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Abstract

Human African Trypanosomiasis (HAT), commonly knows Sleeping Sickness, is
endemic in over 36 countries in sub-Saharan Africh. is caused by the parasitic
subspecie3rypanosoma brucei rhodesiersed Trypanosoma brucei gambiensehich is
transmitted to humans by the tsetse Tliie World Health Organisation estimates that 0.5
million people are currently infected with the dise, with a further 60 million at risk.
HAT is lethal if left untreated and there is no eiae available. There are only four
accessible drugs, which are all inadequate andyhtgiic. Thus there is a vital need for

novel anti-parasitic agents.

Compounds interfering with polyamine biosynthesigumction have shown potential use
as anti-cancer, anti-HIV, anti-fungal and antipar@sagents. The overall aim of this work
was to synthesise novel macrocyclic polyamines aioimtg different substituents to

increase the toxicity against brucei

Twenty racemic substituted tetraazamacrocy8esave been synthesised using an iron
template method in good vyields (54-100%) from kyétnetetraamine and aromatic
glyoxal derivativesA. The R-groups were aromatic or heteroaromaticveegr@ selected to
give compounds with varying electronic demand arnmaad range of log P values. Two
derivatives contain parasite-specific recognitionotife were also prepared. The

compounds were tested agaifist bruceiand several of the analogues displayed high

activity.
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Some of these azamacrocycles were also testedcfioitya against the malarial parasite
Plasmodium falciparumand for oligopeptidase B (OPB) inhibition, withnamber of

compounds exhibiting promising results.
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1 Human African Trypanosomiasis

1.1 Human African Trypanosomiasis (HAT)

HAT, also known as sleeping sickness, is a vectond parasitic disease that is endemic
in 36 countries in sub-Saharan Africa (see FigureThe World Health Organisation
(WHO) estimate that over 60,000 people die annuatiyn sleeping sickness, although
many more infections and deaths go unreportetilf a million people are currently
infected and 60 million are at daily risk. HAT ise of the major factors constraining
Africa’s social and economic development. A sulesise farmer speaking at the™8
meeting of the International Scientific Council finypanosomiasis Research and Control,
summed up the HAT problen My child is dying of malaria, but it is African

trypanosomiasis that is killing 1§

arosomizsis

érigan Tryp:
pldemic
High Endemic
il il
4 riek

CIDAWID, Dt 107

Figure 1

1.1.1 HAT Transmission

The parasites, named trypanosomes, are transnhitttdmans and animals through the
bite of the tsetse fly of the genGdossina(Figure 2). Tsetse flies inhabit the vast savannah
across sub-Saharan Africa, breeding in warm humgdsaof vegetation along rivers, lakes,
forests and scrublartd Man, cattle and wild animals act as reservoirthefparasite, and
the tsetse fly feeds on their blood. The diseasebeapassed on in other ways; parasites
can cross the placenta and infect the foetus oguadiortion or perinatal death. Accidental
infections in laboratories through handling infecl#ood are uncommon, and there is only

one reported case of sexually transmitted sleegirigiess.
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Figure 2

1.1.2 HAT History

Trypanosomiasis was first recorded in th& téntury in the country of Mali. However the
destructive force of this disease was not recognistil an epidemic in Uganda and the
Congo Basin (1896-1906) killed half a million pemplThe parasite was identified by two
English doctors in 1902, Ford and Dutton, workinghe Gambia, and the tsetse fly was
recognised as the vector by Sir David Bruce (afteom T. bruceiare named) in 1903.
There have been another two major epidemics incaAfsince then, one affecting several

countries in 1920, and one in 1970, which is ptitigressing today.
1.1.3 Current Situation of HAT

Sleeping sickness is a daily threat, affectinglrara remote areas where the population is
dependent on agriculture, fishing and hunting. €haseas generally have little or no
available health system, and the disease alsomMslsmcial and economic problems such as
poverty, displacement of population, political edstity and war. The disease has a
devastating impact on these areas by decreasindpltoeir force and hampering work
capacity and productichThe disability adjusted life years lost due tepiag sickness are
two million.” In countries such as Sudan and Angola, the ahdityeal with the epidemic
situation of the disease has been surpassed, ampddtalence of the disease is greater than
20% of the populatiof.

Other subspecies of the parasite cause animalnogoaniasis, for example domestic cattle
suffer from Nagana (Figure 3). Nagana can causB% @ecrease in milk production, a
20% decrease in calving as well as approximatetyetimillion livestock deaths per year,

which also has a devastating effect on the commfnit
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Figure 3

1.2 The Trypanosome

Trypanosomes are protozoa of the family Trypanosioia&. The genu§rypanosoma

may be divided into two groups, the stercoraria tredsalivaria, which are both infective
parasites (Figure 4). The stercoraria include theci®sT. cruzi that causes South
American trypanosomiasis known as Chagas’ diseBse.salivarian group includes.

brucei gambienseand T. brucei rhodesiensewhich are parasites of the subgenus

Trypanozoor!
Subkingdom Protozoa
Phylum Sarcomastigophora
Subphylum Mastigophora
Class Zoomastigophora
Order Kinetoplastida
Suborder Trypanosomatina
Family Trypanosomatidiae
Genus Trypanosoma
Stercoraria / \ Salivaria
Subgenus| Herpetosoma | Megatrypanum ISchizotrypanum| | Duttonella Nannomonas Trypanozoon Pycnomonas
i i Heri ; . (D.) vi . (N. lense| T. (T.) equiperdum [T. (P.) suis
Species | T.(H) lewisi | T. (M.) theileri T.(S.) cruzi T.(Djvivax | T.(N.) congo ;
T. (H.) musculi| T. (M.) melophagium| T. (S.) dionisii | |T-(P-) uniforme| T. (N.) simiae i q-) gvansi
T. (H.) microti - (T.) b. brucei
T. (T.) b. gambiense
T. (T.) b. rhodesiense

Figure 4

There are two human forms of sleeping sicknes$iranec form and an acute form. The
chronic form of the disease is causedTbybrucei gambiensand it affects Western and
Central Africa with the disease lasting up to sal/gears. Acute sleeping sickness, caused
by T. brucei rhodesiensas found in countries of Eastern and Southerricafand lasts
several weeks. Both forms if left untreated lead death'® The two species are

morphologically indistinguishable, and their bodpdth range is 14-33m (Figure 5)'°
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Figure 5

1.3 Trypanosome Life Cycle

During a blood meal, metacyclic trypomastigotes iajected into the host’s skin by the
fly. The parasites enter the lymphatic system aas$ o the bloodstream. In the blood, the
parasites are transformed into bloodstream tryptigeass. These are replicated and are
carried to other sites in the body, reaching otileod-fluids such as spinal and lymph
fluid. A tsetse fly becomes infected with bloodaire trypomastigotes by taking a blood
meal, and the parasites then transform into pracyoipomastigotes in the fly’s midgut.
These proliferatevia binary fission, leave the midgut and then conudd epimastigotes,
which reach the fly’s salivary glands. It is atstistage that the cycle begins again, with the

cycle in the fly taking around three weeks (seaiféig)™°
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Tsetse fly Stages Human Stages

Epimastigotes multiphy Tsetse fly takes

in salivary gland. Th a blood meal . )
hansforr?:ﬁtu meta:?;;hc linects metacyclis irypomastigetes) Injected matacyclic

- ﬁ trypomastigotes transform
trypomasiigoles. ,.-'"- > % 9 into bloodstream

e trypomastigotes, which

z (\ are carried to other sites.
/ \

Procyclic trypomastigotes

leave the midgut and transform

Trypomastigotes multiply by
binary fission in vanous
body fluids, e.g., blood,
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& kymiph, and spinal fluid,
Tsatse fly takes
e a bleod meal
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are ingeated) A
© o K ‘
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A= ||'IfEC!i\'E‘ S!EQE‘ SAFER HEALTHIER: PID b
A! Diagnostic Slage httpitveww. dpd. cde.gowidpdx
Figure 6

1.4 Disease and Diagnosis

The symptoms of first stage HAT are non-specifyelr, headaches, weakness, joint pain
and itching. The parasite also invades the lymstesy causing lymph nodes to swell up.
Gradually the immune system is exhausted and thg®yms become more pronounced;
anaemia, cardiovascular, endocrine and kidney dissr abortion and oedema appear.

The parasite will then invade the central nervoystesn (CNS) and second stage
symptoms begin. Depending on acute or chronic fidfechis can take as little as a few

weeks, or several years after initial inoculatidnhthis time, the patients experience severe
neurological and psychiatric problems. They logeahility to concentrate and are prone to
unpredictable and sudden mood swings, leading méusmn, violence and lethargy. Due

to this torpor, eating, speaking and walking becoraetremendous effort. One of the

disease’s most prominent symptoms is the inabititgleep at night, but exhaustion and
times of sleep-like unconsciousness during the Bagntually the disease leads to coma
and deatH.

Diagnosis is dependent on locating trypanosomesimwithe blood, lymphatic or
cerebrospinal fluids of the patients. Early diagenad patients is rare due to the non-severe

early symptoms plus sparse and inadequate heakh Thaerefore prognosis of the disease
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is normally when the parasite has already invatiedGNS and the patient is displaying
symptoms. The parasitaemia can be very low andcdiffto detect and so techniques are
used to concentrate (centrifugation or mini anigoh@ange) and find parasites. Another
way to detect infection is by measuring the presesfcabove normal levels of leukocytes
(>5 cells/mL) or protein (>37 mg/100mL) within tigNS, or by the detection of low red

blood cell count or by carrying out antibody andigen tests. These methods are invasive
and difficult to use in resource-poor centres. Higained staff are also required for

accurate results.
1.5 Prevention and Control

The WHO has set up a programme with three pantgviothe most effective approach to
sleeping sickness control. Of the 36 countries imctv HAT is endemic, 22 are actively

involved in this programmé.

The first and most crucial part is mobile medicainitoring with specialised staff using
effective diagnostic equipment. Case-by-case sarges not practically possible in highly
endemic regions and so systematic screening witlantified foci is the best approach.
Patients attend centres to determine what stagtheofdisease they are at, and what

treatment is best. Patients then attend post-tidadipw-up care'

Secondly, the availability of fixed-post medicahsees at hospitals, health centres and
dispensaries is important, where blood samplestalten before analysis at reference

centres:

Finally, the most cheap and ecologically acceptethod is vector control. In theory this
is the most effective as the female flies only i ten larvae in their short life span.
Spraying the tsetse’s habitat with insecticide frtme ground and air, and destroying
bushland are traditional schemes. Another way isaib the flies using livestock that are
sprayed with insecticide. These methods howevediregcommitment and financial

backing from the local government and communityjclwvhcannot be guaranteed in all

areas. The most simple and effective form of cdfigrasing nets and traps for the flfes.

The epidemic in 1920 sparked the employment ofroboampaigns, mobile health teams
and administration structures that screened mdliaf people at risk. The drug
pentamidine was used as a preventative, with eardop receiving one injection as it was

wrongly thought that a low dose of this drug gaimensonths protection from the disease.
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By the start of African independence in the 1968s, disease had almost disappeared.
However, after the initial success, effective moity ceased and so the disease

reappeared in endemic form.

1.6 Treatment

An editorial inSciencditled “Trypanosomes at the Gatdsghlights thatT. bruceiis one

of the species that causes one of the most majiorrespecific human diseasEsThe
disease has been studied for over a century Istitl itelies upon some of the most highly
toxic and inadequate drugs. These drugs were iadealinost 100 years ago! The reason
for this is simple; the victims of the disease gemong the world’s poorest people, and

there has been a lack of investment by the phamiaeéindustry*?

There is no vaccine against HAT due to an immuradgative process using antigenic
variation to protect the parasite. Trypanosomee lzavariable surface glycoprotein (VSG)
coat on their surface. The VSG has over 1000 @iffegenes encoding for proteins, and it
undergoes constant antigenic variation in ordeetade the host's immune systetfs.
However, there are a handful of drugs availablethey all come with serious side effects
and drug resistance is on the increase. Four daugscurrently licensed to treat HAT

which are all stage-specific?
1.6.1 Suramin

Developed in 1916 by Oskar Dressel as a by-prouiuttte German dye company Bayer,
suraminl is a colourless polysulfonated symmetrical nadbetie derivative. It was first
used an anti-sleeping sickness drug in 1922 aftead been observed that a number of
naphthalene dye substances had trypanosomidaitactivSuramin is a highly charged
compound, containing six negative charges at plygical pH, and so it does not cross
the blood-brain barrier. Suramin inhibits many eneg by electrostatic interactions: For
example, it inhibits reverse transcriptase, a kegyme of the Human Immunodeficiency
Virus (HIV).*® The drug has also been tested against a varietgrafers, where it has been
used in clinical trials against hormone-refractprpstate cancéf. However, suramin’s
mode of action has not been elucidated, althougiessuggestions are that it acts using an

anti-angiogenesis effect along with interactiortmgtowth factor receptorg:*®
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Suraminl is used in early stage HAT and it the preferrathdior use in East Africa. It is
used in West Africa for the treatment of onchoaasiaRiver blindness) and not for
sleeping sickness. The drug is administered in §(Qoar kg body weight doses to patients
by intravenous injection, and it circulates the doloassociated with low-density
lipoproteins and serum albumin. It is then takensilgwly by the parasite and hogga

receptor mediated endocytosis.
1.6.2 Pentamidine

Pentamidine is from a class of drugs called the diamidinesiciviivere developed during
the 1930s from the lead compound synthainwhich is a hypoglycaemic agefit.
Pentamidine, also known as lomidine, is an aromdi#nidine which works directly
against the parasites independent of the host. drbig, like suramin, is also used to treat
early stage HAT because it doesn't cross the blwaihr barrier. It is active again3t
brucei gambiensand it shouldn’t be used againkt brucei rhodiensalue to primary
resistance in many areas of Afrit®entamidine is also used against antimony refracto
leishmania andPneumocystis carinipneumonia? The mode of action of diamidines has
not been established, although their amphipathacasdtier with charge and hydrophobicity
makes them very like polyamines as they have thkltyako interact with negatively
charged intracellular componeffsThe interaction of pentamidine with intercatenated
circular DNA molecules is extremely close, and éeSNA units make up the
mitochondrial genome of all kinetoplastid flagedist” A number of alternative cellular
targets have been proposed, however as the drutprates within the cells to mM
levels, it is thought that its toxicity may arisienply by the inhibition of many cellular
targetsl.2 The recommended dose is seven intramuscular iofsctaily at 4 mg/kg body

weight?
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1.6.3 Melarsoprol

Despite being known as “the king of poisons”, ais@ontaining compounds have been
used as therapeutics since 2000 B.C. when arsamale (As$0s) was used as a drug and
a poison in the Far East and India. In 400 B.C.pdgrates and Aristotle administered
orpiment (AsSs), and realger (AsS) as a treatment for ulcersmFtioe late 18 century
until the 1950s, arsenic was used in Fowler's smutl% KAsQ) in Europe and America
as a remedy for asthma, syphilis, rheumatism, dgiisorders and was the first

chemotherapeutic drug against leukaefhfa.

Thomas and Breinl observed in 1905 the trypanolgtitivity of the aromatic arsenical
atoxyl 4. Paul Ehrlich developed the first clinically effee arsenical for the treatment of
syphilis in 1910. This drug, named salvargaror ‘606’, is often considered to libe
prototypic chemotherapeutic agéhtAt this time, Ehrlich wrongly believed that
trypanosomes and the venereally transmifte@quiperdun(a spirochaete) were related.
Tryparsomide6, developed in 1919 by Jacobs and Heidelberger, th@dirst clinically

effective arsenical against HAY.
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Freidheim’s melaminophenyl arsenicals were develoippethe 1940s, culminating with
melarsoprol7 (arsobal, Mel B) in 1947 which is a drug that remains today as the most
widely used trypanosid®.However, Mel B often has lethal side effects. Atdo working

for Médecins Sans Frontiers (MSF) in Uganda stétde]arsoprol is a terrible drug — you
don’t feel proud injecting it. It is caustic, it ins, and you don’t know if you are going to

save your patient or kill him®
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Melarsoprol is very effective in the treatment ottbearly and late stages of HAT in both
the Eastern and Western countries of Africa, agdinth the acute and chronic forms of
the infection. The treatment consists of severdakeseof injection using 3.6 mg/kg, with
each series separated by at least a wetkvever Mel B is only ever used in late stages of
the disease due to its risks. Treatment using dhigy is linked with acute, reactive
encephalopathy (affects functions of the brainyih0% of the patients, which results in

paralysis, brain damage and in some cases (10-@eath*°

Again, it is not fully understood how Mel B or other arsenicals are toxic against
trypanosomes, although it is understood that thg @ accumulated in the parasite using
an unusual amino-purine transpofteithe loss of this transporter leads to drug resista
(see Chapter 1.89% The trivalent oxidation state is more toxic thha pentavalent state,
and trivalent arsenicals react aggressively andrsily with vicinal dithiols in proteins

and therefore, a number of proteins are inhibitethese compounds (Figure ).
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Figure 7

When treated with Mel Bn vitro, the parasite quickly loses its motility, whichrapidly
followed by lysis, resulting in cell death. It woutherefore seem that Mel B has an effect
on the cell’s metabolism and membrane intedftuccessful trials against leukaemia and
myeloma using melarsoproi vitro reached clinical trials although unfortunately Hzene

reactive encephalopathy was obserRfied.
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1.6.4 DL- a-Difluoromethylornithine

DL-a-Difluoromethylornithine8 (DFMOQO), also known as eflornithine, is the onlywne
drug to be developed in the last fifty years. Deped in the 1970s by Albert
Sjoerdsmanot with clinical trials in the 1980s, DBNk known as the ‘resurrection drug’
due to its effectiveness against late stigbrucei gambiensmfections that are resistant
to Mel B”® Comatosed patients have been known to wake upllyaphd resume their

usual activities on DFMO injection.

HF,C_ CO,H

NH
H,N 2

DFMO is not recommended as a treatment againgidhte form of the disease as mdny
brucei rhodienseare naturally resistant straiffsTherefore DFMO is efficiently used to
treat early and late stages of West African slaggickness. Eflornithine was originally
developed as an anticancer agent, however it renvaithe trial stages as clinicians are

still determining which malignancy it suits bét.

DFMO 8 is an analogue of ornithine, which is a specificigle inhibitor of the enzyme
ornithine decarboxylase (ODC). ODC is the firstyane in the pathway of trypanosome
polyamine synthesis (see Chapter 2.3.2). DFMO ithiODC with a similar affinity in
both the trypanosome and mammalian host enzymeset#wr this drug is more specific to
the parasite’s enzyme because trypanosomes ha@®énthat is degraded and reformed
within the cells at a much lower rate than in mansm®FMO therefore deprives the
parasites of ODC resulting in delayed polyaminetisysis for a longer time than in the
mammals. The growth-arrested parasites are themwvexinby a functional immune-
system>

In 1990, the drug was approved by the United St&msd and Drug Administration
(FDA), but unfortunately the company responsibleife production, Aventis, stopped its
production in 1999. However, in 2001, Aventis sidna long-term agreement to

manufacture and donate the drug, in associatidn M8F and WHG:?

Eflornithine must be given in large quantities dadts rapid excretion. A full treatment
contains 400 g taken over a period of two weaks, an infusion followed by oral

administration in fruit juicé?
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1.6.5 Additional Drugs

There are a number of experimental nitroheterocytrlypanoside compounds that are
being investigated for the treatment of HAT. Thestfis nifurtimox9, which is a drug
currently in use against Chagas’ disedsEhe nitro group of the compound is pivotal to its
activity. Parasite death is thought to \ba the one-electron reduction of the nitro group,
which generates a free radical, which goes on tmlyme oxygen metabolites such as
hydrogen peroxide, hydroxyl free radicals and soxiele*° Nifurimox has shown limited
success against arsenical refracfbripruceiin trials within West Africa™ This drug is not

very parasite-specific as it is thought to entdisdey passive diffusion?

| ; Q l\/ICHS N-N
0O-N N—N SO, OyN >/< \
: s
HaC N
9 10

The second experimental nitro heterocyclic composnzhlled megazdlO, which is a 5-
nitroimidazole that shows good efficacy agaifistruziandT. brucei****Megazol enters
the parasite by passive diffusion although the cmmp possesses a structural motif
recognised by the amino-purine transporter resptmsior the uptake of other
trypanosomidal drugS.T. cruziis an intracellular parasite and therefore megaztivity

indicates that the drug is specific to the parasie target of activation by the parasités.

Drugs for the treatment of Nagana are ethidilin isomethamidiuml2 (samorin) and
berenil 13.° These treatments are effective but are suspectgdgens and teratogens
because of their ability to intercalate DNA, andcamnot be used to treat HAT. A water-
soluble analogue of melarsoprol called cymelaekhas also recently been introduc®d.
Treated cattle may only be slaughtered for consiameveral months after the end of the

treatment, to ensure there are no drug residuieimeat.
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1.7 Drug Uptake by Trypanosomes

Trypanosomes live and move freely in the bloodstread cerebral-spinal fluid of their
host, and do not become intracellular. Therefougslto target these parasites only have to
cross one membrane to reach the interior, andgitaes us an opportunity to target drugs

selectively to these cellé.

Hydrophobic drugs in general can directly enter tda#ls of trypanosomes and their
mammalian hosvia passive diffusion across the lipid bilayer, buerthis no selective

accumulation within the parasite. Hydrophilic drugs the other hand can only cross the
cell’s lipid membranes by means of active transpeig specific channels or transporters.
Drugs can therefore be chosen to exploit any difféating uptake process between the

host and parasité.
1.7.1 Trypanosome Transporters

As early as 1938, studies by Hawking suggestedphisites actively accumulated some
arsenical compoundé.He noticed that drug-resistant parasites did ootulate drugs.
In 1959, Williamson discovered that compounds doirig the melamine motif could
antagonise the anti-parasite action of known trggates, the diamidines and
melaminophenyl arsenical3.This was the birth of the idea that trypanosomaseha

‘melamine receptor’ on their surface. It was knatlhvat melaminophenyl arsenicals acted
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intracellularly, and it was therefore proposed tiha@t melamine ring facilitated the uptake
of the drug from the extracellular environment ittte interior. Melamine has similarities
to a number of natural metabolites as it is a gérorich heterocycle, and it was thought

that the ‘melamine receptor’ would be a transpddespecific growth nutrients.

However, back in the early #Qcentury when Ehrlich developed the first arsesicak
also noticed that they were the first drugs to eemee resistance. He observed that
cross-resistance between different classes of iaedesorresponded to the side chains on
the aromatic ring and not on the arsenic moietyli&hproposed a theory of drug action
based on the haptophore-toxophile biphasic mectmafsmelarsen oxidé5 (Figure 8)*
The ‘anchorer’ or haptophore (blue) part of the poond targets a specific cell receptor
while independently the ‘poisoner’ or toxophile dyemoiety performs cytotoxic activity
on the target. It is now known that the drug tamgeeptors of the haptophore are cellular
components such as membrane transport systemswaklcomponents or intracellular

targets such as enzymes.
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Figure 8

The genome ofT. brucei has been decoded and around 5-10% of the genesleenc
membrane transporter, which gives around 400 differgened® Several classes of
transporters off. bruceihave been characterised and exploited to targét tdhvemicals
specifically to this parasit®.

