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ABSTRACT

ABSTRACT

Investigation of coordination and n-stacking interactions with ferriprotoporphyrin IX
(Fe(ll)PPIX) using a fragment approach was undertaken in order to propose and synthesise
novel compounds which followed a hypothesised mechanism of action to inhibit B-haematin
formation. Coordination of a series of pyridines, imidazoles, amines and bhenolates with
Fe(ill)PPIX, and n-stacking interactions of these compounds with protoporphyrin IX (PPIX) and
Fe(l)PPIX were measured in 40% (v/v) aq. DMSO by spectrophotometric titration. The
calculated pH independent log association constants for coordination (log K.) in this solvent
system were found to exhibit a linear free energy relationship (LFER) with the pKj of the ligand
donor atom. This relationship was confirmed for observed association constants under non-
aqueous conditions (20% (v/v) DMSO in methanol). Calculated log K., cac Values under acidic
aqueous conditions {pH 4.8) are predicted to be extremely weak. Association arising from
n-stacking interactions (log Ks) with PPIX and Fe(lll)PPIX was found to strengthen with an
increase in the number of m-electrons in the aromatic ring system. It was observed that
Fe(ll)PPIX has a log Ks which is on average 0.57 log units lower than with PPIX. Association
constants of compounds that can coordinate and n-stack were found to be the sum of log K, obs
and log K;. This allows for the prediction of association constants (log Keaic) with Fe(lll)PPIX for a
variety of compounds, provided their pK, values are known. Using the derived prediction
equation, 9-hydroxyfluorene was identified as a scaffold compound with a relatively strong
Fe(lll)PPIX association (log Kops = 3.64 + 0.09 at pH 7.4, 40% aq. DMSO). Guanidine, amine and
1,3,5-azaadamantane hydrogen bonding moieties were identified as being suitable for
incorporation into the scaffold molecule through a one or two carbon linker at the 9-position of
the fluorene ring system to provide five proposed compounds for inhibitibn of B-haematin
(synthetic haemozoin) formation. These five compounds were 9-(2-aminoethyl)-fluoren-9-of (A);
1-[2-(9-hydroxy-fluoren-9-yl)ethyllguanidine (B); 9-(aminomethyl)-fluoren-9-ol (C); 1-[(9-
hydroxy-fluoren-9-yl)methyllguanidine (D) and  94(1,3,5-triazatricyclo(3.3.1.13,7]dec-7-
ylmethyl)-fluoren-9-ol (E). Compounds A, B, C and D were successfully synthesised but isolation

of D was unsuccessful. All attempts to synthesise compound E failed at the final step.



ABSTRACT

Synthesis of compounds A — D began with a Corey epoxidation of 9-fluorenone, giving the
spiro[fluorene-9,2'-oxirane) epoxide which underwent ring opening upon nucleophilic attack by
sodium cyanide and subsequent reduction with lithium aluminium hydride produced
compound A. Compound B was obtained as a nitrate salt through guanylation of compound A
using the guanylating agent 3,5-dimethylpyrazole-1-carboxamidine nitrate (DPCN). Compound
C was obtained via a Staudinger reduction of 9-(azidomethyl)-fluoren-9-ol, produced from the
ring opening of spiroffluorene-9,2'-oxirane] by sodium azide. Compound D was produced by
guanylation of compound C using DPCN but low yields and large amounts of by-product
formation prevented isolation. Compounds A, B, C and 9-hydroxyfluorene were tested for
B-haematin inhibition, however, none showed any activity towards preventing formation at 200
equivalents (67 equivalents in the case of compound C owing to lack of solubility). This was
expected for 9-hydroxyfluorene owing to the lack of a hydrogen bonding moiety as well as for
compounds A and C. Modelling indicated the hydrogen bonding group of compound A was
directed away from the propionate side chain and compound C had too short a linker length to
provide favourable hydrogen bonding interactions with the propionate side chain. The lack of
inhibition was initially unexpected for compound B. Association constants of the synthesised
compounds were found to be lower than that of the scaffold coh'lpound, indicating that
substitution at the 9-position of 9-hydroxyfluorene had a negative effect on Fe(lll)PPiX
association. It was found using a pK; prediction program (MOKA) that the substitution at this
position probably causes an increase in the predicted pK, of the hydroxyl moiety which results
in a lowered affinity for coordination to Fe(lll}PPIX owing to its increased proton competition
and thus could account for the lower overall association and failure to inhibit B-haematin

formation.
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CHAPTER 1. INTRODUCTION

1.1 Malaria

Malaria has had a long history as a disease, with records of its occurrence dating back to the
times of classical Rome." It has been closely associated with marshes and in fact, the name
malaria stems from the ltalian phrase “mal’aria” meaning “bad air”.? It has continued to make
its presence felt in the modern world with between 350 to 500 million reported clinical cases
and over 1 millian deaths annually, the majority of which are children under five years of age.3*4
Globally, malaria is predominantly encountered in the tropical and subtropical regions (see

figure 1.1} with roughly 80% of malaria cases occur in sub-Saharan Africa.”

Malarig endemacity !
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Figure. 1.1, Global distribution of malaria transmission, Reproduced from reference 5.

The spread of the disease is rife in the sub-Saharan African countries where a large majority of
the population live in rural areas, allowing for more frequent contact between the human host

and the vector mosqguito, Anopheies.5
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1.2 Parasite life cycle

Malaria is caused by five species of the parasite Plasmodium, with the maost dangerous being P.
falciparum and to a much lesser extent 2. vivax.” * P. malariage and P. ovale are less common
than the former two and maore recently P. knowiesi, the species found to cause malaria in
rhesus monkeys, has been discovered in the human population in South East Asia.” While all
species are found in the tropics and subtropics, P, vivox is also able to survive in the vector
mosguito at lower temperatures and thus can occur further away in more temperate areas.’
The parasite has a complex fife cycle (illustrated in figure 1.2) consisting of three stages,

however, the symptoms of malaria only become apparent in the blood stage.z’s
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Figure 1.2, Life cycle of the malaria parasite, Plasmaodium. Figure reproduced from reference 6.

The malaria parasite enters the human host blood stream in the form of sporopzoites via the
salivary glands of an infected female Anopheles mosquito.2 The sporozoites migrate to the liver
where they invade hepatic cells and undergo asexual fission forming a cyst-like structure known
as a liver schizont.” ° During this reproductive period, lasting five to twenty five days depending
on the species, the host remains free of malaria s'n,z'mg:Jtcn"ns.2 Inside the liver schizont, the
sporozoites develop into merozoites which are released into the blood stream when the liver

schizont ruptures.”®
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Up until this point, the parasite is said to be in the liver stage. The merozoites then invade red
blood cells (RBCs) to begin the blood stage. Once inside the RBC, the parasite utilises the
haemoglobin present as an energy source providing for its growth into a trophozoite, before
developing into a blood schizont. Once this schizont eventually ruptures, six to twenty four
parasites are released and infect further RBCs, beginning another blood cycle.® One blood cycle
occurs every 48 to 72 hours, depending on the species, and increases the parasite load by
roughly 8- to 10- fold in P. falciparum.> © The release of the parasite, toxins and RBC debris
caused by the ruptured blood schizonts results in the symptoms of malaria, namely fever and
chills, becoming apparent.” ® Certain parasites within the RBCs develop into sexually mature
male and female forms termed gametocytes. Once a female Anopheles mosquito feeds on an
infected human host’s blood, the gametocytes undergo sexual reproduction to produce
oocysts, which then release sporozoites that migrate to the salivary glands, completing the

parasitic life cycle.

The control of this disease largely focuses on control of vector mosquitoes, use of bed nets and
the use of antimalarial drug therapies to reduce and eradicate the parasitaemia load in infected

persons. Prophylaxis, in the case of travellers is also of importance.®

1.3  Antimalarial drug targets

Antimalarial drugs act on the different stages of the parasite life cycle but the majority are
active in the blood stage. Drugs acting on this stage can be divided into three broad categories:
(i) nucleic acid inhibitors; (iii) oxidative stress inducers/Ca?*ATPase inhibitors and (iii) haem

10. 11 1aple 1.1 summarises the various classes and their modes of -

detoxification inhibitors.
action albeit the mechanisms through which some of them assert their antimalarial activity are

not well understood.
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Table 1.1. Summary of antimalarials and their targets in the blood stage of the malaria parasite.

Pathway

Drug Class

Antimalarial Examples

Mode of Action

Nucleic acid
inhibitors

Oxidative stress
inducers/Ca’*ATPase
inhibitors

Haem detoxification
inhibitors

Folate antagonists

Naphthoquinones

Endoperoxides

4-Aminoquinolines

Aryl-amino
quinolines

Sulfadoxine
Pyrimethamine

Atovaquone

Artemesinin

Chloroquine
Amodiaquine

Quinine
Halofantrine
Mefloquine

Inhibition of parasitic enzymes involved
in folate metabolism which are
responsible for the synthesis of parasitic
pyrimidines and are essential for DNA
production.m’ u

Uncouples electron transport in the
mitochondrion, causing a collapse in the
organellar membrane potential
preventing the regeneration of
ubiquinone, an electron acceptor for
dihydroorotate dehydrogenase which in
turn is an essential enzyme for
pyrimidine biosynthesis.'"

The mode of action of artemesinin is of
debate in the literature. Two main
processes have been proposed:

(1) Inhibition of SERCA
(Sarco/Endoplasmic Reticulum Ca* -
ATPase) orthologue protein PfATP6 after
activation by Fe(ll) through cleavage of
the artemesinin endoperoxide bridge.™
(2) Formation of radicals by reaction with
Fe{ll)PPIX can lead to the alkylation or
hydroxylation of biomolecules and thus
parasitic death.”’

Inhibition of detoxification of haem,
produced as a by product of
haemoglobin degradation, leads to
parasitic lipid peroxidation and thus
death. ***

Various modes of action have been
proposed, including that of inhibition of
haem detoxification. Disruption of
essential metabolite membrane
trafficking has also been proposed for
mefloquine.!” ™

Of the three broad categories, antimalarial compounds that are active through inhibition of

haem detoxification are of particular interest owing to the fact that some of the most

commonly used and most effective antimalarial drugs fall in this class.

-5-
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1.4  Haemoglobin degradation by the parasite

During the blood stage of the malaria parasite life cycle {see section 1.2}, in order far the
parasite to be able to survive in the harsh conditions of the RBC, it needs to degrade the oxygen
carrying protein haemoglobin {(Hb) into peptides essential for nutrition.™ Once £. falciparum, in
the meroziote stage, has invaded the red blood cell, it engulfs a large quantity of haemoglobin
in a process termed the “Big Gulp” by Elliott et af.”* This produces a haemoglobin containing
vacuole which has been proposed to form the acidic digestive vacuole of the parasite ® In the
trophozoite stage, 60 to 70% of the haemoglobin present in the RBC is said to be ingested
through transportation by endocytotic vesicles, created from the parasitic plasma membrane,

22-24

to the acidic digestive vacuole, Studies estimate the pH of this digestive vacuole to be

25, b

approx. 4.8 - 5.4, Once in the digestive vacuole, degradation of the haemoglobin into

peptides is facilitated by proteolytic enzymes which include the (i) aspartic proteases
plasmepsin I, Il and IV and histo-aspartic protease; (ii] eysteine proteases falcipain 1, 2 and 3;

and {iii} zinc metalloprotease facilysin.* %

Further degradation of the peptides into aming acids
is accomplished by hydrolysis which takes place in the parasitic cytosal {summarised in figure

1357

Parasitic cytosol

i &
Haematin

._mb._|Ib Hb |y
/’ 1 Liplds

Tramipart vesighes L

Praioazed i
\ Hagmozon
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el
o

Aminoe acids * :
Digestive varuole

Figure 1.3. Process of hasmeglobin [(Hb) degradation and subseqguent detoxification of Fe(llFFIX (hasmatin by
the malaria parasile (grey) inside the red blood cell {RBC) Figure adapted from reference 31,

S5
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As a consequence of haemaoglobin degradation, a large amount of haem (ferroprotoporphyrin
[X, Fe{ll}FPIX) is released as a by-product which is rapidly and irreversibly axidised to haematin
{hydroxa/aqua-ferriprotoporphyrin 1X, HO /HO-Fe(llIPPIX), the structure of which {excluding
the axial HO /H.O ligand) is illustrated in figure 1.43.7° Fe{ll}PPIX present in such large
guantities is toxic to the parasite, making a natural detoxification process r‘lECESSEW.H This
process inyolves the dimerisation of Fe{llljPPIX whereby one propionate of each monomer
coordinates to the iron centre of the other. The second propionic acid group of each Fe{llljPPIX
hydrogen bends to a neighbouring dimer to form highly insoluble erystals known as haemozoin

{see figure 1.4b for structure).®™ It has been shown that at least 95% of haem is detoxified

though this pathway.”

-

Figure 1.4. {a} The structurs of ferriprotoparphyrin X, FellIPPIX, excluding the axial HO /H.O ligand for clarity.
ib} The structure of haemozoin consists of a Fe(lll)PPIX dimer where the propionats side chain is coardinatod to
the iron centre of the olheor, Hydrogen bonding {dashed fincsp accurs between the free propionates ol
neighbouring dimers. Figure adapted from reforonco 34,
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1.5 Haemozoin formation

There has been much controversy in the literature over the mechanism by which haemozoin
forms with many authors such as Sullivan and co warkers™ initially suggesting the invalvement

r,inS-

of histidine-rich protein Il. On the other hand, Dorn et of.”” showed that formation could he
governed by an autocatalytic process, while a further mechanism was proposed by Bendrat et
al.”” where formation was observed to involve lipids. Recent evidence seems to lend support to
the idea of lipid involvement in haemozoin formation with Coppens and Yielemayer™ having
observed haemozein crystals encapsulated in lipid droplets within the acidic digestive vacuole
and later by Pisciotta et al. ¥ who demonstrated that haemozoin sccurs within neutral lipid
nanospheres (see figure 1.5}). A similar discovery was made by Oliveriz and co-workers™ in the
helminth worm, Schistosomg mansoni, and while this parasite is not a relative of Plasmodium,

the finding supports the possibility that haemozoin formation occurs universally in close

contact with lipids.

Figure 1.5. Transmission electron micrograph [TEM]} images of early stage and mature (A and B} P. fofciparum
trophozoites. Insets. Haemozoin encapsulated in lipid nanospheres. Scanning electron micrograph {SER} images
of isolated haemozoin coated by lipids (C to £} and delipidated (F and G). Figure reproduced from refererce 39.

-8-
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Additional support for this formation pracess has also been described by Egan et al.™ where
the formation of synthetic haemozoin, known as f-haematin, occurs very efficiently at
lipid/water interfaces under physiological conditions. The identification of the spontaneous
formation of a rer Fe(llPPIX dimer species in agueous solution by de Villiers et al * using Liv-
vis spectroscopy and NMR spectrometry as well as computational investigations by Egan et al.”
indicating spontaneous formation of a haemozoin dimer precursar from the - dimer alsg

strongly support the validity of this proposed mechanism of formatian (see figure 1.6).

Figure 1.6. (3] Sponlaneous conversion of the 1 dimer of Fe(IPPIX in vacuum (i) to @ harmazoin precursar
dimer [ii}. In agueaus salulion Lhis procursar reverts to 3 © m dimer, indicating that formation of the procursor is
unlikely in an agueous environment. (b) Formation of hzemozoin from the procursor dimer where coordination
to the iran centre af Fe{llLJPPIX results in the releaze of Lhe axial waler ligands, Reproduced from reference 41
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1.6 Inhibition of haemozoin by antimalarials

As mentioned in section 1.3, several classes of drugs are reported to act against haemozoin
formation, with the family of quinoline derivatives and related compounds the most important.
The reason for the importance is the potent antimalarial activity and widespread clinical use of
members of this family including such drugs as chloroquine (CQ), mefloquine {Mf) and
halofantrine (Hf, structures shown in figure 1.7). The ability of chloroquine and related
compounds to inhibit B-haematin formation has been previously reported and these
B-haematin activities correlate with their corresponding in vivo activity, lending support to their

proposed mechanism of action.”>*

1/ HO
S > Bl
p
Z
c N N© CRs cl CF,
CFs
cQ mf Hf

Figure 1.7. Structures of antimalarials chloroquine (CQ), mefloquine (Mf) and halofantrine (Hf).

Chloroquine has been referred to as one of the most successful antimalafials ever developed
because of its effectiveness, safety and low cost.** Following the appearance of chloroquine
resistant parasites, it has been necessary to turn to a variety of drugs of similar structure, such -
as mefloquine and halofantrine, to combat malaria. More recently, artemisinin combination
therapy has been the treatment of choice, but this also invariably involves a quinoline or
related compound such as mefloquine, amodiaquine or lumefantrine.*® *’ In addition to the .
emergence of resistant parasitic strains, the mechanism of action by which chloroquine and

related drugs assert their antimalarial activity is not fully understood.
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1.7  Antimalarial drug resistance

Resistance to antimalarial drugs, especially chloroquine, have been the attributed as the main
cause in the rising morbidity and mortality rates for malaria.*®* While the use of artemesinin
combination therapy has helped alleviate this disease to some extent, there have been reports
of sporadic decreased sensitivity to this treatment and evidence seems to suggest resistant

strains are emerging.***!

In order to propose novel antimalarial compounds which are effective
against both sensitive and resistant strains, knowledge of how parasites become resistant to

antimalarial drugs is of importance.

1.7.1 Mechanism of chloroquine resistance.

It has long been known that resistance to chloroquine by parasites is not a result of an
alteration of the original target but is rather a reduced ability to reach this target as observed
by drug accumulation in the parasitic digestive vacuole which is lower in chloroquine resistant

(CQR) parasites than in chloroquine sensitive (CQS) ones.>> >

Because chloroquine is a weak
base which accumulates in the digestive vacuole via pH trapping, it was initially proposed that
increases in the vacuolar pH would result in decreased accumulation.® Subsequent studies
have shown this not to be the case as measurements of vacuolar pH in chloroquine sensitive
and resistant strains have been found to be similar.?® One of the more favoured explanations
for this lack of accumulation has been proposed to be caused by a mutated membrane
transport protein (PfCRT, Plasmodium falciparum chloroquine resistant transporter) which
causes an increase in chloroquine efflux from the digestive vacuole resulting in decreased
intravacuolar concentrations that are unable to inhibit haemozoin formation.> ** Wild-type
PfCRT is found in the membrane of the digestive vacuole and is a member of the so called drug
metabolite transporter family of proteins. However, its normal function is unknown.>® The
proposed mechanism of chloroquine efflux is through transport of chloroquine out of the -
digestive vacuole, which is further supported by the fact that chloroquine resistance is
reversible by verapamil, a known membrane transport inhibitor.>” Only very recently did Martin

1.58

et al.>" directly show transport of chloroquine across a membrane by mutant PfCRT, using a

Xenopus laevis oocyte model system.
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it has been found that the key mutation in PfCRT for chloroquine resistance is that of lysine {(K)
76 to threonine {T). This mutation by itself is not enough to convey resistance and so various
other mutations (differing from strain to strain) seemingly are also required, probably to
maintain activity of the protein.™ The K76T mutation results in the PFCRT transporter losing a
positive charge which is believed to allow for the transport of chloroguine in its protonated

state, where previously this would not have been possible because of cation-cation repulsion

(]

{see figure 1.8).

Chloroguine
sensitive

Chloroguine
res|stant

Figure 1.8. Chlorcquine is mohoprotonated (COH') under parasitic cytosol conditions and becomes douhly
protenated (COZHT) when crossing the pH gradiett into the dipestive wvacuole. In chloroguing sensitive parasites,
chloroguine aceumulates as the cation-cation repulsions between COZH' and the positively charged lysine (K) in
positicn 76 on the Chloroguing Resistant Transport (CRT) protein prevents etflux. Chloroguine concentraticns
allow for inhibiticn of the Fe{lllJPPIX detoxification process. In chloroguine resistant parasites, mutation of the
positive lysine in CRT to neutral threonine (T), allows tor the transportation of chlorcguine cut of the digestive

Digestive vacuole
pH =~ 4.3

CozH
FajllljPrix

COzH
Fedlin FRIX

Parasitic cytosol
pH - 7.3

3]

aH’

COH

vacuole and Fe{ll[JPPIX detoxification to haemezoin can occur.™ Figure adapted from reference 56.
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1.7.2 Mechanism of aryl-amino alcohol antimalarial resistance.

