g, 0.0177 moles). The mixture was sealed and vortexing produced an orange
solution that was irradiated (200 minutes, 100W, 150°C). Post irradiation the black solution
was poured onto iewater(Figure 2.55)
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/@\)j PhOH.-‘MeOH H
100 W, 150°c

HoN  NH; 200 min "
or oqume

Figure 255. Scheme81, SVAr displacementmethanol,orthophosphoric acid
trituration,irradiation.

Scratching the side of the glass beaker wiftasteupipette produced a white material
which became dense afterl5 minutes. The suspension had an apparent pH of 3 (Universal
indicator paper). The white solid was then filtered off at the pump and dried in vacuo (12hrs).
Ammonia was added to the brown solutmmoducing a yellow solid (pH 5) which was
filtered at the pump. Mass Spectrometry showed this to be partly the target product, but
mainly the monomer.

32. N, N?-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a(VII).

4, 7-dichloroquinoline (1g, 0.005 moles) was addedrtho-phenylenediamine (0.26 g,
0.0025 moles) dissolved in methanol (3gjdo whichorthophosphoric acid (3.17 g, 0.032
moles) was added dropwise with stirring. The mixture was sealed and vortexed to give an
orange solution. Irradiation of the mixture (185 minutes, 100W,@p@Producing a black
solution.(Scheme32)

33. N%,N?-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a(VII).

4,7-dichloroquinoline (1g, 0.005 moles) was addedrtho-phenylenediamine (0.26 g,
0.0025 moles), dissolved in methanol (4g) befimtbophosphoric acid (1.95 g, 0.02 moles,
3.9 equivalents) was added dropwise. The mixture was sealed and vortexed producing an
orange solution which was irradiated (200 minutes, 100W,Q6® give a black solution
(Scheme 3).

34. N!,N?-bis(7-chloroquinolinr4-l)phenylenel,2- diamine.2HCI ¢rtho-quine)compound
24a(IX).

4,7-dichloroquinoline (0.99 g, 0.005 moles) was addeartioo-phenylenediamine (0.29
g, 0.0@7 moles), then dissolved in methanol (4.52g). Capping and vortexing produced a
paleyellow solution with a white precipitate. It was irradiated for 60 minutes atLadd
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100W and post irradiation a black solution was forifledure 2.56)

H
H

0 2 e SEAEe
100 W, 180°C N N N N

H,N  NH, : "/ Th W\

60 min
24a

Figure 256. Scheme34, SVAr displacementmethanol,orthophosphoric acid
trituration, irradiation.

35. Crystallisation oN!,N2-bis(7-chloroquinolin4-l)phenylenel,2- diamine.2HCI
(ortho-quine).

Attempts were made to crystallise ththo-quinesynthesisedcompound®4a(VI)
(fraction #1)ortho-quine (0.039 g0.0M1 moles) was dissolved in methanol (2.19 g). This
left a clear solutiofi all had dissolved without the need for vortexiligvas irradiated for 7
mi nutes at 180eC and 100W. Mi crowaving | eft
before being placed in the fridge and formed crystals after 2 years. Previously synthesised
compound?24a(VI) (fraction #2)i ortho-quine (0.022 g0.0061 moles)- was dissolved in
methanol (2.55 g). This left a clear solution, all had dissolved without the need for vortexing.
It was irradiated for 7 minutes at 1&and 100W. Microwaving left a clear solution. This
was left for a day to cool before being placed in the fri&eme B).

36. N, N*-bis (7-chloroquinolin4-yl)phenylenel,3-diamine.2HCI (etaquine)
compound2la(ll).

4,7-Dichloroquinoline (1.95 g, 0.0098 moles) was addeahéte:phenylenediamine (0.53
g, 0.0049 moles) with a trace adpper (9.4mg, @015 moles)This was ground with a
mortar and pestle until homogenous. It was then irradiated for 30 minutes @tdrgd
100W. After microwaving, coloured solids formed. Brown at the bottom changing to orange
and then tgellow at the top. Methanol (4g) was then added before vortexing. The solution
was then irradiated for a further 30 minutes at £38nd 100W. After reflux with methanol,
a solvated orange solid formed in a red solution.

+
N” HoN NH, 100 W, 180°C ,O\

60 min
22 1a

|-| Metaquine

Figure2.57. Scheme36, SNAr displacementmethanol,copper trituration, irradiation.
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37. NL,N*bis(7-chloroquinolin4-1)phenylenel , 4-diamine.2HCI para-quine)compound
25a

4,7-Dichloroquinoline (10.24 g, 0.052 moles) and freshly recrystallized 1,4
phenylenediamine (2.79g, 0.026 moles) were heated under reflux in acidified (pH 4.7)
methanolwater (180: 50, v/v) for 10 h on a steam b@igure 2.58) Yields from three
syntheses were 8.80g (79%), 10.03g (90%) and 10.13g (91%). Purification was achieved by
repeated trituration with Analar acetone and recovery of the insqaldgellow product at
the pump (m.p. 29%-296 C determined by DSC; thermometer > 33R FTIR (cm'): 3446
(N-H stretch, quinoline), 3257 (N stretch, secondary amine), 3233 (secondary amine),
2930(C-H aromatic stretch), 1571 (N bend, secondary amine, 1416 (C=C stretch), 859 (C
H bend), 767, 643.