1.7.1.1 Purine Transporters

It wasn’t until 1993 that it was discovered thag timino-purines and adenosine strongly
inhibited lysis of trypanosomes. It was then preaubghat the ‘melamine receptor’

introduced by Williams was actually an amino-puriaerier’

T. bruceihave a number of purine transporters in theirmpasiembrane (Figure 9). Two
of these transporters identified by Carter andl&aib are adenosine transporters, the first
is called P1 and it carries adenosine, guanosiderarsine. The second is called P2, and it

carries adenosine and its nucleoside adefiiRd. transporter functions as a general purine
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nucleoside transporter whereas the P2 transpol$er iateracts with melaminophenyl
arsenicals and diamidines due to the ability os¢heeagents to inhibit adenosine uptike.
Trypanosomes resistant to sodium melarsen weredftmhave lost their P2 transporfer.
These data indicated that in wild-type bruceithe P2 transporter is responsible for the
uptake of melamine-based arsenicals and diamidRegtamidine however has been found
to penetrate trypanosomes alternative route¥’ In 1999 both the genes for P1 and P2

transporters were cloned and the mutations lineetiug resistance were identifigt?°

‘ Purine nucleotide pool ‘

Trypanothione
and
other targets

! } i

Adenosine Adenine Adenine
Inosine Adenosine Guanine
Guanosine Diamidines Hypoxanthine

Melaminophenyl
arsenicals

Figure 9

There is a recognition motif shared between diameisl2, melamine-based arsenicdls
and amino-purine46 (Figure 10)%%’ Grafting this motif onto compounds that normally
are not taken up into trypanosomes has facilitatedintroduction of novel drugs into
cells. The P2 recognition motif has been built iptdyamine analogues with the result of
inhibiting adenosine uptake by cells, plus incugrirypanocidal activity. This method has
previously been used to introduce toxic tin andronitontaining compounds into
parasite$®*
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In addition to these amino-purine transportersym@lmer of purine nucleobase transporters
have been identifietf** Trypanosomes are heavily dependent on these sysiem to

their inability to synthesise their own purineseTihvestigation and characterisation of all
the different purine transporters may lead to theidation of other unusual substrate

recognition motifs.
1.7.1.2 Glucose Transporters

Glucose transporters from several trypanosomatde feen identified and characterised
in order to exploit then as a means to target dttigsTrypanosomes in their bloodstream
form are highly dependent on substrate-level phosdition through glycolysis to

produce adenosine triphosphate (ATP). Glycolysisucxin trypanosomes within special

organelles called glycosomes.

Trypanosomes are unique in that their differentgée transporters adapt depending on
their environment, from the insect vector to themmamlian host.T. brucei has two
transporters, one with low affinity and high capaavhich functions in the bloodstream
form where they are exposed to high glucose corations?® The second receptor is a
high affinity transporter for use in the tsetselizere glucose is rare. The genes of these
receptors have been cloned and expressed in diffsystems. It was found that one could
carry D-fructose as well as D-gluco¥eylus a D-glucose analogue bearing substituents at
the C2 and C6 positiorfé.The analogue carrying a C2 substituent exhibitepetitive
glucose-uptake inhibition. These analogues howewernot taken up into the parasite
interior despite binding to the recepfdit is also understood that due to the blood glacos
level being 5000 times higher than the adenosimeamtration, using glucose transporters

is not a key route for targeting anti-trypanosonsiasugs:
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1.7.1.3 Amino Acid Transporters

There are a number of amino acids present in blp@sma in low millimolar
concentrations’ Amino acids contain a vast range of ligands andretfore their
transporters offer a potential portal of entry tbug molecules into cells. Proline is the
main source of carbon and energy in procyclic ngs@mmes, and its transporter has been
studied extensively. Similarly the amino acid aipaacid has been studied in depth, as it
is the amino acid with the lowest plasma conceiomatAspartic acid does not have a high
affinity transporter. Methionine was found to haaespecific affinity transporter and its
characterisation is currently underway. Targetingr® acid transporters may be a future

route to tackling the HAT drug probletfh.
1.7.2 Non-carrier-mediated uptake

As mentioned previously, passive diffusion (nondearmediated uptake) is a major route
to parasite drug entry due to the amphipathic eawfr many drug compounds. The
compound megazol has shown activity agaihsbruceiin rodent and primate infection
models and shows potential as a novel HAT treatfeMegazol 10 contains the

recognition motif accepted by the P2 purine trangps, which inhibits adenosine P2
transportation and removes arsenical-induced lgkithe parasitesn vitro. These data

indicate that megazol could not be useful again&T Hesistant to arsenicals (where P2
activity is altered). However, parasites selected P2 deficiency that are resistant to
melaminophenyl arsenicals and diamidine drugs sHowe resistance to megaZzol.

Therefore megazol must have another major rouentrf/, and this is non-carrier mediated

uptake.

It was found that even with a high concentratiom@énosine and P2 transporters, megazol
uptake was unaffected. The uptake was found to ipdabic, starting with rapid
equilibration of the drug across the membrane sindple to passive diffusion. This was

followed by slow accumulation over time due to rbelism of the drug intracellulark.
1.8 Drug Resistance

There is an emerging threat ©f bruceibecoming naturally resistant to the few available
HAT treatment£® Drug resistance can be considered as the naaspbnse of the parasite
to the selective pressure of the drug. Resistancether trypanocides is also on the

increase and this threatens the current medicalvatidary treatment of these diseases. It
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is vital to understand the current drugs’ mode aifom plus the mechanism of resistance,
to give an insight into how chemotherapeutic sgi&® can be designed to overcome or
reverse this problem. Doing this can also helmtogase the therapeutic activity of current
treatments by providing a basis for combinatiorgdtherapy, as it can reduce the toxicity

of treatments and help decrease the rate at whgistance is appearify.

In a Gambiensian disease report from Uganda in ,189@as found that 30% of people
treated for HAT using melarsoprol relapsed withi tyears® and in an Angolan focus
(2001) 25% of patients relapsed within 30 ddy€urrently any resistance to the early
stage treatments pentamidine and suramin are nagideyed a serious risk as any
treatment failure may be due to misjudgement durgstgge-diagnosis. The innate
resistance to DFMO by. brucei rhodesienseas been demonstrated although this drug is
effective agains®. brucei gambienseThis is due to a difference in ODC turnover rates

between the two specigs.

Resistance to melarsoprol was initially introducied laboratory strains of parasites,
however it is now being observed in the field. Tdévelopment of resistance to arsenicals
and cross-resistance (tolerance to a usually teulistance as a result of exposure to a
similarly acting substance) to diamidines is thdughbe due to the loss of the function of
the P2 transporter as described eaffiefhe melarsen arsenical resistant line created by
Fairlamb and co-workers naméd brucei427 cRU15 had reduced P1 activity and no P2

activity. This resistant strain also showed cr@&sstance to some diamidines.
1.8.1 Molecular Basis of Drug Resistance

The gene that encodes the P2 transpditéT1,was discovered in 1999 TbATlencodes
a 463 amino acid hydrophobic polypeptide with Idhsmembrane-helices, a cytosolic

loop, an extracellular carboxy terminus and a @iio@amino terminus (Figure 11).
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The P2 transporters from an arsenical resistamtinstof T. brucei were cloned and
expressed and it was found that the resistaninshad ten nucleotide alterations, which
resulted in six changes at the amino acid leve¢ pitocess in which the P2 transporter is
altered is unclear, however it is likely to be daesither a point mutation within the gene,
which alters K, Vmax Or both of the P2 transporter. Alternatively iaynbe due to the
transporter being down-regulat®dA study of patients from north-western Uganda also
found this mutation oTbAT1in trypanosomes of early stage infection and sdgmtients.

It was noted that many of the point mutations foumthe wild species were the same as

those generated in the laboratofy.
1.8.2 Mechanisms of Drug Resistance
Antimicrobial agents generally act through an iatéion with a drug target and drug

resistance can arise in a number of ways: i) asnaexjuence of a change in drug level; ii)

by a change in the target; or iii) both of thesgsvsee Table B,

Drug Level Target Level
By exclusion Modified
Decreased drug import | Decreased target affinity
Increased drug export Amplified
By sequestration Increased drug sequestration
Drug-binding molecule Increased enzyme activity above threshold
Drug compartmentalisationMissing
By metabolism Target bypass
Pro-drug not activated Repaired/protected
Increased drug inactivationincreased damage repair
Protected by substrate

Table 1
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Drug resistance can also be linked with the treatroé animal cases of trypanosomiasis.
A publication in 2001 reported that the re-stockaigan area of Uganda with cattle from
out-with the surrounding area resulted in an owbref T. brucei rhodienséHAT. This
suggests that the cattle acted as a reservoireofitiman infective parasites, and then the

native tsetse flies spread the disease to the pogallation®®

The increase in drug resistance can be due to &ewai factors; the drug's widespread
use, the use of the drug as a prophylactic, seifiaidtration, inappropriate dosing and
exposing the parasite to sub-curative levels oftthatment® The treatment of Nagana
with berenil13 is a classic case of all of these factors. Benwas used as a prophylactic,
bought on the black market and administered by éasnwvhen it should be purchased and
authorised by pharmacies. The black market proche¢e been found to contain between
0 and 90% of the active ingredient, and therefbee doses varied widely. Farmers also
underestimated the weight of their cattle and sbrdit give the correct dose, and were
found to only treat animals that showed signs bfeds. This also resulted in the
probability of the trypanosome encountering sulatiue doses of the drug allowing

resistance to grow.

It is simple to select for cross-resistanice vivo and in vitro between berenil and
melarsoprol. Cross-resistance has now been obseénvete field with human infective
trypanosomes infecting cattle, developing a resesato berenil, and then being carried

back to the human population with a cross-resistanenelarsoprd®

1.9 Future of HAT Treatment

When Aventis ceased the production of DFMO in 1686 to its lack of profit, the future
of HAT treatment looked bleak. However the agreemmade in 2001 between WHO,
MSF and Aventis after years of international presstound Aventis agreeing to donate
enough DFMO, pentamidine and melarsoprol to col@baj needs for five yeafsThey
also agreed to financially support WHO’s programrfegssleeping sickness research and
treatment, plus providing technical assistance #suhnology to potential long-term
manufacturers of the drugs. At this time the conypBayer announced that they would
restart the production of two sleeping sicknessgslriand Bristol-Myers Squibb also
became involved by paying for part of the first igesupply of DFMO after they launched

an eflornithine-based product for the removal ofvea’s facial haif.
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Although this was an excellent turnaround for tihegdcompanies, the value of Aventis’
donation at around $5 million was still small imgearison to the $40 million per year cost

for an effective pan-Africa HAT control programme.

In early 2006, an announcement was made that tharigi Melinda Gates Foundation was
giving a $22.6 million grant to the University ofoNh Carolina (UNC) at Chapel Hill
which leads an international research consortiuhe @rant is to support the phase llI
clinical trial of a highly promising new drug fane treatment of sleeping sickness, which
is the final step required before receiving applofram the US Food and Drug

Administration®®

The new drug DB28917, recently named pafuramidine, is far less toxia anore
appropriate for use in the rural areas of Africatdas an orally administered prodrug. In
preliminary studies, DB289 had activity agaiRsteumocystis carnin animal models, in
HIV patients with Pneumocystis pneumonia and algairest strains ofPlasmodium
(malaria) andCryptospiridium parvun{another parasitic protozoa)DB289 was tested
for the first time in early stage sleeping sickniesa phase Il trial in 2001 in Angola and
the Democratic Republic of Congo which compared #etivity of DB289 with
pentamidine. Results indicated that DB289 was Baamtly safer than pentamidine
although the treatment failure rate was higher tharected?

]\
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The phase Il trials are currently underway and ti¥C are conducting research into a
paediatric formula for use in children under siaggeold and studying pafuramidine in
children aged six to 12 years. UNC will also stantexpanded access programme, along
with studying the effectiveness of pafuramidinetigating the East African form of

sleeping sicknes¥.

Therefore DB28917 is the first orally administered drug for the treant of sleeping
sickness and it is the first new HAT drug for o%@ryears. Although test results look very
promising for DB289, there is still a vital need feew sleeping sickness drugs to tackle
the increasing problem of resistance and crossteggie of current drugs, and their innate
toxicity.
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2 Polyamine Metabolism

Polyamines are ubiquitous organic cations of lowanalar weight found in all living cells
examined to date. Most cells contain significanbants of the polyamines putrescii®
spermidine 19 and spermine20, and their concentrations within cells are highly

regulated?

HoN HoN
2 \/\/\NH2 2 \/\/\H/\/\NH2
18 19
H

HZN\/\/N\/\/\N/\/\NH2
H

20
2.1 Functions of Polyamines

Although their full physiological function has beemch debated and has not yet been
fully elucidated, polyamines are crucial for cellogth and differentiation. They are
positively charged at physiological conditions aceh interact covalently with many
cellular molecules, and durinig vitro experiments, they have altered reaction ratestand
dissociation of sub-cellular componeftgheir polybasic character allows them to bind
strongly to nucleic acids, and they can stabili$¢ADby decreasing the repulsion between
the strands by neutralising the negative chargeth@mphosphate groups. Polyamines can
also influence protein synthesis by interactionhwRNA, and assist the association of
ribosomal subunits by binding to ribosomes. Polyasi also interact with receptor
proteins such as the'kkhannel poré&>

Studies have indicated that rapidly growing andfedéntiating cells have higher
concentrations of polyamines than those of quidsoelts, and the inhibition of polyamine
biosynthetic enzymes can lead to cell growth céssatnd even cell deafR.Abnormal

polyamine metabolism has also been found to infleehe development of tumours.
2.2 Polyamine History: Discovery and Elucidation
Putrescine and its homologue cadaverine weredisstovered in the late Tcentury by

German chemists and medics studying the produdieierial fermentation. Even as late

as 1945 it was still thought that the presencene$é¢ amines in human tissues and fluids
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was due to bacterial actiGh.Between 1920 and the 1940s, bacteria were stuafied
found to metabolise some amino acids, and thesaastwere able to decarboxylate L-
ornithine and L-lysine to putrescirk8 and cadaverin@l, respectively® Similarly, the
presence of spermir2d was first reported by Leeuwenhoek as a crystaliinesphate in
human seminal fluid in the T7century, but it wasn't until 1917 that Mary Roseith
proved the presence of spermine in eukaryotic .cEltso Rosenheim, Mary’s husband,
then carried out the proof of structure and chemgyathesis of spermine. He also
discovered and synthesised the triamine spermitixfé After this, little further research
was carried out on the diamines, triamines or éatiaes until the end of World War 1. At
this time, Herbst and Snell found that a straimétienza required putrescine for growth,
and this led Herbst to carry out separations anasiigations of various bacterial
polyamines. This began 40 years of prolific reseamtto the function and cellular

metabolism of polyamine¥.

AN
H,oN NH»

21

Microbiology was established in the 1950s and 1368s allowed the clarification of the
activity and specificity of the amine oxidases. B980 the entire polyamine cycle,
including the synthesis and degradation of compsuadd the numerous side branches

yielding metabolic products, had been establi$hed.
2.3 Polyamine Biosynthesis

Polyamine synthesis is unique and not dependerdanoexternal supply, but is entirely
controlled by the cefff Mammalian cells synthesise putrescit® spermidinel9 and
spermine 20, whereas many bacteria and protozoa synthesisg puirescine and
spermidine. Some microorganisms and higher pla@ts produce putrescine from
agmatine (produced by the decarboxylation of angipiHowever mammalian cells, fungi
and protozoa do not have arginine decarboxylasesaritiey synthesise putrescine using

the enzyme ornithine decarboxylase (OBT).
2.3.1 Mammalian Polyamine Biosynthesis

Figure 12 shows the general pathway for polyamiiesymthesis in mammals, although

they can also occasionally be obtained from the &elyamines are derived from arginine
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and methionine. Putrescine is formed from L-ormiéhiusing ODC. Ornithine in
mammalian cells is found in the plasma, or formethiw the cells from arginine and the
arginase enzym®. ODC and arginine decarboxylase are pyridoxal phatpdependent
enzymes. ODC is a homodimer with two active sitasd is found in very small
concentration in inactive cells and is regulatecahyODC inhibitor. The activity of ODC

can be increased by stimuli such as hormones, @mgigrowth factors®

Methionine Arginine
ATP /\lMAT Urea ‘/iArginase
SAM Ornithine

— CO, SAMDC CO, OoDC
Methionine
recycling
pathway dcSAM Putrescine \
PO

SpdSyn N-AcSpd
Spermidine
o Nl-acetyltransferase
MTA Spermidine
PO
SpmSyn N-AcSpm
\ Spermine
MTA Spermine Nl-acetyltransferase
NH, NH, NH,
N S N AN
N N N
an anl 2
HSCT_S_TCHZ H3C_|S_CH2 H3C_S_CH2
|CHz |_O CH, | O 0
:Cl:HZ: ) (l:H
E(FHZE OH OH OZC_(l:H OH OH OH OH
| NHy NH,
22 23 24
Figure 12

Putrescine is converted into spermidine and sperwim the action of two aminopropyl
transferases followed by spermidine synthase (Spd&yd spermine synthase (SpmSyn),
respectively. These enzymes are specific to themeptor but both use decarboxylated
adenosylmethionine22 (dcSAM) as the aminopropyl donBt. The enzyme S
adenosylmethionine decarboxylase (SAMDC) then depatatesS-adenosylmethionine
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23 (SAM). The cell concentration of dcSAM in mammalieells is normally low, and its
availability regulates the activity of aminopropgiisferases. The second product in the
system of transferring an aminopropyl group fronsAM to putrescine or spermidine is
1,5’-methylthioadenosing4 (MTA). MTA is then degradedia the methionine recycling
pathway using MTA phosphorylase to 5’-methylthioske-1-phosphate and adenine, and
the adenine is then converted into 5’-adeninemoogpliate using adenine phosphoribosyl
transferase. 5’-Methylthioribose-1-phosphate i® alsnverted back into methionine, and
thus, the aminopropyl groups for the synthesis parmidine and spermine are derived
from methioning”

The enzymes polyamine oxidase (PO), spermitithacetyltransferase and spermiké
acetyltransferase degrade spermidine and sperminek bto putrescine. This
interconversion is a regulatory response whendtiel$ of spermidine and spermine reach

certain limits, and is induced by exposure to spdime, toxic agents, and by fastifty.
2.3.2 Trypanosome Polyamine Biosynthesis

Trypanosome polyamine metabolism differs in sevesajs from that of their mammalian
hosts with respect to their half-life, turnover,bstrate specificity and regulation of
enzymes, both within the main polyamine biosynthptithway and the related pathway of
transmethylatiof* African trypanosomes contain putrescine and speémajdbut not
spermine. The spermidine content of trypanosomess/érom 10-30 nmol per f@ells,
and putrescine makes up 20-30% of the total polgarsontent. The putrescine analogue
cadaverine is not found in these parasites; howtagr do contain an unusual glutathione
25 derivative of spermidine which is’*,N®-bis(glutathionyl)spermidine, now known as
trypanothione26. Trypanothione was characterised by Cerami andafad in 1992, and
is a complex compound that replaces glutathionethiem biosynthetic pathway and
maintains the intracellular reducing environmenkjlev performing the usual glutathione
function as the trypanosomes' antioxiddritrypanothione is found at relatively constant
levels in bloodstream trypanosomes at 1-2 nmol Ifrcells® It has been found that
trypanosome enzymes are specific to trypanothiomeé @ not catalyse glutathione
reactions’ Spermidine is essential in trypanosomes and itstiom is well defined. These
protozoa have a specific trypanothione reductas®d @nzyme that has been crystallised

and its active sites analysed in the search fabiths as targets for chemotherafy.
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The starting point of polyamine biosynthesis irpaigosomes is ornithine and methionine
(Figure 13). Ornithine is decarboxylated to puthescusing ODC, and methionine is
transformed into SAM using ATP and SAM synthetdsefore it is decarboxylated to
dcSAM using SAMDC. The putrescine then acceptsramapropyl group from dcSAM
to form spermidine. The by-product MTA is phospHatyd via MTA phosphorylase to
give adenine and methylthioribose-1-phosphate, erehtually to methionine and SAM
using the methionine recycling pathwiy.

SAM Ornithine
co, SAM DC 002 obcC
Methionine dCSAM Putrescme
recycling
pathway
SpdSyn
MTA Spermidine

2 X
Glutathione

Trypanothione(SH) »

ros H -

Trypanothione(S) ,

Figure 13

2.4 Polyamine Metabolism as a Therapeutic Target

Pharmacological intervention that inhibits polyamibiosynthetic enzymes prevents cell

growth, and causes cell death in almost every poilya pathway studie¥. Polyamine
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pathways have been successfully exploited to degigmotherapeutics against a number
of parasitic diseases and in cancer chemotheragipstaa range of tumour cell lin€sThe
inhibition of key biosynthetic enzymes and polyaeitransport as well as replacing
naturally occurring polyamines with synthetic amples are ways of directing drug

design®®

2.4.1 Polyamine Metabolism as a Target for Cancer
Chemotherapy

Polyamines that perturb polyamine biosynthesis famdttionality have been shown to
inhibit the growth of tumours efficientR:’® Cancerous cells have an enhanced
requirement for polyamines and so targeting thraindport systems is an attractive vector
for drug desigr§>°°%°

It was realised early on in the research into tttevity and structures of polyamines that
the enzyme ODC is the fundamental rate limiting aadtrolling step in the biosynthetic
pathway’®’*"? In the 1970s DFMOB8, a drug created by the Merrell-Dow research
institute, was found to be the most active suididebitor of ODC®*®* Over the last 40
years, DFMO has been used extensively as a totbleirelucidation of the synthesis and
catabolism mechanisms of polyamines; in the polp@nmechanism of cells' proliferation
and differentiation; and in the inhibition of cajfowth as well as a number of other
approaches to cancer chemother&py.*Another key enzyme in the pathway is SAMDC
and a drug discovered in 1963 called methylglydxalguanylhydrazone27 (MGBG)
(Table 2) was found to be a potent inhibitor of &yktic SAMDC, resulting in the death
of cancer cell§®™ This antileukaemic agent unfortunately showed same-specific
cytotoxic effects such as blocking the metabolignfatly acids which resulted in damage
to the mitochondrial membran&sMore recently however, an enzyme-activated SAMDC
inhibitor which is an analogue of SAM called 5’-Z)¢4-amino-2-butenyl]-methylamino}-
5'deoxyadenosine28 (MDL73811) was synthesised, which showed low maliama

toxicity while being highly specific with significa antitumour activity?
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From the early work, it was established that manmanatells contain four key enzymes in
the polyamine synthetic pathway, ODC, SAMDC, Spd&@pd SpmSyn, and a multitude
of powerful specific inhibitors have been found &iirof these enzymé&Several hundred
polyamine synthesis inhibitors, catabolism stimuistand other polyamine derivatives
have been tested against cancer é&i%7°These drug compounds focus mainly on these
crucial enzymes but they also target the polyamipgake/transport systems and other
enzyme pathways in an attempt to stop cancer caelity by decreasing the intracellular
levels of putrescine, spermidine and spermine. &dblcontains a selection of some

inhibitors/activators of polyamine related enzymes.