The mechanism by which parasites exhibit resistance to aryl-amino alcohol antimalarial drugs is
not well understood. It is believed that the membrane transport protein PGH-1 (P-glycoprotein
homologue), coded by the gene Pfmdrl (Plasmodium falciparum multidrug resistance), is
involved. Studies have shown that some laboratory mefloquine resistant parasites (e.g. W2-
MEF) have an increased copy number of Pfmdrl and/or an over-expression of PGH-1 which has
also been shown to cause a decreased sensitivity to halofantrine and quinine antimalarials.®" ®
This amplification of the PGH-1 protein has thus been suggested as a cause of resistance.
Further evidence to support this has been found where increased chloroquine resistance in W2-
MEF resulted in de-amplification of PGH-1 and subsequent increased sensitivity to quinine,
mefloquine and halofantrine.®® There is evidence that contradicts this proposed resistance
mechanism with some field studies reporting strains with no amplification of PGH-1 that are
mefloquine resistant, which suggests additional mechanisms that may mediate resistance.5* %
There have also been reports that some mutations in Pfmdr1 may cause resistance to quinine

and that there is some interaction of quinine and quinidine with PfCRT.5 &’

While there are many theories as to the mechanisms of resistance to chloroquine and related
compounds, it is clear that there is still much that is not well understood. To add to this is the
fact that there is a lack of chemical diversity between many antimalarials and cross-resistance
has begun to develop.® There is thus a great need for the development of novel antimalarial
drugs of differing structural classes. However, in order to be able to propose compounds of a
new class as potential antimalarial drugs, understanding the mechanism of action of known

antimalarials is important.

-13-



CHAaPTER 1. INTRODUCTION

1.8 Mechanisms of haemozoin inhibition

The mechanism of action of haemozoin inhibiting antimalarial drugs is, unfortunately, not well
understood. Literature has suggested two main possible modes of action. The first is &

mechanism proposed for haemaozain inhibition by Buller et af™

and involves the interaction of
an inhibiting compound with the fastest growing faces of the haemozoin crystal {001 and 00-1).
These faces are orientated in such a way that corrugated prooves are formed from which the
prapionic acid and aromatic surface of the Fe{lll}PPIX units are exposed (see figure 1.9a). It is
with these protruding moieties that haemozoin inhibiting antimalarial drugs are thought to
interact. As an example, chloroguine {CQ} is shown modelled in the groove of the haemozoin
crystal and four possible intermolecular interactions were identified as a {i) porphyrin-COO -
CQ-RaNH" salt bridge; (i) porphyrin-CHy -+ CQ-Cl contact; {iii} porphyrin-C=CH  CO-Moyisine
contact and {iv} parphyrin-C=C {m-cloud} - CQ-RsNH cantact {illustrated in figure 1.9b)." This
model is not without criticism because CQ was modelled in its singly protaonated state. Under
the acidic digestive vacuole conditions where CQ is thaught to accumulate and interact with the
haemozoin, the doubly protanated form is the major species. However, with the discovery of
lipid involvement in haemozoin formation, the maonoprotonated species may well be present in

a lipid enviranment and thus this is a plausible mechanism.

Figure 1.9. [a) Model of [-haernatin, viewed along the o axis, showing corrugated grooves where hagmazoin
inhibiting antimalarial drugs are though! te adsorl. {b) Chlaraguine is thaught to associate in the B-haematin
groove through four interactions. Lengths of interactions are (i 2.7 A, (i) 3.0 A, i} 2.4 A and [iv) 2.7 & Figurcs
reproduced from reference 69.
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The second proposed mechanism of action involves the association of quincline haemozeoin
inhibiting antimalarials through electronic interactions {such as m-stacking) with free
Fe{ll}PPIX."™ ™ in the case of arylmethanol antimalarials such as quinine and quinidine, it has
been proposed that in addition to r-stacking, coordination to the iron centre of Fe(llllPPIX,
through the alkoxide, occurs.””™ However, owing to the inactivity of the epimers of quinine
and quinidine, additional interactions other than coordination and rn-stacking were obviously
present.”” Up until recently, these proposed interactions were only supported by UV-vis and
NMR spectrometric evidence, More convincing evidence in support of this theory was obtained
when the first crystal structure of an antimalarial drug-Fe(lll}PPIX complex, that of halofantring,
was elucidated (see figure 1.10)." The crystal structure showed halofantrine coordinated to the
iron centre of Fe(lll}PPIX through its benzyl alcohol moiety and favourable distances were
observed for m-stacking interactions between the phenanthrene and porphyrin ring systems. In
addition, an intermolecular hydrogen bond between the tertiary amine of halofantrine and the

propionate side chain of a neighbouring complex was also ohserved.

Figure 1.10. [a} Crystal structure of the haom halofantrine complex. Figure reproduced fram reference 76, [b)
Structure of halofantrine, Highlighted areas indicate key interactions with Fellll)PPIX as being coordination (red),
n-stacking (green] and hydrogen boanding (blue).
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CHAPTER 1. INTRODUCTION

The hypothesis that this additional interaction is an intramolecular hydrogen bond between the
haem propionate and the quinuclidine nitrogen of the drug was proposed by de Villiers et al.”
and is supported by computational results reported by the same authors. The findings showed
that in order for the EQN and EQD complexes to form such an intramolecular hydrogen bond,
they have to adopt unfavourable high energy conformations, while the QN and QD complexes
can easily form the hydrogen bond, owing to the lower energy of the conformations needed. A
plot of the ICsy of each drug versus the difference in energies between the strained
conformation needed for intramolecular hydrogen bonding and minimum energy
conformations of each of the haem-drug complexes (AE), shows a linear relationship (see figure

1.12). This linear relationship suggests that the ability to form the intramolecular hydrogen

bond determines the antimalarial activities of each compound.

P
3.5- EQD EQNL
3.0 | I
2.5- I
2.0 I

15- FaN !
104 <@

log (1Cs0 / NM)

T —
25 5.0 7.5 10.0 125

AE / keal mol

Figure 1.12. Graph of the ICs, of quinine (QN) and its epimers versus the difference in{energies (AE) between
strained and minimum energy conformations of the haem-drug complex. Figure reproduced from reference 76.

Thus the proposed mechanism of action for halofantrine and related antimalarials in the
inhibition of haemozoin formation involves firstly anchoring the molecule to haematin through
coordination to the iron centre and n-stacking with the protoporphyrin ring system. This then"

allows for hydrogen bonding interactions with the propionate side chain to occur resulting in

the inhibition of haemozoin formation.
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In light of this new information, the rational design of novel antimalarial drugs can for the first
time be proposed based on a similar mode of interaction with Fe(lll)PPIX. Uncovering
compounds with novel scaffolds that possess the potential to have strong interactions with
Fe(ll)PPIX is possible through the use of fragment based drug design as well as by gaining
better understanding of the relationships of coordination, n-stacking and hydrogen bonding

with Fe(lll)PPIX.

19 Fragment approach to drug discovery

In the quest to identify novel hit compounds, fragment based drug design (FBDD) has become a
popular alternative to techniques such as high throughput screening (HTS). This move towards
FBDD is a result of the increased efficiency of this technique.”” While the use of HTS has
produced many important hit compounds, the technique generally suffers from a low hit rate,
meaning a large body of compounds (typically in the millions) need be searched in order to
identify a small quantity of compounds of interest.”® 7 The FBDD approach is able to alleviate
this HTS problem somewhat by screening lower molecular weight compounds (typically 150 to
200 g/mol), termed fragments, as by decreasing molecular weight of compounds results in an
exponential decrease in the number of different molecules possible with the same molecular
weight.® This results in smaller compound libraries needing to be screened, with the libraries
themselves often containing compounds that can be either commercially available or require
minimal synthetic modification. As a consequence, reported hit rates from FBDD approaches
are typically higher than those obtained through HTS.”® An added benefit to the use of FBDD is
that it provides for a more rational approach to drug discovery and can lénd itself to a better

understanding of the target by providing some structural information.®°
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FBID vses small malecules to probe the binding affinity to a target, but because of the small
molecular size of the fragment, it is unlikely that the maolecule will contain all the moieties
required to produce streng target binding and so individual binding affinity is penerally low (see
figure 1.13a to c).™ One approach of FBDD is to identify fragments that bind te different sites
on a target and combine them inte a single compound using linkers to give a compound that
has enhanced binding affinity {see figure 1.13d).™ In fact, this approach can lead to the
development of stranger binding compounds than those identified by HTS, as in many cascs the
HTS identified molecule contains moieties which may not provide optimal interactions with the

target site (sec figure 1.131:-}.?9"

Figure 1.13, Small compounds, identified through the use of Iragment based drug design, exhibit weak target
binding [a to ¢). Combining individual fragments into & single malecule [d) can result in a hit compound with
strong target Binding which may provide even stronger interactions than compounds identified thraugh high
throggghput screening methods (e] that have net been oplimsed, Fiaure adapted from reterence 78,

g
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FBDD relies on a variety of computational, biochemical and biophysical experimental
techniques to obtain information about strength and structure of binding fragments.”” 80
Computational methods are a useful tool in FBDD, where interactions of fragments can be
modelled to identify potential hit fragments, while biochemical assays can provide information
on binding strength. Biophysical techniques such as x-ray crystallography and NMR
spectrometry are routinely employed to provide physical evidence of the structure of fragment
binding. Unfortunately, very few of these techniques can be directly employed to identify

fragment compounds in the case of Fe(lll)PPIX.

At present there are several B-haematin (synthetic haemozoin) inhibition assays (see references
81 to 83 for examples), including a HTS assay developed by Ncokazi and Egan.* Using a
fragment approach with these assays would be futile as almost all fragments would have less
than the three required features (iron coordinator, aromatic n-stacker and hydrogen bond
donor) of aryl methanols for B-haematin inhibition and thus the assay would likely simply give
negative results. NMR techniques cannot be used because of the paramagnetic nature of iron
which causes line broadening and x-ray crystallography is seemingly very difficult for this target
as seen by the fact that there is only one reported drug-haematin crystal structure. While a
computational approach can theoretically be employed for fe(lll)PPIX, the nature of this
compound does not make for definitive results and so is not very effective. To elaborate,
because of the planar structure of Fe(lll)PPIX there are few steric and electronic interactions
that can constrain a compound into specific conformations, thus interaction between
fragments and Fe(lll)PPIX results in very flexible structures and can lead to multiple possible
conformations.

The most useful technique that can be employed for FBDD with Fe(HlI)PPIX is that of
spectrophotometric titration. This method is able to provide binding affinities (in the form of -

association constants) as well as binding stoichiometries.
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The UV-visible spectrum of free Fe(llIPPIX in its monomeric form is generally subject to
hypochromism in its Soret peak {see figure 1.14) when compounds, such as chloroguing, are
titrated inte the solution, This effect has been attributed to the interaction between the

transition dipole moments of the n = nt* electronic transition of Fe({lllJPPIX and the m-electron

cloud of the quinaline which are in close proximity,™
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Figure 1.14. UV visible spectrum of free monomeric Fe(llIPPIX [Back line] showing hypochremism ol the Soret
peak upon addition of quinoline, resulting in the presence of guinoline: FeflPPIE complexes (red line)

Utilizing spectrophotometric titrations and small compounds possessing interaction specific
groups {for coordination, etc.), greater insights into the relationships of interactions with

Fe(lll}PPIX can be obtained, and it may be possible to combine these fragments to form new

B-haematin inhibitors as potential starting points to novel antimalarials,

1.10 Interactions with Fe{lll)PPIX

The three key interactions of coordination, n-stacking and hydrogen bonding form the basis of
the proposed mechanism of action of halofantrine and related antimalarial compounds, While
there exists an extensive body of literature on hydrogen bonding interactions with carhoxylic
acid receptors, there are no reported systematic investigations into relationships of
coordination and m-stacking interactions with Fe(llI}PPIX. Some insight can be gained from

studies of these interactions with similar porphyrin and metalloporghyrin complexes.
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1.10.1 Coordination interactions.

Investigation of the coordinating ability of various nitrogen donor ligands (imidazoles, pyridines
and amines) with the haem octapeptide microperoxidase-8 (MP-8) by Pratt and co-workers®88
and N-acetyl microperoxidase-8 (N-AcMP-8) by Marques et al.®® have previously been reported.
These metalloporphyrins, see figure 1.15a, have been known to serve as model systems for
haem proteins but also provide a monomeric derivative of Fe(lll)PPIX in aqueous solution and
thus are able to provide some insight into the coordination interactions with free Fe(lll)PPIX.
Both Marques and Pratt reported that under aqueous conditions, coordination to the iron

centre of the metalloporphyrins was dependant on the pK; and hence basicity of the donor

ligand.

In these studies, four distinct families of compounds were identified. Imidazoles produced the
strongest association constants, amines were found to be separated into two groups (I and ),
with class | amines having the weakest associations, while class Il amines shared a similar

binding strengths to pyridines (see figure 1.15b).

Figure 1.15. (a) Molecular structure of microperoxidase-8 (MP-8) and N-acetyl-microperoxidase-8 {N-Ac-MP-8)
when R = NH;" and NHCOCH;, respectively. (b) Linear free energy relationships between associating ability and
pK, of the coordinating ligand. Figures reproduced from reference 89.
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Margues et al ® attributed the formation of these separate families to the increase in electron
density on the metal centre provided by the coardinated imidazole moiety of histidine. The
imidazole coardinates through its g-orbital and backbending occurs between the metal
gorhitals and the empty n*-orhitals of the nitrogen ligand. Strong o-donors, such as imidazole,
cause a polarisation of the t;, metal orbitals which results in an unsymmetric distribution of
electron density that accumulates trons to the coordinated ligand, These electron rich orbitals
provide stronger backbonding interactions, and thus preater association interactions, with a

second incoming ligand should it have access to empty m*-orbitals (see figure 1,16},

tae

et o ot e A o S e e

Figure 1.16. Schemalic showing the unsymmetric accumuiation of electron density in the t,, orkitals upon
coordination by the slrong o-donor imidazele. The greater clectron density fraes to imidazele results in stranger
coordingtion of 3 second inceming ligand, provided it 15 & m-aceeptor, as stronger backbonding interactions are
possible, Figure adapled from reference 90.

As the sp2 nitrogen containing imidazale and pyridine ligands have access to these orhitals, they
form stronger association constants. However, sp” amine ligands do not have m*-orhitals and
thus are not able to partake in backbonding interactions with the metal, which accounts for the
separation of class | amines from imidazole and pyridine families. While class || amines are also
not able to partake in n-backbonding, the greater strength of association with N-Ac-MP-8 was
attributed to the ability of these compounds to hydrogen bond with the propionate side chains
when bound. Further separation between the imidazole and pyridine families is attribated to

better orbital overlap by imidazoles as compared to ;:1,.rrit:limas.‘£':n
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1.16L.2 m-Stacking interactions,

While many models have been previously proposed to describe m-stacking interactions, the
most widely accepted description is that reported by Hunter and Sanders.”’ This model
describes the n-stacking interaction as the sum of various attractive and repulsive non-covalent
forces between two aromatic compounds {(summarised in figure 1.17). The largest attractive
contribution to n-stacking is described by van der Waals {VDW) interactions which include
dipole-dipole [electrostatic] interactions (figure 1.17a); dipole-induced dipole interactions
{figure 1.17b) and induced dipole-induced dipole (London) interactions [figure 1.17¢). In theory,
attractive charge transfer affects also have the potential to influence interactions but the
energetics of these forces are generally regarded as neghgible. Solvophobic effects {figure
1.17d} in the form of desolvation and pelarising effect of aromatic interactions are also
important, with polar solvents providing more favourable m-stacking interactions. The largest
unifavourable contribution to m-stacking is Pauli repulsion {figure 1.17e} which becomes
significant when electron clowds begin to overlap. It is this term which has a sipmificant effect on

the geometry of n-stacked molecules ™ ™
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Figure 1.17. Non-covalent farces respansible for aromatic n-stacking interactions. (a) dipale dipole interactions,;
(R} dipole-induced dipole interactions; [¢) induced dipole-induced dipole interactions; (d)] solvophobic effects;
(e] Fauli repulsion. Figure adapted from reference 93,
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Through experimental methods it was found that m-stacked aromatic maolecules favour either
an edge-to-face (T-shaped) or offset stacked geometry.” Molecular modelling by Hunter and
Sanders™, using their description of m-stacking, could account for the experimentally
determined r-stacking orieantations when the aromatic ring system was based on a charge
distribution madel (see figure 1.18). This model treats the electronegative nature of the n-
electron cloud as being sliphtly negative but since the ring system is neutral, the o framewark is
thus considered as slightly positive, giving rise to a quadrupole. It is the n-o attraction that
forms the basis of the n-stacking interaction, although geometry is largely governed by the
ability to overcome -t repulsions {Pauli repulsion), The T-shaped (figure 1.18a} and offset
stacked {figure 1.18h} gecometries are favoured over other geametries, such as face-to-face

(figure 1.18¢}, owing to the minimal m-rt repulsion effects experienced.™
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Figure 1.18. Geometries of m-wlacking aromatic ring systems. (a] Edge-to-face {T-shaped) and (b) offwet stacked
geometries are {favoured owver (] the [ace-Llo-lace geometry owing to reduced repulsion. Figure adapted from
reference 93,
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Because of the significant effect of repulsive n-n interactions on the strength and geometry of
n-stacking interactions, Hunter and sanders” theorised that since incorporation of substituents
ot heteroatoms onta the n-stacking ring systems affect electran densities of the m-cloud (and
thus m-m repulsion), they would affect m-stacking interactions. For non-polarised systems (no
heteroatom present), substituents which are etectran danating would destabilise n-stacking
interactions by increasing electron denzity in the melectron cdoud and causing greater non
repulsions {see figure 1.19a). Canversely, substituents that are electron withdrawing would
decrease T-1m repulsive effects, thus favouring nostacking interactions {see fipure 1.19h).
Incorporation of heteroatoms into the ring system causes polarisation of the molecule and
results in additional atom-atom and atom-ng electrostatic effects. In the case of highly
polarised molecules, it was calculated that atam-atam interactions are dominant and while
atom-na interactions also have some significance, n-g interactions become of least importance.
The overall effect of the presence of a heteroatom in a ring system was theorised to provide

better n-stacking interactions as heteroatoms reduce electron density in the ring ™
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Figure 1.19. Effects proposed by Humler and Sanders™ on m-stacking intoractions by introducing arcmatic
substituents, (a] Intreduction of electron donating groups increase m-cloctron density and m-norepulsion, thus
would disrupt w-stacking interactions. (B lntroduction of electron wilhdrawing groups decredse electron densily
and m w repulsion, thus would favour m-stacking interactions. Figure adapted from relerence 93.
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Since the description of the n-stacking interaction by Hunter and Sanders®, there have been
few reported investigations which quantitatively describe such interactions. Fortunately, work
by Schneider et al.>* * has provided one of the few detailed investigations of quantitative n-
stacking interactions with porphyrin ring systems under aqueous conditions and is of particular
interest owing to the structural similarities between Fe(ll)PPIX and the water soluble
porphyrins used. The investigation of m-stacking interactions involved the measurement of
association constants of various aromatic ring systems (0 to 14 m-electrons in size) with
porphyrins. The reported findings showed a remarkably simple linear free energy dependence
of associating ability (AG) on ring size in the form of number of n-electrons, where an increase
in ring size resulted in an increase in strength of association with the porphyrin (see figure
1.20a). In addition, it was found that a decrease in solvent polarity (accomplished by increasing
methanol content in water) had a detrimental effect on m-stacking interactions between
phenanthrene and a water soluble porphyrin (see figure 1.20b). This confirms the solvent

effects theorised by Hunter and Sanders.®
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Figure 1.20. (a) Linear free energy relationship reported by Schneider and wang®* which indicates a stronger
ni-stacking ability with an increase in the number of aromatic n-electrons. (b) n-Stacking association between
phenanthrene and a water soluble porphyrin decreases as solvent polarity is decreased. Figures reproduced
from reference 94.
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Investigation on the effect of substituents on n-stacking interactions is somewhat less clear cut,

1.°® providing evidence suggesting such effects are negligible, while

with authors such as Kim et a
studies by Liu and Schneider™ revealed the opposite. Findings by Liu and Schneider suggested
substituents, other than alkyl groups, do affect the strength of n-stacking association but they
were never able to correlate these effects with a physical property such as Hammett constants
(values describing electron withdrawing ability). Interestingly, heteroatom effects were also
found to be negligible.” from the results of these and many other authors it is obvious that the

effects of aromatic ring substituents have a more complicated role than that proposed by

Hunter and Sanders.”?