/@\/Jj MeOH;‘Hzo
Reflux pH 4.7

70°C

25a Paraquine

Figure 258. Scheme37. SVAr displacement, acidifiechethanoiwater (L0:3), reflux.

Molecular Formula = &H16Cl2N4. *H NMR (DMSO-ds) *H NMR (DMSO-ds) spectra
run at 360K with digital pe590HzuH3)i76R@AH 0. 98 4 H
H2', H3', H5', H6"), 7.62 (2H, dds ¢= 9.05 Hz, ds= 2.09 Hz, H6), 8.06 (2H, ds & 1.99Hz,
H8), 8.55 (2H, d,2k = 6.69 Hz, H2), 8.66 (2H, dsd= 9.19 Hz, H5).

'HNMR: (TFA-D20) U 7. Q# 7.002H4, H3),07,72 (2H, d, H2', H3"), 7.85 (2H,
dd, $6=9.06Hz, &= 1.49Hz, H6), 8.02 (2H, s¢,¢& 1.58 Hz, H8), 8.33 (2H, d; d= 6.98
Hz, H2), 8.43 (2H, d,55=9.11 Hz, H5).

13C NMR: (DMSOds), d (ppm): 141.05 (quaternary C1'), 102.3 (C2', C3'), 151.5 (C2),
124.6 (C3), 148.2 (quaternary C4), 126.7 (C5), 125.2 (C6), 134.3 (quaternary C7), 130.3
(C8), 148.4 (quaternary C9), 118.2 (quaternary C10).

CI MS: m/z = 431/433, 432 (63%), 431 (30%), 430 (100%), 394 (5%), 268 (5%), 252
(12%), 215 (5%), 218 (10%).

A microwave method was also developed for makingoéra-quine molecule.

38. (N},N*-bis-(7-chloro-quinolin-4-yl)-benzenel, 4-diamine)dihydrochlorideRara-
quine)compound25a(ll).

4,7-Dichloroquinoline (1.98 g, 0.01 moles) was addedara-phenylenediamine (0.54 g,
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0.005 moles) with a trace obpper (20 mg, @0032 moles)This was ground with a pestle

and mortar until homogenous. It was theadiated for 10 minutes at 180 and 100W.

Coloured solids formed. Orange at the bottom changing to yellow and white at the top.
Methanol (2g) was then added before vortexing. It was further microwaved for 25 minutes at
180 C and 100W. A brown solid formed in a dardkeown solution. it had similar spectra as

last compound, when run under the same conditions. The experiment was repeated again with
similar result§Figure 2.59)

/@\)j MeOHICu /@/
+
N 100 W, 0 W, 180°C

NH, 35 min total

22 Paraquine

Figure 259. Scheme38, SNAr displacementiethanol,copper trituration,irradiation.

39. (NY,N*-bis-(7-chloro-quinolin-4-yl)-benzenel, 4-diamine)dihydrochlorideRara-
guine)compound25a(lll).

4, 7-dichloroquinoline (1.98g, 0.01 moles) was addepara-phenylenedianine (0.54g,
0.005 moles) with a trace obpper(17mg, 000027 moles). This was ground with a mortar
and pestle until homogenous. It was then irradiated for 10 minutes & a8@ 100W,
forming a yellow solid. Methanol (2g) was then added before vortexing. The solution was
then irradiated for a further 30 minutes at @nd 100W. Some yellow solid remained but
most of the solid turned to a dark orange colscneme 3).
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2.7. Conclusion

The synthesis of variodssquinolines, was successfully investigated. Aliphatic bridge
bisquinelines were synthesised comprehensively, Scheme 1 to 22.

Dibenzytamine bridged bisquinoline, using ethoxy ethanol was synthesised and analysed
(scheme 22).

Aromatic bridgedisquinolines, mainlyortho, meta, paraquine were synthesised using
thermal method and microwave synthesehéme 23 to 9. They were subject of full
analytical and biological testing.

The development of a potent, soluble, orally bioavailable antimakasgdinoline,
metaquine (,N-bis(7-chloroquinolir4-yl)benzenel,3-diamine) (dihydrochlorideyvas
achievedwhich is active againgtlasmodiunbergheiin-vivo (oral IDsg of 25emol/kg) and
multidrugresistanPlasmodiunfalciparumK1 in-vitro (0.17eM).
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