Enzyme Inhibitor/Activator Structure
Target
oDC 8 DFMO HF,C_ CO,H
H,N NH
SAMDC 27 MGBG NH CHz |,
JJ\ ,N\)\\ ,N NH2
Ho,NT N7 N
H
NH
SpdSyn/ 29 AdoDATAD NH,
SpmSyn NHz NN
¢ )
HoN LN N N/)
2 s~|
ﬁs 5 o
OH OH
PO 30 Aminoguanidine o
i g,
™ NH
S\/\HJJ\CH3
Unestablished 31 BE-4-4-4 EHN A~ S NHE
molecular H H
mechanism

Table 2

Unfortunately these drugs do not completely inhdgll growth as most mammalian cells

(including cancer cells) have polyamine uptake &rhsport systems, which import
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polyamines from neighbouring cells when polyamineaentrations are low. Mammalian
cells have a rapid ODC turnover and have the ghiditunblock the polyamine pathway by
converting any spermine into spermidiia an acetylation pathway. To obtain maximum
inhibition of cancer cells, a combination of inhdss must be used.For example DFMO

8 is relatively non-toxic and so can be used in gogaijion with other drugs. DFMO and
MGBG 27 together have shown success in tissue cultur@sahmodels and human trials.
DFMO is first used to inhibit ODC and deplete thadls of polyamines before MGBG (a
polyamine derivative) is administered. This is diyiimported into cells to inhibit
SAMDC. This drug combination has shown 99% protifeam inhibition in cell

cultures®® 7677

Polyamine transport systems are not strictly speaifid a variety of synthetic polyamine
derivatives and analogues can use them. In tumells, ¢he activity of these systems is
higher than in normal cells, and studies have shithahtumours take up higher amounts
of radio-labelled polyamines than normal céft&’These systems can therefore be used to
direct cancer chemotherapy in two ways: drugs cawuldsigned to inhibit the system by
preventing polyamine uptake; and uptake of potehtgmine analogues can interfere with
or block key proliferation evenf&:"®

Structural analogues of polyamines are considerdaetthe compounds with the highest
potential for interfering with polyamine action,dathis has been investigated thoroughly
in cancer cell§®®*"°0One of the main advantages is that analoguespdira biosynthetic
pathway in a number of ways, acting as polyaminagmists that prevent growth related
functions. Analogues includiny®,N**-diethyl homospermidin81 (BE-4-4-4) and\*,N**-
bis(ethyl)spermin&2 (BE-3-4-3) have been shown to indudeAcSpm which leads to a
loss in the polyamine content of treated cEll¥hese analogues also repress ODC and
SAMDC activity in the same way as spermine. Theeetbe uptake of BE-3-4-3 and BE-

4-4-4 can result in a complete loss of normal poliyee activity and lead to cytotoxicify.

H
(Et)HN\/\/N\/\/\H/\/\NH(Et)

32
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2.4.2 Polyamine Metabolism as a Target for Trypanoc ide Design

In the design of drugs to be used against Afriagpanosomiasis, the progress in the
search for anti-cancer drugs has been harnessesl.thfhe main enzyme targets of
trypanosomes are ODC, SAMDC and MTA phosphoryfase.

2.4.2.1 ODC Inhibition

After the success of DFM® anti-cancer activity on a range of tumour celesnin the
1980s Bacchi and co-workers demonstrated that DislDan effect on the growth of the
trypanosome. DFMO was used to cure acute infectarib. bruceiin mice® Infected
animals were treated with 4% DFMO for 12 to 36 Ispwand it was found that DFMO
interrupted a number of areas of parasite metaholi®DC was inactivated, while
ornithine, spermine, putrescine and trypanothi@vels were decreased by up to 95% and
RNA and DNA production was reduc&DFMO also blocked the synthesis of the VSG
and other proteins. It was also found that SAM do8AM levels increase up to 400-fold
which was an observation not seen in mammalianrerpats. This difference has critical
implications, as there are several biochemicalirdisbns between mammals and
trypanosomes. The parasite has a long ODC halftfdar hours) and slow turnover,
whereas mammals have a rapid ODC turnover with |&lifea of 10-60 minutes. The
trypanosomes' inability to synthesise spermine tluetheir lack of putrescine and

spermidine transport is also a key differefite.
2.4.2.2 SAMDC Inhibition

The success of targeting cancer cells with the SAMBhibitor by blocking spermidine
and spermine synthesis led to the investigatioSAMDC as a target in the search for
antiparasitic drug®’ The trypanosome enzyme is unlike the mammaliasioerin a
number of ways: its solubility and ionic propertea® unique; and it does not cross react
with  human SAMDC. SAMDC is inhibited using the teypsides berenil and

pentamidiné®
2.4.2.3 MTA Phosphorylase Inhibition

The third potential enzyme target is MTA phosphasg, which is present in mammalian

cells and some protozoa. This enzyme catalysesdheersion of MTA into adenine and
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methylthioribose-1-phosphate. MTA analogues werglssised to contain ribose moieties

which on interaction with the enzyme, would blockthionine recycling?

2.5 Previous Approaches Towards Antiparasitic Agent S

within the Robins Group

L. Slater reported in her 1998 Ph.D thesis the lmgis of a number of putrescine
analogueg® 33 was the lead compound as it displayed promisirtgnaalarial activity
with a lowest effective concentration (LEC) agaiastulture ofP. falciparumof 18-36
MM. Analogues had varying carbon chains and sulistitupatterns on the nitrogens,
however the only compound to show any improvedvagtiwas the N,N’-bisbenzyl

compound34 (LEC 3-15uM) although its activityin vivowas poor.

®)
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Slater then went on to prepare a number of speramadogues witl85 showing the best

resultin vitro with a LEC value of 1-2M.
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Later in 2003, L. Parker synthesised a number dfgzamacrocycles on the route to
nitrogen mustard analogues. A selection of thesmpooinds was tested againist
mexicanaand T. brucei by Dr M. Barrett (University of GlasgoW§. N-Substituted
polyazamacrocycles had previously shown biologacdivity, displaying anti-tumour, anti-
HIV, anti-malaria, anti-microbial, and anti-funggiropertie$®®"% The antiparasitic
activity of polyazamacrocycles however, had notnbgeblished. Table 3 contains a
number of the compounds tested wathdisplaying the besh vitro activity. There are no
trends in the results with the activity profiletbé macrocycles being different between the

two parasite species.
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Structure L. mexicana | T. brucei
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Table 3

This early work was the foundation for the syntkesi further analogues of 1,4,7,10-
tetraazacyclododecard® (cyclen) with aromatic substituents in an attetopincrease the
antiparasitic activity of polyazamacrocycles.
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3 Synthesis and Evaluation of

Tetraazamacrocycles as Antiparasitic Agents

3.1 Aims of this Work

Some investigation has been carried out withinRb&ins group to determine if the size,
shape and heteroatom content of aza and oxoazaocyalas affects their activity as
antiparasitic agenf§:®®° The next endeavour was to vary the electronic deman

1,4,7,10-tetraazacyclododecad® (commonly known as cyclen) by attaching varioug ar
groups at the C-2 positiod0. A number of analogues containing parasite-specifi
recognition motifs at the C-2 position were seldcler preparation, and all compounds
were to be testeith vitro for antiparasitic activity again3rypanosoma brucelCyclen36

was chosen as our basic ring structure due ta@siging activity in other biological test
system$? It was used as a reference in all the biologinatitro assays, as well as the

starting material for the synthesis of anti-caralkylating agents (Chapter 5).

[NH HN] [NH HN:r_,R
NH HN NH HN
/ /
36 40

3.2 Synthesis of 1,4,7,10-Tetraazacyclododecane (Cy clen)

This first section describes an investigation twfthe optimum strategy for the synthesis
of cyclen36. As with other cyclisation reactions, the synthesi polyazamacrocycles is
notoriously tricky. There are numerous ways to prepmacrocycles ranging from high
dilution reactions to metal or carbon templatedlisgtions. In each case, the reaction
conditions are designed to encourage intramolecalalisation over intermolecular

oligomerisatiorr? 99293

Cyclen is a 12-membered tetraazamacrocycle, whials become an important
intermediate for the synthesis of diagnostic aretaheutic pharmaceutical ageté’ In

particular, one of the fastest growing medicinadusf cyclen is in the development of
magnetic resonance imaging contrast ag&mtsgd more recently cyclen-based bifunctional

chelating agents are being investigated for ushemspy against targeted cancer agéhts.
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Therefore there is an increasing demand3®on both a research and commercial scale,
and considerable effort is being made towards iefficsynthetic strategies. This first
section focuses on the search for the best methptbtiuce large quantities of high purity
36 in good yields.

3.2.1 Richman Atkins

Up until the early 1970s the most efficient metlfimdthe synthesis of polyazamacrocycles
was by Stetter and Roos. This used high dilutiodd®mns to condense terminal halides
with bis-sulfonamide sodium safts®® This method gave moderate yields of macrocyclic
sulfonamides. Richman and Atkins then developed 8yathesis of polyazamacrocycles
which didn’t employ high dilution or template effe®® Their simple and adaptable
preparation was used for the synthesis of ninelten2mbered rings containing three to
seven heteroatoms, all with moderate to good vyielalsthis early publicatior86 was
synthesised by treating a stirred solutiosbin DMF at 100°C with one equivalent o2
(where R is a different leaving group, OTs, OMs, B, I) in DMF over one to two hours
(Scheme 1). Addition of water to the cooled soltigave 1,4,7,10-tetrakis-(toluene-4-
sulfonyl)-1,4,7,10-tetraazacyclododecatin 80% yield. Hydrolysis to remove the tosyl
protecting groups was carried out by hea#gat 100°C with concentrated sulfuric acid
for 48 hours, which gave a 90% vyield of cyclen afterk-up. It was found that the
sulfonate ester leaving groups 42 along with the dipolar aprotic solvent removes the

requirement for high dilution conditions.

© @
NTs Na R Ts, / \ s /N
+ —_— 2HCI
NTs TsN ] i) HCI ]
® / NH HN
NTs Na R Ts \—/ Ts /
41 42 43 36

Scheme 1

More recently, this reaction has often been caroiedby the reaction of the dianion of a
bis-toluenesulfonamide with a suitable bis-tosydasnalogue in anhydrous DMF. The
tosylamide salt can be formed by the reaction aiwa hydride in DMF or sodium
ethoxide in ethanol, but more commonly it is formedsitu by the presence of caesium
carbonate in the reaction mixtuteThe caesium salt exhibits reactivity charactarssthat

have been dubbed the “caesium effect’ due to twathgyic phenomen®? Firstly it
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applies to the readiness with which caesium sadsotved in DMF can be alkylated with
alkyl halides, but the term also refers to the \lagt many macrocycles including very
large rings and relatively apolar chain componeatis be synthesiseda intramolecular

anionic nucleophilic substitution of the precurs@igure 14). In this case the

intermolecular substitution is suppressed reldtivie intramolecular process.

Cs

S)
L jv - K—{ J +cs? O
Chain) Chain)

Figure 14

The tosyl groups serve two functions: firstly bydering the secondary amine sufficiently
acidic for salt formation under mild conditions;dasecondly they protect the nitrogen
allowing monoalkylation only®* In addition it has also been shown that the stauik of
the p-toluenesulfonyl groups confer a pseudo-Thorpedshg@gem-dialkyl) effect that
encourages intramolecular reaction (Figure 5% It is thought that the tosyl
functionalities decrease the angle between thetingatermini, positioning them closer

together and increasing the chance of reaction.

H CR
,C.D115.3° ( o
H CR { K OTs
H3C_ /CR) < N N
c. )109.5°
HsC CR \ \J@
R = reacting termini S

Figure 15

3.2.2 Phase Transfer Conditions

In 1988, Lukyanenko and co-workers described thethggis of aza- and oxoaza-
macrocycles using a biphasic syst&fiThis procedure involves reacting bis-sulfonamide
analogues with dibromides or ethylene glycol badug@nep-sulfonates) in aqueous alkali-

toluene in the presence of quaternary ammoniura aalphase transfer catalysts.
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This interphase reaction is presented in SchemBeprotonation of the sulfonamide
groups with the alkali probably occurs successiyadactions i and iv). In the absence of
catalyst (QY) no alkylation of sulfonamide occuréen the deprotonation of the first
sulfonamide group (reaction i), however if catalystpresent, exchange takes place
(reaction ii). The ionic pair that has been forntieein undergoes alkylation in the organic
phase (reaction iii). Deprotonation of the alkythfgroduct results in the formation of a
highly lipophilic anion (reaction iv) and this idla to solvate alkaline metal cations to
form a cation-associated precursor. Intramolecwtylation completes the process

(reaction v):**

i) TsHN/\é/X\%\NHTs + MOH — ——= TsHN/\é/X\%\%TsMCB + HO0
) TN I Nre® ¢ v ——— T A T CI Y
i) ot~ X Nrs o rr R TsHNAQanAITuSAPX%R + QR
iv) TsHN/\QX\%;\_;FJS/\@X%R + MOH =—= ®MTS%A§/X\9?¥SA§/X\)?R + H,0

Ts, e Ts, e\
N, Xm N Xm
< .« S
" Lowiellh ——— [ oo IR
N NJ? N \N\
N/ Ts N/ 'Ts
n n
X =NTs, O
R =OTs, or Br
QY = catalyst
M =Li
Scheme 2

This strategy was used to synthesise cy8&m two ways.

3.2.2.1 Route |

N,N’,0,0’-Tetrap-toluenesulfonyl)N,N’-bis(2-hydroxyethyl)-ethylenediamine44 and
ditosylated ethylenediamind5 dissolvedin toluene were added to a stirred mixture of
tetrabutylammonium bromide and aqueous lithium byiie in toluene heated under
reflux (Scheme 3) for 20 hours. The organic layaswhen separated and dried to le4®e

as a pale yellow solid in 79% yield.
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Scheme 3

3.2.2.2 Route Il

Using the same method3 was prepared frorN,N’, N"-tri( p-toluenesulfonyl)diethylene
triamine 46 andN,O,O’-tri(p-toluenesulfonyl)diethanolaming’. In this case the reaction
mixture was stirred and heated under reflux foresedays (Scheme 4). After work-u3

was obtained as a white solid in 98% vyield.

Ts
s 750" >N org TS\N/ \N,TS
N a7
TSHN” " ""NHTs - [ j

Bu,NBr 25%

46 LiOH (aq) 2.5% s\ /0 Ts
toluene
98% 43

Scheme 4

3.2.3 Facile Route Utilising Bis-imidazoline

By far the best method we found for the preparabiod6 on a large scale involved the use
of a modern simple synthesis by Athey and Kiéféiround the time of this publication
in the early 2000s, several new synthetic routestds cyclen had been reporf8ut*
This method is a three-step route bis-imidazoline48 that can be carried out on a
multigram scale (Scheme 5). The first step usesréaetivity of formamide acetals,
previously known for converting primary amines ardides into amidines and acylated
amidine respectivel}' Bis-imidazoline 48 was prepared from triethylenetetraamine
(TETA) andN,N-dimethylformamide dimethyl acetal under neat reactonditions. Bis-
imidazoline48 can be recrystallised from THF although it cartddeen onto the next step
without further purification. Macrocyclisation dB with the dielectrophilic substrate 1,2-
dibromoethane in acetonitrile with potassium cadiengives the monoimidazolinium
compound49 in quantitative yield. Hot alkali hydrolyset® to afford 47 g of36, which is

a 70% vyield in three steps over two days.
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H / \
HN o~ >N~y (CH3),NCH(OMe), N N
H 2 100% (/ <\ j
N
48
B
Br/\/ r
K,CO4
100%
NH HN N N
excess KOH
- °@) )
[ j 71% Br )
NH HN N N
36 49

Scheme 5

A possible stepwise mechanism for the generaticf®dfom 48 is seen in Scheme 6. Bis-
imidazoline48 is alkylated by 1,2-dibromoethane producing im@ezum intermediate
50. 50 then loses hydrobromic acid to form carb&hewhich undergoes an intramolecular
carbene carbon-hydrogen insertion. This procedsewéntually lead to the electronically
neutral intermediat&2. This amidine may then readily displace the reimgifromine to
form 49. In comparison to the Richman-Atkins cyclisatiavhich goes through a 12-
membered transition state for final macrocycligrailosure, the mechanism frds2 to 49

passes through a conformationally favourable sixatvered transition state.

Br/\/Br

(N N Br® [l\(@_\Nj -HBr _EN/-_\N]
O () = [ —— | €

: -/ /

Br | Br
50 51

lC-H insertion
N' N N N
) ~—— (4]
CloS® 'Y
N N
/

Br
49 52

Scheme 6
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3.2.4 Tosylation of Cyclisation Precursors

The starting materials for both the Richman-Atksiyde cyclisation and the phase transfer
conditions require tosyl protection of the corrasging amine or diol. Three different
methods were investigated for the tosylation of twmmercially available starting
materials. Three trial reactions were carried ouith wN,N’-bis(2-hydroxyethyl)-

ethylenediamine and the best method was then oga@pare all other tosylated reagents.
3.2.4.1 Route |

A previous member of the Robins group, F. Andersguepared N,N’-di(p-
toluenesulfonyl)ethylenediamine 45.  Ethylenediamine was tosylated withp-

toluenesulfonyl chloride in water, sodium hydroxated diethyl ether (Scheme 7.

Scheme 7

This method previously gave excellent yields butvds not so high yielding in our
tosylation reactions. In the protection MfN’-bis(2-hydroxyethyl)-ethylenediamine, this
method achieved only 11% vyield of prodddt(Scheme 8).

H TsCl s
HO\/\N/\/N\/\OH o TSO\/\N/\/N\/\OTS
H H,O Ts
NaOH (s)
Et,O 44
11%

Scheme 8

3.2.4.2 Route Il

Another method reported by F. Anderson was usesymthesisel4.'*? A solution of p-

toluenesulfonyl chloride in dichloromethane was ediglowly to a stirred solution of
N,N’-bis(2-hydroxyethyl)-ethylenediamine in dichloromabhe (Scheme 9). A phase
transfer catalyst benzyl triethylammonium chlorid&BACI) was then added, followed
by aqueous sodium hydroxide with vigorous stirriafier four hours at room temperature,

the solution was poured onto water and the orghayier separated. Work-up gave the
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product in good yields, however the product comdirsome non-tosylated starting

material.

H Ts
HO\/\N/\/N\/\OH L TSO\/\N/\/N\/\OTS
H TEBACI Ts
CH,Cl, 44
NaOH (aq)
80%

Scheme 9

3.2.4.3 Route Il

The most successful method for the synthesis ofldtexl precursors followed a
straightforward preparation by Daleet al''®* The N,N’-bis(2-hydroxyethyl)-
ethylenediamine was dissolved in dry pyridine 80and a solution gb-toluenesulfonyl
chloride in a small volume of dry pyridine was trestded dropwise with stirring (Scheme
10). The reaction mixture was then stirred at raemperature overnight then poured into
ice-water. The solid4 was collected and recrystallised from ethanol iryJ@gh yields
with excellent purity. This method was used to pre@6 and47 in 70% and 59% vyields

respectively.
HO N TsCl TsO 1%
\/\N/\/ \/\OH - \/\N/\/ V\OTS
H pyridine Ts
70% 44
Scheme 10
I I
TsSHN™ >"""~""NHTs TsO” " ~""0Ts
46 47

3.2.5 Tosyl Deprotection Strategies

In the case of cyclisation under phase transf&ionman-Atkins conditions, the final step
towards cyclen is the deprotection of the tosylugo There are a variety of methods
described in the literature which include using amntrated sulfuric acitt
sodium/mercury amalgam®>*'® potassium fluoride on alumird’ lithium aluminium
hydride® and hydrobromic acid of different concentrations acetic acid with

phenol’®'%However these harsh conditions result in very ldeldg (maximum 45%§*
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and this makes the overall cyclisation method tolwaryclen uneconomical. Two routes

were employed to liberate the secondary aminegaé 36.
3.2.5.1 Route |

In this method43 was heated at 11 in concentrated sulfuric acid for 40 hours before
the flask was cooled in an ice bath and water sl added (Scheme 11§ Potassium
hydroxide pellets were added to reach pH 13, thbar®l was added and the resulting
precipitate was dissolved in hydrochloric acid axdracted with dichloromethane. The
aqueous phase was basified with potassium hydraadeextracted with chloroform. The
combined organics were dried to yield a colourtdksRecrystallisation from acetone gave

cyclen36 in 88% vyield.

Ts. /—\ ,Ts /N
[N Nj H,S0, (98%) NH HN]
—_—
°N N 88% NH HN
TS\ / Ts v
43 36

Scheme 11

3.2.5.2 Route Il

A second method using hot sulfuric acid was mopédréScheme 12°* The sulfuric acid
was heated to 16%C before43 was added. The solution was stirred vigorouslyhat
temperature for six minutes before the flask waskdy cooled in an ice bath. The black
liquid was added to a stirred flask of ethanol tdesthyl ether was added and the solution
was cooled to 6C. After filtration, a small volume of hot waterghydrobromic acid was
added to the filtrate. Filtration removed the ppéeited hydrobromide salt and the filtrate
was concentrateith vacuoto give the tetrahydrobromide s&8 in a modest 42% yield. To
form the free bas&y3 was stirred in an aqueous sodium hydroxide saiutiith toluene
under reflux. A Dean-Stark apparatus was used moove the water, and the toluene

solution containing cycleB6 can be decanted from the precipitated sodium tteffi
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Ts, //—\ ,Ts /\ I\

N N H,S0, (98%) NH HN NaOH (s) NH HN

[ j . ] 4HBr j
N N, EtOH NH HN H,O NH HN
Ts"\_/ Ts Et,0  J toluene \ )

HBr (48%)
43 42% 53 36
Scheme 12
3.3 General Strategy Towards C-Functionalised

Derivatives of Cyclen

3.3.1 Efficient Metal-Templated Synthesis

Our goal was to find a route @-substituted cyclen derivatives, and as in the guremon

of other polyazamacrocycles, this normally requitegh dilution syntheses using
tosylamide cyclo-alkylation methodologiEs:**These reactions involve at least six steps
with overall yields of 5-18%. However, a publicatiby Edlin and co-workers in 1996
reported that 12-membered tetraaza ring derivaibeesd be prepared using an efficient
metal-templated strated$’

Triethylene tetraamine (TETA) forms well-defined-[MLCI ;] complexes with a range of
first-row transition metals, and cyclo-co-condeimsatreactions with 1,2-dicarbonyl
compounds are feasib& The first step of the synthesis was to prepareihfFelCl]Cl
complex by slowly adding a solution of TETA in metiol to a stirred solution of iron (lII)
chloride in methanol at room temperature (Schem)é?3The diimine formed is likely to
exist in thecis-conformation show®4, with the two terminal nitrogen atoms positionad i
close proximity that would allow macrocyclisatioAn aromatic glyoxal55 was then
added drop-wise in methanol, and the mixture wiasedtfor two hours. The intermediate
56 formed was generally a brown to green colour. Aftés time, an excess of sodium
borohydride was added carefully to reduce the megatre from iron (lll) to iron (Il).
After heating and stirring the solution under rgflior four to 24 hours, acidic work-up
removed the coordinated iron (Il) ion. The racernee based0 was extracted using a

chlorinated solvent in a high yield as an orangeaik brown viscous oil.
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0
At JFC'
R
H ¢ NH o) H~N N. R
N NH, FeCls N o5 “Fe
HN/\/ V\N/\/ o, 53 i ’le‘ o /e\/ Cl
2 MeOH N- L C
H /( NH N N
H H \/
54 56
)NaBH,
i) HzO™*
iif) "OH
[NH HNTR
NH HN
__/
40
Scheme 13

3.3.2 Synthesis of 1,2-Dicarbonyl Compounds

Although phenylglyoxal is commercially availablégtother glyoxal derivatives required
for the cyclisation process had to be prepared fiteencorresponding acetophenone. This
was carried out by a simple preparation involvirdesium dioxide oxidation in 1,4-
dioxane and water using the commercially avail@etophenones (Scheme 1#)These
reactions could be followed to completion by thagdr chromatography and took up to 24
hours. Table 4 contains the glyoxal analogues pegpand the yields obtained.

o SeO, e}
—_—
J ) H
R 1,4-dioxane R
H,0O 0
55
Scheme 14

A publication in 2002 by Paul and co-workers showleat the same reactions could be
completed using solvent-free microwave technologyeven to 10 minutés’ However in

a number of test reactions it was found that mieneavirradiation only gave partial
conversion into the glyoxal and the microwave apper available could only be used to
carry out reactions on a maximum 1.0 g scale. & tirerefore more practical to use the

traditional method.
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The mechanism dad-oxidation of aldehydes and ketones by seleniurridéohas not been
completely elucidated, and attack at both the cartod oxygen of the enol has been
proposed. The ketoselenic ackl’f formed in each case undergoes a Pummerer

rearrangement, which gives thedicarbonyl compoun85 (Scheme 15)%*

HO. (OH
0 o1 MO, L8
RJ\ R o

/

O SgO,H
e} 2
R)H -~
R

SeO,H
57
(@]
H,O
RJ\WH 2 RJ\(OH )kﬂ/H
se e
OH
© 55
Scheme 15

Once the dicarbonyl was formed, it was convertedh® di-hydrate compoun88 by
heating and stirring in water (Scheme 18)This often gave a crystalline products which

were easier to handle than the glyoxal oils.