1.10.3 Hydrogen bonding.

Hydrogen bonding remains one of the most important intermolecular interactions and affects a
diverse range of areas from molecular recognition and aggregation to various inorganic and
biological systems. The hydrogen bond is defined as a local bond of the form X - H - A, where
X — H acts as a proton donor to A, is electrostatic in nature and has pronounced

%7. %8 Because of the wide-reaching importance of this fundamental interaction,

directionality.
large bodies of work have been devoted to the investigation and understanding of the

hydrogen bond.

With the proposal of a hydrogen bond interaction with the propionate side chain of Fe(lll)PPIX,
the hydrogen bonding interactions of carboxylic acid groups with various proton donor moieties
is of particular interest and a review by Fitzmaurice et al.*® titled ‘Synthetic receptors for
carboxylic acids and carboxylates’ provided useful insights into the selection of potential
hydrogen bonding moieties. The review specifically highlighted the use of nitrogen containing
(i) ammonium, (ii) guanidinium, {iii) urea, (iv) thiourea, (v) amidopyridine and (vi) amide
moieties as receptors for carboxylate anions. While all the above mentioned moieties are able
to form at least one hydrogen bond with a carboxylate anion or carboxylic acid, classes (i) and
(ii) have an additional electrostatic interaction which provides for stronger interactions with
carboxylates. This interaction is known as a salt bridge and is the attractive force experienced
between the delocalised positive charge, produced by the protonated state of the nitrogen, and

the delocalised negative charge of the carboxylate anion.*®
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Ammonium salts (i) provide the simplest hydrogen bonding interaction between a protonated

amine and carboxylate anion. Individually, these interactions are not particularly strong and so

110 see figure 1.21a)

are generally utilised as polyamines (such as investigated by Kimura et a
or are used in conjunction with other stronger hydrogen bonding moieties to give added
stabilisation. Single hydrogen bonding moieties have also been investigated, with Barboiu et
al.*® reporting the carboxylate binding of various amino acids through the use of a single

ammonium moiety (see figure 1.21b).

a Qg/; b
G -
k/ﬁ\) (CHabuy

‘NH;'Cr

Figure 1.21. Examples of multiple (a) and {(b) single ammonium hydrogen bonding groups used to bind
carboxylate anions.®® *°* Figures reproduced from reference 99.

Guanidinium salts (ii) have the ability to form strong bidentate hydrogen bonded interactions
with carboxylate anions (see figure 1.22a) and with their high inherent pK, values (ca. 13.5%)
the majority of species present in solution is in the protonated form meaning a greater
percentage can partake in salt bridge interactions. It is these two characteristics that account
for the strong hydrogen bonding interactions observed between guanidines and carboxylates.
The binding ability of these moieties with carboxylates has been extensively investigated and is

exemplified by the work of Schmuck'®

where strong binding of N-Ac-a-amino acid carboxylates
using guanidine moieties in combination with pyrrole and amide groups were observed {see
figure 1.22b). An interesting subclass of guanidinium salts mentioned by fitzmaurice et al.” is
that of amidinium salts. These moieties provide a similar hydrogen bonding motif as
guanidinium salts, but are less basic in nature. Diamidine compounds (see figure 1.22c)
reported by Mayence et al.'® have shown good antimalarial activity and were found to inhibit
B-haematin formation. Whether this activity is caused by the amidinium moieties hydrogen

bonding to the propionate side chain of Fe(lll)PPIX or not is uncertain. Nevertheless the

incorporation of these moieties in an active anti-malarial drug is promising.
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Figure 1.22. (a) Hydrogen bonding motif between guanidinium and carboxylate moieties. (b) Example by
Schmuck® in the use of guanidines as receptors for carboxylate binding. Pyrrole and amide moieties are used
to supplement the hydrogen bonding interaction.” Figures reproduced from reference 99. (¢) Diamidine
compounds reported by Mayence et al.'® have shown the ability to inhibit B-haematin formation. Figure
reproduced from reference 103.

1% are less interesting owing to

The remaining moieties (iii to vi) described by Fitzmaurice et a
their inability to form salt bridge interactions and thus they provide weaker overall interactions.
Moieties (iii) and (iv) are known to have moderate hydrogen bonding strengths with
carboxylate anions, but these still do not provide strengths comparable to guanidinium
moieties without modifying the electron withdrawing ability of neighbouring groups. Because
of the low pK, values for moieties (v) and (vi), these groups are generally utilised as hydrogen

bond donors for carboxylic acids, particularly in non-polar environments.

Owing to the nature of Fe(lll)PPIX at digestive vacuole pH where one of the propionic acids is
almost always deprotonated,’® there exists the potential for salt bridge interactions in addition
to hydrogen bonding interactions and thus ammonium and guanidinium moieties were of

particular interest in this study.
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1.11 Aims and objectives

1.11.1 Aims.
The overall aim of this project was to produce compounds using a rational fragment design
approach in an attempt to inhibit B-haematin formation and thus confirm the hypothesised

mechanism of action. This was envisaged to be achieved through two steps by:

1. Investigating the relationships of coordination and mn-stacking interactions with

Fe(l)PPIX.

2. Exploiting these relationships such as to propose and synthesise novel compounds

which would have a strong possibility of inhibiting B-haematin formation.

1.11.2 Objectives.

The specific objectives required to attain the proposed aims were to:

1. Spectrophotometrically obtain association constants for various coordinating ligands

with Fe(ll1)PPIX and relate them to a physical property of the ligands such as pK,.
2. Spectrophotometrically obtain association constants for various aromatic ring systems
with Fe(lll)PPIX and PPIX and relate them to a physical property such as number of

n-electrons.

3. Identify small molecules that maximise coordination and n-stacking interactions to be

used as scaffold compounds.

4. Incorporate a hydrogen bonding moiety onto the scaffold and use molecular modelling

techniques to propose compounds with the potential to inhibit B-haematin formation.

5. Synthesise the proposed compounds and test for f-haematin inhibition ability.

-31-



CHAPTER 2.

INVESTIGATION OF COORDINATION AND Tt-STACKING

INTERACTIONS WITH FE(II1)PPIX

-32-
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2.1 Introduction

To date, no detailed investigations of factors governing coordination and n-stacking
interactions with Fe(lll)PPIX have been reported and thus interactions of this nature are not
well understood. By attempting to uncover the underlying relationships of these interactions,
the information obtained would be extremely useful in the design of template compounds
which could anchor the molecule to Fe(lll)PPIX and provide a scaffold to which hydrogen
bonding groups may be incorporated, hence conforming to the proposed model required for

inhibition of B-haematin formation.

2.2 Coordination interactions

Owing to the complex nature of Fe{lll)PPIX speciation,’™ experimental conditions in the present
study were limited to a 40% (v/v) aqueous DMSO solvent system at pH 7.4 in order to obtain a
monomeric Fe(lll)PPIX species.” This pH constraint meant that protonation competition had to
be explicitly taken into account for donor ligands that have a pK; higher than 7.4. Equation 1
was employed to calculate the pH independent association constant for coordination with

Fe(I1)PPIX (log K.) from the observed association constant at pH 7.4 (log K obs)-
log K. = log Ke,obs + Log[1 + 10°%*PH] (1)
Utilising this technique and correcting for protonation, association constants for a variety of

pyridine, imidazole, amine and phenolate donor ligands with Fe(lll)PPIX were determined.

Typical spectra obtained are provided in figure 2.1.
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Figure 2.1. Typical spectroscopic changes obtained upon addition to Fe(INPPIX {dilution carrected] of lipands
forming & 1:1 [a) and 2:1 (k) comples. Insets, Expansion of O band regions with arrows indicating iscshestic points
i [a] bhut nat (k] €] Nore-linear least squares fit {red line) of the data (hlgck circles), obtained fram (a), to
cguations 2 and 3 [see chapter 7), respectively. (d) Non-linear least squares fit [red ling) of the data (black circles),
obtained from (b)), to cquations 2 and 3 (see chapter 7)., respectively.

Analysing the data obtained from the spectrophotometric titrations, it was found that the
majority of the compounds tested formed 1:1 ligand Fe(llllPPIX complexes, In these cases,
changes in the absorbance spectra were found to be confined to the intensity of bands with no
shifts occurring. The most prominent change identified was hypochromism of the Soret peak

(see figure 2.13).
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Howaever, some pyridine and imidazole ligands {compounds B, 8, 10 and 13, ses table 2.1) were
found to form to a 2:1 complex which resulted in the formation of a low spin iran centre which
was spectroscopically characterised by both hypochromism and a shift of the Soret peak to 3
longer wavelength, illustrated in figure 2.1b, 35 well as increasing intensity and shifts in the
band region. Formation of the 2:1 complex of imidazole with Fe{lll)PPIX was found to be a
stepwise process with clear evidence of deviation from the cooperative model which is most
clearly observed at low and high concentrations (figure 2.2). The observation of such a
s-coordinate intermediate species is uncommon with imidazoles., Many authors report a

cooperative  mechanism  with  haemin  under wvaripus agueous and non-agueous

105-10% { 1L

environments , however, these findings are in agreement with those of Marques et o

where a similar stepwise process was discovered with imjdazole for hgematohaemin,

2.2

2.0 b
W\
1.4 \ T
1.2 e

[imidazole] 1072 M

Figure 2.2, Mon-linear least squares fits of experimental data (black circles) oblained from spectrophotometric
titration of imidazole. Data were fitted to 2:1 stepwise {sclid red line) and cooperative [dashed Blue ling)
medels using eguations 3 and 4 see chapter 7], respectively. insets. Proncunced deviation i@ shown for the
cooperative, but not stepwise model at lew and high concentrations of imidazole,

Agn

Plotting log K. of the coordinating ligands against their corresponding pk,, values summarised in
table 2.1, resulted in a single linear free energy relationship {LFER}, shown in figure 2.3, These
findings suggest that under conditions devoid of proton competition, such as in a lipid or
prganic environment, coordination to the iron centre of Fe(lll)PPIX is based solely on the
basicity of the donor ligand. The LFER between pk; and coordination strength with Fe(lllIPFIX in

40% aqueous DMSOQ is described by equation 5.

log K, = 0.71(6} = pK, - 2.6(5} {5}

w35
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Figure 2.3. lingar free energy relationship between the pH independent association constant [log K. and p&; of
nitragen and meyzen donar ligands. This relationship is described by log K. = 0.71[6=pK,  2.6(5) with 1’ = 0,93,

In order to confirm the hypothesis of coordination under pH independent conditions,
association constants of those ligands, which are free bases, were then determined with
Fe(llI}PPIX in an organic solvent system. The solvent system consisting of 20% (v/v] DMSC in
methanot was chosen, and from Beer-lambert faw studies, it was found that monomeric
Fel[lll}PPIX species were obtained at concentrations of up to at least 1.5 = 107 M {figure 2.4a),
Association constants of nitrogen donor hgands were then determined in the organic solvent
system [(l0g K. o), values summarised in table 2.1, where similar spectroscopic changes as
described for the 40% (v/v] aqueous DMSO solvent system were observed, Observed
association canstants obtained in the organic solvent system (log K, o) were then compared to
the corresponding ligand basicity and a LFER was obtained which is similar to that in aqueous
DMSD (see figure 2.4b). This result confirms that in the absence of proton competition, log K. of
ligands with Fe[lllPPIX is indeed directly proportional to the basicity of the donor ligand and
demonstrates that the LFER cbserved in figure 2.3 is not an artefact of corrections made to

loiz Ke ohey by #guation 1, to account for proton competilion,
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Figure 2.4_{a] Beer-Lambert law plot of Fe{l11PPIX in a 20% /vy DMSO in melhanal selvent syslem, Extinction
caefficient was found to be 1072 400 M om [} Linear freo energy relalionship belween associatian constants
chtained in 208 (vh) DM in methanol {log K, .00 and pa; of N)—dﬂnor hgands [see table 2.1 for compounds).
This relaticnship is described by log K. = OBIL)=pk, - 3[1) wilth r” = 0.87.

Table 2.1. Observed and pH independent association constants as well as pK, values of nitragen and

oxygen donor ligands used in the determination of coordination association constants with Fe[lll)PPIX.

No. Campaotind

1 naphthanol
2-phenylimidazole

3, 5-dichlarephencl
3-melhoxyphenc
d-dimethylaminapyridine
5)-methylimidazole

T A R b R e

7 d-methaxyphenc
8 A-methylpyridine
9 butylamine

10 imidazale

11 rmarphaling

12 phenal

13 pyridine

Pk, lag K, log K.
9.34° 2.1z +0.02 4,08
639" 241 +0.01 2.45
g.1a° 26310032 253
o.65" 1.63 002 254
oE7 " 245+ 001 4,599
7.54° 2,18 £ 0,10 2,59
216 + 10 357
10.21° 139+ 003 4.27
6.03" 1.34 £ 008 138
1.25 + 0.06 127
10.64° 1.63+0.01 4,94
£.99° 2.17 = 0.05 2,34
3511006 3.68
g.49° 2.59+0.08 378
g.08° 1.42 +0.05 406
4417 0.77 = 0.05 078
0.82+0.02 052

* Relerence 111
* Reference 112
M Mot Determined

WE “Weak Binding, second association constant could not be determined

log K oy

MO
278+ 0002
MDD
MO
4.83 L 005
2.61 £ 003
2.45 £ 003
D
1Lol+00z2
WE
4,84 =0.07
259001
2.56 =003
4.14 = Q.06
Mk
0.51=0.04
WE
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The observation of a LFER under aqueous conditions is similar to results obtained by Pratt and
co-workers®>® with MP-8 and Marques et al.®® with N-Ac-MP-8, except that those authors
obtained four separate LFERs for amines, pyridines and imidazoles. As detailed in section 1.10.1
the formation of the four separate families was attributed to the n-backbonding effect caused
by the coordinated histidine ligand and hydrogen bonding ability of the ligands. It is likely that
the absence of this histidine ligand in free Fe(lll)PPIX, which is five coordinate, leads to the

single linear relationship seen here, obtained since no analogous effect on n-backbonding is

possible.

This explanation is further justified by the association constants obtained in this study for
imidazole and 4(5)-methylimidazole where the formation of the six coordinate species of
Fe(lll)PPIX was found to be more favourable than formation of the five coordinate species, as
indicated by the significantly larger second association constant obtained with these ligands. By
contrast, with pyridine, the second association constant is only a little larger than the first.
Interestingly, this n-backbonding effect appears lessened in the organic solvent system as the
second association constant obtained for imidazole derivatives (compounds 6 and 10) in 20%
(v/v) DMSO in methanol is similar in magnitude to the first. This effect is also observed for the
pyridine derivatives {compounds 8 and 13) where a second association constant could not be
determined, presumably since it is much weaker than the first. A similar effect of decreased

110
l.

second association constant was observed by Marques et a with pyridine and imidazole in

coordination investigations with haematohaemin in a methanol solvent system.

As an aside, the association constant of 1-acetylimidazole with MP-8 and N-AcMP-8 was found
by both Pratt and Marques et al.¥% to have a greater than expected value based on the
compound’s pK,. However, in our hands, it was found through proton NMR that in an aqueous
environment the acetyl group undergoes rapid hydrolysis to give imidazole and acetic acid. This
process accounts for the greater than expected association constant obtained for

1-acetylimidazole, which is, in fact, the same value as that obtained for imidazole.
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While the findings obtained for coordination ta Fe(llJPPIX are similar to the results of Pratt et
al ™™ and Marques et o™, the ability to quantify these interactions with Fe(lll)PPIX is of
significance as by combining the equations 1 and 5, equation & was derived which is able to
predict the observed coordination constant (log K., ..) at any desired pH, provided the pk, of

the ligand donor atom is known.

log K. = 0.71(6) x pK. - 2.5(5) - log[1+10"7* P"] ()

From eguation 8, it possible to predict observed association constants for compounds with a
range of pK; values under the acidic conditions known to occur in the digestive vacuole of the
malaria parasite, The measured vacuclar pH of 4.8 - 5.4 has been previously reported.” *
Figure 2.5 shows the curve obtained when the predicted log K ;i values [calculated from eq. 6
at pH 4.8) are plotted against pK,. A compound with a pK, value of 5.15 is identified as the
optimum under these conditions. At this optimum a very low association constant is expected,

less than 0.6 log units, indicating that coordination under these conditions is weak and would

nrobably be put-competed by other interactions such as m-stacking in the agueous medium.
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Figure 2.5. Curve of predicted coordination association constants (log K. .. obtained using eguation &) verses
pk, under acidic (pH 4.8) agueous conditions similar to the digestive vacucle of the malaria parasite. Strongest
coardination interactions are produced by a p&, value of 515 but they are still rather weak (< 0.6 log wnits).
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2.3 n-Stacking interactions

Quantitative studies of m-stacking interactions in aqueous solution with parphyrins are few,
with Schneider et o/.** * providing one of the few detailed investigations. In the present study,
spectrophatometric titrations were employed to determine the association constants arising
from n-stacking interactions between simple aromatic compounds and the porphyrin ring
system. Because of the hydrophobic nature of many aromatic compaunds, substituents such as
carboxyiic acids and alcohols are reguired to aid selubility under agueous experimental
conditions. Unfartunately, because of these moieties, m-stacking investigations with Fe{lll)PPIX
proved mare challenging than the coordination investigations because of the possibility of
coordination to the iran centre by the various salubilising aromatic substituents, Thus in order
to obtain association constants resulting only from n-stacking interactions, iran free PPIX was
used as a model system for Fe(lllJPPIX. Beers law studies under the same aqueous DMSD
conditions as used in coordination investigations indicated that the manomeric PPIX species
exists below concentrations of approximately 5 10°° M, with deviation from linearity at higher

concentrations indicative of aggregation [see figure 2.6).

1.5

1.24

0.ad ..

Aano

0.8+

0.3+

0.4 T T T T T T T T :
o4 02 04 06 08 10 12 14 18 18 20

[PPIX] / 107 M

Flgure 2.6. Baers law piot Tor PRI in 40% (v/v) aquecus OMSG at pH 7.4 Extinctian coeflicient was found to be
24 290 M em”, Inset. Expanded region where concentrations of PRIX lead to a monomeric specias.
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Association constants arising from m-stacking interactions (log K.} with PPIX were determined
for a range of aromatic compounds (typical spectra obtained shown in figure 2.7} with ring size
imited to 14 or fewer r-electrons because of interference in the visual absorption region by the
larger ring systems which are chromephores. Fortunately, association constants with Fe{lll)PPIX
for a few of the compounds (1, 14, 16, 20 and 21, see table 2.2) could be measured because
steric hindrance prevents coordination from occurring. All compounds tested obeyed a 1:1
association model, summarised in table 2.2, and an average decrease in n-stacking with

Fe(ll)PPIX of 0.57 log units, reiative to PPIX, was found.

0.4-
b

03’5 |
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02 ; 3 375 4 ‘.‘.
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9] 0,300+ es B N R .
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Figure 2.7. (3} Typical spectroscopic ¢hanges {dllution corrected) obtained with ligands forming a 1:1 complex
with PPIX. {b) Non-lin=ar least squares fit (red line) of the data obtained trom (a) {black arcles), fitted to a 1:1
association model using equation 2.

Plotting log K, with PPIX against the number of m-electrons of the corresponding aromatic
compounds produced a LFER, shown in figure 2.8. This suggests that an increase in the number
of m-electrons in the ring system results in an increase in n-stacking association with PPIX. Data
scatter above and beiow the best fit line are attributed to substituent effects of the aromatic
ring systems which could have a positive or negative effect on m-stacking interactions.
Unfortunately, attempts at unravelling substituent effects from the small data set obtained
failed and further experimentation is required to understand and guantify their effect on

r-stacking with PPIX.
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log Ks

Figure 2.8, Linear free energy relationship between r-stacking assaciation {log K.} and the corresponding
number of n-etectrons (n.} of the aromatic campound. This relationship (s described by log K. = 0.23{2)xn, +
0.55(18) with r" = 0.81.

Table 2.2. Association constants determined for n-stacking interactions with PPIX and Fe{llIl}PPIX.

log X,

No. Compound rn-electrons __PPIX Fe{l1)PPIX
1 1-naphthanol 10 2.86+0.03 212+0.04

4-dimethylamino pyridine 6 2:21*0.02 cP
10 imidazole 6 1.91+0.04 CcP
12 phenol & 1.95+0.14 P
13 pyridine G 1661014 cp
14 2,6-lutidine & 2.17+0.09 1.71+0.07
15 S-aminofluorene 12 3362004 CP
16 benzimidazole 10 2.72+0.04 230+ 0.02
17 benzoic acid b 190010 CP
18 benzyl alcohol 6 2.22+0.08 CP
19 benzyl amine G 1.77 £+ 0.03 P
20 quinaline 10 2.00 +0.07 197+0.02
21 5-methyl-1,10-phenanthroline 14 3.76 £ 0.05 3.15+0.05
22 4-guinoline methanol 10 3.22+0.08 P

CP Coordination Possible.

A2
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The findings obtained for n-stacking interactions with Fe(lll)PPIX and PPIX are in agreement
with the trends obtained by Schneider et al.’* ** for other water soluble porphyrins. The
observed decrease in m-stacking association with Fe(lll)PPIX as compared to PPIX is not
unexpected for a metalloporphyrin, since Schneider and Wang® observed a similar effect with
zinc porphyrins. This decrease was attributed to distortions in the porphyrin ring system as a
result of the presence of a metal centre. However, there exists a possible additional explanation
for this observed decrease that is based purely on the availability of association sites. PPIX has
two possible faces with which aromatic n-stacking interactions can occur. Owing to the
coordinated axial water ligand, a 5~coordinate species of Fe(lll)PPIX is produced” which thus
has only one sterically unhindered face that allows interactions with n-stacking molecules. This
statistical decrease in association sites would account for log 2 (0.30 log units) of the observed
deficit. The remaining 0.27 log unit decrease can be attributed to the doming of the

metalloporphyrin ring system.

Once again, while this observed trend was not entirely unexpected based on literature
precedent, the quantification of this interaction with PPIX is important. By incorporating the
observed decrease in m-stacking strength with Fe(lll)PPIX into the equation describing
n-stacking with PPIX, equation 7 was derived which is able to predict the n-stacking association
constants (log K;) of simple aromatic compounds with Fe(lll)PPIX, where ny is the number of

n-electrons in the aromatic ring system.

log Ks = 0.23(2) x ny - 0.0(2) (7)

2.4  Coordination and r-stacking combined

With LFER equations that describe coordination (eq. 6) and n-stacking (eq. 7) of compounds
with Fe(lll)PPIX, it remained to be seen whether compounds that can both coordinate and
n-stack simultaneously would simply exhibit an additive effect of log K. and log K; on the overall
log K. Association constants of compounds that could partake in both interactions with
Fe(ll)PPIX were determined and compared with the individual contributions of coordination

and n-stacking calculated from equations 6 and 7.
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It was found that compounds containing a benzylic alcohol donor tigand have similar observed
association constants to the combined association constants predicted by equations 6 and 7,
and so by combining equations 6 and 7, a general equaticn, 8, was obtained which is able to

predict the association constants of any such compound with Fe(lH}PPIX.

log Keaie = o % {0.71(6) x pK, - log[1 + 10 P*] - 2 6(5}} + B x {0.23(2) x ny - 0.0{2}} (8)
a=1lorOandp=1lor0

Where o = 1 if the ligand coordinates or 0 if it does not and B = 1 if the ligand n-stacks and 0 if

does not.

In order to ascertain the accuracy of equation 8, the ohserved association constants for all
compounds tested with Fe{lllJPPIX (log K.} were compared to the predicted association
constants calculated from equation 8 {log K.,.). The results obtained, tabulated in table 2.3 and
shown in figure 2.9, indicate that accuracy of equation 8 is reasonably good given the
limitations of this approach, producing an average error between predicted and actual

association constant of + 0.27 log units.

4.0
3.5
3.0
2.5
2.0+

s Coordination only

+ n-Stacking only
+ Both

|Og Kobs

log Keale

Figure 2.9. Comparison between observed association constants with Fe(lllJPPIX obtained through experiment
{log K.u.) and from prediction using equation 8 [log K., ). Average error between values is £ 0.27 log units,
b

rr=0.87.
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Table 2.3. Observed and predicted association constants of all compounds tested.

No Compound pK, log Kopbs log Keuic Interaction

1 1-naphthanol 9.34° 2.12+0.02 2.24 R-stacking

2 2-phenylimidazole 6.39° 241+0.01 1.88 Coordination
3 3,5-dichlorophenol 8.19° 2.63+0.03 2.34 Coordination
4 3-methoxyphenol 9.65° 1.63£0.02 1.88 Coordination
5 4-dimethylaminopyridine 9.55° 2.4510.01 1.98 _ Coordination
6 4(5)-methylimidazole 7.54° 2.18+0.10 2.36 Coordination
7 4-methoxyphenol 10.21° 1.39+0.03 1.82 Coordination
8 4-methylpyridine 6.03° 1.34+0.08 1.64 Coordination
9 butylamine 10.64° 1.63+0.01 1.69 Coordination
10 imidazole 6.99° 2.17£0.05 2.20 Coordination
11 morpholine 8.49° 2.59 +0.08 2.28 Coordination
12 phenol 9.98° 1.42 +0.05 1.88 Coordination
13 pyridine 5.23° 0.77 £0.05 1.09 Coordination
14 2,6-lutidine 6.72° 0.93+£0.02 132 n-stacking
15 9-aminofluorene 8.22°¢ 2.38£0.02 2.280r2.70  Inconclusive ¢
16 benzimidazole 5.46° 2.304£0.01 2.24 n-stacking
17 benzoic acid 4.20° 1.78 £0.03 1.68 Both

18 benzyl alcohol 15.05° 1.94 £ 0.09 167 Both

19 benzyl amine 9.55° 1.17£0.01 1.32 n-stacking
20 quinoline 4.81° 1974001 2.24 n-stacking
21 5-methyl-1,10-phenanthroline 5.17° 3.15+0.03 3.16 ni-stacking
22 4-quinoline methanol 13.38° 3.47+£0.10 3.10 Both

23 1-naphthlene methanol 14.39°¢ 3.39+0.05 2.79 Both

® Reference 111

® Reference 112

¢ Experimentally determined (see chapter 7)

¢ predicted coordination (2.28) and ne-stacking (2.70) values are too similar to provide an exclusive interaction.
This compound has thus been ommited from correlation (figure 2.9).

© Predicted using MOKA (reference 113)

The LFER equation (eq. 8) obtained from investigation of coordination and mn-stacking
interactions with Fe(lll)PPIX was shown to be moderately accurate in calculating predicted
association constants of small molecules with Fe(lll)PPIX. However, the observed association .
constants of compounds containing amine donor ligands as well as an aromatic moiety
(compound 19) did not conform to the expected values for coordination and n-stacking, with
only ni-stacking interactions with Fe(lll)PPIX observed. It was surmised that this is a result of a

steric difference between the O-donor and N-donor ligands.
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As illustrated in figure 2.10, in order for m-stacking interactions to occur once bound, the
aromatic ring system of a compound must be parallel to the protoporphyrin ring system of
Fe(lllJPPIX. In the case of nitrogen donor ligands, this results in the formation of a sterically
unfavourable semi-eclipsed conformation and is suspected to rearrange to form the more
favourable anti-periplanar conformation which is thus urnable to n-stack while coordinated. The
observed coordination association constant obtained for these types of amine compounds was
similar to the predicted contribution from n-stacking interactions, indicating that the
coordinated conformation with the aromatic ring system in the anti-periplanar position is the
less favourable interaction. A similar result was obtained from 9-aminofluorene, 15, where the
magnitude of the observed association constant impiied that only one interaction was
occurring. Unfortunately, it was unclear as to which interaction this was because the
magnitudes of the predicted values for coordination and n-stacking contributions are similar. In
the case of oxygen donor ligands, conformational changes do not occur owing to greater steric

freedom of this class of compound.

Ar
T
g R Steric relied
Aty s j
.-‘.
s

Figure 2.10. Newman projections along the C— 0 and C — N honds of compounds that contain a coardinating (O
and N} group, bound to Fe(lll}PPIX, as well as an arormatic n-stacking (Ary group. Unfavourable steric canformations
of the bound nitrogen donor ligands could result in the formation of an anti periplanar geaometry, thus preventing
n-stacking and coordination interactions from simultaneously occusring.
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Finally, association constants of 4-aminoquinoline compounds with Fe(lll)PPIX also cannot be
accurately predicted based on the assumption that the only interaction occurring is that of
ni-stacking. Predicted log Kops values for n-stacking with Fe(lll)PPIX are in the region of 2.30 log
units lower than the experimental association constants, indicating that there must be
additional interactions with Fe(lll)PPIX occurring. Possible interactions that have not been taken
into account could be favourable charge-charge interactions between the protonated quinoline
nitrogen and deprotonated propionate side chains of Fe(lll)PPIX. Schneider and Wang ** have
found that such electrostatic interactions have a contribution of about 0.9 log units for singly
charged molecules. Further investigation is required in order to better understand and quantify

the effects of these additional interactions.

2.5 Conclusions

The coordination of pyridines, imidazoles, quinolines and phenolates with Fe(lll)PPIX was found
to be directly proportional to the basicity of the donor ligand. The single LFER relationship
obtained between pK, and coordinating ability allows for prediction of other compounds
provided the pKj, is known. n-Stacking interactions of aromatic compounds containing 6, 10, 12
and 14 m-electron ring systems with PPIX and Fe(lll)PPIX were found to increase with an
increase in the number of m-electrons. Substituents seemingly made small contributions to
n-stacking interactions but substituent constants could not be extracted. A decrease in
ni-stacking ability with Fe(lll)PPIX relative to PPIX was also observed. A LFER equation describing
n-stacking interactions with Fe(lll)PPIX was derived which enabled prediction of this interaction
for other aromatic compounds. Predicted coordination and n-stacking association constants of
compounds containing moieties that could accommodate both these interactions were found
to be additive and these findings led to the derivation of a LFER equation that can predict the
associating ability of almost any small molecule with Fe(lll)PPIX. Care needs be taken with -
regard to steric conformations as compounds such as benzylamine, 19, were found to be
unable to both coordinate and n-stack. In addition, there are other interactions with Fe{lll)PPIX
that seemingly play an important role as the 4-aminoquinoline class of compounds have a
markedly stronger observed interaction than predicted. Unfortunately, these interactions are

as yet not well understood and require further investigation.
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3.1 Introduction

With the development of equation 8 (see section 2.5), moderately accurate estimates of
association constants of simple molecules with Fe(lll)PPIX are possible. This provided a platform
for the identification of potential scaffold molecules that have a strong association with
Fe(lI)PPIX which could be further developed into potential B-haematin formation inhibitors
through the incorporation of a hydrogen bonding moiety. Utilising molecular modeling
techniques, identification of favourable hydrogen bonded conformations with Fe(ll)PPIX would
allow for further refinement and potentially provide compounds with a higher probability of

inhibiting B-haematin formation.

3.1 Identification of a scaffold molecule

In order to identify potential template compounds, a threshold association value needed to be
established such that only compounds with an association constant value equal to or greater
than the threshold would be considered. This threshold value would have to be the association
constant obtained with Fe(lll)PPIX for the parent structure of a known B-haematin inhibitor
which was thought to follow the proposed mechanism of action through coordination,
n-stacking and hydrogen bonding. As previously reported,”® antimalarials and B-haematin
inhibitors, quinine and quinidine (figure 3.1a), are thought to follow the hypothesised
mechanism of action and thus the parent structure 4-quinoline methanol, 22, (see figure 3.1b)

was selected to provide the threshold association value.

a XCH, b HO
H3C quinine: 8S,9R N/

y
N quinidine: 8R, 95 o
4-quinoline methanol, 22.

Figure 3.1. (a) Active B-haematin inhibitors quinine and quinidine, contain coordination (hydroxyl), n-stacking
{(quinoline ring) and hydrogen bonding (tertiary amine) moieties that support the hypothesised mechanism of
action. (b) Parent structure of quinine and quinidine, 4-quinoline methanol, was chosen to provide the threshold
association value.
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Unfortunately, compound 22 is not available commercially but it was obtainable by synthetic
means through a simple, one step reduction reaction of the commercially available starting

material, 4-quinoline carboxaldehyde, 24. Reaction conditions are detailed in scheme 3.1.

Scheme 3.1
(0] HO
N
(i
X —_— X
P 67% _
N N
24 22

(i) NaBH,, EtOH, RT, 1.5 h.

The reaction proceeded, using the procedure reported by Hértner et al.'**

, under mild
conditions to give the required product, 22, in a moderate yield (67%) which was characterised
using infrared (IR), NMR and mass spectrometry (see chapter 7 for synthetic details). The
association constant with Fe(lll)PPIX was determined as described in chapter 2 and the
measured value found to be 3.47 + 0.10 log units, which was set as the threshold association
value. This observed value was slightly higher than the predicted value of 3.10 + 0.25 but is not

statistically different.

Various simple compounds were then screened as potential scaffold molecules using the
following criteria. Suitable compounds preferably should: (1) contain a benzyl alcohol moiety;
{2) contain at least a 10 n-electron aromatic ring system; (3) have a rigid structure to ensure
preorganisation; (4) have a predicted association constant greater than or equal to 3.47 log
units; (5) be commercially available for measurement of association constant; (6) produce no
isomers upon modification; (7) have a commercially available precursor which is inexpensive «.

and (8) be a novel antimalarial scaffold.
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The most suitable molecule identified as a potential scaffold was 9-hydroxyfluorene which met
all the imposed criteria. This commercially available molecule contains a benzyl alcohol moiety
and a 12 n-electron aromatic ring system which have a connectivity that produces a rigid
structure. In fact, molecular modelling indicated that the rigid structure provided optimal
n-stacking interactions once coordinated to the iron centre of Fe(lll}PPIX, as illustrated in figure
3.2, and thus provide a preorganisational feature that may increase association interactions. In
addition, owing to the molecular symmetry of this compound, substitution at the 9 position of
the ring system would give rise to favourable achrial products that could be synthesised from

the inexpensive synthetic precursor, 9-fluorenone.

Figure 3.2, Molecular structure of template compound 3-hydroxyfluarene (a) and lowest energy conformations of
template compound {green} bound to re(l}PPIX {b and c). Conformations indicate favourable rn-stacking
interactions are possible between fluorene and PPIX ring systems with a measured interplanar distance of 3.23 A,
For clarity, hydrogens have not been snown.

The predicted association constant of 9-hydroxyfluorene was calculated as 3.33 £ 0.27 using
equation 8. While this is slightly smaller than the threshold value, it was still considered ocwing
to the larger error in the predicted pK, value for the hydroxyl moiety (14.33 + 0.52, predicted
using MOKA software’ ") which held the possibility for a slightly stronger association constant
that would be closer to the threshold value. Since 9-hydroxyfluorene is commercially available,
the observed association constant was able to be determined and found to be 3.64 + 0.09 log

units, which is greater than the threshold value.

It is because of these important properties of 9-hydroxyfluroene as well as the fact that this
compound is not a known antimalarial class that 3-hydroxyfluorene was selected as the as the

scaffold molecule for this study.
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3.3 Incorporation of a hydrogen bond donor moiety

With the template molecule chosen to act as the anchor moiety of the proposed inhibitor,
hydrogen bonding groups were incorporated into the structure. As detailed in section 1.10.3,
there are a variety of hydrogen bonding groups that provide favourable interactions with
carboxylic acids and carboxylate anions, with guanidine moieties being one of the strongest
owing to the ability to form bidentate hydrogen bonds and the stabilising presence of a salt
bridge. It was for these reasons that the guanidine moiety was selected as the hydrogen
bonding feature. in order to provide a comparison with the stronger guanidine group, a primary

amine moiety was also included as a hydrogen bond donor.

The incorporation of this amine group required no additional synthesis, as formation of the
guanidine moiety required a primary amine as an intermediate compound (see chapter 5 for
further details on synthesis). In addition a 1,3,5-azaadamantane moiety was also proposed as a
possible hydrogen bond donor because the cage-like structure provided a preorganisation
feature, similar to that of quinine and quinidine antimalarials, which was thought to possibly

play a significant role in the proposed mechanism of action.

Attachment of the hydrogen bonding moieties to the anchor template molecule,
9-hydroxyfluorene, required a carbon spacer and molecular modelling identified favourable
hydrogen bonding interactions of the guanidine moiety and azaadamantane moiety were when
the alkyl linker was one or two carbons in length. Thus, compounds A to E were proposed for

investigation (see figure 3.3).

oD GO GO OO D

Figure 3.3. Proposed B-haematin inhibitors, A to E.
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3.4 Molecular modelling of proposed inhibitor/Fe(lll)PPIX complexes

Molecular mechanics and dynamics (with simulated annealing) modelling of the proposed
compounds bound to the iron centre of Fe(lll)PPIX provided an additional method with which
to determine the feasibility of these compounds as potential $-haematin inhibitors. While this
technique is not able to directly compare energies between complexes, the modelling provides
an insight into the conformations of the bound compounds and allows for the identification of
favourable and unfavourable conformations of the complexes. Should these lowest energy
conformations have the possibility of an intramolecular hydrogen bond interaction with the
propionate side chain, the energy of the hydrogen bonded conformation could then be
compared to the lowest energy conformation and insight into whether the possibility exists for

a favourable hydrogen bonded interaction could be obtained.

Unfortunately, this technique cannot provide conclusive results because the modelling was
performed in vacuum and effects of hydration were not taken into account. This is a significant
drawback as interactions between Fe(lil)PPIX and proposed compounds are thought to occur, in
part, in the aqueous digestive vacuole of the parasite. However, the results obtained from
modelling are still of interest as these interactions are also believed to occur in lipid
nanospheres within the digestive vacuole.®® Because of the absence of water, this lipid
environment is likely to resemble the vacuum model more closely and thus the results obtained
may have some validity for this situation. In addition, the modelling does indicate the feasibility

of proposed compounds forming the required interactions.

3.4.1 Compounds A to D.

Proposed compounds A to D were bonded to the iron centre of Fe(lll)PPIX and lowest energy

conformations for the complex were obtained. All compounds were observed to have-
favourable n-stacking interactions with the porphyrin ring system, and in particular, favoured

the a carbons of the pyrrole rings of the porphyrin system. Conformations of all compounds are

displayed in figure 3.4.
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Figure 3.4. Molecular modelling of compounds A to D indicating the more favourable hydrogen bond
conformations of the guanidine derivatives, B and D. For clarity, all hydrogens except those of the hydrogen
bond donors have nol been shown.

Guanidine derivatives, B and D, displayed conformations which provided for favourable
hydrogen bonding interactions, with small energy differences of 3.75 and 3.30 kJ/mol,
respectively, between the hydrogen bonded and lowest energy conformations. The low energy
requirement for the formation of a hydrogen bonded conformation indicated that these
compounds were good candidates for B-haematin inhibition. While the lowest energy
conformation of the complex allowed for favourable hydrogen bonding interactions to occur,
the flexibility of the alkyl linker provides for other confarmations, similar in energy, which do
not provide for hydrogen bonding interactions as easily and thus a lack of preorganisation was

observed.
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Amine precursor A was found to have a lowest energy conformation where the hydrogen
bonding moiety directed away from the propionate side chain. Forcing a hydrogen bonded
interaction resulted in a large increase in energy, 8.04 kJ/mol relative to the lowest energy
conformations, and a significant distortion of the protoporphyrin ring was also observed. This
suggested that compound A was not a good potential candidate for f-haematin inhibition, but

would provide for an interesting comparison with compounds B and D.

The amine precursor C was found to adopt a similar conformation to that observed with
compound A but the length of the hydrogen bonding linker did not allow for distances
conducive for hydrogen bonding interactions. This compound was retained as a proposed

negative control.