(0] (0]
H H,0 H
D
(0]

HO OH
55 58

Scheme 16
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3.4 Synthesis and Biological Evaluation of C-

Functionalised Derivatives of Cyclen

3.4.1 Synthesis of First Library

Six aromatic glyoxal derivatives were preparéfl £ 65), and using the metal-templated
strategy in Chapter 3.3, six substituted macrocsy@6 — 72) were synthesised (Table 4).
Three of these compound$6( 71, 72) have been made previously for lanthanide

complexation:®® No tetraazamacrocycles of this kind have beeredefir antiparasitic

activity.
O 0 N
)J\ SeO, J\(H TETA NH HN_ R
R —> R —_— er
1,4-dioxane 0 FeCl3 NH HN
H,0 NaBH, __/
MeOH
R Glyoxal Yield Macrocycle Yield Novel? | Est.
o (%) /N (%) log P
H NH HN_ .R
: LT
o) NH HN
_/
/@ 59 100 66 84 no®® | -0.19
%
/©/OM8 60 100 67 83 yes -0.11
%
OMe 61 100 68 81 yes -0.55
/©/0Me
%
/©/F 62 100 69 80 yes 0.01
%
/©/CF3 63 100 70 64 yes 0.77
%
ONOZ 64 80 71 67 no®® | -0.37
%
O 65 42 72 100 no®® | 1.83
% !

Table 4
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3.4.1.1 Log P

The estimated log P value for each compound is ialsloded in Table 4. These were
calculated using an online prografi.Log P measurements show the degree to which the
compound is partitioned between water and a nowgibiéssolvent such as octanol. P is the
partition coefficient and it is defined as the @atif concentration of the compound (as the
neutral molecule) in aqueous phase to the cond&mtrén the immiscible solvent. In
practice the log P will vary according to the cdiutis under which it is measured and the
choice of partitioning solvent. However, using tlpsogramme, we can get a general
understanding about the variation in these valuesvden the different analogues.
Relationships between log P and biological activatse often found in series of
compounds. Hansch in 1964 showed that these ne#dijos are often parabolic, leading to
an optimum value for the log P for a desired astiti* For both CNS and gastric
absorption the relationship appears to be parahglit an optimum log P value of around
2+ 1 (Figure 16)>*'%

Absorbanc

D

123 Log P

Figure 16

3.4.2 Biological Evaluation of 66 - 72

Compounds$6 - 72 were tested for antiparasitic activity agaifstpanosoma bruceilong
with non-substituted cycleB6 as referenceising an Alamar Blue assay. Cultures of the
parasites are treated with serial concentratioriseo€ompounds and left for 48 hours at 26
°C before staining with Alamar Blue for 24 hoursamar Blue is a redox indicator that
monitors the reducing environment of the c&lfshen added to the cells, Alamar Bise

in the resazurin forn¥3 that is a deep purple colour. If the parasites aiee, the

compound is converted to resorufih, which is colourless.
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o®

joue! I
©0 0 OH @O0 ) OH
73 74

The 1G, values were calculated from the spectrophotometiata taken using a
fluorimeter, and tw@ompounds{0 and72) were found to have activity at a concentration
< 7 UM (Table 5). Interestingly the compounds with thghlest activity correspond to

those with the log P value in the range for optimomivo absorption.

[NH HN_ R
NH HN
_/
R Est.logP | T. brucei ICs (uM) | HEK I Csp (UM)
36 H -1.83 >200 50
66 /@ -0.19 >200 >200
%
67 /©/OM6 -0.11 >200 >200
%
68 OMe -0.55 >200 >200
/©/OM9
%
69 /©/F 0.01 >200 >200
Kt
70 /©/CF3 0.77 6.8 73
%
71 /©/N02 -0.37 >200 >200
%
72 O 1.83 2.6 26.0
% l
Table 5

To discover if these compounds have any parasigetsety, another Alamar Blue assay
was carried out using Human Embryonic Kidney (HEK)ls. A selective drug would be
active against the parasite but not against hunals. cThere is no dramatic parasite

specificity observed between the results in Tablarsl therefore these compounds would
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not make ideal antiparasite drugs. However, thetanting activity of72 prompted the
synthesis of further analogues in an attempt toege the activity and selectivity of the

macrocycles again3t brucei

3.4.3 Synthesis of Further Analogues

A further nine analogues were prepared, contaidiffgrent heterocycles, larger aromatic

moieties and a non-aromatic substituent, using#mee methodology (Table 6).
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o 0 /o N\
)J\ SeO, )S(H TETA NH HN
R —> R e :rr
1,4-dioxane 0 FeClg NH HN
Hzo NaBH4 __/
MeOH
R Glyoxal Yield Macr ocycle Yield Novel? | Est.
Q (%) A (%) log P
4 NH HN_ R
: .
o} NH HN
_/
CF3 75 100 84 54 yes 1.73
% CF3
OBr 76 100 85 71 yes 0.70
%
/©/CI 77 100 86 78 yes 0.77
%
/@/N 78 100 87 72 nd*® | -0.65
%
O\ 79 75 88 54 yes -0.82
’Zz?. NS
SN 80 95 89 79 yes -0.37
NS
%
81 83 90 77 yes 0.98
%
OO 82 43 91 79 yes 2.16
RS
T
83 100 92 63 yes -0.05
K
Table 6

3.4.4 Biological Evaluation of 84 - 92

Compounds34 — 92 were testedh vitro in the same way again$t bruceiand HEK cells

using Alamar Blue assays, and theigd@alues were calculated (Table 7).
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NH HN R
NH HN
N
R Est.logP | T. brucei ICsp (UM) | HEK | Cs (UM)
84 CF3 1.73 6.8 61.0
% CF;3
85 /©/Br 0.70 21.8 >200
K
86 /©/CI 0.77 2.8 181.2
it
87 /@/N -0.65 >200 >200
%
88 0\ -0.82 127.8 >200
NS
it
89 S\ -0.37 72.3 >200
=
it
90 0.98 6.9 >200
it
91 ‘O 2.16 1.26 24.9
U
92 -0.05 133.0 >200
K
Table 7

Again, compounds with a log P value within the optm range have shown the highest
activity againstl. bruceiand HEK cells91 has the best antiparasite activity so far with an
ICsp value of 1.26uM. This permitted somin vivo testing that was carried out using mice
infected withT. brucei.91 was administered interperitoneally in 20mg/kg @doaad an
experiment using melarsoprol in 5mg/kg doses seagea control. Melarsopr@lcured all

mice at 5 mg/kg, howevél given at 20 mg/kg did not.

A number of compounds demonstrated some parassigfgity: 85, 86 and90 are more
active againsfT. bruceithan the human cell line, however their activisynot potent

enough to warrant further testing in animal models.



Caroline M. Reid, 2006 Chapter 3, 61

3.4.5 Unsuccessful Syntheses

In addition to the compounds produced in Chaptetsl3aand 3.4.3, the synthesis of other

substituted tetraazamacrocycles was unsuccessitdignpted.

3.4.5.1 Amine Analogues

To complete the library of compounds, the synthesissome nitrogen-containing
compounds would be advantageous (Scheme 17). Untdely the amine function of the
acetophenone starting materials was also oxidiseth®d selenium dioxide, resulting in

degraded material. No product or starting matecald be isolated in any case.

0 /o0
)J\ SeO, TETA NH HN_ R
RPN o e - T
1,4-dioxane FeCls; NH HN
H,0 NaBH,

—z

/
z
/

94 | 98
= 4
%, %
N N
| = 95 | A 99
= =
K L
HN HN
A\
96 \\ 100

POy
/
PN

Scheme 17

3.4.5.2 Non-Aromatic Analogue

The synthesis of another non-aromatic analatiiewas attempted, however the methyl
ketone does not form a stable glyodéil (Scheme 18). In the case & however, we
were able to form the glyoxal due to stabilisatipnthe tertiary carbon. Interestingly in
Edlin’s report of the metal-templated synthesiseifaazamacrocycles, it was suggested

that an aryl group was necessary to stabilise ithere cyclisation intermediat&é®
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0 Se0, Q TETA _NH HN
/\/\)J\ """"" > /\/\)J\[(H ------ > [ ]/\/\/
1,4-dioxane o FeCl; NH HN
H,O NaBH;  \__/
MeOH
101 102
Scheme 18

3.4.5.3 Pyrene Derivative

The biological results indicate that the compouwwvith a log P value within the optimum
range demonstrate the greatest toxicity. It wasetbee desirable to synthesis the pyrene
derivative 104 that has an estimated log P value of 2.82. It p@stulated that it would
also have high antiparasitic activity if it couldoss the lipid bilayer of the parasite cell
membrane by passive diffusion. 1-Acetylpyrene waassfully transformed into glyoxal
103 using selenium dioxide in quantitative yield, howewhe insolubility of103 in
methanol prevented the cyclisation (Scheme 19).

4 TETA —\
Se0, FeClg NH HN
_ S0 O it - [
“ 1,4-dioxane “ NaBH,4 NH HN
H,0 MeOH |S—
100%

103 104

Scheme 19

3.4.5.4 Hydroxyl Analogue

The synthesis of the substituted aromatic derieatibearing a hydroxyl group was
attempted (Scheme 20). 4’-Hydroxyacetophenone wasessfully converted into (4-
hydroxy-phenyl)-oxo-acetaldehyd#05 using selenium dioxide in a good yield. The
cyclisation step to form the macrocycl®6 however was unsuccessful for unknown

reasons.
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OH
@) 0] /N
SeO, H TETA NH HN
—_— e Y Y - > [
1,4-dioxane 0 FeCl, NH HN
HO H,0 HO NaBH,4 \_/
77% MeOH
105 106
Scheme 20

3.5 Synthesis of Parasite-Specific Analogues

The next synthetic aim was to prepare tetraazarogcles derivatives that contain parasite
P2 recognition motifs, which are found in the HATigs pentamidin@ and melarsoprol
(see Chapter £f**Synthesising compounds with melamine or benzamidiotifs may
increase the specificity and toxicity of these epchnalogues.

NH NH H, /S/>\/OH
As.
H,N NH, NN S
o) o) H,N™ N” N

%f—j %(_HJ

benzamidine 2 melamine 7
3.5.1 Melamine Derivative

Target compound 107 was retrosynthesised to commercially available 4'-
aminoacetophenone and 2-chloro-4,6-diamino-1,3g3itre (Scheme 21). The first step in
the synthesis would require oxidation of the acetyd 1,2-dicarbonyl, however it has been
previously shown that this is not possible as #lersum dioxide destroys the amine group
(Chapter 3.4.5). Therefore a protecting group etnatwas designed to protect the amine
during the oxidation and cyclisation steps. Selectiemoval of the protecting group
should allow the coupling of the melamine groujboton 107.
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H
Ng N NH NH;
/N | /7 Cl__N__NH
NH HN N._N —— NH HNg YO
[ \r [ + N__-N
NH HN NH NH N T
) N NH,
107 108

|,

Scheme 21

3.5.1.1 Test Coupling

Firstly a trial coupling reaction was carried osing 2-chloro-4,6-diamino-1,3,5-triazine
and 4’-aminoacetophenone under basic aqueous tmmlito givel09 as a white solid
(Scheme 22§1137:1%8

N
0 NN NH, o)
P 1
NaOH N
H,N H,0 H,N™ °N H
72%
109
Scheme 22

3.5.1.2 Amine Protection

A number of different protecting groups were usegiotect the amine functionality with
varying success (Scheme 23).
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i) TrCl, pyridine o 0
ii) Boc,0, THF Se0, H
> —_— o
H,N iii) BnOQOCI, NaOH (s) RHN 1,4-dioxane RHN
1,4-dioxane, H,O H,O

iv)TsCl, pyridine R = Tr 110. 73%
=Tr, , ()
v) FmocCl, Et,0 Boc, 111, 75%
Cbz, 112, 100%
Ts, 113, 78%
Fmoc, 114, 53%

R =Tr, 115, no product
Boc, 116, 100%
Cbz, 117, no product
Ts, 118, <10%
Fmoc, 119, no product

Scheme 23
Trityl

The first protecting group used was the trityl groAmine 110 was synthesised from 4'-
acetylbenzylamine and triphenylmethyl chloride ingaod yield (Scheme 23}’ The
oxidation using selenium dioxide however was unessful as the trityl group was

removed under these conditions resulting in degi@adaf the compound. No starting
material or product was isolated from this reaction

Aniline was also trityl-protected to confirm thauet selenium dioxide deprotects the trityl
group and oxidises the amino grod20 was formed in excellent yield under the same

conditions, and then reaction with selenium dioxgdee triphenylmethyl hydroxid&21,
and signs of degraded aniline (Scheme 24).

H,
el Se0, Ph_Ph
> ph” “OH
pyrlcilne 1,4-dioxane
95% H,O
121
Scheme 24

tert- Butoxycarbonyl

Using one equivalent of dert-butyl dicarbonate to protect 4’-aminoacetophengaee
Boc-protected amindl1l in a good yield after purification by flash chroimgraphy
(Scheme 23)%°111 was then successfully oxidised to gk in a quantitative yield.

Benzyloxycarbonyl

112 was synthesised in an excellent yield using bemgtoformate however the Cbz
group did not survive the oxidation step (Schemge*#3
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Tosyl

p-Toluenesulfonyl chloride was used to protect 4wayacetophenone to gival3

(Scheme 23%*2 and then oxidation gavki8 in a very low yield.

9-Fluorenylmethoxycarbonyl

9-Fluorenylmethylchloroformate was used to protihet amine in moderate yieldd4
(Scheme 23§*? Due to time constrains towards the end of thigegtothe oxidation was
attempted but the product was not isolated. Thyedachromatography of the reaction
mixture showed only starting material after stigriand heating for a number of days, and

there were also signs of degraded amine.
3.5.1.3 Cyclisation

The only groups that survived the oxidation stepmfrthe five different protecting
strategies were Boc and tosyl. The next cyclisasiap using the metal-template strategy
however was not successful and no product wastébia either case (Scheme 25). It is
thought that the harsh reduction conditions folldwey work-up using concentrated
hydrochloric acid may have removed the protectingug resulting in the product being

too polar to extract into the chlorinated solvent.

NHR
o TETA I\
mH FeCls NH HN
------ E
I C
RHN NaBH,4 NH HN
MeOH _/
R =Boc, 116 R =Boc, 122
Ts, 118 Ts, 123
Scheme 25

3.5.1.4 Another Route

Although the protecting group strategy was not easful, another way to synthesise an
amino-derivative is by reducing the nitrile derivat87 prepared earlier. This was done
using borane, to givé24 in a good yield as a cream, viscous oil (Schemé*&Vhen the

coupling reaction was carried out under the sanmeliions as before using 2-chloro-4,6-

diamino-1,3,5-triaziné:*3" 138

the target material25 could not be isolated. At this stage
we moved away from the melamine-based compoundseassolubility in test reactions
was a problem. It is unlikely that?25 would dissolvein water or DMSO forin vitro

testing.
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¢N
™\ — NH,
NH HN BHy, THE NH HN
—_—
NH HN 64% NH HN
87 124
! j‘\"'z
CONTYN
P
| CI” "N” "NH,
E NaOH
v Hzo
N“ "N
N)\\NI NH
—\ N 2
[NH HN
NH HN
/
125
Scheme 26

3.5.2 Benzamidine Derivative

The amidine functionality has been found in manyura products, and amidine-
containing compounds are often a critical part @ngnbiological processes. Substituted
amidines are useful intermediates in the synthelsimany heterocyclic compounds, and
consequently a plethora of methods has been desetlfy their preparatioh!***The
most common route for synthesis are from amidesilesi or thioamided***° This
section describes the strategies attempted fopteparation of benzamidine-substituted

macrocycles.
3.5.2.1 Pinner

The Pinner reaction is an organic reaction of ailaitwith an alcohol under acid
catalysis™® If hydrochloric acid is used for example, the prod formed is the
hydrochloric acid salt of an imino ester or an &lkyidate 126. These “Pinner salts” can
react with an excess of alcohol to form the orthtee with water to form an est&27, or
with ammonia or an amine to form an amidit#8 (Scheme 27). A. Pinner developed this

reaction and studied the nature of imidates inléte 19" century™>*%? The reaction is
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normally carried out at 8C in an anhydrous solvent such as chloroform ahgliesther,
although an excess of alcohol can also be usdtkadiltient in some cas&s: 40

@ R
H R-OH R ® ©
R—=N —> R—:NI-@ —_ > NH H—C|> >=NH2 Cl
R-Q® R'-O
H

126
Hz(i/ \ng
R R
(@]

= =

R-O HoN
127 128

Scheme 27

A trial reaction under Pinner conditions was cateit using benzonitrile (Scheme 28).
Benzonitrile was dissolved in dry dichloromethane &wo equivalents of absolute ethanol
were added. The solution was cooled tdG8using a sodium chloride-ice bath, and then
the solution was saturated with anhydrous hydrochiacid. Addition of diethyl ether led
to a precipitate that was extracted from the basiction to give an oil. Ammonium
chloride in aqueous methanol was added and theursixtas heated under reflux for six

hours. After work-up, benzamidiri®9 was achieved as a white solid in good yield.
NH

N i) HCI, EtOH, CH,CI
ii) NH,CI, MeOH, H,0

76%

129

Scheme 28

Before this reaction was carried out with macroey, another test reaction was carried
out using an amine. 4’-Aminobenzonitrile was undiee same conditions as before,
however 100% starting material was recovered (Seh2®). It is understood that the first
step using hydrochloric acid formed the salt of #mine, which precipitated out of
solution and the imidate did not form. Thus work4jupt produced the free base of the
starting material. This reaction was repeated aba&urof times using alcohol as the solvent
in an attempt to dissolve the amine salt formed] #re volume of hydrochloric acid
bubbled through the solution was increased, howexeerdid not isolate any 4’-amino
benzamidinel30.
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NH

N
2" i) HCI, EtOH, CH,Cl, \H
___________________ * 2
H2N II) NH4C|, MeOH, Hzo H2N

130

Scheme 29

In the paper “The Chemistry of Imidates”, Roger &&llson mention that if the nitriles
have an amino group it should be protected (upthguenesulfonyl chloride) to prevent
precipitation of the aminonitrile hydrohalid®. Protecting the amines in our macrocyclic
starting material is possible, however it adds @naetwo steps into the synthesis, and as

mentioned previously, tosyl protecting groups ariously difficult to remove.

Baksheev and Gavrilov published the successfubgregion of imido esters of amino
acids by using methanol saturated with hydrochl@@id to react with aminonitrile
hydrochlorides®* Using an adapted method we attempted the syntléseur target
compound 131 (Scheme 303>° 87 was cooled to -8C in absolute ethanol, and
hydrochloric acid was bubbled through the solufmn25 mins. The concentrated product
in ethanol was heated at 80 with ammonium chloride and the yellow solid obtad after
work-up consisted mainly of ammonium chloride andrtsyg material but no target

material. The Pinner strategy towards our targeerna 131 was therefore unsuccessful.

NH
N

—\ — NH,

[NH HN i) HCI, EtOH [NH HN
____________ ’

NH HN i) NH,Cl, EtOH  “NH HN
-/ (N
87 131

Scheme 30

3.5.2.2 LiIHMDS

A number of pentamidine and other amidine-contgramalogues needed for biological
activity have been prepared by the conversion witrde functional groups into amidines
using lithium hexamethyldisilazide (LIHMDSJ®*” LIHMDS is a strong base which is
employed as a metallating agent. LIHMDS can be gmexgpin situ from n-BuLi and
1,1,1,3,3,3-hexamethyldisilazane in TEE however we used the commercially available

reagent. A number of successful test reactions wareed out with benzonitrile and 4'-
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acetobenzonitrile using two equivalents of LIHMDS-a8 °C (Scheme 31). Following
work-up, both benzamidiné29 and 4'-acetyl benzamidin&32 were isolated in good

yields with high purity.

NH
_N 2@
©/ LIHMDS NH,
—_ =
R THF

R =H, 129, 64%
COCHj3, 132, 65%

Scheme 31

This method was then attempted using macro@glénowever a number of modifications
were required to complete the reaction. Using twaivalents of LIHMDS gave only
starting material, and increasing the number ofivedents to 5.5 only produced a small
amount of product. After a number of unsuccesstténapts involving changing the
amount of reagents, temperature and reaction temadine 131 was synthesised in
excellent yield (Scheme 32). Five equivalents diMDS were used at -78C and the
worked up product was treated with hydrochloricdaiai diethyl ether. The product was
recrystallised from ethanol and diethyl ether teedi31 as a pentahydrochloride salt. This
extremely hygroscopic product had to be handleéfudy under anhydrous conditions.
Characterisation of the product was problematithasproduct could only be identified by
3C NMR spectroscopic data. The nitrile quaternampeoa of87 comes ab 111.2 (Figure
17) and the amidine quaternary carbord3if comes ad 163.3 (Figure 18).

NH
_N
S\ NH
NH HN LIHMDS [NH HN
—_—
5HCI
NH HN THe NH HN
v 95% Y
87 131

Scheme 32
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3.5.2.3 Buchwald-Hartwig Amination

Another target benzamidine compound 183, which can be retrosynthesised to

macrocycle86 and commercially available 4’-aminobenzamidinengue 33).

i D i 17 o

NH HN NH HN

133 86

Scheme 33

A publication by Huangt al. in 2003 described how a range of different compisucan
undergo palladium-catalysed amination reactiBRs test reaction was carried out to
synthesise methyl 3-phenylaminobenzok®é (Scheme 34). This reaction was done in a
Schlenk tube using R@ba) and the XPhos ligand under argon in a modest yréf§°

Aniline

H
Cl CO,Me Pd,(dba)z Ph/N COyMe
o
XPhos

NatBu
t-BuOH

2504 134

Scheme 34

In Huang’s publication, this strategy had been sssfully used to couple Boc-protected
amines without removing the protecting group (Sch&®)**°

Morpholine
cl Pd,(dba)s 0/\
—
NHBoc

N
XPhos \©\
NatBu
t-BUOH NHBoc

135 81% 136

Scheme 35

The aim therefore was to couple macrocyg8ewith Boc-protected 4’-aminobenzamidine
under these conditions before removing the Boctouwjive the benzamidine compound.
The hydrochloride salt of 4’-aminobenzamidine wagc®rotected using dert-butyl

dicarbonate under basic conditions (Scheme 36).pfineary amine of the benzamidine is
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the most reactive and so the Boc protecting grogs whosen to allow C-N bond
formation at the aromatic amin®.Both the mono137 and di-Boc138 protected amines

were preparef***however mono-protecter87 was used in all coupling reactions.

NH NH NH
/©)‘\NHBOC 1 eq Boc0 ﬁNHZ 2.5 eq Boc,0 /©)J\N(Boc)2
1M NaOH
HoN THE | HeN 2hcr  TMIOH T HN
HZO Hzo
137 66% 65% 138
Scheme 36

Unfortunately amination reactions carried out wifrchloroacetophenone and37
(Scheme 37), an@6 with 137 (Scheme 38), were both unsuccessful and therehise t

amination route was abandoned.

(0] 137 (0] NH
)ﬁ Pdy(dba)z )J\©\ /©)J\NHBOC
--------- >
cl XPhos N
NatBu H
t-BuOH
139
Scheme 37
cl §
137 / N\
NH HN Pd,(dba), NH HN NH
_________ _»[
NH HN XPhos NH HN NHBoc
\ / NatBu \ /
t-BuOH
86 140
Scheme 38

3.5.2.4 Amide Coupling

The benzamidine moiety may also be coupled to therotyclevia an amide bond. Target
material 141 can be retrosynthesised to carboxylic at#? and 4’-aminobenzamidine

(Scheme 39).
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NH
N /\ OH NH
NH HN NH HN
[ [— [ + NH;
NH HN NH HN HoN
_/ v/ 2
141 142

Scheme 39

A test reaction to find the optimum conditions fonide coupling was carried out using

aniline and benzoyl! chloride to give benzanilidd (Scheme 40)%3

Q)
DMAP
pyridine

CH,Cl,
90%

Scheme 40

A trial reaction was also carried out to find thesbconditions for the hydrolysis of a
nitrile to a carboxylic acid functional group. Thigas done with benzonitrile using
potassium hydroxide (Scheme 4%).Work-up gave beautiful white crystals of benzoic
acid144 in a good yield.

N (0]
=z
KOH (s
KOH®) OH
EtOH
H,O
77% 144
Scheme 41

142 was prepared directly fro®7 under the same conditions in an excellent yieddoie
142 was converted into the acid chlorit45 using thionyl chloride (Scheme 42¥.
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o 0
_N
[ KOH (s) [NH HN socl, [NH HN
—— —
NH HN EtOH NH HN 100% NH HN
v/ H,O \ / \ /
88%
87 142 145

Scheme 42

Another route toward carboxylic acid was studiedh@ne 43). 4’-Acetyl benzoic acid
was protected using benzyl bromide to givb in a good yield before carrying out an
oxidation using selenium dioxid€® It was thought that glyoxd47 could be cyclised and
then deprotected to givé42. This route was undesirable for a number of resistme
starting material was reasonably expensive; glyd4al required further purification by
flash chromatography that resulted in low yields] ¢he overall scheme required the extra
protection and deprotection steps which were timesaming. This route was therefore

incomplete and not used for the productiori4f.

(@]
BnBr Se0,
NEt3 BnO 1,4- dloxane
THF

2%

146
v
y
(0]
— OH
[NH HN
NH HN
/
142
Scheme 43

Acid chloride 145 was carried straight onto the next step withoutifigation or
characterisation and reacted witB7 using DMAP (Scheme 44). Unfortunately after
work-up the'H and**C NMR spectroscopic analysis revealed only the patected
starting materiall37, and the aqueous phase contained the macro&¥bleThis route

towards a benzamidine derivative was thereforeaditd.
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NH
O 0 dNHBOC
/\ Cl N
NH HN 137 AR H
DMAP NH HN
(S ¢
NH HN pyridine
\H - HI ChoCly NH HN
145 148
Scheme 44

3.5.2.5 Four Benzamidine Moieties

Another benzamidine-containing target compo@A8é is a non-substituted azamacrocycle

with four benzamidine moieties connected throughritrogen atoms.

R./—\ R °
N N
N N’ HN—< >—<
R\ / R NH;
149

Using a method used to prepare a number of trypdescBoc-protectedi37 was coupled
with chloroacetyl chloride using triethylamine iitkloromethane in a good yield (Scheme
45) %! The coupling oft50 with cyclen36 was unsuccessful. We were unable to obtain
any analysis from the product despite numerousyseallisations from various solvent

systems. Due to time constraints this route was dilscarded.

o NH
C|J\/C' 0 NHBoc
137 -~ I ! | - 149
NEts CI&J\N ----- >
CH,Cl, H
59% 150
Scheme 45

3.5.3 Guanidine Derivative

A guanidine derivativel52 (which also contains the P2 recognition motif) vpaspared
using amine 124, N,N’-di-Boc-1H-pyrazole-1-carboxamidine and N,N-

diisopropylethylamine (Scheme 48J.The Boc protecting groups were removed frif
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using hydrochloric acid. The yellow residue wagsystallised from methanol and diethyl
ether in excellent yield to give the hexahydrocidersalt152 as a white solid.

NBoc
BocN
y—NHBoc P
NH I\ N NHBoc
/\ 2 N, H
[NH HN E//N [NH HN
NH HN DIPEA " "NH HN
/ MeOH  /
100%
124 151
6M HCI
99%
iy
S\ N NH
[NH HN
NHHN BHCI
v/
152
Scheme 46

3.5.4 Biological Evaluation of Parasite-Specific An  alogues

Two tetraazamacrocycles containing a trypanosomepiihe transporter recognition
motif were preparedlBl and152), along with two other novel macrocycld24 and142).
These four compounds were tested for antiparasiteity, and toxicity against HEK cells
(Table 8).
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[NH HNTR
NH HN
_J
R Est. logP | T. brucei 1Csp (M) | HEK |Csp (UM)
131 NH -1.44 22.0 >200
%
152 NH -1.64 41.2 >200
M
N~ “NH,
L
%
124 /@ANHZ -1.12 >200 >200
%
142 o] -0.31 >200 >200
Jop
it
Table 8

Compoundsl24 and 142 unsurprisingly show no activity against trypanossnor the
human cell line, as their log P values suggestttieyt would not be taken up vitro. 131
and 152 however show trypanocidal activity but are inefifee against the HEK cells.
Both compounds have log P values outwith the optirmange for passive diffusion,
therefore the P2 recognition motif has caused #magites to transport the compounds
actively across the cell wall. The absence of &r&@&porter in the mammalian cells means
that they are unaffected by the drug dosg&3dfand152.

3.6 Summary of Synthetic Achievements

Cyclen 36 was prepared in large quantities for synthesiarai-cancer alkylating agents,
and as a standard compound for all biological ngstiTwenty racemidC-substituted
analogues were prepared using an iron-template adetRourteen of these are novel,
including two analogues containing a P2 recognitioatif required for parasite-specific
activity. The synthesis of a number of other paeaspecific analogues was investigated

without success.
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3.7 Biological Evaluation

All 20 compounds were tested as their hydrochlosals against. bruceiand HEK cells
along with non-substituted cyclé36. They were also tested against the malarial parasi
Plasmodium falciparumand a handful were tested for oligopeptidase BB)ARhibition.
Table 9 contains the full list of compounds andrtihélogical test results. Fluorescence
experiments and a study of the effects of polyaminere also carried out later in an

attempt to elucidate the mode of antiparasiticoacti

NH HN R

.l

NH HN
/
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R Est. T. brucei HEK P. falciparum OPB
logP | [Csp(UM) |ICso(UM) | [Cso (M) | ICso (UM)
36 H -1.83 >200 5.0 >100 0.19
66 -0.19 >200 >200 26.0 -
%
67 /©/°Me -0.11 >200 >200 26.0 -
%
68 QMe one -0.55 >200 >200 >100 -
%
69 @F 0.01 >200 >200 24.0 -
%
70 /@CF3 0.77 6.8 73 5.0 -
%
71 /@Noz -0.37 >200 >200 13.0 -
%
72 1.83 2.6 26.0 1.3 0.24
O
84 CFs 1.73 6.8 61.0 4.8 -
% CF3
85 /©/Br 0.70 21.8 >200 5.8 -
%
86 /@C' 0.77 2.8 181.2 2.3 -
%
87 /©///N -0.65 >200 >200 >100 -
i
88 7 -0.82 127.8 >200 >100 5.08
%
89 PN -0.37 72.3 >200 46.7 -
“'L N
90 0.98 6.9 >200 1.7 0.27
J0
91 2.16 1.26 24.9 <1.5 0.27
§ge)
92 %)< -0.05 133.0 >200 >100 -
124 /@NHz -1.12 >200 >200 >100 -
%
142 /@)"L -0.31 >200 >200 >100 -
OH
%
131 /@)NLH -1.44 22.0 >200 >100 0.36
NH,
ki
152 N -1.64 41.2 >200 >100 -
/©/\NJ\NHZ
N
%

Table 9
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3.7.1 Trypanosoma brucei

In general from the test results it can be hypasieelsthat the log P value plays a large part
in the activity of the compound. In general, thosenpounds with a log P value within the
optimum range for gastric and CNS absorption hagentost striking activity72, 86 and

91 showed the greatest toxicity. Figure 19 contains example |G curve, which

represents the activity fL.

180t s OOOoQQq

Response]

[Inhibitor]

Figure 19

Incorporating the trypanosome P2 purine recognitiaiif onto131 and152 has allowed
the parasites to uptake compounds which othervas&lmot have passively diffused into
the cells. Adding the recognition motif did not rewer improve on the toxicity &1. 91
was testedn vivo againstT. bruceiby Dr Vanessa Yardley (London School of Hygiene

and Tropical Medicine), however a dose of 20 m@k81 did not cure trypanosomiasis.

3.7.2 Human Embryonic Kidney (HEK) Cells

Alamar Blue assays determining the activity of tbempounds against HEK cells
highlights any selectivity of the compounds towattus parasites. A selective drug should
have toxicity againsT. bruceiat less than 1-M, but would be inactive against human
cell lines. The most active drug&2( 86 and91) againstT. bruceialso show high activity
against HEK cells, and the compounds with the getgiarasite-selectivity ag4, 85, 90,
131 and152. The compounds with the P2 recognition mdBl and152) display parasite
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selectivity, but their activity against the trypaonmes is not high enough to permitvivo

testing.
3.7.3 Plasmodium falciparum (Malaria)

Plasmodium flaciparuns one of four species éflasmodiunprotozoa that cause malaria.
Malaria is a parasitic disease transmitted by Amphelesmosquito, which affects
approximately 300 million people worldwide, with kEast 90% of cases occurring in

tropical Africa. Every year between 1 and 1.5 miilipeople die from malarf4®

E.-M. Patzewitz from the group of Prof. S. Mullé&injversity of Glasgow) tested all 21
tetraazamacrocycles agaifstfalciparum The results in Table 9 show that analogues with
large aromatic moieties, and electronegative haterns, have the greatest activifi
displayed the best activity with and{3salue lower than 1.5M, and this assay should be
repeated to obtain a more accurate result. Intaghgtthe compounds containing the
trypanosome P2 recognition motit3l and 152) show no activity against the malaria

parasite.
3.7.4 Oligopeptidase B (OPB)

OPB is a serine peptidase with a substrate spigifionilar to trypsin, which is a major
digestive enzyme. OPB hydrolyses peptide bondswnrholecular mass peptides on the
carboxy side of basic residues (for example argirind lysine}®® No crystal structure for
OPB is available, however the structure of the edipselated prolyl oligopeptidase has
been determined. This revealed the presence ofdwwvoains; an N-terminal propeller
domain, and a C-terminal hydrolase domain, whichtaios the substrate-binding and

catalytic residues.

N. Bland working for Prof. J. Mottram and Prof. Goombs (Universities of Glasgow and
Strathclyde) used some of these macrocyclic polgamio study the inhibition of OPB
cloned fromLeishmania majarAlthough the compounds are not exceedingly a¢fiable
9), they do inhibit the enzyme no matter what Sttt is present, which is surprising as
polyamines have previously been shown to be milchudants of these types of
enzymes?® Therefore it is hypothesised that there is a ndossate-like interaction
occurring, for example at an allosteric site sustthe pore of the propeller domain. The

compounds may block access to the active sitesoétizyme.
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3.7.5 Fluorescence

Drug analogueg2, 90 and91, which displayed the greateastvitro activity, also fluoresce
at certain wavelengths. A number of experimentevoarried out to determine where the
compound accumulates within the parasite as it esadsxicity. Using a fluorescence
microscope, tests were carried out usi2gand 91 on wild typeT. brucei427, mutant

clone knockouT. bruceidTbat1(P2 purine transporter null), ah@&ishmania mexicana

The trypanosomes were viewed under normal lightCjDand then excited at different
wavelengths to view fluorescence. Figure 20 costdire absorption and fluorescence
emission spectra of fluorescein-5-isothiocyanabellad goat anti-mouse IgG antibody in
pH 8.0 buffer (FITC) (green), rhodamine phalloidnpH 7.0 buffer (RHOD) (red) and

DAPI bound to DNA (DAPI) (blue) which were the tbereegions used to observe

fluorescence’®
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Figure 20

3.7.5.1 Trypanosoma brucei

Using both the wet slide technique and blood smehesfluorescence of compound?
and 91 was observed at various time points under norigat land then using different
wavelengths. They were dispersed within the parastls within 30 minutes (Figure 21

shows trypanosome after 30 minutes with compdinat x100 magnification).
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T. brucei T. brucei
x100 FITC x100 DAPI

Figure 21

91 had also become accumulated in some of the paisasitracellular organelles after 60
minutes (Figure 22 shows trypanosome after one Withrcompound®Ll). It is impossible

at this stage to determine into which organelle dneg is accumulating, and further
experiments need to be carried out using knownnaige stains. Conclusions about the

mode of toxicity of these macrocycles may then laglen

T. brucei x100 DAPI

T. brucei X100 FITC T. brucei x100 RHOD

Figure 22

Drug 91 was also given to mutant clone knockdubruceiand the same procedure carried
out. As before, the drug became cytosolic afteuadlo30 minutes, and then after an hour

had become more punctate in some areas. This sadhbasthese compounds do not enter
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the trypanosomesia the P2 purine transporter, but probably enter agsjve diffusion

across the cell membrane.
3.7.5.2 Leishmania mexicana

Leishmaniasis is another parasitic disease sprgathd bite of infected sand flies in
tropical and subtropical countries. There are abmmof different forms of this disease,
but the most common are cutaneous leishmaniasishvdauses skin sores, and visceral
leishmaniasis, which affects some of the intermglns of the body.* Although these
polyamines have not yet been tested for toxicigirgtleishmania compound§2 and91
were used to view drug uptake intomexicanaUsing the wet slide techniqué? and91
were found to become cytosolic after 30 minutes] arere concentrated in specific
organelles after one hour, similar to the activifyhin trypanosomes. Alamar Blue assays

are required to define any general toxicity.
3.7.6 Polyamine Investigation

An investigation was carried to establish how theseel polyamines kill the parasites. A
number of Alamar Blue assays were carried out terdene if adding a concentration of
some of the parasite’s natural polyamines affeloés drug activity. This may indicate

which biochemical pathway the compounds are inpgimg.

Six compounds3p, 66, 72, 90, 91, 84) were tested again3$t bruceias before, by treating
the parasite with serial concentrations of the dthig time dissolved in a 0.1 M solution
of the polyamine (putrescinis, spermidinel9 or spermine20) in HMI-9 medium. 1Go
values were calculated from the spectrophotomelaia, and it was found that adding
putrescine has no effect on the drug activity (Feg@3). However adding spermine or
spermidine killed all the trypanosomes on the platefortunately 0.1 M of spermine and
spermidine is toxic to the trypanosomes and soetkeriment must be repeated at a lower

polyamine concentration.
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Putrescine
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Figure 23

3.8 Conclusion and Future Work

A library of 21 tetraazamacrocyles was prepared ssted againsil. brucej P.
falciparum HEK cells and for activity as OPB inhibitors. Amber of compounds showed
potent toxicity against the parasites, in partic@thwhich underwenin vivo testing. The
library also contained two compounds bearing a B2np transporter recognition motif,
which led to parasite specificity of these compainBluorescence investigation and
further Alamar Blue assays gave an insight into imde of entry and action of these

tetraazamacrocycles.

Further fluorescence work should be carried owletiermine the exact organelles in which
the compounds are accumulating, and this may tellmeore about which biological

pathway the drugs are affecting. The ability of thacrocycle to coordinate with metals
such as iron and copper should also be investigedetie cause of cell death in biological

systems.

Further analogues should be prepared bearing raredne substituent (for exampss),
which may increase the log P value of the macrecyoid assist the uptake into the
parasites. There is also the opportunity to haveertittan one benzamidine moiety on the
macrocyclel54, creating an analogue of pentamidiyevhich may be more toxia vitro.
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~\ NH
NH HN R
NH,
R= 154
R NH HN “i.?_
_/
153

A route towards substituted TETA analogues wasmaited. N*,N*Bis-(2-aminoethyl)-
butane-1,2-diamin&55 was prepared from 1,2-dibromobutane and 1,2-diaetiane in a
modest yield as a racemate (Scheme #7A variety of dibromo compounds are
commercially available and so a range of substita@mpounds may be prepared in this

way. Cyclisation using the iron-template method matsyet been carried out.

NH
Br HZN/\/ ’ H\)\
- 2
EtOH H

36% 155

Scheme 47
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4 Synthesis of Enantiomerically  Enhanced

Tetraazamacrocycles

4.1 Introduction

Over the past fifteen to twenty years drug chiyaland in particular the use of single
enantiomers instead of racemic mixtures, has becamarea of great interest. This has
resulted in considerable advances in the synthesialysis and separation of chiral
compounds, as well as an increased appreciatiothefpotential significance of the

differential biological properties of the enantiamef chiral drugs that are administered as
racemated’>"

After scientific meetings in the late 1980s andlyedr990s, the American FDA and

European guidelines recognised the significanceclafality in pharmacology and

therapeutics. This led with increasing frequencyhte synthesis of new chiral chemical
compounds as single enantiomers as opposed to i@aceixtures. In addition, many

established drugs marketed as racemates were It and re-marketed as single

enantiomers. This development is known as “ThealBwitch”!’’
4.2 Aims of this Work

It has been demonstrated that a number of sulestitietraazamacrocycles have moderate
to highin vitro activity against trypanosomes (Chapter 3). Thesepounds are currently
synthesised as racemic mixtures, and so the aintavdsvelop a general strategy for the
synthesis of single stereocisomers of each compolimd. may result in the halving of the

required dose of the active drugs.

4.3 Synthesis of Enantiomerically Enhanced Substitu ted

Tetraazamacrocycles

4.3.1 Route |

In Chapter 3.2.2 tosylated cyclet8 was successfully synthesised in 79% yield from

ditosylated ethylenediamintb and44. Retrosynthesis of our target chiral compoub®s
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and 157 therefore suggests that the synthesis could fstart an amino acid, for example

phenylglycine, which is commercially available ioth theR andSforms (Scheme 48).

/_\
NH HN
HO N NH
[ j/ : V\N/\/ \/\OH + HZN)\/ 2
NH HN
(R R =158
R =156 S =159
S =157 U
Ph
OH
HzN)\H/
o)

Scheme 48

Ditosylated diamine466 and 167 were synthesised over five steps from phenylglycin
(Scheme 49)78:179.180

Ph Ph Ph
oy HCl SXC) oMe NHz() OMe
H2N ———> (I H3N —_— > H2N
MeOH o) CHClg
R = 160, 100% R =162, 84%
S =161, 100% S =163, 94%
lNHs (aq)
TsCl LiAlH, Ph
NHTS <« NH NH
TSHN)\/ HZNJ\/ 2T T OHN 2
H,0 THF o
NaOH
R =166, 61% Et,0 R = 158, 35% R =164, 92%
S =167, 35% S =159, 40% S =165, 100%
Scheme 49

Using the R)-isomer166, cyclisation withN,N’,0,O-tetraf-toluenesulfonyl)N,N’-bis(2-
hydroxyethyl)-ethylenediamind4 was carried out under phase-transfer conditiomsgus
tetrabutylammonium bromide (Scheme 8%)However, only starting material was present
at the end of the reaction time. This step was atsempted using traditional Richman-
Atkins conditions with caesium carbonate and DMBpwever no product was observed
in the NMR spectra. Increasing the reaction timé ot affect this result and it was
concluded that the aryl group provides a sterislglavhich interrupts the pseudo-Thorpe-

Ingold effect created by the tosyl groups.
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. NHTs
TSHN™ >
166

a) BuyNBr 25%
Ts LIOH (aq)2.5% Ts, /~ \ ,Ts

N
TsO -~ ~_N_~ toluene R
_Il\_l OTs . ____.__ -
s

44 b) Cs,CO4 Ts™ \ | "Ts

Scheme 50

4.3.2 Route Il

Stetter and Mayer in 1961 had successfully cycliaedi-acid chloridel69 with 1,2-
diamino ethaneto form 1,4-ditosyl-6,11-dioxo-1,4,7,10-tetraazdogodecane 170
(Scheme 513%°

O
Ts /_<
/\/NH2 N
H>N N HN
Cl N 2
NT \)J\C| - o j
o Ts benzene N HN
169 68% TS
(@]
170

Scheme 51

The target material was retrosynthesisetid®and diamine458 and159, which had been
prepared previously (Scheme 52).

o)
Ts, Y Cl /\/-I{IS
NH HN Ph N cl
Yt :>[ j — T X
NH HN 169
_ ﬂ— .
o)
R = 156 R=171 Ph
S=157 S =172 NH
HZNJ\/ 2
R =158
S =159

Scheme 52
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Starting materiall69 was prepared over four steps from tosylated etliegemine45
(Scheme 53}1916°

o

(@)
Ts
NHTs MeO Br MeO N
TSHN™ > e j]AN/\/ \)J\OMe
o Ts

Na
45 MeOH 173
41% AcOH
HCI
55%
Ts SocClI Ts
cl N 2
\ﬂ/\.'l\.l A~ cl -~ HO\H/\ N A~ N OH
o '°® 94% o s
169 174
Scheme 53

The cyclisation step was then carried out undeh kligution conditions in benzene, using
triethylamine, 169 and158; however the expected produdtl was not observed (Scheme
54).