3.4.2 CompoundE.

Molecular modelling of the azaadamantane derivative, compound E, was performed as for
compounds A to D. In this case, the added rigidity of the structure allowed for the calculation of
an energy map of the complex. Rotating torsion angles ¢ and {, see figure 3.5a, and recording
the conformational strain energy of the complex after each rotation, favourable and
unfavourable energy regions could be identified (see figure 3.5b). Comparing the torsion angles
of the hydrogen bonded conformation to the energy map of the complex indicated that this
compound was seemingly preorganised to partake in hydrogen bonding interactions with the
propionate side chain once bound, as the torsion angles of the hydrogen bonded conformation
were very close to the torsion angles of the lowest energy conformation of the complex. Thus
the preorganisation of this compound was thought to provide an interesting comparison to the

strength of the guanidine hydrogen bonding moiety.
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a
. - ¢, & angles:
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Figure 3.5. (8) Hydrogen bonded conformation of compound E bound to Fe{lll)PPIX. Torsion angles ¢ and  used
to calculste an energy map of the complex are shown in green and pink, respectively, All hydrogens apart from
those of the hydrogen bonding groups have been removed for clarity. (b} Energy map of the compound E |
Fe(llllPPIX complex, light blue areas indicate low energy conformations while red areas indicate tmgh energy
conformations. The diagram indicates that the torsion angles of the global energy minimum {dark blue circle]
and of the hydrogen bonded conformation (dark red circle) are similar.
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3.5 Conclusions

Using equation 8, derived in section 2.4, association constants for a range of molecules that
could both coordinate and n-stack were predicted. The association constant of 4-quinoline
methanol, the parent structure of the antimalarials quinine and quinidine, was chosen as a
threshold value and the compound was synthesised. Predicted association constants, obtained
from equation 8, that were greater than or equal to the threshold minimum (measured as 3.47
1 0.10) were then only considered. The commercially available compound 9-hydroxyfluorene
was chosen as the template molecule as the predicted association constant (3.33 + 0.25) and

experimental value (3.64 1 0.09) obtained were similar to that of the threshold minimum.

The guanidine moiety was selected as the hydrogen bonding group and a one and two carbon
linker was selected to attach it to the template molecule at the 9-position of the fluorene ring.
Synthetic precursors to guanidines are amine moieties which were also considered as proposed
compounds in order to compare the strength of hydrogen bond interaction. An additional
azaadamantane moiety was also proposed as a potential target molecule because of the rigidity
of this class of compound, which was thought to have a similar preorganisation feature as

quinine and quinidine. In total, five compounds (A to E) were proposed.

Molecular mechanics and dynamics (with simulated annealing) modelling was performed on
the proposed inhibitor/Fe(ll)PPIX complexes in order to identify favourable conformations that
may support hydrogen bonding interactions with the propionate side chain. It was found that
the guanidine derivatives (B and D) could form favourable hydrogen bonded conformations in
vacuum but because of the flexibility of the linkers, preorganisation was unlikely. Amine
precursor A was found to have a conformation where the hydrogen bonding group was
directed away from the propionate side chain and required a large increase in energy to form a
hydrogen bonded conformation under vacuum conditions. Compound C was unable to form a
hydrogen bond with the propionate because of the shorter linker length but was retained as a

negative control.
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Azaadamantane derivative E was found to have a lowest energy conformation that allowed for
hydrogen bonding interactions. In addition, because of the rigidity of the complex, an energy
map of the complex could be determined and it was found that this compound is preorganised
to hydrogen bond as the hydrogen bonded conformation is very similar to the lowest energy
conformation. Thus compound E was retained to compare this possible preorganisation feature

with the strength of the hydrogen bond in the guanidine derivatives.
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4.1  Introduction

By investigating coordination and mn-stacking interactions with Fe(lll)PPIX {see chapter 2), five
compounds (A to E) were proposed (see chapter 3) based on a 9-hydroxyfluorene scaffold. The
details of their attempted synthesis and isolation are presented below.

4.2  Synthesis of 9-(2-aminoethyl)-fluoren-9-ol, A

The retrosynthetic pathway developed for the synthesis of compound A is shown in scheme

4.1.
Scheme 4.1:
HoN
CN
OH H . H - 03 o
Reduct OH  Ring openin O Epoxidation
eduction [il ngpegi poxidati ”
A 25 26 27

The synthesis of compound A was envisaged to be achieved through the reduction of the
nitrile, 25, which in turn could be obtained from the nucleophilic attack of cyanide at the least
substituted carbon of epoxide 26 in a ring opening step. Because of steric hindrance, formation
of the regioisomer of compound 25, 9-(hydroxymethyl)-fluorene-9-carbonitrile, was deemed
unlikely as this would require attack by the cyanide nucleophile at‘the more sterically
unfavourable quaternary carbon of the epoxide. Finally, synthesis of epoxide 26 was envisaged

to occur via the Corey epoxidation'™ of the commercially available 9-fluorenone, 27.

Compound A was successfully synthesised from the starting material 27 based on the
retrosynthetic scheme detailed above. Reaction conditions for the formation of compound A
are summarised in scheme 4.2, while details of the synthesis of intermediates are described

further on.
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Scheme 4.2:

(i) 1. NaH, TMSOI, DMSO, N, atm, 25 °C, 30 min. 2. 9-Fluorenone, 25 °C, 1.5 h.
(i) NaCN, NH,Cl, MeOH/H,0 (8:1), 25 °C, 14 h. (jii) LAH, Et,0, 0 °C to 25 °C, N, atm, 20 h.

4.2.1 Synthesis of Spiro[fluorene-9,2"-oxirane], 26.

A Corey epoxidation of 9-fluorenone, 27, was required to form the target spiro epoxide, 26. The
reaction involves the conversion of trimethylsulfoxonium iodide (TMSOI) to the corresponding
methylene intermediate 28, through proton abstraction by sodium hydride on one of the
TMSOI methyl groups. This intermediate is activated towards nucleophilic attack on the
carbonyl group of compound 27 to form 26 with dimethylsulfoxide'(DMSO) and sodium iodide

produced as side products (see scheme 4.3 for proposed mechanism).

Scheme 4.3:
SN M TN
|_ +/|) H- q‘ + J
/s\ 0—S==CH, .
< LT T OO0
CH,

=0

oS, T Q. - Q.D
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The reaction was carried out under mild conditions, following a procedure of a similar
reaction™', yielding a product identified by NMR spectrometry as compound 26. Appearance of
peaks in the 'H spectrum at 3.71 ppm and *3C spectrum at 54.9 ppm were the key identifiers of

compound 26 as they were the peaks assigned to the methylene group (position 2’ in figure

4.1) of the epoxide.
a 7

p 8
Hy i \,

13,/

o_ / 1

~N

L'/g\ /!1
10= \4
8.0 78 78 7.4 72 7.0 1\\2/4/

_ 1 .

_
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
ppm

C3,6 C4,5

c11,12
C10,13

1420 1415 1410 1405 1400
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Figure 4.1. (a) 'H NMR spectrum of compound 26 with characteristic methylene peak occurring at 3.71 ppm.
Inset. Expanded aromatic region. (b) *C NMR spectrum of compound 26 showing the indicative methylene peak

at 54.9 ppm. Inset. Expanded region showing quaternary carbons 10, 11, 12 and 13. Asterisk denotes CDCl;
solvent peaks.

Yields obtained for the formation of compound 26 were satisfactory (63%) and the product
obtained was deemed pure enough for use in subsequent steps. It should be noted that this
compound was not stable over time and increasing the reaction temperature to 40 °C resulted
in a large amount of by-product formation. Thus subsequent reactions with this compound had

to be carried out at lower temperatures (25 °C or below) in order to limit by-product formation.
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4.2.2 Synthesis of {3-hydroxy-fluoren-9-yllacetanitrile, 25.

The nitrile 25 was synthesised from a crude mixture of the spirc epoxide 26, using the mild
conditions reported by Chini et al.t to give the required product in moderate yields (65% over
2 steps), with the identity of the product confirmed using infrared (iR}, NMR and mass
spectrometry. The IR spectrum revealed a characteristic peak corresponding to the nitrile
moiety at 2257 cm'l, while shifts of the methylene peaks in both the 'H and *C NMR spectrum
as well as the appearance of the quaternary carbon (Cq in figure 4.2} of the nitrile moiety

indicated successful target product formation {see figure 4.2 for NMR shifts).

45 40 35 30 25 20 15 1.0
Rp

Cis . i
)

150 140 *30 120 1140 100 80 &0 i &0 50 40 30 20 10
ppm

Figure 4.2: (a) 'H NMR spectra of compound 26 (top} and compound 25 (battom) comparing shifts in methylene
and aromatic peaks. Insets. Expanded aromatic region. Inset. Expansion showing guaternary and methylene
carbons 2° and 15. (b) '€ NMR spectra of compound 26 (top} and compound 25 (bottom) showing shifts in
methylene peaks. Insets. Expansion showing gquaternary and methylene carbans 9 and 15. Asterisk denotes
CBCl; and water solvent peaks.
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4.2.3 Synthesis of 9-(2-aminoethyl)-fluoren-9-ol, A.

The synthesis of amine A required the reduction of the nitrile 25, which was achieved using
lithium aluminium hydride (LAH). The reaction proceeded as detailed earlier in scheme 4.2 and
produced a large variety of unwanted by-products. The temperature was lowered and kept at
0 °C in an attempt to reduce the formation of these side products. However, lowering the
temperature resulted in no reaction occurring. Increasing the temperature slowly from 0 °C,
keeping it below 10 °C, did not lessen the extent of by-product formation and so the reaction
was left overnight to stir at 25 °C. Nevertheless, even with the by-product formation, yields
obtained were satisfactory (68%) and so no further attempt at decreasing the side product

formation was attempted. Instead it was purified using column chromatography.

The product obtained was confirmed as compound A by comparing the *H and 3C NMR spectra
of the starting material and product, shown in figure 4.3. The disappearance in the proton
spectrum of the singlet peak at 2.98 ppm (ascribed as H-14 of compound A) and appearance of
two triplet peaks at 2.03 and 2.68 ppm (ascribed as H-14 and H-15 in compound B) were
indicative of the formation of the two carbon chain. Both these methylene carbons were seen
in the 3C spectrum at 38.0 and 44.0 ppm. In addition, the IR spectrum showed the
disappearance of the nitrile peak observed at 2257 cm™ in the starting material and mass

spectrometry confirmed the formation of compound A.

With the successful synthesis of A, synthesis of compound B could be attempted utilising

compound A as the starting material.
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Figure 4.3: {a} 'H NMR spectra of compound 25 {top] and compound A {bottom) comparing changes in
methylene and shifts in aromatic peaks. Insets. Expanded aromatic region. (b) C NMR spectra of compound 25
(top) and compound A (bottom) showing shifts and appearances of methylene peaks. Asterisk denotes COCl,
and water solvent peaks. Baseline impurities in compound B are ascribed to minor solvent contamination from
the isolation process.
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4.3  Synthesis of 1-[2-(9-hydroxy-fluoren-9-yl)ethyl]guanidine, B

The retrosynthetic pathway developed for the synthesis of the guanidine derivative, B, is shown

in scheme 4.4.

Scheme 4.4
NH,
HN:\/
NH HoN HyC
HO C-N OH I\

formation N\ CH
—— 4 + N 3

3 9

HoN NH
B A 29

The envisaged synthesis of compound B required the guanylation of compound A utilising a
suitable guanylating agent. The commonly used guanylating agent 3,5-dimethylpyrazole-1-
carboxamidine nitrate (DPCN), 29, was chosen which would undergo nucleophilic attack from
the primary amine of compound A resulting in the formation of térget product, compound B,

and release 3,5-dimethylpyrazole as a by-product (see scheme 4.5 for proposed mechanism).

Scheme 4.5:

D O, w0
HO /g -l *
HNT SNH; “H CN—N
HCTN \ CH,

A
JPT

HsC N .

7__)\ HO NH;
I\ +
NQ CHj

NH,
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The synthesis of the guanidine derivative, B, was successfully performed, according to a general
procedure reported by Yedavalli et al.'*8, by reacting the guanylating agent DPCN and primary
amine, A, under relatively mild conditions, detailed in scheme 4.6, to give the corresponding

guanidine as a nitrate salt.

Scheme 4.6:

HoN

o &
(i) . OH NH
> - HNOj,
G0 =
A

(i) DPCN, MeOH, reflux, 14 h.

While the reaction proceeded with relative ease to give the required product, isolation and
purification was somewhat challenging. Owing to the tendency of guanidines to tail on silica
columns, some impurities from the reaction co-eluted with the required product after
purification by column chromatography. Unfortunately, the use of bases such as triethylamine
(TEA) and ammonium hydroxide in the eluent system did nothing to limit this effect and in
order to obtain the product in high purity, the compound was subjected to numerous rounds of
purification by column chromatography (see chapter 7 for details). The target product was
eventually isolated in a moderate yield (64%) and identified as compound B by IR, NMR and
mass spectroscopy. Methylene peak shifts in the *H and *3C NMR spectra (see figure 4.4)
indicated the product was significantly different from the starting material, A. Confirmation of
the required guanidine formation was obtained from the IR spectrum of the product.
Comparing this IR spectrum to that of guanidine hydrochloride and starting material, A, (see
figure 4.5), a peak indicative of a guanidine moiety was observed at 1665 cm™ in compound B

but was not present in compound A.

With the successful synthesis of compound B, preparation of compound C was then attempted.
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Figure 4.4: (a) 'H NMR spectra of compound A (top) and comgzound B (bottom] comparing shifts in methylene
peaks. Insets. Expanded aromatic and aliphatic regions. {b} “C NMR spectra of compound A {top} and compound
B (bottom) showing shifts of methylene peaks. Insets. Expanded region showing quaternary carbon 9. Asterisks
denote d.-CD,0D solvent and water peaks.
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Figure 4.5: Infrared spectra of starting material A, guanidine HCl and product B, Indicating the presence of
guanidine peak at 1665 cm ' in compound B.
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4.4  Synthesis of 9-(aminomethyl)-fluoren-9-ol, C

The synthesis of compound C was investigated using two different routes, as the first route
failed to produce the required product. A second route was then developed which led to the

successful synthesis of compound C. Both routes have been described, below.

Route 1:
Scheme 4.7:
NH,
OH NC  OTMS Nucleophilic
Reductlon addltlon
C

The retrosynthetic analysis of compound C (see scheme 4.7) was initially envisaged to follow a
similar pathway as the one developed for compound A (see section 4.1), where the required
primary amine would be obtained through the reduction of nitrile group. The synthesis of the

119,120 \where the use of

required nitrile, 30, had been previously been reported in the literature
nucleophilic attack by trimethylsilyl cyanide (TMSCN) on the carbonyl of fluorenone, 27,
resulted in the target product being obtained. Reduction of the nitrile would result in the

simultaneous deprotection of compound 30.
While compound 30 was synthesised under the conditions described in scheme 4.8,

unfortunately, reduction of the nitrile group to form the primary amine moiety failed to occur.

The details of this are described in section 4.4.1.
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Scheme 4.8:

TMSO CN

O % Dy

{)) TMSCN, |5, DCM, N, atm, RT, 2h. {ii} LAH, THF, N; atm, C °Cto RT, 24 h.

4.4.1 Synthesis of 9-{{trimethylsilyljoxy]-fluorene-9-carbonitrile, 30.

As mentianed above, the synthesis of compound 30 had been well described in the

literature ' 140

The mechanism of formation involved the use of a Lewis acid in order to
activate the carbonyl group of compound 27 toward nucleophilic attack of the nitrile. The
reagent used in the synthesis of the title compound was TMSCN, which has both a Lewis acid
(TMS) and nucleophilic {CN) moiety that provide for an efficient method of nucleophilic
addition. While the reaction proceeded under fairly mild conditions with a relatively short
reaction time to produce compound 30 in high purity, unfortunately low yields were obtained
(27%). The appearance of an additional quaternary carbon peak at 120.2 ppm in the ’C NMR
spectrum indicated the product obtained was different from the starting material, 27. The
appearance of a nitrile peak at 2238 em ! in the infrared spectrum ({see figure 4.6) that

confirmed the formation of compound 30.

Fluorenane

Compound 30

; T 1 T T | 1
3600 3300 3000 2700 2400 2100 1800
ppm

Figure 4.6: IR spectrum of fluorenone, 27, and compound 30 indicating the appearance in the product of a
characteristic nitrile peak at 2238 cm *.
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The following step in which the amine, C, would be obtained from the nitrile required the
reduction of compound 30 with lithium aluminium hydride (LAH), which would both reduce the
nitrile to the amine as well as remove the trimethylsilyl, TMS, group from the alcohol. It was at
this point that the synthetic route failed, and the target product was not obtained. At the time,
it was thought that the harsh reducing conditions of this reaction led to the formation of a
variety of side products instead of the required product. It was later discovered that the LAH
reagent used was not active and thus did not reduce the nitrile as it should have. Because of
this apparent non-reactivity and fragile nature of the B-amino alcohol, C, coupled with the low
yields obtained, route 2 was devised in an attempt to circumvent these problems. This
approach incorporated seemingly milder reducing conditions to obtain the amine and the use
of compound 26 as an intermediate which was already well established from previous reactions

(see section 4.2.1).

Route 2:
Scheme 4.9:
NH2 N3
OH
Reduction Ring Openmg
QO QO QO
c 31

The retrosynthetic pathway of route 2, shown in scheme 4.9, was developed in an attempt to
bypass some of the problems experienced in route 1 (detailed above). The reduction method
chosen for its milder reaction conditions was that of the Staudinger reaction'?!, whereby azide
31 (formed through ring opening of compound 26) would be converted to the target primary

amine C. Details of these reactions are shown in scheme 4.10.
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Scheme 4.10:
Nj NH,
0o OH OH
(i) {ii)
OO0 @ G0 < 30
(crude)
26 31 C

{i) NaNs, NH,Cl, MeOH/H,0 (8:1), RT, 16h. (i} PPhs, MeCN/H,0 (7:1), RT, 14h.

4.4.2 Synthesis of 9-(azidomethyl)-fluoren-9-ol, 31.

Compound 31 was obtained through a ring opening reaction where the azide group of sodium
azide was delivered to the less sterically hindered carbon of the epoxide ring. The reaction

122 to produce compound 31

proceeded under the mild conditions reported by Benedetti et a
in high yields (93%) which was characterised using IR and NMR spectrometry. The IR spectrum
of the product identified characteristic peaks corresponding to the azide and alcohol moieties
(2106 and 3392 cm™ respectively). While the *H NMR spectrum (see figure 4.7) showed a small
shift in the methylene peaks from 3.70 ppm in the starting material to 3.85 ppm in the product.
Shifts in the 3C spectrum were more convincing of product formation, where the methylene

carbon peaks shifted from 54.9 to 68.0 ppm.

It was initially thought that the tertiary alcohol of compound 31 needed to be protected before
the Staudinger reduction step with triphenylphosphine, PPhs, was attempted. Unfortunately, all
attempts at protecting the alcohol with benzyl bromide failed. The rationale behind the inability
to protect the alcohol was that the protecting group was too bulky for the reaction to take
place. This meant that it was even more unlikely that the bulkier PPh; reagent would be able to
react with this alcoho! moiety and so the Staudinger reduction was performed on an impure

sample of compound 31.
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Figure 4.7: 1a) 'H WMaR spectra of compound 26 (top) and compound 31 (bottom) comparing shifts in methylene
and aromatic peaks. Insets, Expanded aromatic region. (b) ¢ NMR spectra of compound 26 [top) and
compound 31 (bottom| showing shifts in methylene peaks. Asterisk denotes CDOL; solvent peaks.

4.4.3 Synthesis of 9-(aminomethyl)-fluoren-9-ol, €

Compound C was synthesised from the azide, 31, via a Staudinger reaction following literature

procedures where PPhy was added to an azide in the presence of a tertiary alcohol The

mechanlsm of this reaction was investigated by Tian and Wang'*" and is described in scheme

4.11.
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Scheme 4.11:

@ N4’)'K\ B N ?Ph
"o N Ph~ph o - —NP
p,[ “Ph —_— HO
31

Ph

Ph_/
HO NH, H,0 HO N Ph
. “

The phosphorus of PPhs attacks the nitrogen of the azide to form the phosphazide
intermediate. Nitrogen gas is then released to form the iminophosphorane intermediate which
is then hydrolysed by water to produce the target amine as well as triphenylphosphine oxide as

a by-product.

The reaction proceeded under mild conditions to give compound C in a moderate yield (64%),
with the absence of azide peak at 2106 cm™ in the IR spectrum of the product supporting the
formation of the required compound. *H and *C NMR spectra (shown in figure 4.8) showed
slight shifts in the methylene groups of the product (3.70 and 69.2 ppm respectively) as
compared to the starting material (3.85 and 68.0 ppm respectively) and mass spectrometry also

confirmed product formation.
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Figure 4.7: {a) 'H NMR spectra of compound 31 {top) and compound € (bollom} comparing shifts in methylene
and aromatic peaks, Insets, Expanded arocmatic region. {b} "C NMAR spectra of compound 31 (top} and
compound & (battom) showing shifts in methylene peaks. Asterisk denctes COCL, solvent peaks.