Ph o
s NH
0 HNT 2 Ts. —
I N HN_ .Ph
Cl\n/\N/\/N al 158
o e T
169 bésnzene N-HN
Ts™ \ é
(0]
171
Scheme 54

The reaction was repeated using racemic 1,2-digmnipanel?75 and 169, which gave
compoundl76 quantitatively (Scheme 55). Therefore in this rodththe aromatic ring
present in 158 is also affecting the cyclisation reaction. Thisute towards
enantiomerically enhanced macrocycles was abandfmetivo reasons: firstly the high
dilution conditions in benzene are not advisable dafety reasons; and secondly, after
cyclisation the macrocycle would require a furtheo steps to reduce the amide groups

and remove the tosyl protecting groups.
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(0]
/k/NHZ Ts /—<
H,N .
Cl\n/\-'l\_ls/\/NQJ\cl 175 _ [N HN]/

o 169 Et;N N HN
benzene Ts™ \ é
100% o
176
Scheme 55
4.3.3 Route Il

Retrosynthesis of our target material in a slighdiiferent way from route | led to an
alternative strategy, which resembles the rout&hyrity*° We can begin our synthesis

with phenylglycine, or any other amino acid, anetlinolamine (Scheme 56).

NH HN Ph
]/ HO OH )\/H !
N \/\ A~ * N L Nh,
NH HN
_J R=177
S=178
R =156
S=157
Ph
OH
N
0

Scheme 56

The tritosylated R}amine182 was prepared over four steps from phenylglycirehégne
57) 113180181182
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©® e oM H2N/\/NH2 - s T - N
e ——» s
I HNTY 84% HN Y > ONH, oyridine TSHN™ > NHTs
o O 96% o
160 179 180
BH3. THF
THF
MeOH
EtOH, HCI
48%
Ph Ph
s TsCl A
TSHN” > NHTs < TsHN” > " “NHTs
182 %Eﬁ'”e 181
Scheme 57

Cyclisation was investigated under Lukyanenko’ssghtnansfer conditions, and then with
the traditional caesium carbonate method; howeyelisation did not go to completion
(Scheme 58). Varying the reaction times and comtimade no difference, and only
starting material was recovered from the reactiaxture in each case. Again it seems that
the proximity of the extra aryl group on startingterial 182 is disturbing the pseudo-

Thorpe-Ingold effect.

TSO\/\ N /\/OTS
Ts
47

a) BuyNBr 25%
- Ts LiOH (aq) 2.5% N

ToHN" >N SNpTs PhMe . - [ ]

Scheme 58

4.3.4 Route IV

A final attempt to synthesise an enantiomericalthanced tetraazamacrocycles referred
back to Garrity’s publication, where racemic compdul84 was synthesised under
Richman-Atkins conditions (Scheme 58j.
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TsO OTs
Ph._ \/\.'}'/\/ Ts. /—\ Ts
S
& 47 N NGe™~pp
TsHN ~"NHTs - [ T
183 CSZCO3 N N
DME Ts™ \ / "Ts
80-90% 184
Scheme 59

It was proposed that the extra carbon between thgamine and the phenyl group is
necessary to prevent steric clashes. Thereforey usimoute described previoush$){

phenylalanine was converted irit89 over five steps (Scheme 6180181182

®
NH2 NH3 CI@ NHZ H
H HCl H HoN o~ :
Ph\/\n/OH > Ph OMe NH, th\[rNV\NHZ
MeOH 27%
(@] (0] (@]
93%
185 186
TsClI
pyridine
57%
Ts. BH53. THF Ts.
NH THF NH
Ph._~_N._~ B I — Ph ' N~
NHTs MeOH,EtOH Y NHTs
HCI o
TsCl
pyridine
87%
TS‘NH
Phe N
189
Scheme 60

189 was then successfully cyclised wili under Richman-Atkins conditions to gi1€0
in an excellent yield (Scheme 61).

Ts TSO\/\N/\/OTS
“NH . Ts Ts\N/_\N,Ts
47
Ph\/\/N\/\NHTS _ [ ]/\ph
189 SS,\',?(F:OS T,N N\T
sT\_/ Ts

Scheme 61
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This reaction was also attempted using phase-gamdnditions described earli€f:

however the product was impure and obtained imayield.
4.3.5 Removal of Tosyl Groups

There are a number of reported methods for the vamof tosyl protecting groups,
however many are highly inefficient (see Chapt@.5. Garrity used lithium aluminium
hydrideto deprotect tosyl group$® However previous attempts within the Robins group
using this method have failed. In a preparatiororigal by Parkeet al and adapted by S.
Jones from the Robins grouf90 was deprotected using sulfuric acid in ethanod| tre

tetrahydrobromide salt was formed using hydrobroagid (Scheme 627

Ts. /— \ ,Ts /—\
N N NH HN
[ ]APh H,S0, [ ]/\ph
—_—
NN EtOH NH HN 4.HBr
TS\ / Ts Et,0
HBr (48%)
190 83% 191
Scheme 62

191 requires conversion into the free base and patiia before full characterisation.

Unfortunately due to time constraints this work was$ completed.

4.4 Conclusions and Future Work

A strategy has been found for the synthesis of Isingnantiomers of substituted
tetraazamacrocycles. The starting materials arereaeially available amino acids and so
a wide range of compounds may be prepared. Unfariyn this route is lengthy and

requires an undesirable tosyl deprotection.

The most biologically active substituted macrocyide91, which has a large aromatic
moiety and this compound cannot be retrosynthedisedcommercially available amino
acid. Also, it is thought that the large ring sture may impede the cyclisation process of
our preferred route. Another way to prepare sirggi@ntiomers of this compound, and
other related aromatic macrocycles, may be bysiti chiral HPLC apparatus to separate

the enantiomers of a racemate.
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5 Anti-Cancer Alkylating Agents

5.1 Cancer

Cancer is the name given to iliness caused bynhenirolled growth and division of cells.
Cancer is found everywhere in the plant and ankiraddoms. The earliest reference to
human cancer is from an Egyptian papyrus writtevéen 3000 and 1500 BC describing
tumours of the bread¥ Cancer is caused by numerous effects and can otemy cell of
the body.

Our body’s cells undergo constant growth and miidtgtion under rigorous control within
our tissues and organs. To divide, a cell firsticapes its DNA to make an exact copy.
The cell then splits to form two identical ‘daughteells. If the strict control over this
process is lost, it can lead to cells multiplyimgegularly to form a lump or ‘tumour’ of

abnormal cancerous tisstig.

A tumour alone can cause discomfort, for exampldlbgking the digesting system, or in
the case of leukaemia (cancer of white blood cetig)mal blood function is lost. Tumours
can also press against nerves and alter normal foodyions by releasing hormones. If a
tumour becomes malignant it can spre@metastasis. Cancerous cells break away from

the tumour and start multiplying in another parthe body'®

5.2 Cancer Statistics

There are over 200 different types of cancer aljhdung, breast, large bowel (colorectal)
and prostate cancer are the most common accoufdgingver half of all new cases.

275,000 people are diagnosed with cancer every gedrit causes 26% of all deaths

annually in the United Kingdortf?
5.3 Cancer Therapy

Modern medicine offers us a number of ways to &cldncer. The four main methods are

as follows.
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5.3.1 Surgery

Although only 13% of cancers are cured by surgéris carried out in 90% of cancer
patients. Tissue biopsies are critical for diagsoand it is also used as a preventive in

certain cancer¥®
5.3.2 Radiation Therapy

Electromagnetic radiation is used to disrupt thoeret within tumour cells. This stops cell
proliferation and growth and causes cell death.id®@mh has the greatest effect on rapidly

dividing cancer cells; however it does also affemtmal cells:®®
5.3.3 Biotherapy

This therapy employs the body’s natural defencdesys to control the cancer. Some
examples are using interleukins to increase th&igcof lymphocytes; interferons to
increase the cell-killing activity of the immunessym; and gene therapy, which involves

inserting genes into tumour cells to change theiliferation activity®®

5.3.4 Chemotherapy

Chemotherapy uses cytotoxic drugs to control tungrowth, shrink tumours, remove
metastatic cancer growths and relieve pain. Thexeaanumber of different types of anti-
cancer agents including antibiotics, antimitotit&@rmones, antimetabolites, inorganic

compounds and alkylating agents.
5.4 Alkylating Agents

Scientists have compared alkylating agents to tlegeat Roman god Janus, who had two
faces on one head facing in opposite directiongufiéi 24). These chemical compounds,
like Janus, have a dual nature with the power isegreat damage as well as the ability to
cure disease. The history of the use of the alingaigent mustard gas demonstrates this

analogy well:®
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Figure 24

5.4.1 Mustard Agents: Chemical Warfare to Chemother  apy

Mustard gas is the common name of 1,1-thiobis(2rciéthane)l92, which is also known
as blister gas, sulfur mustard, Kampstoff Lost, gperite. It was first synthesised in 1860
by Frederick Guthrie who reacted $@lith ethylene (Scheme 63> Guthrie also noted

the toxic effects of the product on his skin.

_— + SC|2 —_— Cl\/\s/\/C|
192

Scheme 63

Despite its name, this agent is not gaseous blga to pale yellow viscous oil with a
melting point of 14°C. Mustard gas is odourless, however when it isechiwith other
chemicals and dispersed as an aerosol it hasiaatig¢ odour that has been compared to

mustard, garlic or horseradi&H.

Mustard gas was first used as a chemical warfagatag July 1917 during World War | in
Belgium. It is a deadly and debilitating poisonrtigalarly dangerous due to its ability to
penetrate all protective clothing and the masks e available at the tinf€® Exposure

to the chemical of more than 50% of body surfaeaas usually fatal. It is a vesicant
(blister-inducing agent) and despite no immedigimmoms, 4-24 h after exposure, skin
will turn into deep, burning and itching blistefBhe eyes become sore and the eyelids
swollen, possibly leading to conjunctivitis andnolness. If the aerosol is inhaled, the
mucous membranes of the respiratory system wikkdlend blister leading to pulmonary
oedema®®Mustard gas was only fatal in 1% of cases andssefficiency was mainly
due to its incapacitation effect: a wounded soldilmws an army more than a dead

soldier®®

Since 1917 mustard gas has been used in a numiognesf conflicts: for example by the
UK against Iragi rebels (1920); by the Soviet UnianChina (1930); by Italy against
Ethiopia (1935-1940); and Iraq against Iran (19988)%°
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A number of epidemiology studies quickly linked teeposure of mustard gas (whether
through military or occupational contact) to anreased risk of lung and other respiratory
tract cancer, and later with cancers of other és&f Mustard gas was found to cause
DNA damage and genetic mutations in all test systamluding fungi, bacteridn vitro

rodent cells anéh vivomammalian experiment&’

In 1943 during World War Il an incident occurredtlire Italian port of Bari where German
bombers sank 16 ships, one of which contained @00eis of mustard gas. Dr Cornelius
Packard Rhoads made a startling discovery whilatitrg survivors by noticing a large
reduction in their white blood cell courlfS.He then proposed that the ingredient of the
chemical agent could be used to treat cancer,riticpkar leukaemia (Hodgkin's disease).
Around the same time, two pharmacologists (Goodarash Gilman) at Yale University
showed that nitrogen mustard analogues affecteidlyagividing cells*®® This research
led to the development of mechlorethami®8, a bifunctional nitrogen mustard analogue

of mustard gas that is still used today in thettneat of leukaemid®®

Cl\/\N/\/Cl
|
CHs
193

5.4.2 Mechanism of Action

The mechanism of action of these chemicalgaghe formation of strong covalent bonds
by alkylation of various nucleophilic moieti€¥. Both cytotoxic and chemotherapeutic
effects are due to the alkylation of DNA primardy theN-7 position in guaninel94,
although other DNA bases and protein residues gk@mple cysteind95) can also be

alkylated in this way?>>'%

o) o)
7n 5 M6 1 H
N~k Y
o AL e
QH 4°N7 NH, SH
194 195

Mutagenesis and teratogenesis occur when one Bamdde with a nucleophile; however,
compounds containing two reactive chloroethyl sicfeains can act as bifunctional
alkylating agents (Figure 25). If the agent reagith two guanine residues on the same

strand the result is ‘limpet attachment’ which does prevent the separation of the DNA
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stands, but does prevent vital processing enzymues ficcessing the DNA resulting in
apoptosig®?

Cl

e
\_\

Cl

Figure 25

Bifunctional alkylating agents cross-link betweavotnucleic acid chains or between a
protein and a nucleic acid. The cytotoxicity cop@sds to the formation of inter-strand
DNA cross-linksvia the formation of an aziridinium ion with subsequalkylation within
the DNA major groove (Scheme 64.

/_@ e, /_/Nu §/Nu /_/Nu
RN —— R—’B —> R-N: — RS ——> R-N:
\_\CI é\l\_\u Q@ q NP \_\Nu

Scheme 64

The compound then alkylates again to form a criogsthat prevents the DNA unwinding
and this prevents any further cell replication gsses, ultimately resulting in cell death
(Figure 26).

Figure 26

Alkylating agents are not cell-cycle-phase speddithough they are found to have the
greatest effect during DNA synthesis, as cells sgddo the drug in earlier stages, such as
G1, have enough time to repair DNA damage (Figure'®? These drugs are also
proliferation dependent, displaying highest potemcyapidly growing and diving cells.

Nascent cells have a longer time to correct any Risfage before mutagenesis océtts.
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Figure 27

5.4.3 Nitrogen Mustard Anti-Cancer Agents

Since the discovery of the first prototypic anticar agent mechlorethamid®3 in the
1940s, a number of analogues have been develogkdsad to treat a variety of tumours.
Mechlorethamine (commonly known as Mustargen) wsasduto treat prostate cancer.
Modifications of this nitrogen mustard were madeirgprove solubility, stability and
membrane transport, and this led to the developn@énthlorambucil 196, which

underwent clinical trials in the 1956%.

Cl 0 NH Cl
/_/ ’ /—/
N\_\ HO \—< >—N
HO—< Cl \jcn
o 196 197

Chlorambucil is an orally administered drug for ttneatment of chronic lymphocytic
leukaemia, ovarian  cancers, trophoblastic  neoplasnad  Waldenstrom
macroglobulinemia, as well as being used as an moswppressive dru]d?’ The main side
effect of chlorambucil is bone marrow suppressi@nother N-mustard analogue is
melphalan197, a phenylalanine derivative of mechlorethaminejctvhis used to treat

multiple myeloma, malignant melanoma and ovariarcea ™

Despite the relative success of thésmustard alkylating agents against cancer, thdly sti
had dangerous and severe side effects from thieditig of mucous membranes, reduced
immunity and seizures, to the induction of furtbancers "%’ These undesirable and life
threatening side effects encouraged the developofemtodrugs to minimise side effects

and increase the selectivity of the drugs to caneeitissue. One of the firdt-mustard
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prodrugs was cyclophosphamiti@8, which is used to treat a number of cancers inotud
Hodgkin's disease and solid tumours, as well aatitrg some autoimmune disordé?s.
Developed in 1958, cyclophosphamide was designdaetoleaved by phosphoramidase
enzymesin vivo, liberating the active mustard moiety. However piactice the drug is
oxidised by enzymes in the liver to give the activetabolite 4-hydroxycyclophosphamide
199, which exists in equilibrium with its tautomer afthosphamide00 (Scheme 65).
Most of the aldophosphamide is oxidised by aldehgdbydrogenase (ALDH) to form
carboxyphosphamide and a small amount is conventedphosphoramide mustagpl
that forms cross-links within DNA. Acroleif02 is also produced which is toxic to the

bladder epithelium leading to hemorrhagic cystitfs.

Cl ?3') Cl |'C:'>) CI\/\ E /\/§O
N-"™~0 - N~™~0 —_ N-R~0
HNA HN/Q NH,
OH
Cl Cl Cl
198 199 200
Non-toxic CI\/\ 9 o
metabolites N,p\\OH |
/) NH, |
Cl
201 202
Scheme 65

Despite these side effects, cyclophosphani@# is still the most common anti-cancer

alkylating agent used toda§’*®
5.5 Development of N-Mustards within the Robins Group

In the mid 1990s, during her PhD research, N. Hesmfe synthesised a range of
bifunctional mustard compounds based on piperid2®8.'®® The conformational
restriction imposed by the piperidine ring was stigated to determine if it would affect
the aziridinium ion formation. Compour#04 showed cytotoxicity against human colon
carcinoma cell lines with an gof 8.5 uM.?® Henderson then aimed to increase the
selectivity of the alkylation at the guanihe? site. A number of bispiperidine derivatives
205 were synthesised which were cytotoxic in thre@laiin resistant cell lines, and they

showed increased guanine selectivity when comptredelphalarf®* However the 16



Caroline M. Reid, 2006 Chapter 5, 104

values were not as low as melphalan despite effeatross-linking of DNA at lower

concentrations.

e L1
RM(NjVR r N r 9\1(\%!@
CH n
3 R R

CHj

203 204 205

At this point it was observed that there was ati@tahip between the chain length of the
carbon-linker and the biological activity, indiaadi an optimum distance between the
nitrogens. In 1999 F. Anderson investigated theaafurther in her PhD research, and
produced a series of homochiral bispyrrolidine rawgstderivatives206, along with a
number of alkyl linear and cyclic mustards (such2@8 and 208)."*? It was found that
compounds with 2-, 5-, and 6- carbon linkers gdnelest alkylation data whereas 3- and

4-carbon linkers gave no DNA cross-linking activit§y

0 H3C\NAH/\N’CH3 cl — cl
- A 4
n o> H \ /
7/
R R
206 207 208

This result contrasts with that of conventional tat drugs. Unfortunately none of these
novel compounds gave high cytotoxicity and so DL&y began working on the use of
macrocyclic polyamines as a framework to synthesiliglating agents. Macrocyclic
polyamines have been used widely as ligands foahogielatiort®>?% They also offer a
route to compounds with a range of ring sizes, & variety of structures, and can have
different substituents on the carbon and nitrogema. Dr Lacy synthesised tetrakis-(2-
chloroethyl)-1,4,7,10-tetraazacyclododec@8, an alkylating agent that is a derivative of
commercially available cycleB6. 209 was found to have exceptional DNA cross-linking
activity, with 100% cross-linking at 04dM, and in tests against a human colon carcinoma
cell line, 209 showed a higher cytotoxicity (k¢= 22 uM) than chlorambucill96 (ICso =

45 HM)-207
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Following this discovery, a number of poly-2-chletbylated macrocyclic polyamines
were developed with varying ring sizes, numbersivbgens, substituents on carbons, and
carbon chain lengths between the nitrogens. Thesgaounds Z09 — 213) were tested for

biological activity with a number of promising rdtsu(see Table 10).

CI\/\K\|/\/C| c|\:/\N/_\N/\:/CI
[N Ng)n : Q/N\) :

CI/\/ l\) \/\CI Cl

213

Compound | DNA cross-linking at 0.1 pM (%) | ICsp (UM)
209 100 22
210 64 10
211 94 8
212 100 9
213 30 13

Table 10

Because of difficulties experienced in the synthedisome target macrocycles, L. Parker
aimed to develop a flexible, reliable method foe thynthesis of azamacrocycles of
variable sizes with different carbon chain lendtesween the nitrogeri82% Parker also
targeted the low selectivity of current chemotherdjr agents against cancer by designing
redox-active compounds as prodrdsThese Cu () complexes are electrochemically
reduced in hypoxic (low oxygen) tissue to release N-mustard cytotoxin. Mustard
complexes214 and 215 showed irreversible redox behaviour and low thetymamic
stability and so behaved as typical mustard drugshhd no hypoxia selectivity. Complex
39 however displayed reversible redox behaviour agt thermodynamic stability under
agueous conditions exhibiting excellent hypoxisesi#lity against a lung tumour cell

line.2%°
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5.6 Aim of this Work

Further investigation has been carried out withi& Robins group to discover if the size
and shape of aza and oxoaza macrocycles affedtsatttevity as alkylating agent16
prepared by S. Jones was found to have gavi@ue of 4.0uM which is the most toxic of

these types of compound prepared s&¥ar.

Cyclen-based alkylating agents therefore remainnbet active compounds vitro, and

so all novel macrocycles were based on the leagpooand(36). The aim of this project is

to convert the novel substituted tetraazamacrosysigthesised in Chapter 3 into anti-
cancer alkylating agent&l7 (Scheme 66). These compounds bear aryl groups with
different functional groups that vary the electmodemand on the macrocyclic ring system.
This may affect the aziridinium ion formation arttl$ increase or decrease the rate of
DNA alkylation.

Cl Cl
~—/ \ ~
NH HN R N N
[ ]/ ------ = [ R
------ >
NH HN N N
/ I~/ N\
Cl Cl
40 217

Scheme 66
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5.7 Progress Towards Substituted Tetraazamacrocycli ¢

N-Mustard Derivatives

In this section the progress towards the preparatfcsubstituted tetrakis-(2-chloroethyl)-
1,4,7,10-tetraazacyclododecane derivatives will diecussed. The test reactions were
carried out on non-substituted, commercially alddecyclen36 before applying them to

the substituted compounds.
5.7.1 N-Hydroxyethylation of Cyclen

In her quest to optimise the synthesis of polyazaogyclic N-mustard derivativegarker
tried a number of routes to reach the piWiy2-chloroethyl) compounds but was
unsuccessful. These included chloroacetamidestasriadiates and the use of reductive

alkylation (Scheme 67210411212

0
Cl
a) i) CIJ\/
NEts, CH,Cl, —
HN NH i) BHy THE, THE Sy ¢

(N o T . (N
218 7, j\/u H

Cl
NaCNBH3 219

MeOH, pH 6

Scheme 67

However, the most successful route involved figgitsesising polyN-(2-hydroxyethyl)
derivatives using ethylene oxide, before converting hydroxyl groups into chlorines.
Parker used ethanol as the reaction solvent anddaddarge excess of ethylene oxide
However she produced a number of products withouardegrees of alkylation (Scheme
68).

ng o ng
excess /\ H
—_—

NH HN EtOH Ov™>Nn  NOOH

H 13-99% 6\/ \/a
n3<6\/N\/a>n3 ; iy N\ N
OH

Scheme 68
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Although the various products could be separateumyelrohr distillation, we adapted a
preparation by Been and co-workers to use water as the reactioestit Previously an
uncalculated excess of ethylene oxide had been, ussdlting in the formation of a
clathrate. Therefore it is essential to use onlgnaall excess (100 - 200%) of the
stoichiometric amount of the macrocycle. Ethylenade is highly volatile and so
controlling the temperature is advantageous. Oheeréaction is complete the excess
ethylene oxide is simply evaporatedvacuo High temperatures, long reaction times, and
large quantities of ethylene oxide can lead to mdpcts caused by side chain elongation.
Ring-opened ethylene oxide (ethylene glycol) caso glolymerise to form polyethylene
glycols as by-products. Thus, the optimum condgievere achieved when the ethylene
oxide was added to a small volume of water & Gnd this solution was dropped slowly
into a cooled stirred solution of cycl&6 in water. The reaction mixture was then stirred
for two hours at this temperature before the exe#isglene oxide was removed by rotary

evaporation to give the tetrapoda2f as a yellow oil in 98% yield (Scheme 69).

HO OH
/ N\ O N— / \ ~
NH HN_ 10eq/\

C Y )

NH HN N
_/ 2h S~/ —
98% HO OH
36 220
Scheme 69

Many attempts were made to extramoid recrystallise220 using a variety of solvent
systems, and a very small amount of pure whitetaltyse material was collected after

continual extraction with hexane.
5.7.2 N-Mustard Derivatives

The hydroxyethylated product can then be convertadithe activeN-mustard derivative
by stirring and heating in an excess of thionybcide overnight (Scheme 78 Removal
of any excess thionyl chloride is doimevacuq to isolate the product without need for
further purification; however the compound may kecjpitated from methanol with

diethyl ether if necessary.
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HO OH Cl Cl
\/\ / \ /\/ N\ / \ /\/
N N socl, N N
—_—
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N N N N
S~/ N I~/ N\
HO OH Cl Cl
220 209
Scheme 70

5.7.3 N-Hydroxyethylation of Racemic 2-Phenyl-1,4,7,10-

Tetraazacyclododecane 66

N-Hydroxyethylation of substituted tetraazamacroe\gf was attempted under the same
conditions as before (Scheme 71). However, problem® quickly encountered at this

stage.

HO OH
/ \ O N\ / \ ~
NH HN_ _Ph 10eq/\

Y e O

NH HN N N
\ / 2h /\/ \ / N\
HO OH
66 221
Scheme 71

Firstly 66 is a viscous oil which did not dissolve well interg and so it was impossible to
stir the reaction mixture smoothly. Despite usihg same equivalents of reagents and
reaction time, the result was a mixture of produ€tse hydroxyethyl C-H peaks appear in
the same region as the ring C-H protons in'#héIMR spectrum, making it very difficult
to identify the integration of each peak. It wasr#fore difficult to determine whether the
peaks represented the correct four-times hydroyjestd product, mixtures of partially
hydroxyethylated by-products or polyethylene glycsttempts were made to crystallise
the desired material from a number of differentvent systems with no success. It was
thought that the aryl group on the C-2 position roayse steric hindrance around the N-1
site and so the main product may be the tri-hydetixylated compound. The computer-
generated image in Figure 28 that mimics the rimgf@armation suggests that the ring sits

out of the way, however this is not conclusive evice.
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Due to this setback, other methods were triedtlier N-hydroxyethylation of phenyl-

substituted derivatives of cyclen. A number of tmacs were investigated using
commercially available cyclen as the starting mateTable 11 contains some of the
methods, along with the reaction conditions andyeets. In many cases, the product
contained a mixture of mono-, bi- and tri-alkylatedle products. These mixtures are
difficult to separate by any chromatographic methad to the polarity of the compounds,

although recrystallisation was attempted in somsesaRoutes V, VII and VIl were the

Figure 28

most promising.

NH HN

Chapter 5, 110

_ OEt
R /R 222,R= %N
0

[ ] [ j 223 R = tli/\ﬂ/OH
R’ \_/ R o)
36 224,R= , _~_OMe
%
Route| Starting Reagents and Reaction Conditions Target Result
Material Material
| 36 BrCH,CO,Et, DMF 222 -
I 36 BrCH,CO,Et, KI, DMF 222 -
1T 36 BrCH,CO,Et, CsCQOs, DMF**° 222 -
W 36 BrCH,CO,Et, DMF, A 222 -
Vv 36.4HCI | CICH,CO:Et, NaCOs, CH:CN, A’ 222 10%
VI 36 CICH,CO,Et, CsCOs, CH:CN, A 222 -
Vil 36 CICH,COH, NaOH, HO, A**® 223 23%
Vil 36 CICH,CH,OCHs, NaOH, aq EtOHA®" 224 93%

Table 11
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5.7.3.1 Route V

The first promising route toward?0 involved preparin@22 from the tetrahydrochloride

salt of cyclen in a low yield, using ethyl chloret&te and sodium carbonate in
acetonitrile?’” Initially, a brown viscous oil was produced, howevecrystallisation was

achieved from ethyl acetate. Deprotection and reolucof 222 was carried out

successfully using eight equivalents of diisobutyiminium hydride to give220 in

quantitative yield (Scheme 7%y

OEt HO OH
7]/\N/_\N/\( N— / \ ~

N N
[ ] 0 8 eq DIBAL-H [ ]

K N N 7 Et,0, 100% N N
AR 20, 200% S~/ e
EtO OFEt HO OH

222 220

EtO
(0]

Scheme 72

This method was applied to the substituted macte®& however, despite many attempts

the desired produ@25 could not be isolated (Scheme 73).

EtO <
\7]/\N /T \ \
CICH,CO,Et, Na,CO4 o P%
AHCI ~7rTrrrTrrT e > o [ j\ e}

T o N AL

EtO OEt

Scheme 73

5.7.3.2 Route VII

The first attempvia route VIl produced a white solid in 23% yield, apoth the'H and
3C NMR spectra suggested that the correct pro@26t (dota) had been formédf’
However, an accurate mass measurement could natthened. The solid was taken onto
the next step regardless, with the aim to reduee#nboxylic acid to the hydroxyl moiety.
This was investigated using two methods; the fising lithium aluminium hydrid&" in
diethyl ether, and the second using borZAéInfortunately the poor solubility df23 in
the solvents was a problem and therefore no pramuof target materia220 was obtained
(Scheme 74).
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HO o)
}7/\ / \ /\‘( N—/ \ ~V
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Scheme 74

5.7.3.3 Route VI

The most successful reaction was route VIII usirch®roethyl methyl ether in basic
aqueous conditions, yielding yellow-white crysta®! in 93% yield”*® The next step is
the removal of the methyl ether group to give theabl. Literature precedence and
experience within the Robins group has shown thethoxy-group deprotection can be
carried out using either trimethylsilyl iodif@ or boron tribromidé?* Unfortunately,
neither of these methods wasccessful, returning only starting material desp#rying

the equivalents of reagents or increasing reatimas (Scheme 75).

MeO OM HO OH
€ N— / \ ~ € N—/ \ ~
N N a) TMSI, CHCl3;, MeOH, Na,SO, N N
() e =)

N N or N N
S~/ N b) BBr3, CH,Cl, S~/ M\
MeO OMe HO OH
224 220
Scheme 75

It was thought that this route could be adaptedubing an alternative protected 2-
chloroethanol derivative. Usingert-butyl-dimethylsilyl chloride (TBDMSCI) and
imidazole in THF, 226 was prepared quantitatively (Scheme %8)The TBDMS

protecting group in theory should be easier to nain later steps.

TBDMSCI
o ~OH — >~ _OTBDMS

H
@b 226
N

THF, 100%

Scheme 76

Under the same conditions as befd26 was reacted with cyclen to produce a yellow-
white solid. The'H NMR spectrum of the crude product showed the rteseof the
TBDMS peaks, which were expected at arodn@.8. It was postulated that the basic
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conditions of the reaction had removed the pratgagroup. Recrystallisation from hexane
gave a small amount of white crystals that hadctireect mass for deprotected compound

220, however théH and™C NMR spectra were inconclusive (Scheme 77).

TBDMSO OTBDMS

/\ \/\N/ \N/\/

[NH HN] 226 [ j
--------- >
NaOH

NH HN aq EtOH A~ NN

TBDMSO OTBDMS
36 227
Scheme 77

The methoxymethyl (MOM) group was also used to gubt2-chloroethanol using
MOMBr and Hunig's base in dichloromethane (Sche® fowever we were unable to

isolate the target materi&’

(0] - I > CI/\/OMOM

Cl (iPr),NEt, CH,Cl,

228

Scheme 78

5.8 Conclusions and Future Work

No substituted derivatives of cyclen were succdigstonverted into their corresponding
alkylating agents. A number of problems occurredrdythis investigation, but these may
be overcome in the future. The main point to beetaks the difference in properties
between cyclen and its substituted derivativesutare, the test reactions would be better
employed on the substituted derivatives becauserdar of reactions that were successful
on cyclen were not on the aromatic analogues. Dhabsity of the substituted starting
material was problematic, making them difficultdizsolve and stir in a range of starting
materials. One possibility would be to attempt #thylene oxide method again, using

ethanol or methanol instead of water.

In the other routes attempted (V, VII, VIII), thecrystallisation step was key. In future,
using different solvent systems and longer cryistibn times may increase the yield and
guality of product. It would be useful to obtainystal structures for the products of
successful reactions to determine the conformatifche ring in order to confirm whether

the substituted analogues with the bulky group adnd alkylated at thel-1 position. The

target material was not isolated from a numbeeattion mixtures due to time constraints.
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One of the main barriers in the characterisationosfipounds was the complicatiti and
13C NMR spectra of the substituted analogues. Ansliisiavily relied on mass spectral

data in a number of cases, which often did not giveclusive evidence.

The route presented in Chapter 5.7.Br8vides an opportunity to investigate different
protecting groups of 2-chloroethanol, and in thisaaof work the possibilities were not

exhausted. Other possible protecting groups inctudestituted ethyl ethers, benzyl ethers
and sulfonates. An attractive target material waddtain a group such as tosylate, as this

often leads to products that are easily crystallise
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6 Synthesis of Pyrazolidine-3,5-diones for the

Treatment of Cancer

6.1 Cancer-Causing Genes

It is now understood that cancer is caused andedrivy mutations and the abnormal
expression of genes that alter cellular pathwaysclvnormally regulate the life and death
of healthy cells. These mutations can be the reduttany stimuli; some well-documented
ones are exposure to cigarette smoke and ultraviatiation'® There are 291 known

cancer-causing genes that are divided into founmeiups®’
6.1.1 Oncogenes

These are genes that stimulate cell growth rateeWhutated, oncogenes are switched on

permanently®
6.1.2 Suicide Genes

Apoptosis (cell suicide) is normal and highly imiaort. Under stress, cells will induce
apoptosis to prevent cancer development. If suigelges are mutated a cell damaged by

stress may undergo cell division where the daugtels are also mutatet®
6.1.3 DNA-Repair Genes

DNA is constantly attacked and is often damagederdhare a number of genes that
primarily code for DNA-repair proteins. If thesengs are damaged, the cell's ability to
repair itself is reduced and this results in theuawulation of gene errors leading to cancer

formation®
6.1.4 Tumour Suppressor Genes

Tumour suppressor genes perform the opposite cotentogenes and are active when a
cell is at ‘rest’, and they switch off cell divisiofunction. One of the most important

tumour suppressor genes is cald which codes for a tetrameric tumour protein b$§3.
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6.2 p53: “Guardian of the Genome”

An article inSciencestates that “it is possible that p53 is absolutelcial for cancer - that

it is always inactivated, directly or indirectlyuing all human carcinogenesi€®

p53 was discovered in 1979 by David Lane, Arnoldihe and Lloyd Old, and was voted
molecule of the yeasy Science Magazine in 198%.Once described as “the guardian of
the genome” due to its role in preventing genomigtation, p53 is central to a cell's
anticancer functiof® p53 is a DNA binding transcription factor, namedazcount of its
53 kilodalton (kDa) molecular mass. Its ggri3 was first cloned in 1983 by Moshe Oren
and is located in human chromosome 17.

p53 is 393 amino acids long with three domains,Naterminal transcription-activator
domain, a central DNA-binding core domain, and aef@inal homo-oligomerisation
domain. Mutations of p53 usually occur in the DNikéing core domain, removing its
ability to bind to its target DNA sequenc@SThis results in the loss of the transcriptional
activity of these genes. If the gepB3is mutated, tumour suppression is greatly reduced.
This can be inherited as a disease known as Lifkeau syndrome when people inherit
only one functional copy gi53 People with this disease usually develop tumouesarly
adulthood™* p53is directly mutated ift50% of all human cancers, and in the other 50%

of cases, wild typ@53is inactivated by a variety of other meth§ifs.

p53 is normally found in low concentrations in tl bound to another protein called
Human Double Minute-2 (HDM2) and together they foam autoregulatory feedback
mechanism to prevent tumour formation. Figure 2@t&@ios the negative feedback loop
(however HDM2 is represented by MDM2 (Mouse Doublmute-2)). The presence of
p53 stimulates the expression of HDM2 by its gaAaBNI2), and in turn, HDM2 inhibits
p53 activity by blocking its transcriptional activithat induces its degradation by acting as
an ubiquitin ligase (E3). Ubiquitinated p53 is sparted in the cytoplasm for degradation
by cytoplasmic proteasomes. Stress signals, sudbNa#s damage or oncogene activity,
induce p53 activation. This favours p53 phosphaiyfa which prevents it binding to
HDM2, in turn preventing p53 degradation. p53 da@ntgo on to bind to p53-response
elements, inducing the transcription of variousegewhich results in a number of cellular
responses such as DNA repair, differentiation, sesrece (cell deterioration), cell-cycle

arrest, or apoptosfg>234
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HMD2 requires a closer look; not only is it a pSBding protein, but it also performs the
catalytic function of an E3 ligase, facilitatingetbovalent attachment of ubiquitin proteins
to p53. The ubiquitin-proteasome system is an itgmbrgeneral regulatory pathway that
controls the levels of key proteins, enzymes agdptors. Substrates that are intended for
proteosome-mediated hydrolysis are labelled bynthtiple-attachment of ubiquitin to

form a poly-ubiquitinated protefi

Ubiquitylation occurs in a cascade of steps (Figde Firstly ubiquitin is activated in two

steps by an E1 ubiquitin-activating enzyme in anPAdriven process. The result is a
thioester linkage from the E1 cysteine sulfhydmdup to the C-terminal carboxyl group
of ubiquitin. The next stage is the transfer ofquiitin from E1 to the active site of an

ubiquitin-conjugating enzyme (E2). The final steptbe process occurs when an E3
ubiquitin-protein ligase (HDM2) recognises the BE&dats substrate, and transfers the
substrate using the RING (or RING finger) domaimisTprocess is repeated to poly-

ubiquitinate the substrate, which is now readydiegradation in the proteasofie.
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6.3 p53-HDM2 as a Drug Target

The rescue of p53 function in malignant cells wdmdda desirable anticancer strategy. p53
reactivation in tumour cells could trigger masduiat suicide, and so there is an urgent
need to find HDM2 inhibitor$>” How do we target E3 ligases with drugs? Proteirigino
interactions are awkward targets as proteins ustmgle large, flat interacting surfaces
that are not easily affected by small molecule dragjets. However, the p53-HDM2
interaction site has been mapped to show that wherunstructured p53 protein docks
onto HDM2, a conformational change occurs at the tp&nsactivation domain to form an
amphiphilica-helix that projects three hydrophobic amino aesidues PH& Trp?® and
Lel?® into a deep hydrophobic pocket on the HDM2 surfé&tgure 31Y8

Figure 31
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Novel peptides which bound to HDM2 with a highefirafy than p53 were found,
allowing biophysical, combinational permutation acrgstal structure studies. These, as
well as the development of quantitative structwtvay relationship (QSAR) studies,

allowed the identification of small molecule HDM@tagonist$>®
6.3.1 Small Molecule HDM2 Antagonists

The first small molecule HDM2 antagonists, whichreveeported in 1999, are derivatives
of phenoxy-acetic acid and phenoxymethyl tetrazoddled the chalconeZ?9. They have
shown IGg values within theiM range by binding in the hydrophobic pocket of HDR®
However, they also inhibit glutathioritransferase activity as an undesirable side effect
Non-peptidic polycyclic antagonista30 were also prepared by Zhao and co workers,
which show moderate affinity for HDM2 and the iatton of p53-moderated apoptosis in
tumour cell line*

ph O
o HN OR

7T °
cl o/\fo NH O><O
OH Ar Ar

229 230

A fungal extract identified from a library screegimentified the nonapeptide chlorofusin

231 that inhibits the p53-HDM2 interaction. Howeveredto its complex structure and

high molecular mass, chlorofusin is an unsuitablgyaandidate but is a lead structure for
future drug desigh**
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The first potent and selective small molecule amtégjs were identified by Vassilev and
co-workers in 2004. They aoisimidazoline derivatives called the nutlig82.2**Nutlins
displace p53 from the hydrophobic pocket of HDMal dnind tightly with 1Go values
within the 100-300 nM range. These compounds ptdjextional groups into the binding
pocket and mimic the interaction of the three caitiamino acids Ph# Trp™, and Led®.
Nutlin activity is only observed in cells with wiype p53 but not in mutant or deleted

p53as the antitumour effect is on the p53 pathway.

In the same year, workers at the Karolinska Ingtitn Sweden reported a small molecule
called Rita233 (Reactivation of p53 anchduction of Tumour cell_Aoptosis), which was
identified in a library screen. Like the nutlinejst compound binds to p53 and induces its
accumulation in tumour cells and prevents the pbBA2 interaction resulting in
substantial cell suicid@’ Rita is 2,5-bis(5-hydroxymethyl-2-thienyl)furan (8652287)
and may serve as a lead compound for the desiginugfs against tumours of wild-type
p53

Br O OyN/\/J\N/\/OH
" oMe s. /N s
N hoo N\ o \ / OH
(T Ve

Br 232 233
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6.3.2 Small Molecule HDM2 Ubiquitin Ligase Inhibito  rs

There are also a number of examples of specifigetarg of the E3 ubiquitin ligase
activity using small molecules. Lai and co workersed an enzyme assay to identify
inhibitors by monitoring the HDM2 catalysed ubidmitransfer to p53>° They reported
three chemically distinct types of inhibitor, eawsfih selective action in thamol range
(234 - 236). In this case, the compounds behaved as reversibh-competitive inhibitors
with respect to p53 - blocking catalysis by HDM2a a mechanism other than acting in the
p53 binding site.

O
Fgc% Q YCL Qﬁr
CF3
234 235 236

More recently Prof. K. Vousden FRS, director at Beatson Cancer Institute in Glasgow,
in collaboration with Dr Allan Weissman from the tidmal Cancer Institute and Igen
Pharmaceuticals, has developed a screen to idesttiBll molecule inhibitors of the E3

activity of HDM2 function®*®

A high throughput assay was carried out in tumours
containing wild-typep53 and from a library of 10,000 compounds, 40 weyentl to
inhibit HDM2 autoubiquitylation by more than 50%dditional in vitro gel-based assays

identified three compounds containing a 5-deazaflatructural motif 237 - 239).244

0 0 0
s ~
07 >N" N o)\N N O)\N/ N
i\CI
Cl CHs

237 238 239

These compounds show some specific inhibition efEB activity of HDM2in vitro and
in vivo, allowing the stabilisation of p53 and HDM2, leaglito the activation of p53-
dependent transcription and apoptosis. Unfortupa@h3-independent toxicity was

observed. Following this publication, Prof. Robigsbup in the University of Glasgow
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synthesised a small library of 5-deazaflavin-caritej compounds in order for Prof.
Vousden to test their inhibitory effects on HDMgdse**

6.4 Aim of this Work

In the high throughput assay carried out by Vousaieth co-workers, another compound,
4-(5-bromo-2-furfurylidene)-1-phenyl-pyrazolidings2dione 240, was identified as an
HDM2 autoubiquitylation inhibitof*> Our aim was to extend this work to develop an
efficient synthesis o240, and to synthesise a small library of analoguesying the
electronic character of the substituents in an ngite to study structure/activity

relationships and to develop more potent inhibitors

©\N—NH
o)

\
Br—<\oj

240
6.5 Synthesis and Evaluation of Pyrazolidine-3,5-di  ones

240 can be synthesised over two steps by formatid#bfrom phenylhydrazine followed
by a Knoevenagel-type condensation with 5-bromofaiflehyde to complete the
synthesis (Scheme 79). This route provides a wawgaking different analogues 240, by
using differently substituted furfuraldehyde detivas or phenylhydrazines to build up a
library of compounds for investigation of potensplubility and selectivity of analogues

of the lead compound.

Q0
H'NH2—> N—NH —_— O%ro
oA =0 Br\<\oj

241 240

Scheme 79
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6.5.1 Preparation of 1-phenylpyrazolidine-3,5-dione 241
6.5.1.1 Route |
The first route to 1-phenylpyrazolidine-3,5-dio2#l followed a preparation by Conrad

al. from 1906°*® Commercially available phenylhydrazine was reacteth diethyl
malonate and sodium ethoxide to g4 in 49% yield (Scheme 80).

EtO\n/\n/OEt
O O
©\N,NH2 > N-NH
A <o

NaOEt

H abs. EtOH o)
110-120 °C
49% 241

Scheme 80

Conrad’s 64% vyield could not be matched; howeveirthigher yields were possibly due
to a mixture of241 and an inorganic by-product that we had manage@parate. Further
purification by recrystallisation from water produaca pure yellow powder, which gave
excellent NMR spectroscopic data, but resultedwelr yields. The crude material can be
used in the next step of the synthesis. The raactiechanism for this condensation is
given in Scheme 81.

©\@,H 0
4\#0 \1’2:9
CoEt

241

3 7

Scheme 81
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6.5.1.2 Route Il

A second route was attempted using a method repbsteDuffy and co-workers, which
involved reacting phenylhydrazine with acetic anfgel to form 242 in 96% vyield
(Scheme 82§*" 242 was then treated with malonic acid and phosphuidisloride. TLC
showed incomplete reaction with little product fewn Flash chromatography could be
used to separate the product; however low yieldsevpeedicted and so this route was
abandoned.

HO OH
Acetic W
anhydride H O O N—NH
-NH2 > NN T - A=

N Et,0 H PCl3 © ©
96% 100 °C
242 241
Scheme 82
6.5.1.3 Route Il

A route following a preparation by J. Ferguson loé (Robins group involved treating
trimethylacetyl chloride with triethylamine and raaic acid, before adding DMAP and
phenylhydrazine (Scheme &3f.Unfortunately TLC of the reaction mixture showdett
the reaction had not gone to completion, despitegunger reaction times. The stated
work-up using flash chromatography may also havenbgroblematic due to the polar
nature of the target material, and so this route also discarded. Route | was therefore the
best method for the synthesis24fl.

i) Trimethyl acetyl chloride

NEts
HO OH CHxClp
————————————————————— > N—NH
O O  ii)DMAP
il (j 0P\ =0
N 241

H

Scheme 83
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6.5.2 Preparation of 4-(5-Bromo-2-furfurylidene)-1-  phenyl-
pyrazolidine-3,5-dione 240

6.5.2.1 Route |

To complete the synthesis @#0 requires only one step, and the first attempt wsed
method reported by Hassanein which requires he&@#igand 5-bromo-2-furaldehyde
under reflux with piperidine (Scheme &4J.Filtration of the brown precipitate gave pure
compound40; however the 10% yield was disappointing.