With the required primary amine, C, successfully abtained, synthesis of the corresponding

guanidine target, D, was then attempted.

4.5  Atternpted synthesis of 1-[{9-hydroxy-fluoren-G-yljmethyl]guanidine, D

The synthesis of the guanidine D reguired the guanylation of the primary amine of compaound €
and because of various reasons, detailed further on, three different guanylating agents (29, 32
and 33 in scheme 4.12) were used in the attempted synthesis of compound D. While the
formation of compound D was confirmed by mass spectrometry, unfortunately this compound

could not he isplated.
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Scheme 4.12:
H,N
(i DN
HO NH, (ii) HO NH
(iif)
490 499
C D
HsC =N NH NH
N—/< - HNO, H,N CN )I\
Sy
NH, HoN SO,H
CH,
29 32 33

(i) 29, Tea, EtOH or DMF/H,0 (1:1). (ii) 32, MeOH or EtOH. {iii) 33, TEA, MeOH or EtOH.

3,5-Dimethylpyrazole-1-carboxamidine nitrate (DPCN), 29.

As with the formation of compound B, the commonly used guanylating agent, DPCN, was
initially employed in the attempted formation of compound D. Initially the reaction was carried
out under the same conditions as those employed in the synthesis of guanidine, B. Thin layer
chromatography (TLC) indicated that the reaction was not successful. In an attempt to promote
the formation of the required product, reaction conditions were varied and the base TEA
introduced to aid dissolution of compound A in the solvent system as well as neutralise the salt
of the product formed. The reaction temperature was also increased from 40 °C to 80 °C and
the mixture left for 5 days to react. Even after this, TLC still indicated no product formation had
occurred and so the solvent system was changed to DMF/H,0 (1:1) to gauge whether solvent
interaction may play a significant role in the reaction. Unfortunately, this still resulted in no
product formation. Reaction mixtures were then subjected to microwave irradiation (150 W at
40 °C, 80 °C and 100 °C for 10 minutes per irradiation) in an attempt to provide a more effective

method of heating, but product formation was not observed by TLC methods.
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It was reasoned at this point that perhaps there may be steric hindrance experienced by the
short chain primary amine and thus nucleophilic attack at the sp? centre of the carboxamidine
of DPCN would be difficult to attain. The smaller guanylating agent, cyanamide, was then

substituted for DPCN as this was less likely to encounter these presumed steric hindrances.

Cyanamide, 32.

Compound C was reacted with cyanamide under the conditions detailed in scheme 4.13, but
product formation was still not observed. Since the smaller cyanamide was unable to produce
the required guanidine, it was then suspected that steric hindrance may not be the sole reason
behind the failure of this reaction. A second possible explanation was then postulated as being
the existence of an intramolecular hydrogen bond between the primary amine and tertiary
alcohol moieties of compound C. Assuming this to be the case, the lone pair of the primary
amine nitrogen atom of compound C would then be involved with the hydrogen bond and thus
have reduced nucleophilicity. in addition, the predicted pK, of the compound was calculated as
5.97 + 0.40™*? which is significantly lower than expected for a primary amine moiety. The low
nucleophilicity and possible presence of an intramolecular bond is a likely explanation for the

lack of reactivity of this compound.

A literature search for alternate guanylating agents was then undertaken and a paper by Wityak

11 was found, in which similar problems with intramolecular interactions were

et a
experienced where guanidine formation using DPCN and cyanamide was prevented. The paper
described the use of formamidinesulfonic acid (FSA), 33, as an alternate reagent which was
more reactive and resulted in the formation of their required guanidine. With this success in

mind, the use of FSA was then attempted in the synthesis of compound D.
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Formomidinesulfonic ocid (FSA), 33.

FS5A is not a commercially available compound and thus had to be synthesised. Literature'*
reports indicated that this reagent was easily obtained by the oxidation of the commercially
available starting material, formarmidinesulfinic acid, 34, using peracetic acid, Reactian

conditions used are detailed in scheme 4,13

Scheme 4.13:

hH i) MH
/Jth HJLM
HN S0,H 80% N TsO.H
34 33

{i) CH3COH, CHLCOH, 10-20 °C, 3h,

IR spectroscopy was used to confirm the formation of the required sulfonic acid with
characteristic peaks for this moiety appearing at 1227 and 1054 cm ', Comparison of the
spectrum of starting material, 34, to product 33 (see figure 4.9) revealed no peaks
corresponding to the sulfinic acid (1435 and 999 em'). Mass spectrometry also confirmed

product formation.

Formamidinesulfinic acid

Formamidinesulfonic acid

v
50,H / l'llll \

SO, H 50,4

r T T T T T 1
FCOD 1RO 1500 1ta4aCD 1200 1000 EO0

] iu:m"}

Figure 4.9: IR spectra of starting material, fermarnidinesulfinic acid {34, dluel, and product, formamidinesulfonic
acid {33, green) which identify characteristic peaks indicating the conversion of starting material to product,
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With the formation of formamidinesulfonic acid successful, guanylation of compound C was
then attempted, whereby the guanylating reagent, TEA and primary amine, C, were left to
reflux in methanol. After 45 hours, no product formation was observed. The reaction mixture
was then subjected to microwave irradiation (150 W) at 80 °C and 100 °C for 10 minutes each,

but still produced no identifiable product by TLC analysis.

As TLC is not always a reliable method of product identification, the proton NMR spectrum of
all reaction mixtures was taken. No discernable shift in the methylene peak was observed. Mass
spectrometry was then used to identify the possibility of product formation by investigating
whether a mass peak corresponding to the product was present. The mass spectra of the
reaction mixtures were taken and all were found to have a peak corresponding to the target
product (254 m/z) as well as the starting material (212 m/z). This indicated that the reactions
had proceeded albeit to a far lesser degree with yields that would not practically afford the

desired product.

In an attempt to isolate any compound D formed, separation of impurities and starting
material, using column chromatography, was undertaken. Unfortunately, owing to the large
amount of by-products and unreacted starting material in the reaction mixture, compound D
could not be isolated as it was presumably present in minute quantities compared to
by-products. Because of this difficulty in isolation, apparent low yield and time constraints, the
synthesis of this compound was abandoned in favour of the synthesis of the final proposed

compound E.

While the isolation of compound D remained elusive, mass spectrometry indicated the
synthesis of this compound was indeed possible. With more time to vary reaction conditions in
order to improve presumably low yields, as well as access to equipment such as preparative
HPLC, the possibility remains that this compound could yet be isolated and tested for

B-haematin inhibition in the future.
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4.6 Attempted synthesis of 9-(7-methyl-1,3,5-triaza-adamantanyl)-fluoren-9-ol, E

The retrosynthetic pathway developed for the synthesis of the title azaadamantane derivative

is shown in Scheme 4.14.

Scheme 4.14:

o) ;
N HO Ring opening
SO O (RS0 5 S
Mg
O :

35

ﬂ Grignard
N N <N <N
< Nitration ( Reduction ( Bromination (
Nﬁ === (N <—— N <—— N
N/ N N—\/B\ N/ N—
~ NO,
8

NH, Br

39 3 37 36

The first retrosynthetic step in the formation of compound E, required nucleophilic attack of
the Grignard reagent, 35, formed from 7-bromo-1,3,5-triazaadamantane, 36, at the least
substituted carbon of the spiro epoxide, 26. Because of the steric bulk of compound 26, the
regioisomer, [9-(1,3,5-azaadamant-7-yl)-fluoren-9-yljmethanol, was deemed unlikely to form as
this would require the nucleophilic attack to occur at the more unfavourable, quaternary

carbon of the epoxide of compound 26.
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While formation of the above mentioned Grignard reagent had never previously been reportad,
the synthesis of the required broma intermediate 36 fram the commercially avaitable starting
material hexamethylenetatramine, 39, has been claimed in a patent by Wiezer "
Hexamethylenetatramine underwent nitration to form the nitro intermediate, 38, which was
then reduced to the corresponding primary amine intermediate, 37, The final step invalved the
bramination of compaound 37, to pive 7-bromo-1,3,5-triazaadamantane, 36. The synthesis of

the required spiro epoxide, 26, was already well established and is detailad in section 4.2.1.

Synthesis of the required azaadamantane intermediates was accomplished under refatively
mild conditions with moderate yields abtained (see scheme 4.15). Unfortunately, the final
coupling step involving nucleophilic attack by the Grignard reagent on epoxide, 26, failed to
produce the target compound E. Details of the synthesis of the azaadamantane intermediates

and attemptad synthesis of compound [ are provided further on.

Scheme 4.15;

fv)
o P N : W
N N N N N N N
W (i} W {iii) o ) N
\\> 53% 61% ) 60% E
N.-' A
NO, NH,, Br
39 33 37 36

(i1 2. MaH, TMSOIL, DMSD, My atm, 25 °C, 30 min. 2. 9-Fluarenone, 25 °C 1.5 h. L] WeMG,, CH.CO0H, reflux 95 Bl
& h. {iii] RaMi, H:MMH;, HoOA-ProH {14:1% RT, 4h. fiv] NaMo, HBr {45%), 0°C —RT, 3 h. {v) mAg, EL G oar THF, M,
atm, -30 °C to reflux, 24 h,
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4.6.1 Synthesis of 7-nitro-1,3,5-triazaadamantane, 38.

The synthesis of compound 38 had been described for industrial use in a patent by Wiezer'?®,
which involved the reaction between hexamethylenetatramine, 39, and nitromethane. The
mechanism of formation of 38 was proposed by Kuznetsov et al.**’ and is described in scheme
4.16, below. This mechanism was based on a modification of the Mannich reaction, where
hexamethylenetatramine serves as both the ammonium and methylene element, while

nitromethane acts as the C-H element.'?’

Scheme 4.16:

o ° O @ -\|N./ :
o o
X - ",
HaN HzNT - c w -~ C w ‘ \0.
- N —N N N
NﬁNNA \\//NA \\-//NA N\\//N/A
o"\\z. o O\N‘/o
—-
ChH,
N. N N —N
S AN A
38

The patent by Wiezer'?® provided a number of varying conditions for the formation of
compound 38, which could be essentially divided into two categories: (a) using a primary
alcohol, where C = 1 to 4, as a solvent or (b) using the acid component as a solvent. The patent
also clearly stated that water contamination needs to be kept to a minimum, preferably not
more than 4,:%, in order to prevent the formation of by-products that are nearly impossible to

remove.
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Owing to the hygroscopic nature of the acid component, glacial acetic acid, it was initially
decided to use category (a), with butanol as the solvent, in order to keep the amount of acetic
acid and water contamination to a minimum. Upon completion of the reaction, a dark black
syrup was obtained, indicating that a large amount of by-preduct had formed. Eventually,
through caopious washings and a recrystalisation from water, a cream coloured precipitate was
pbtained in a low yield [(12%), which was identified as product 38 through NMR and mass

spectrametry,

Because of its symmetry, the starting material hexamethylenetatramine, 39, only has a single
peak in both the *H and Y NMR spectra. Breaking the symmetry of 39 by the removal of one
tertiary amine and insertion of the nitromethylene group in 38 resulted in the appearance of
three peaks in both 'H and C NMR. In the proton spectrum (see figure 4.10), the singlet
abtained integrated for six protons and the twe doublets accounted for three protons each.
The six protons described by the singlet are all in the same chemical environment {assigned as
Hyin figure 4.2). Because of the fused chair nature of the molecule, the remaining six protons
ara not all in the same environment, Each doublet accounts for three protons that are in the
eqguatorial or axial position {assigned as H; in figure 4.10) The three peaks in the ¢ spectrum
were assigned as the two sets of methylene carbons {assigned as position 1 and 2 in figure 4,10}

and the quaternary carbon of the inserted nitromethylene group.

N° 2—N H,
1
' \

N : H; |
© 1 _—ﬂ
VR .. O __ U - lu—
42 41 40 39 28

46 45 44 43

31? 3.6
ppm

Figure 4.10: ' NMR speclsam (in D,0) of compound 38. For clarity, azaadamanlane slruclare has noi been
numbered according Lo |UPAC nomenclalure.
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The melting point obtained for this compound was found to be 183 — 185 °C, and could not be
directly compared to literature values because of the large discrepancies in melting point
between the various authors. These reported values ranged between 260 °C and 310 °C. 12130
It was concluded from NMR and mass spectrometry that the correct product had indeed been

obtained.

While this method did produce the required compound, yields obtained were low and isolation
was difficult. Thus formation of compound 38 was then attempted using conditions of category
(b) described in the patent by Wiezer'?®. Using acetic acid as both solvent and acid component
resulted in the successful synthesis of compound 38 in a moderate yield (53%) which required

no further purification for use in the subsequent reduction reaction.

4.6.2 Synthesis of 7-amino-1,3,5-triazaadamantane, 37.

The synthesis of amine 37 required the reduction of the nitro moiety of compound 38.
Kuznetsov et al.?’ had previously reported this reaction using Raney Nickel as a catalyst and
hydrazine as a hydrogen source under fairly mild conditions. Following this procedure, the
reduction of compound 38 to compound 37 was achieved in moderate yields (61%). Product
formation was confirmed by the *C NMR spectrum (see figure 4.11), where shifts in the
quaternary carbon peak (assigned as C; in figure 4.11) from 57.4 ppm in compound 38 to
38.4 ppm in compound 37 were observed. Mass spectrometry also indicated formation of the

desired product.
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Figure 4.11: **C NMR spectra (in D,0) showing quaternary carbon peak shifts of starting material, compound 38

(top) and isolated product 37 (bottom).

Since the report of this reaction in 1985, there had been no further mention of alternative

methods of nitro reduction for this specific compound. A brief survey of alternative reduction

methods was then undertaken, in which Raney Nickel was substituted for the more commonly

used palladium over activated carbon (Pd/C) catalyst and altering the hydrogen source

according to various references

A paper by Ram and Ehrenkaufer™! reported the use of ammonium formate and Pd/C in the

reduction of aliphatic nitro groups to corresponding amine groups. The synthetic conditions of

the reported procedure required the reactants to be dissolved in methanol and left to stir at

25 °C. Reported reaction times did not exceed 120 minutes. When compound 38 was subjected

to these conditions, no product formation was observed even after 24 hours reaction time.
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An additional method then employed was the more commonly used reduction technique of
catalytic hydrogenation utilising hydrogen gas under pressurised conditions. Compound 38 was

1.2 The container was

dissolved in a small amount of acetic acid and added to Pd/C in methano
charged with hydrogen gas to 3 atm and left to run for 4 hours. Unfortunately, upon workup of
the reaction, it was discovered that only a small amount of product had formed, leaving most of
the starting material unreacted. This indicated that the original Raney Nickel procedure was the
most favourable. Since the second alternative reduction procedure was able to produce the
required product, albeit in low yields, this may provide a suitable alternative should Raney
Nickel not be available. Reaction conditions, such as reaction time and temperature, would

need further optimisation in order to produce potentially higher yields and thus provide a more

suitable alternative reduction method.
4.6.3 Synthesis of 7-bromo-1,3,5-triazaadamantane, 36.
The bromination of amine 37 to form compound 36 was reported in the same Kuznetsov

paper'?’ as mentioned in section 4.6.1, above, and the proposed mechanism of this reaction is

shown in scheme 4.17.

Scheme 4.17:

N
- o
° & ! NH;—N=0 NH=N—OH

N i N N N
< L§‘Br - Br <I\N_/§c+ - N{,T - N/_r!:
N2 2/ -N, y -H0 >~
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Hydrogen bromide was used to generate the key nitrosonium ign intermediate which facilitated
the conversion of the primary amine to the diazenium species. Presumably the diazonium
moicty was released as nitrogen gas in an Syl type fashion, to give a stable tertiary carbocation
intermediate. This carbocation was then subjected to the nucleophilic attack of the bromide

anion, which was generated in situ, to form product 36.

Compound 36 was prepared according to the reported pmcadurem, deviating only in
purification of the crude product by washing it with small guantities of diethyl ether. The
resulting product was gbtained in a moderate yield (60%), comparable to reported yiclds of
50%."" Shifts in the *C NMR spectrum (see figure 4.12) indicated the product obtained was
different from the starting material, 37, and mass spectrometry confirmed the formation of the

reguired product which was pure enough to be used in the final coupling reaction.

&0 70 &0 50 40 30 24
ppm

Figure 4.12: “°C NMR spectra showing guaternary carbos peak shifts of starting material, compound 37 (top)
and isolated product 36 (battom ), Asterisks denote CDCI salvent peaks,
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4.6.4 Attempted Grignard reaction between 7-bromo-1,3,5-triazaadamantane, 36, and

spiro[fluorene-9,2'-oxirane], 26.

The final coupling step between compound 26 and 36 to form the proposed compound E
required the formation of a Grignard reagent from compound 36. The formation of this reagent
had not been reported in the literature, but the formation of a Grignard reagent from 7-bromo-
adamantane had been described.”®**3 The literature preparation described an interesting
departure from conventional Grignard reaction conditions, demanding no mechanical stirring
for the successful formation of the Grignard reagent. When stirring was employed, the

exclusive formation of by-products was observed.**®

While use of this unusual reaction condition in the formation of the adamantyl Grignard
reagent is well documented, the reasons as to why mechanical stirring has such a pronounced
effect are not fully understood. Molle et al.'** have undertaken exhaustive investigation into
this unusual occurrence and from the results obtained have been able provide a possible

explanation.

They propose that the Grignard reaction follows the mechanism detailed in scheme 4.13, in
which the first step involves the adsorption of 1-bromo-adamantane (Ad—Br) to the magnesium
metal and a transient species (Ad--MgBr) is formed. The subsequent formation of the Grignard
reagent via route ii typically requires the transient species to stay adsorbed to the metal
surface, while formation of the by-products in routes iii and iv occur upon desorption. In route
ili, the desorbed transient species reacts with another Ad—-Br molecule in solution to produce
the bi-adamantane (Ad-Ad) side product and in route 4 the transient species reacts with
solvent molecules (SH) to give side products Ad—H and Ad-S. It was found that mechanical
stirring of the reaction mixture gave a 70% yield of by-products from route iv and 30% yield of
by-products from route iii, while with no stirring a yield of 56% of the organomagnesium

Grignard product was obtained.
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(ii)

(i) (iii)
Ad—Br —» Ad - - MgBr -

Ad—Ad + Mg 4+ MgBr,

(iv)

(transient species) Ad—H + Ad—S

Figure 4.13: Proposed mechanism by Molle et al.** for the Grignard reaction of 1-bromo-adamantane {Ad—Br).
Three possible product routes can occur, with route ii leading to the Grignard reagent and routes iii and iv
leading to by-product formation. Figure adapted from reference 135.

figure 4.13) was dependant on the degree of adsorption of the transient species at the metal
surface. Because of the large steric volume of the adamantyl molecule, it was assumed that the
inherent ability of this compound to stay adsorbed to the metal surface was less than other
haloalkyl compounds. Thus when mechanical stirring was employed, the absorption of the
transient species formed was further decreased by shearing forces which would release the
intermediate into the solution. Once in solution, by-products from routes iii and iv would begin
to form, with the bi-adamantane precipitating from solution and coating the metal surface,

further shielding adsorption of Ad-Br.

With this in mind, initial reaction conditions for the formation of the Grignard reagent from
compound 36 were undertaken with no mechanical stirring. Activated dry magnesium turnings
(activated by acid wash, followed by water and acetone wash) were added to compound 36 in
dry diethyl ether, the reaction was gently refluxed and monitored over 19 hours. Samples taken
from the reaction periodically were added to water and the pH tested. Should a Grignard
reagent have been present, removal of a hydrogen atom by the Grignard from water would
have left hydroxide ions in solution resulting in a high pH being obtained. No such pH was
obtained from the reaction samples, indicating no reaction had occurred. It was then reasoned
that owing to the insolubility of compound 36 in diethyl ether, a change in solvent system may
result in the formation of the required Grignard reagent. Dry tetrahydrofuran (THF) was then

substituted for diethyl ether and the reaction once more attempted to no avail.
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In order to ascertain whether the Grignard reagent was formed only in small amounts, both
reaction conditions were repeated with mechanical stirring employed. The rational behind this
approach was that if the reaction indeed produced the Grignard reagent in small amounts,
stirring would result in the formation of the by-products detailed in scheme 4.13. Alternatively,
since this compound had never been reported, there was the possibility that stirring was
required to form the product. Unfortunately, NMR spectra taken of the reaction mixture
showed only starting material with no shifts in the proton or carbon spectra, indicating neither

formation of the by-product nor the Grignard reagent had occurred.

It was thus concluded that the formation of the proposed target compound E could not be
achieved from this synthetic route and the lack of Grignard reagent formation was attributed to
its insolubility even in the more polar solvent, THF. Perhaps the use of a more polar solvent
such as dioxane could be used to replace THF. Given the complexity with regard to Grignard
reagent formation of these types of compounds, it was decided, to abandon the synthesis of

this proposed compound.

4.7 Conclusions

Three of the five proposed compounds (A, B and C) were successfully synthesised and isolated.
Mass spectrometry indentified the formation of the fourth proposed compound, D, and
isolation via column chromatography was attempted. Unfortunately owing presumably to low
yields of the target and large quantities of by-product formation, purification was not
successful. The fifth proposed compound, E, could not be prepared, seemingly because of
solubility issues experienced in the final Grignard reaction step. No formation of the required

Grignard reagent was observed.
Association constants with haematin and ability to inhibit B-haematin formation were

determined for the three successfully synthesised compounds, the details of which follow in

chapter 5.
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5.1 Introduction

The ability to measure B-haematin (synthetic haemozoin) inhibition has been previously
investigated utilising a HTS colorimetric assay, developed by Ncokazi and Egan.** In this assay,
pyridine added to the reaction mixture selectively coordinates to unreacted Fe(lll)PPIX but not
B-haematin. The former species is present when a compound successfully inhibits B-haematin
formation. A bis-pyridyl Fe(lll)PPIX complex is formed in the assay that has an absorbance
maximum at 405 nm. Using UV-vis spectroscopy, the relative quantity of bis-pyridyl Fe(lll)PPIX
can then be determined and from this an ICso for B-haematin inhibition can be calculated. While
the conditions employed in this assay are not biological in nature, the ability to screen
compounds using this technique can identify compounds that have the potential for

antimalarial activity.
5.2  B-Haematin inhibition

Compounds A, B, C as well as the template compound, 9-hydroxyfluorene, (see figure 5.1) were
tested for B-haematin inhibition, according to the modified method of Ncokazi and Egan.** Over
the scale of 0 to 10 equivalents of compound relative to Fe(lll)PPIX, the range used for the
detection of strong B-haematin inhibitors, no activity by any of the compounds was observed.
Equivalents were increased to 200 (70 in the case of compound A, because of lack of solubility)
in order to ascertain whether there was any weak inhibiting ability which could perhaps be
further improved through the modification of aromatic substituents. Unfortunately, no

inhibition was observed, even at these higher concentrations.

HNO3

.&.&*

9-hydroxyfluorene

Figure 5.1. Compounds tested for B-haematin inhibition.
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While the lack of inhibition was unexpected with compound B, which was initially thought to
possess the required features for inhibiting ability, the inability to inhibit f-haematin formation
by the 9-hydroxyfluorene, compound A and negative control, compound C, was expected. In
the case of 9-hydroxyfluorene, it was hypothesised that the lack of a hydrogen bonding group
would result in a lack of inhibitory activity and this was confirmed even up to a 200 equivalent
scale. Modelling showed the hydrogen bonding group of compound A adopted a conformation
in which it was directed away from the propionate side chain, and thus accounts for its
inactivity. The negative control, compound C, was through computational modelling, also
hypothesised to have no activity because of the short one carbon linker which does not provide
a favourable distance for the primary amine to hydrogen bond to the propionate side chain of

Fe(ll)PPIX (see section 3.5).

While the inactivity of compounds A, C and the template molecule had been predicted, the
inability of compound B to prevent formation of B-haematin was not immediately understood.
It was reasoned that perhaps the lack of pre-organisation of the hydrogen bonding group, as
seen in the computational modelling, played a large role in the lack of activity. In order to
obtain better insight into the interactions of these compounds with Fe(lll)PPIX, association

constants for compounds A to C were determined with Fe(lll)PPIX

5.3  Fe(lll)PPIX association

Association constants (log Keps) for compounds A to C with Fe(lll)PPIX were determined and
compared to that of 9-hydroxyfluorene (see table 5.1). It was observed that all the synthesised
compounds displayed a markedly lower association constant than the template molecule,
indicating that introduction of the linker chain bearing the hydrogen bond donor at position 9
of the fluorene ring system caused a decreased association interaction with Fe(ll[)PPIX. In order
to gain some further understanding of the interactions, pK; values for compounds A to C were

113 software and incorporated into prediction equation 8 (see

determined using the MOKA
section 2.4) in order to obtain the predicted association constants (log Kc.i). Values are

summarised in table 5.1.
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Table 5.1. Predicted pK, values and association constants (observed and predicted) for synthesised

compounds A to C and 9-hydroxyfluorene.

Compound pK,* Log Kobs Log Keaic ”

9-Hydroxyfluorene 14.33+£0.52 3.64 £ 0.09 3.33+0.25
A 15.13£0.52 3.03 £ 0.09 2.98+0.25
B 15.18 £ 0.52 2.80£0.03 2.97 £0.25
C 14.07 £ 0.52 2.93+0.02 3.30£0.25

? Predicted using MOKA (reference 113).
® Calculated using equation 8 (section 2.4)

Owing to the large errors in predicted pK, values, predicted association constants (log K.c) are
not particularly accurate, nevertheless, the trend observed in the calculated pK, values

uncovered a possible explanation for the lower than expected haematin association constants.

Comparing the pK; value of 9-hydroxyfluorene to synthesised compounds A and B, it was
observed that introduction of an alkyl substituent at the 9-position of the fluorene ring system
caused an increase in pK, of the hydroxyl moiety. This increase in pK, has a detrimental effect
on Fe(lll)PPIX coordination and hence overall association constant under the experimental
aqueous conditions (pH 7.4) in which association constants are measured, leaving little
deprotonated species in solution to coordinate to Fe(lll)PPIX owing to proton competition. This
is somewhat confirmed by the fact that the predicted association constants, which take proton
competition into account, are similar in value to the experimentally obtained association

constants.

In the case of compound C, a lower pK; value than 9-hydroxyfluorene was predicted which
should have resulted in a greater association constant. In fact, the observed association
constant was as low as compounds A and B, indicating that compound C probably has a similar
lack of coordinating ability with Fe(lll)PPIX. The possible explanation of this lower than
expected association constant for compound C was attributed to a hypothesised intramolecular
hydrogen bond between the primary amine and hydroxyl moieties (see section 4.5). The
hydrogen of the hydroxyl moiety is thus less available for deprotonation and this would result

in a lower affinity for coordination.
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5.4 Conclusions

From these results, it can be concluded that a substituent at the 9-position of the
9-hydroxyfluorene template is not suitable for designing potential B-haematin inhibition
compounds, as introducing the linker bearing the hydrogen bonding moiety at this position
causes an increase in pK; values of the coordinating hydroxyl group, resulting in a loss of
coordinating ability in aqueous solution. This results in a lower association with Fe(lll)PPIX
which seemingly does not have a strong enough interaction with Fe{lll)PPIX to anchor the
compound and allow for favourable hydrogen bonding interactions, thus resulting in an inability

to cause B-haematin inhibition.
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6.1 Conclusions

The aims of this project were to investigate coordination and n-stacking interactions with the
target compound Fe(lll)PPIX in order to optimise these underlying interactions together with
hydrogen bonding in order to propose potential novel B-haematin formation inhibitors. These
proposed compounds were then to be synthesised and activity against B-haematin formation

tested to provide evidence for a hypothesised mechanism of action.

Investigation of coordination and n-stacking with Fe(lll)PPIX provided useful insight into such
interactions. Coordination is simply determined by basicity of the donor atom, while n-stacking
is largely determined by the number of n-electrons in the aromatic ring. The results obtained
from these investigations provided a general LFER equation which can be used to predict
moderately accurate association constants of many small compounds with Fe(lll)PPIX. This has
provided a platform for the identification of novel scaffold molecules that can be further

developed into B-haematin inhibitors.

Unfortunately, while identification of moderately strong Fe(lll)PPIX associating molecules is
seemingly a fairly trivial exercise, developing these scaffolds into f-haematin inhibitors, through
incorporation of hydrogen bonding moieties, remains a challenge. This was observed in the
current study where none of the three successfully synthesised compounds proposed as
B-haematin inhibitors (compounds A, B and C) were in fact unable to inhibit B-haematin
formation. Fortunately, a possible reason behind the inactivity of the compounds could be
proposed, namely that of increased pK, of the hydroxyl group upon substitution at the 9
position of the scaffold 9-hydroxyfluorene ring system which decreases the coordinating ability
to the iron centre of Fe(lll)PPIX. While the synthesised compounds are unable to inhibit B-
haematin formation, the findings of this study suggest that the effect of substitutions on the
pKa of the coordinating group will need to be taken into account when designing further -

haematin inhibitors in the future.
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6.2 Future work

Understanding interactions with Fe(lll)PPIX is paramount for the rational design of p-haematin
inhibitors and while this study has uncovered some information about two interactions,
coordination and mn-stacking, there remain areas that require further investigations. Firstly, a
study on the effects of differing aromatic substituents and positions on n-stacking interactions
with Fe(lll)PPIX would prove an informative endeavour, as substituents that provide for
favourable interactions could be incorporated into the template ring system. This would result
in stronger interactions with Fe(llI)PPIX which would provide for a more suitable anchor moiety
onto which hydrogen bonding groups can be attached to interact with the propionate side
chain and hence potentially inhibit B-haematin formation. Substituted benzoic acids, benzyl
alcohols and pyridines are just some of the commercially available compounds that could be
tested with Fe(lll)PPIX in a similar study to that reported here, so as to provide insight into
these effects. Secondly, a more detailed investigation into the enhanced associating ability of
4-aminoquinolines with Fe(lll)PPIX is required, focusing primarily on charge-charge and cation-nt
interactions. By having a better understanding of these interactions, compounds can be

proposed with a greater potential for inhibiting B-haematin formation.

While none of the three proposed compounds in this study which were successfully synthesised
and isolated (A, B and C) were able to inhibit B-haematin formation, the scaffold molecule,
9-hydroxyflourene, remains of interest owing to its relatively strong association with Fe(llI}PPIX.
The findings of this work suggest that incorporation of the linker containing the hydrogen
bonding group at the 9-position of the ring system is detrimental to coordination interactions.
This could be possibly be alleviated by substitution of this moiety on the fluorene aromatic ring
system instead. As an alternative to aromatic methanols, thought should be given to amine
moieties as potential iron coordinators. As seen from this study, primary amines that can both
coordinate and mn-stack are not suitable as scaffold molecules probably because the preferred
conformations results in only one of these interactions with Fe(lll)PPIX occurring, nevertheless,
by substituting bulky groups on the carbon adjacent to the amine, the conformation could
possibly be locked to provide the geometry necessary for simultaneous coordination and

n-stacking interactions with Fe(lll)PPIX.
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7.1 Physicochemical methods

7.1.1 General.

Unless otherwise stated, all compounds were purchased from Sigma-Aldrich and were of
analytical grade. With the exception of imidazole and quinoline, they were used without further
purification. Imidazole was recrystalised from toluene, while quinoline was vacuum distilled at
125 °C. Haemin was obtained from Fluka and used as received. Spectrophotometric titrations
were recorded on Varian Cary 100 UV-vis spectrophotometer (manufacturer specifications
report linearity up to 3 aufs) with quartz cuvettes of 1 cm pathlength. Temperature was
maintained at 25.0 £ 0.2 °C throughout by means of a thermostatted water bath. Aliquots of
ligand solutions were delivered into cuvettes using a Hamilton syringe, except in the case of 5-
methylphenanthroline where Gilson pipettes were used as complexation to free metal in the
Hamilton syringe was observed. Cuvettes were scrupulously washed with 0.2 M NaOH, followed
by rinsing with water, then addition of 1 M HNO; and a final water rinsing, as previously

described by Asher et al.*® to avoid a buildup of adsorbed Fe(lll)PPIX and PPIX.

7.1.2 Beers law studies.
Haematin (2 x 10* M, 20% (v/v) DMSO in methanol) and PPIX (1 x 10* M in DMSO) were
titrated into the solvent systems of interest. Final composition of DMSO added in 40% (v/v)

aqueous DMSO solvent system was 41.6%.

7.1.3 Spectrophotometric titrations.

Titrations with Fe(lll)PPIX under aqueous DMSO conditions were carried out as detailed
previously,” 8 deviating only in the use of a 1 x 10> M Fe(ll1)PPIX working solution. Titrations
under organic conditions (20% DMSO in methanol) were carried out by preparing a stock
solution of haematin (1 x 10 M in DMSO) which was then diluted to give 1 x 10° M in a 20%
DMSO in methanol solution. Titrations with PPIX under aqueous conditions were carried out as
for aqueous Fe(lll)PPIX titrations but a stock solution of PPIX {6 x 10™* M in DMSO) was used and
diluted to give a working solution concentration of 3 x 10° M in 40% (v/v) aqueous DMSO. All

stock solutions were stored in the dark and working solutions made up just before use.
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Solutions of compounds tested were made up and pH corrected to 7.4, with concentrations
ranging from 5 x 103 M to 2 M, depending on the strength of association with Fe(lll)PPIX or
PPIX and its solubility. Data obtained were corrected for dilution and analysed using non-linear
least squares fitting methods at A,ax (400 and 402 nm for Fe(lll)PPIX and PPIX, respectively).
Equations 2, 3 and 4 were considered in each case and the best fit was chosen. Titrations were
performed in triplicate to give an average association constant and are reported with the

standard error of the mean (SEM).

A tAKIL
1+KIL]

1:1 (2)

A Ao HAK LT +AKK [T

2 (3)
1+K,[L]+K K, [L]

2:1 stepwise

Ao HAKILT

1+KL) “)

2:1 cooperative

Where K is the association constant, [L] is the free ligand concentration which in the case of
weak association is approximately the concentration of ligand added, A is the observed
absorbance, A the initial absorbance, A; the absorbance of the intermediate (in the case of 2:1
stepwise complex) and A is the absorbance of the final complex formed in the presence of a

very large excess of ligand.

7.1.4 pK, determination.

A 9-aminofluorene hydrochloride solution (1 mM in water) was titrated with a 0.1 M NaOH
solution and the pH measured after each addition using a glass electrode on a Crison MicropH
2000 pH meter. Data were analysed by a non-linear regression to give a measured pK,.

Experiments were repeated in triplicate to produce an average with SEM.
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7.1.5 Molecular mechanics and dynamics (with simulated annealing) modelling.
Modelling of compounds bound to the iron centre of Fe(lll)PPIX was performed using

7

HYPERCHEM™®. The force field employed was based on that of Allinger™ as modified by

3% 139 for metalloporphyrins and further parameterised for

Marques and co-workers
metalloporphyrin-alkoxide interactions.”® Proposed compounds were built in HYPERCHEM
containing a protonated terminal hydrogen bond donor and Fe(lll)PPIX was built with both
propionate side chains deprotonated. Proposed compounds were then bonded to the iron
centre of Fe(lll)PPIX through the alkoxide group and geometry optimisation performed using
molecular mechanics. In order to obtain the lowest energy conformation of the complex,
molecular dynamics were then preformed with simulated annealing. Trajectories were
calculated at a run time of 100 ps at 1000 K. For each complex, 1000 snapshots were recorded
and simulated annealing (from 1000 to 0 K over 20 ps) of every 10* snapshot was performed.
The snapshot with the lowest energy conformation was then identified, and an intramolecular
hydrogen bonded conformation between the hydrogen bond donor and propionate group was
constrained using a dummy bond with a force constant of 100 000 mdyne/A. Molecular
mechanics were performed on this complex, after which the dummy bond was removed and
further mechanics performed to optimise geometry. The single point energy of this
conformation was compared to that of the lowest energy conformation. An energy surface map
of compound E bound to Fe(lll)PPIX was determined using the method reported by de Villiers et
al.”® The conformational strain energy as the complex was rotated (in 30 °C increments) around
bonds, N2-Fe(Il1)-O(87)-C(74) and C(76)-C(24)-C(88)-C(89), defined as ¢ and ¢ respectively, was

measured. Plotting ¢ vs ¢ produced the energy surface for the complex.

7.1.6 PB-Haematin inhibition.

B-Haematin inhibition tests were carried out by modifying the pyridine colorimetric assay
developed by Ncokazi and Egan.*® The original procedure required the use of a 12.9 M acetate
buffer (pH 4.8) but because of difficulties solubilising acetate, the concentration was lowered to
9.7 M (pH 4.8) and volumes of reagents adjusted accordingly. This less concentrated buffer was
made by adding sodium acetate (47.5 g) to acetic acid (35.5 ml) and diluted to 100 ml with

water with pre-incubation for 1 hour at 60 °C required for complete dissolution.
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Serial dilutions of compounds in a 96 well plate were made by placing 20 pl of a stock solution
(0.168 M) in the first well and 10 pl of solvent in the remaining wells. Removal of 10 ul from the
first well and mixing into the second well provide a 1 in 2 dilution, and this was then repeated
down the plate to give compound:Fe(lll)PPIX rations of 10, 5, 2.5, 1.25, 0.625, 0.313 and 0.156
mole equivalents as well as a control with no compound added. To this, 83.6 pl of haematin
(2.03 x 102 M in 0.1 M NaOH), 8.4 pl HCI (1 M) and 78 pl acetate buffer (9.7 M) were added to
each well and mixed. The plate was incubated for 60 minutes at 60 °C after which the wells
were quenched by addition of 80 pl of 30% (v/v) aqueous pyridine solution (2 x 10> M HEPES,
pH 7.5) and allowed to settle. Once settled, 38 ul of the supernatant was removed and placed
in another 96 well plate. These were diluted with 250 ul of the aqueous pyridine solution,

absorbances read at 405 nm and the data obtained fitted to a sigmoidal dose response model.

7.2  Synthesis

7.2.1 General.

All chemicals and solvents were purchased from Sigma-Aldrich and, unless otherwise stated,
used as received. Tetrahydrofuran and diethyl ether were distilled under a nitrogen
atmosphere and dried over sodium wire with benzophenone. Dichloromethane was distilled
under nitrogen atmosphere and dried over phosphorous pentoxide. Reactions were monitored
by thin-layer chromatography (TLC) using pre-coated silica-gel 60 54 (0.2 mm) mounted on
aluminium-backed plates, commercially available from Merck. Compounds were detected using
UV absorption (254 nm) and spray reagents anisaldehyde and ninhydrin, prepared according to
literature.’® Column chromatography was conducted using Merck Kieselgel 60 silica gel. Flash

chromatography was performed using a Suplco VersaFlush.

Nuclear magnetic resonance spectra were recorded on either a Varian Unity 400 (at 399.95
MHz for 'H and 100.58 MHz of 3C) or Varian VXR-300 (at 300.08 MHz for *H and 75.5 MHz for
13C). Solvents used were d-CDCl3, d-DMSO, d4-CD30D and D,0 with residual peaks occurring at
7.26, 2.50, 3.31 and 7.79 ppm in 'H NMR and 77.16, 39.52 and 49.00 ppm in 3C NMR,

141

respectively.” " All chemical shifts are reported in ppm and coupling constants in Hz.
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Infrared (IR) spectra were recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrophotometer,
using potassium bromide plates. Elemental analysis (EA) was performed using a Fisons EA 1108
CHN elemental analyser. Melting points were determined using a Reichert Jung Thermovar hot-
stage microscope. Electron ionisation (El) mass spectrometry was recorded on a JEOL GCmate [l
at the Department of Chemistry, University of Cape Town and high resolution mass
spectrometry (HRMS) was recorded on an APl Q-TOF Ultima machine at The School of

Chemistry, University of Stellenbosch.

7.2.2 A4-Quinonline methanol, 22.

To a solution of 4-quinoline carboxaldehyde (0.158 g, 1.00 mmol) in ethanol (15 ml), sodium
borohydride (0.077 g, 2.04 mmol) was added slowly at room temperature. The reaction was left
stirring for 1.5 hours after which TLC (MeOH/DCM, 5:95, R; = 0.29) indicated no starting
material remained. Et;0 (25 ml) was then added, followed by washing with water (2 x 25 ml).
Aqueous washings were combined and extracted with Et,0 (2 x 50 ml). All organic fractions
were then pooled, dried over magnesium sulfate, filtered and the filtrate evapourated under
reduced pressure. The resulting brown crystals obtained were recrystalised using Hex/EtOAc to
give white crystals identified as compound 22 (0.037 g, 67%) by NMR spectrometry.
m.p. 91-93 °C (Lit:*** 99-100 °C). 'H NMR (400 MHz, d-CDCls): 6 5.24 (2H, s, H-11), 7.55 (2H, m,
H-3 and -7), 7.72 (1H, t, J = 7.1 Hz, H-8), 7.96 (1H, d, J = 8.3 Hz, H-9), 8.13 (1H, d, J = 8.4 Hz, H-6),
8.84 (1H, d, J = 4.4 Hz, H-2); **C NMR (100 MHz, d-CDCls): 8¢ 61.4 (C-11), 118.2 (C-3), 122.9
(C-6), 125.9 (C-4), 126.7 (C-7), 129.3 (C-9), 129.9 (C-8), 146.5 (C-5), 147.7 (C-10), 150.3 (C-2). MS
(El): Found 158.9435 ([M]*). C10HoNO requires 159.1846 ([M]).
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7.2.3 Spiro[fluorene-9,2'-oxirane], 26.

To sodium hydride (60% oil immersion, 0.266 g, 6.65 mmol) in dry DMSO (5 ml),
trimethylsulfoxonium iodide (1.47 g, 6.72 mmol) was slowly added and the mixture left to stir
at room temperature for 30 minutes. 9-Fluorenone (0.989 g, 5.49 mmol) was then slowly added
and the reaction mixture left to stir for a further 1.5 hours, after which TLC (EtOAc/Hex, 5:95,
R¢ = 0.45) indicated no starting material remained. Ice water (10 ml) was added to quench the
reaction and an extraction with £t,0 (2 x 15 ml) followed. Organic layers were washed with cold
water (2 x 30 ml), dried over MgSO,, filtered and the filtrate reduced under vacuum at 25 °C.
The resulting yellow/white solid obtained was identified as the epoxide 26 (0.672 g, 98% crude)
and was used in its impure form in subsequent reactions. m.p. 56-58 °C (Lit:'** 108-110 °C).
'H NMR (300 MHz, d-CDCl3): &4 3.71 (2H, s, H-2'), 7.27 (4H, m, H-2, -4, -5 and -7), 7.43 (2H, t,
J=7.0 Hz, H-3 and -6), 7.73 (2H, d, J = 7.5 Hz, H-1 and -8); *C NMR (100 MHz, d-CDCl3): &¢ 54.9
(C-2"), 62.3 (C-9), 120.4 (C-4 and -5), 121.7 (C-1 and -8), 127.6 (C-2 and -7), 129.4 (C-3 and -6),
140.9 (C-11 and -12), 141.1 (C-10 and -13). MS (El): Found 193.9588 ([M]’). C14H100 requires
194.2286 ([M]).
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7.2.4 9-Hydroxy-fluorene-9-acetonitrile, 25.

To crude spiro[fluorene-9,2'-oxirane] (2.50 g, 12.5 mmol) in methanol (32 ml), sodium cyanide
(3.15 g, 64.3 mmol), ammonium chloride (2.08 g, 38.8 mmol) and water (4 ml) were added at
room temperature. The mixture was left to stir overnight (14 hours) at 25 °C, after which TLC
(EtOAc/Hex, 20:80, Rs = 0.26) indicated no starting material remained. The mixture was then
diluted with water (24 ml), extracted with Et,0 (3 x 50 ml), washed with water (2 x 100 ml) and
the organic layers dried over MgS0O,. After filtration, the filtrate was reduced under vacuum and
the resulting orange oil purified using column chromatography (SiO,, EtOAc/Hex, 10:90 to
20:80) to give the compound 25 as a white solid (1.58 g, 65% over 2 steps). m. p. 93-95 °C
(Lit:*** 97.5-98.5 °C). Vimax /cm™ (KBr): 3340b (O-H), 3066w + 3044w (C-H, aromatic), 2957m +
2928m (C-H, aliphatic), 2257m (CN, nitrile), 1607m (C=C, aromatic); '"H NMR (400 MHz,
d-CDCl3): 64 2.34 (1H, bs, OH), 2.98 (2H, s, H-14), 7.38 (2H, t, J = 7.3 Hz, H-2 and -7), 7.46 (2H, t,
J=7.4 Hz, H-3 and -6), 7.67 (2H, d, J = 7.4 Hz, H-4 and -5), 7.73 (2H, d, J = 7.2 Hz, H-1 and -8); **C
NMR (400 MHz, d-CDCls): &¢ 29.4 (C-14), 78.1 (C-9), 116.7 (C-15), 120.4 (C-4 and -5), 123.6 (C-1
and -8), 128.5 (C-2 and -7), 130.1 (C-3 and -6), 139.0 (C-11 and -12), 145.9 (C-10 and -13). MS
(EN): Found 220.5823 ([M]"). C15H11NO requires 221.2539 ([M]).

-106-



CHAPTER 7. EXPERIMENTAL METHODOLOGIES

7.2.5 9-(2-Aminoethyl)-fluoren-9-ol, A.

To (9-hydroxy-9H-fluoren-9-yl)acetonitrile (0.73 g, 3.32 mmol) in dry Et,0 (20 ml) at 0 °C,
lithium aluminium hydride (0.25 g, 6.64 mmol) was slowly added. The reaction mixture was
then left to warm to a temperature of roughly 10 °C over 2 hours, after which, the temperature
was increased to 25 °C and the reaction mixture left for 22 hours. TLC {(EtOH/DCM, 10:90,
Rt = baseline) indicated no starting material remained and so NaOH (2 M, 10 ml) was slowly
added at 0 °C. The organic layer was separated and an extraction of the aqueous layer with
DCM (3 x 20 ml) followed. All organic fractions were combined, washed with water {1 x 40 ml),
dried over MgS0, and filtered. The filtrate was then reduced under vacuum to give a yellow oil.
This was purified using flash chromatography (MeOH/DCM, 0:100 to 15:85) and the tan
coloured oil obtained washed with Et,0 to give a white solid identified as the amine (0.51 g,
68%). m. p. 105-107 °C. Vmax fcm™* (KBr): 3340b (OH), 3054w (C-H, aromatic), 2985m + 2931m
(C-H, aliphatic), 1265s (C-N, amine); *H NMR (300 MHz, d-CDCl3): &y 2.03 (2H, t, J = 7.3 Hz,
H-14), 2.68 (2H, t, J = 7.4 Hz, H-15), 7.19 - 7.32 (4H, m, H-2, -3, -6 and -7), 7.45 (2H, d, J = 7.4 Hz,
H-4 and -5), 7.54 (2H, d, J = 7.3 Hz, H-1 and -8); *C NMR (100 MHz, d-CDCl5): & 38.0 (C-14),
44.0 (C-15), 82.1 (C-9), 119.9 (C-4 and -5), 123.8 (C-1 and -8), 127.8 (C-2 and -7), 128.7 (C-3 and
-6), 139.1 (C-11 and -12), 149.0 (C-10 and -13). HRMS (ESI): Found 226.1248 ([M+H]*). CisH1sNO
requires 225.2857 ([M]).
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7.2.6 1-[2-(9-Hydroxy-fluoren-9-yl)ethyl]guanidinium nitrate, B.

7
6
8
° 3 OH
WX e
16,
- HNO
4 10 14 ’& 3
CFA
1
3
2

To 9-(2-aminoethyl)-9H-fluoren-9-ol (0.22 g, 0.99 mmol) in methanol (8 ml), 3,5-dimethyl-
pyrazole-1-carboximidamidium nitrate (0.20 g, 0.99 mmol) was added and the mixture left to
reflux for 14 hours. TLC (MeOH/DCM, 10:90, R; = 0.16) showed product formation and no
starting material remaining. The reaction mixture was concentrated under reduced pressure
and the resulting tan oil was subjected to flash chromatography (SiO,, EtOH/MeOH/DCM,
5:0:95 to 0:10:90). The clear oil obtained still contained impurities and so was subjected to
further column chromatography (SiO,, MeOH/DCM, 0:100 to 5:95 and then EtOH/DCM, 0:100
to 15:85) resulting in the isolation of the pure guanidine product in the form of a white solid
(0.21 g, 64%). m. p. 150-153 °C. Vmax /cm™ (KBr): 3342b (OH), 2964m + 2920m (C-H, aliphatic),
1665s (C=N, guanidine). *H NMR (400 MHz, d;-CD30D): 8y 2.36 (2H, t, J = 7.2 Hz, H-14), 3.02
(2H, t, J = 7.8 Hz, H-15), 7.34 (2H, t, J = 7.2 Hz, H-2 and -7), 7.39 (2H, t, J = 7.3 Hz, H-3 and -6),
7.55 (2H, d, J = 6.9 Hz, H-4 and -5), 7.71 (2H, d, J = 7.6 Hz, H-1 and -8); 3C NMR (100 MHz,
d4-CD3OD): 8¢ 39.7 (C-14), 40.4 (C-15), 82.4 (C-9), 121.9 (C-4 and -5), 125.4 (C-1 and -8), 129.8
(C-2 and -7), 130.9 (C-3 and -6), 141.5 (C-11 and -12), 150.2 (C-10 and -13), 159.0 (C-16). HRMS
(ESI): Found 268.1443 ([M+H]'). CiHi7N3O requires 267.327 ([M]). Anal. Caled for
C16H18N404:0.4H,0: C, 55.89; H, 5.72; N, 16.29. Found: C, 55.89; H, 5.53; N, 17.32.
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7.2.7 9-[(Trimethyisilyl)oxy]-fluorene-9-carbonitrile, 30.

TMSO CN
14

To a mixture of fluorenone (1.98 g, 11.0 mmol) and iodine (0.14 g, 0.6 mmol) in dry DCM
(50 ml) under nitrogen atmosphere, trimethylsilyl cyanide (2 ml, 14.9 mmol) was slowly added
at 0 °C. The reaction was then left to stir at room temperature for 2 hours, after which TLC
(EtOAc/Hex, 10:90, Rs = 0.54) indicated no starting material remained. The reaction mixture was
then quenched with water (50 ml) and extracted with DCM (2 x 50 ml). Organic layers were
pooled, washed with 15% sodium thiosulfate (100 ml) and dried over sodium sulfate. This was
then filtered and the filtrate removed under reduced pressure to give yellow/white crystals.
These were washed with hexane to give product 30 (0.836 g, 27%) as white crystals in high
purity. m.p. 91-93 °C (Lit:'®° 98-100 °C). Vmax fcm™ (KBr): 3080m to 3012m (C-H, aromatic),
2964s + 2902m (C-H, aliphatic), 2238s (CN, nitrile); *H NMR (300 MHz, d-CDCls): 8 7.39 (2H, t,
J=7.5Hz, H-2 and -7), 7.47 (2H, t, J = 7.5 Hz, H-3 and -6), 7.65 (2H, d, J = 7.4 Hz, H-4 and -5),
7.73 (2H, d, J = 7.5 Hz, H-1 and -8); *C NMR (100 MHz, d-CDCls): 8¢ 1.3 (TMSO), 53.4 (C-9),
120.2 (C-14), 120.6 (C-4 and -5), 125.5 (C-1 and -8), 128.8 (C-2 and-7), 131.0 (C-3 and -6), 139.6
(C-11 and -12), 143.1 (C-10 and -13).
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7.2.8 9-(Azidomethyl)-fluoren-9-ol, 31.

To a mixture of spiro[fluorene-9,2'-oxirane] (2.03 g, 10.4 mmol) and ammonium chloride
(1.50 g, 28.1 mmol) in MeOH/H,0 (8:1, 27 ml), sodium azide (3.09 g, 47.5 mmol) was added and
the mixture left to stir at room temperature for 16 hours. TLC (EtOAc/Hex, 20:80, R¢ = 0.29)
indicated no starting material remained, so water (23 ml) was added to the reaction mixture
and an extraction with Et,0 (2 x 50 ml) followed. Organic layers were washed with water
(2 x 100 ml) and dried over MgSQ,. After filtration, the filtrate was reduced under vacuum to
give a pale yellow oil identified as the azide 14 (2.43 g, 98%) which was pure enough to be used
in subsequent reactions. Vmax /cm™ (Thin layer): 3392b (O-H), 3058w (C-H, aromatic), 2924w
(C-H, aliphatic), 2106s (N3, azide), 1607w (C=C, aromatic); 'H NMR (400 MHz, d-CDCl3): 6, 3.85
(2H, s, H-14), 7.38 (2H, t, J = 7.5 Hz, H-2 and -7), 7.47 (2H, t, J = 7.5 Hz, H-3 and -6), 7.64 (2H, d,
J=7.5 Hz, H-4 and -5), 7.73 (2H, d, J = 7.5 Hz, H-1 and -8); *C NMR (100 MHz, d-CDCls): 8¢ 65.8
(C-9), 68.0 (C-14), 120.4 (C-4 and -5), 124.7 (C-1 and -8), 128.1 (C-2 and -7), 129.8 (C-3 and -6),
140.4 (C-11 and -12), 142.7 (C-10 and -13). MS (El): Found 237.0096 ([M]*). C14H11N3O requires
237.2566 ([M]).
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7.2.9 9-(Aminomethyl)-fluoren-9-ol, C.

To 9-(azidomethyl)-fluoren-9-ol (0.37 g, 1.56 mmol) in a MeCN/H,0 (16 ml, 7:1) solution,
triphenylphosphine (0.49 g, 1.88 mmol) was added and the mixture left to stir at room
temperature for 14 hours. TLC (MeOH/DCM, 5:95, R¢ = 0.41) indicated no starting material
remained and so the reaction mixture was concentrated under reduced pressure and the
resulting dark brown oil purified using column chromatography (SiO,, MeOH/DCM, 1:99 to
5:95). To the yellow oil obtained, £t,0 was slowly added which caused precipitation of a white
solid. The solid was filtered, washed with Et,0 and kept aside. Washings were reduced under
vacuum and the procedure repeated again to give more white precipitate. All solid was pooled
and identified as the amine C (0.21 g, 64%). m.p. 117-118 °C (Lit:** 134-135 °C). 'H NMR (300
MHz, d-CDCl): 64 2.43 (3H, bs, -OH and -NH,), 3.70 (2H, s, H-14), 7.30 (2H, t, J = 7.4 Hz, H-2 and
-7),7.38 (2H, t,J=7.4 Hz, H-3 and -6), 7.58 (2H, d, / = 7.7 Hz, H-4 and -5), 7.68 (2H, d, J = 7.5 Hz,
H-1 and -8); 3C NMR (100 MHz, d-CDCls): 8¢ 65.8 (C-9), 69.2 (C-14), 120.1 (C-4 and -5), 123.8
(C-1 and -8), 127.7 (C-2 and -5), 128.6 (C-3 and -6), 139.6 (C-11 and -12), 148.8 {C-10 and -13).
MS (El): Found 210.9317 ([M]"). C14H13NO requires 211.2591 ([M]).
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7.2.10 Formamidinesulfonic acid, 33.

NH

H,N~ SO4H

Formamidinesulfinic acid (2.00 g, 18.5 mmol) in acetic acid (6 ml), was chilled to roughly 10 °C
and peracetic acid (4.8 ml, 25.4 mmol} slowly added so as to maintain the temperature under
20 °C. After addition, the reaction was left to stir at roughly 15 °C for 1 hour and room
temperature for 2 hours. The precipitate formed was filtered and washed with ethanol to give
formamidinesulfonic acid as a white solid (1.84 g, 80%). Vmax /cm™ (KBr): 3353b and 3129b
(N-H), 1688s (C=N), 1228s and 1054m (SOsH). MS (El): Found 125.5359 ([M+H}*). CH4N,05S
requires 124.1191 ([M]).

7.2.11 7-Nitro-1,3,5-azaadamantane, 38: Method a.

To a solution of hexamethylenetatramine (14.02 g, 0.10 mol) and glacial acetic acid (6.25 ml,
0.12 mol) in n-butanol (15 ml), nitromethane (6.5 ml, 0.12 mol} was slowly added at room
temperature. The mixture was left to reflux at 109 °C for 4 hours after which TLC (MeOH/DCM,
10:90, R¢ = 0.50) indicated no starting material remained and the resulting precipitate was
filtered. A recrystalisation from water produced a dark brown solid which floated on the surface
of the water and a tan colour solid which lay on the bottom of the recrystalisation vessel. The
tan coloured crystals were collected and identified as compound 38 (2.21 g, 12%) by NMR and
mass spectrometry (see 7.2.12 for details). m.p. 166-168 °C (Lit:**° 260-310 °C).
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7.2.12 7-Nitro-1,3,5-azaadamantane, 38: Method b.

To a solution of hexamethylenetatramine (10.00 g, 71.3 mmol) in glacial acetic acid (10 mi,
184.0 mmol), nitromethane (4.25 ml, 79.1 mmol) was slowly added at room temperature. The
mixture was left to reflux at 95 °C for 6 hours, after which the resulting precipitate was fittered
and washed with copious amounts of water. The precipitate was collected and dried under
vacuum to give tan crystals of product 7 (13.1 g, 53%) which were deemed pure enough for
subsequent reactions. m.p. 183-185 °C (Lit:**° 260-310 °C). 'H NMR (300 MHz, D,0): &y 3.82
(6H, s, H-6, -8, -10), 4.10 (3H, d, J = 6.0 Hz), 4.43 (3H, d, J = 12.9 Hz); 3C NMR (100 MHz, D,0): &¢
57.4 (C-6, -8, -10), 70.9 (C-2, -4, -9), 72.8 (C-7). MS (El): Found 184.0449 ([M]*). C;H12N40;
requires 184.1958 ([M}]).

7.2.13 7-Amino-1,3,5-azaadamantane, 37.

To 7-nitro-1,3,5-azaadamantane (23.17 g, 126.0 mmol) and Raney Nickel (50% in water, 3.59 g)
in a water/isopropanol (14:1, 34 ml) solution, hydrazine monohydrate (0.6 ml, 12.37 mmol) was
slowly added in portions over a 1 hour period. Upon completion of addition, the reaction
mixture was left to stir at room temperature for an hour after which another portion of Raney
Nickel (1.01 g) in a water/isopropanol mixture (14:1, 2 ml) was added. The reaction left to stir
for a further 2 hours after which TLC (MeOH/DCM, 10:90, baseline) indicated no starting
material remained. The mixture was then filtered to remove Raney Nickel, washed with
isopropanol and the filtrate reduced under vacuum to give the hygroscopic tan coloured solid
37 (11.83 g, 61%). m. p. 139-144 °C (dec.). (Lit:'*” 295-297 °C) *H NMR (400 MHz, D,0): 6y 3.15
(6H, s, H-6, -8, -10), 3.98 (3H, d, J = 12.1 Hz), 4.33 (3H, d, J = 12.5 Hz); *C NMR {400 MHz, D,0):
8¢ 38.4 (C-7), 61.4 (C-6, -8, -10), 70.9 (C-2, -4, -9). MS (EI): Found 154.0955 ([M]'). CsH1Na4

requires 154.2129 ([M]).
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7.2.14 7-Bromo-1,3,5-azaadamantane, 36.

To 7-amino-1,3,5-azaadamantane (0.99 g, 6.45 mmol) suspended in aqueous hydrogen bromide
(48%, 4.6 ml) at 0 °C, sodium nitrite (0.55 g, 7.93 mmol) was slowly added over 30 minutes.
Once addition was completed, the reaction was allowed to gradually reach room temperature
and was left to stir for 3 hours. Potassium carbonate was then added to the reaction mixture
until effervescence ceased (ca. pH 8) and an extraction with DCM (3 x 40 ml) followed. The
organic layers (top layers) were pooled, dried with MgSQ0,, filtered and the filtrate reduced
under vacuum. The resulting yellow solid obtained was then washed with Et,0, filtered and
kept aside. The filtrate was collected, reduced and washing repeated twice more. All solid
material obtained was combined to give the bromide 36 (0.84 g. 60%). m. p. > 295 °C (Lit:**
217-219 °C). "H NMR (300 MHz, D,0): 8y 3.79 (6H, s, H-6, -8, -10), 4.26 (3H, d, J = 11.6 Hz), 4.51
(3H, d, J = 12.8 Hz); *C NMR (100 MHz, D,0): §¢ 57.7 (C-7), 65.5 (C-6, -8, -10), 73.1 (C-2, -4, -9).
MS (El): Found 218.7651 ([M]*). C;H1,BrN3 requires 218.0942 ([M]).
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