Br 0 ©\
© N—NH
W
N-NH H o 0
04\%0 0.1 eq piperidine o |
abs. EtOH Br q

241 10% \@

240

Scheme 84

6.5.2.2 Route Il

An aldol condensation using a method by Abass pesbihigher yields 0f240.%°
Equimolar amounts of41, 5-bromo-2-furaldehyde and sodium acetate wereebein
glacial acetic acid under reflux. Following filtiat and rinsing with ethyl acetate, the pure
golden brown product was obtained in 65% yield ¢l 85).

Br ©\
Qg S
N-NH 7\ N o 0
oA S=0 - |

AcONa o
AcOH (glacial) Br ]
241 65% \
240
Scheme 85

The mechanism of this condensation is shown in 8eh86, and this route was used to
provide analogues d#40. It must be noted that this reaction results i pinoduction of
two different geometric isomers, and the ratiohaf isomers can be estimated from tHe
and™C NMR spectra.
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Scheme 86

6.5.3 Preparation of 4-(5-Bromo-2-furfurylidene)-1-  phenyl-

pyrazolidine-3,5-dione Analogues

Seven analogues @0 were prepared by condensi@gl with commercially available
aldehydes. They included a range of different fiometl groups on the bottom
heterocycles, varying heteroatoms within the fiveambered ring, and a larger aromatic
moiety @43 — 249). A further thirteen analogues were prepa2ad (- 262) by fourth year
project student N. Jobson using the same methodaendncluded here for comparison
purpose$>' Table 12 contains the structures with the yieldg, P values and some UV

analysis.
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Ph.
N—NH
o%j/&o
|
R
Compound R Yield (%) | Est. 10gP | Amax (M)
I o -
240 B \@J‘a 65 2.31
O -
243 U/“a 77 1.42
(@] -
244 O 67 1.97
(0) -
(@] -
246 Ho/\@;‘a 48 0.5
247 &}1 42 0.94 -
\ /
I S -
248 B U/E 82 2.76
249 @/'% 65 2.05 -
250 MEOD}% 34 1.69 394
MeO
251 /@/’a 22 1.87 326
O,N
252 % 22 2.25 328
§e]
253 /@/’R 26 2.69 331
Cl
254 /@/E 23 2.94 334
Br
255 "i 35 3.23 346
256 O 19 4.40 369
o
257 /@/‘k 24 2.13 -
MeO
258 /@/“& 16 2.62 -
EtO
259 ©/§ 22 1.57 -
OH
260 ©/~‘i 14 2.69 -
Cl
261 ©/‘9_ 12 2.94
Br
S -
262 OZNUE 19 1.69

Table 12
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6.5.4 Biological Evaluation of Library

Compounds243 — 256 were tested at the Cancer Research UK Beatsonrataipi@s in
Glasgow along with240 for comparison. The cultured cells were exposedth®
compounds and then SDS-PAGE was used to separat@rtiieins by size. After a
Western Blot, the comparison of the intensity a&f tompound bands with a control band
gave an indication of biological activity. A pos#i control was used to indicate the
maximum amount of stabilisation. If the compounad@ more intense than the control
band, then stabilisation of p53 is taking placee @arker the band appears, the higher the

potency of the drug candidate.

2 3 4 5 6 7 8 9 10 11 12 13 14

>

™

1
i--——_ — — —

Figure 32

Figure 32 shows an example Western Blot contaiaitkmown HDM2 inhibitor (band 2)
and a proteosome inhibitor adriamycin (band 14nd®a3 — 13 are drug candidates. In
general it was found that none of the compoundsvetasignificant stabilisation of p53,
and although compoun20 was theoretically the positive control, it alsemayed little

activity.
6.6 Conclusion and Future Work
Overall compound®43, 244, 249, 250 and 252 displayed activity; however these results

were weak and non-reproducible. From the results difficult to rank the compounds in

order of potency, and no structure-activity relasioips can be defined.
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7 Experimental

7.1 General Experimental Details

All reactions were carried out under an inert atpm@se unless otherwise stated, using
oven-dried or flame-dried glassware. Solutions waldedvia syringe unless otherwise
stated. THF and ED were freshly distilled from Na-benzophenone;,CH, toluene,
DMF and pyridine were distilled from Cahprior to use. Petroleum ethers refer to the
fraction boiling at 40-6°C. Reagents were obtained from Aldrich Chemical Gamy
(Gillingham, Dorset, UK), Alfa Aesar Lancaster (Moambe, Lancs, UK), or Alfa Aesar
Avocado (Heysham, Lancs, UK) and used without furtpurification unless otherwise
stated. Purification by column chromatography wasied out using Fischer Silica 60A
silica gel (mesh size 35-70m) as the stationary phase. Melting points were suesl
using Gallenkamp apparatus and are uncorrectedpéRtra were recorded using Golden
Gate, nujol or KBr on a JASCO FT/IR 410 spectromelMR spectra were recorded
using a Bruker AV400 or DPX/400 spectrometer. Cluatshifts are given in ppm relative
to SiMe. Chemical shifts in®C NMR spectra are given in ppm relative to CP@s
internal standard (77.00 ppm). All NMR values are given in Hz. Mass spectra were
recorded on a JEOL JMS700 spectrometer. Opticatioois were determined as solutions
irradiating with the sodium D line\(= 589 nm) using an AA series Automatic polarimeter

[a]p values are given in units @legcnig™.
7.2 Experimental to Chapter 3

7.2.1 General Procedures (3A - 3D)

A. Preparation of tosylated cyclen under phasesfemnconditions® A solution of
tosylated amine (1 eq) and tosylated diol (1 eg3alved in toluene (60 mL per mmol) was
added to a mixture of tetrabutylammonium bromid@%Gq) and aq LiOH (2.5%) (10 mL
per mmol) in toluene (20 mL per mmol) stirred amdted under reflux. The mixture was
stirred vigorously at this t for 20 h — 7 d. Aftiyis time, the organic layer was separated

and evapourateith vacuoto leave a solid.

B. Formation of tosylated amines and didfsp-Toluenesulfonyl chloride (1 eq per
tosylation site) was dissolved in dry pyridine (@& per mmol) and cooled to%T. The

amine or diol (1 eq) was added slowly and the smiustirred at this t for 4 h, and then
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stirred over night at rt. The solution was thennedunto an ice : BD mixture and allowed
to precipitate over night. After this time, the idowas filtered and washed with,®,

before recrystallising in EtOH.

C. Synthesis of glyoxals and monohydrates from cpietnone derivative's®
Acetophenone (1 eq) was added to stirring solutioselenium (IV) oxide (1.1 eq) in 1,4-
dioxane : HO mixture (0.75 mL per mmol : 0.1 mL per mmol). Tieaction mixture was
stirred and heated under reflux for 18 h -7 d felld by TLC. After this time, the solution
was filtered through Celi® to remove selenium residues. The liquid was then

concentrateth vacuoto give the glyoxal.

The glyoxals in some cases were converted to themarate by dissolving inJ@ (5
mL per mmol) and stirring and heating at £00for 2 h*? After this time the aq solution
was filtered, and left to stand to allow precipdatof the product, which was filtered and

dried under reduced pressure.

D. Iron template cyclisation to give substitutedraazamacrocycles® A solution of
triethylenetetramine (TETA) (1 eq), in MeOH (7 merpnmol) was added dropwise over
10 min to a solution of ferric chloride (1 eq) ireH (15 mL per mmol). The mixture was
stirred at rt for 2 h. A solution of glyoxal (1 eo) MeOH (17 mL per mmol) was added
and the mixture was stirred for a further 4 h & thNaBH, (10 eq) was added carefully
with cooling, and the mixture was heated underusefor 2-19 h. After this time, the
solvent was removenh vacuq and the resulting residue was dissolved in anmmim of
H,0O. The pH was adjusted to 1 using conc HCI ancthiayer was extracted with GEl,

(x 3). The aqueous layer was adjusted to pH 14 W&lOH pellets then extracted with
CHCI; (x 3). The organic layers were combined, dried omehydrous KCOs; and

concentrated under reduced pressure to give thmeazacycle.
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7.2.2 Experimental Details

1,4,7,10-Tetrakis-(toluene-4-sulfonyl)-1,4,7,10-tet raaza-cyclododecane
(43)

Ts. /— \ ,Ts
N

N

L
Ts/N\_/N*Ts

Using general procedure 3A3 was synthesised from ditosylated ethylenediamtér37
mg, 2.0 mmol) and N,N’,0,0-tetrap-toluenesulfonyl)N,N’-bis(2-hydroxyethyl)-
ethylenediaminei4 (1.53 g, 2.0 mmol) after stirring for 20 h undeflux, as a pale solid
(1.25 g, 79%). mp: 276-27€ (lit.*° 278-280°C); &4 (400 MHz, CDCY): 2.38 (12H, s, 4 x
CHjs), 3.36 (16H, s, 8 x ring CHi 7.26 (8H, dJ 8.2 Hz, 8 x Ar-H), 7.62 (8H, d] 8.2 Hz,
8 X Ar-H); d¢c (100 MHz, CDCJ): 21.0 (4 x CH), 51.3 (8 x CH), 79.2 (4 x ArC), 127.0 (4
x ArCH), 127.4 (4 x ArCH), 130.0 (4 x ArCH), 130(ArCH), 144.0 (4 x ArC); LRMS
(FAB): 789.5 ([M+H], 16%), 242.4 (100), 142.2 (16), 91.5 (19); HRMScdafor
Ca6H44N40sS, 789.2120, found 789.2123.

43 was also prepared using general procedure 3A dlsioyg 46 (5.0 g, 8.8 mmol) and7
(5.02 g, 8.8 mmol) to givé3 as a white solid (6.83 g, 98%) after 7 d.

1, 1’-Ethylenedi-2-imidazoline (48)

) <)

To a stirred solution of TETA (100 mL, 669 mmol)asvadded\,N-dimethylformamide
dimethyl acetal (178 mL, 1.34 mol). The solutionsweaeated under reflux for 2 h before
the reaction mixture was dried vacuoto produce an off-white solid (111.12 g, 100%).
mp: 106.5-108°C (lit.'®® 107-109°C); Vmax (neat)/cril: 2935 (CH), 2848 (NCH, C-H
stretch), 1649 (C=NY4 (400 MHz, CDCJ): 3.16 (4H, tJ 9.6 Hz, 2 x CH), 3.20 (4H, s, 2

x CHyp), 3.78 (2H, tJ 9.6 Hz, CH), 3.78 (2H, tJ 9.6 Hz, CH), 6.74 (2H, s, 2 X CHYc
(100 MHz, CDC¥): 47.1 (2 x CH), 49.1 (2 x CH), 55.6 (2 x CH), 157.8 (2 x CH);
LRMS (EI'): 166.1 ([M], 55%), 165.1 (16), 124.1 (7), 84.1 (34), 83.1 {166.1 (100).
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2,3,4,5,6,7,8,8c-Octahydro-1 H-4a,6a,8a-triaza-2 a-azo-
niacyclopent[ fg]acenaphthylene bromide (49)

ey
v/

To a solution of CECN (1.4 L) was added8 (30.0 g, 180 mmol), dibromoethane (21.8
mL, 252.0 mmol), and ¥COs; (19.9 g, 144.0 mmol). The mixture was stirred aedted
under reflux for 3 h, before the solution was fite to remove KCO;s, and driedn vacuq

to give49 as a dark yellow viscous oil (50 g, 100%)ax (neat)/crit: 2935 (CH), 2817
(N-CH) cmi*; NMR spectroscopy agreed with lit. valui83dy, (400 MHz, BO): 2.47-2.93
(6H, m, 3 x CH), 3.4-3.6 (6H, m, 3 x Ch), 3.6-3.8 (4H, m, 2 x C}), 4.7 (1H, s, CH)dc
(100 MHz, CDC}): 41.1 (2 x CH), 41.7 (2 x CH), 45.7 (2 x CH)), 48.5 (2 x CH), 68.9
(CH), 158.8 (C).

1,4,7,10-Tetraazacyclododecane (cyclen)  (36)

NH HN

.

NH HN
-/

49 (105 g, 384.0 mmol) was dissolved inCH (420 mL), and the solution was added
dropwise to a solution of KOH (172.5 g, 3.08 matated under reflux in 4 (365 mL).
The resulting solution was heated under reflux dofurther 30 min. The solution was
gravity filtered while hot and the filtrate conceated in vacuo until crystallisation
occurred.36 was produced as pale yellow crystals. Cyclen waseed into hot toluene
and obtained by concentration (47.02 g, 71%); nigt-116°C (lit.**® 110-113°C); Vimax
(neat)/cm: 2927 (CH), 2898 (CH), 2870 (CH), 2812 (NCH), 1502 (N-H);dy (400
MHz, CDCk): 1.77 (4H, br s, 4 x NH), 2.60 (16H, s, 8 x §+dc (100 MHz, CDC4): 46.3

(8 X CHy).
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N,N’,0,0’-Tetra(p-toluenesulfonyl)- N,N’-bis(2-hydroxyethyl)-ethylenediamine
(44)
Ts

TSO/\/N\/\_II\_I/\/OTS
S

Using p-toluenesulfonyl chloride (38.59 g, 202.4 mmol) akdN’-bis(2-hydroxyethyl)-
ethylenediamine (5 g, 33.74 mmof)y} was prepared as a bright yellow solid (17.96 g,
70%)via general procedure 3B. mp: 127-129(lit.?*3 144-146°C); Vimax (neat)/crit: 2959
(Ar-CHs), 1173 (SG-0), 1149 (S@-0), 1038 (S=0)dy (400 MHz, CDCY): 2.37 (12H, s,
4 x CHg), 2.23 (4H, s, 2 x NC}), 3.29 (4H, tJ 5.4 Hz, 2 x NCH), 4.07 (4H, 1J5.4 Hz, 2
X OCHp), 7.27 (8H, d,J 8.3 Hz, 8 x Ar-H), 7.64 (4H, dl 8.3 Hz, 4 x Ar-H), 7.7 (4H, d
8.3 Hz, 4 x Ar-H);3c (100 MHz, CDCJ): 22.0 (4 x CH), 50.0 (2 x NCH), 50.3 (2 x
OCHy), 69.4 (2 x NCH), 127.8 (8 x ArCH), 130.4 (8 x ArCH), 132.8 (2 x@), 135.4 (2 x
ArC), 144.4 (2 x ArC), 145.6 (2 x ArC); LRMS (FABJ65.5 ([M+H], 84%), 593.5 (71),
382.3 (71), 228.2 (37), 154.1 (78), 91.5 (100); HRbAlcd for GsH40010N2Ss 765.1644
found 765.1647.

Another route to prepart involved adding sodium hydroxide pellets (1.388,5 mmol)

to a cooled stirred mixture of N'-bis(2-hydroxyethyl)-ethylenediamine (1.0 g, 6.7 aim
in H,O (4 mL) at 0°C. ExO (4 mL) was then added with vigorous mixing befpre
toluenesulfonyl chloride (6.4 g, 33.5 mmol) was edldThe solution was stirred at this t
for 1 h before warming to rt and stirring for ather 3 h. The mixture was filtered and the
precipitate was rinsed with £ (3 x 10 mL) before recrystallising from CHCH#4 was
produced as white solid (562 mg, 11%).

44 was also prepared by addibgN’-bis(2-hydroxyethyl)-ethylenediamine (500 mg, 3.4
mmol) in CHCl, (5 mL) to a cooled stirred solution pftoluenesulfonyl chloride (3.22 g,
16.9 mmol) in CHCl, (5 mL) at 0°C. Triethylbenzylammonium chloride (TEBACI) (210
mg, 0.92 mmol) and aq sodium hydroxide (0.68 g0 I#imol in 4 mL HO) were then
added and the mixture was stirred at rt for 4 re $blution was then poured into® (10
mL), and the organic phase removed and washedHyth(3 x 5 mL) before drying over
MgSQO, and concentrating under vacuum. This method ddvas a white solid (2.07 g,
80%) which contained some starting material.
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N,N’,N”-Tris( p-tolylsulfonyl)diethylenetriamine (46)

Ts
N
TsHN™ """ NHTs

Using general procedure 3B6 was prepared from diethylenetriamine (2.0 g, I8mol)
andp-toluenesulfonyl chloride (11.1 g, 58.2 mmol) astate solid (7.7 g, 70%); mp: 174-
176 °C (lit.***174-176°C); &, (400 MHz, DMSO-g): 2.39 (3H, s, Ch), 2.40 (6H, s, 2 X
CHa), 2.81 (4H, dtJ 7.7 Hz, 2 x CHN), 3.02 (4H, tJ 7.7 Hz, 2 x CKN), 7.38 (2H, dJ
8.2 Hz, 2 x Ar-H), 7.40 (4H, d} 8.2 Hz, 4 x Ar-H), 7.54 (2H, d 8.2 Hz, 2 x Ar-H), 7.66
(4H, d,J 8.2 Hz, 4 x Ar-H);3c (100 MHz, DMSO-g): 21.3 (3 x CH)), 48.7 (2 X CHN),
48.7 (2 x CHN), 126.9 (4 x CH), 127.2 (2 x CH), 130.0 (2 x CH}0.2 (4 x CH), 135.7
(2 x C), 137.7 (2 x C), 143.1 (2 x C).

N,O,O'-Tri(p-toluenesulfonyl)diethanolamine 47)

Ts
N
TsO” > " ~"0Ts

N,O,O:Tri(p-toluenesulfonyl)diethanolaminel7 was prepared as white needle-like
crystals (31.9 g, 59%) from diethanolamine (10 §,19mmol) andp-toluenesulfonyl
chloride (81.6 g, 428 mmol) using general procedBe mp: 85-87°C (lit.>>® 93-96°C);

Oy (400 MHz, CDCY): 2.45 (3H, s, Ch), 2.48 (6H, s, 2 x C§), 3.40 (4H, tJ 6.2 Hz, 2 x
CHx-N), 4.14 (4H, tJ 6.2 Hz, 2 x CH-0), 7.31 (2H, dJ) 8.0 Hz, 2 x Ar-H), 7.38 (4H, dl
8.0 Hz, 4 x Ar-H), 7.64 (2H, d] 8.0 Hz, 2 x Ar-H), 7.78 (4H, d] 8.0 Hz, 4 x Ar-H);3¢
(100 MHz, CDC4): 21.6 (CH), 21.7 (2 x CH), 48.5 (2 x CH-N), 68.3 (2 x CH-0), 127.3

(4 x CH), 128.0 (4 x CH), 130.0 (4 x CH), 132.5XZ), 135.3 (C), 144.2 (2 x C), 145.3
©).

1,4,7,10-Tetraazacyclododecane (36)

NH HN

.

NH HN
/

43 (1.25 g, 1.58 mmol) and 98%,80, (1.6 mL) were stirred and heated at £00for 40

h. The mixture was then poured into a conical flas# cooled in an ice bathp®l (2 mL)
was slowly added before KOH pellets were added wiifing to reach pH 14. EtOH (2
mL) was added and the mixture was filtered undduced pressure. The precipitate was
washed with EtOH (4 x 5 mL) and the EtOH extracimbined and drieth vacuo The



Caroline M. Reid, 2006 Chapter 7, 135

residue produced was dissolved in a minimum of 1®1 &nd then extracted with G,
(3 x 5 mL). The aq phase was then basified to pkvitd KOH pellets and extracted with
CHCI; (4 x 5 mL). The organic layers were combined, dloeer KCOs; and reducedhn
vacuoto give a pale oil. Recrystallisation from aceta@e cycler36 as a white solid
(240 mg, 88%)dn (400 MHz, CDGY): 1.77 (4H, br s, 4 x NH), 2.60 (16H, s, 8 x §H

Tetrahydrobromide salt of cyclen (53)

SN @ 4P
NH2H2N§| 4B

G

NH;H,N
_/

Conc HSQOy (8 mL) was heated to 16% in a conical flask43 (3.0 g, 3.8 mmol) was
added and solution stirred rapidly for 6 min. Tifansng the solution to a second conical
flask cooled in ice kD cooled the reaction. The solution was then aditegwise to a
stirring flask of EtOH (26 mL). O (20 mL) was then added slowly and solution cooled
to 0°C. The solution was filtered and the solid dissdliea minimum of hot kD (3 mL)
and then 48% HBr (3 mL) was added. The solution wWen filtered to remove
precipitated hydrobromide salt, and the filtraten@entratedin vacuo to give the
tetrahydrobromide sah3 as a white powder (798 mg, 42%); (400 MHz, BO): 3.02
(16H, s, 8 x CH)), 3.36 (4H, s, 4 x NH)¢ (100 MHz, BO): 43.7 (8 x CH).

1,4,7,10-Tetraazacyclododecane (36)

NH HN

.

NH HN
-/

53 (798 mg, 1.6 mmol) was combined with® (10 mL), toluene (3 mL), and NaOH (256
mg, 6.4 mmol) in a round-bottomed flask fitted wiblean-Stark apparatus. The solution
was stirred and heated under reflux for 24 h toawrall HO, before the toluene solution

was filtered and concentrated under vacuum to gyaen36 as a cream solid (196 mg,

71%).84 (400 MHz, CDCY): 1.77 (4H, br s, 4 x NH), 2.60 (16H, s, 8 x §H
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wH

Using acetophenone (7Q, 5.99 mmol),59 monohydrate was prepared as a white-green
solid (790 mg, 100%yia general procedure 3C. mp: 77-%8 (lit.?*® 76-78°C); &y (400
MHz, CDCk): 4.14 (1.4H, br s, C(B):H), 5.91 (0.7H, s, C(OHM), 7.42-7.48 (2H, m, 2 X
Ar-H), 7.57-7.63 (1H, m, Ar-H), 8.03-8.11(2H, mx2Ar-H), 9.6 (0.3H, s, €0). &¢c (100
MHz, CDCE): 89.0 (C(OH)H), 129.3 (2 x Ar-H), 130.3 (2 x Ar-H), 132.6 (ArC}35.1
(Ar-H), 193.2 (C=0).

Phenylglyoxal (59)

4’-Methoxyphenylglyoxal (60)
0

/©)J\[(H
(0]
MeO

Using 4’-methoxyacetophenone (3.5 g, 23.3 mm@d) hydrate was prepared as a brown
solid (3.82 g, 100%) by general procedure 3C. n§99°C (lit.**" 126-128°C); Vimax
(neat)/cmt; 3413 (OH), 2940 (CO-H), 2845 (OGH 1737 (C=0, aldehyde), 1679 (C=0,
ketone);dy (400 MHz, CDC}): 3.64 (3H, s, OCH), 4.59 (2H, br s, C(B).H), 6.23 (0.9H,

s, C(OH}H), 6.81-6.93 (2H, m, 2 x Ar-H), 8.02-8.05 (2H, mx2Ar-H), 9.57 (0.1H, s,
CHO); &c (100 MHz, CDCY4): 56.0 (CH), 89.0 (CH), 114.5 (2 x CH), 125.6 (C), 132.9 (2
x CH), 165.1 (C), 191.6 (C); LRMS (Ol 165.1 ([M+HT, 100%), 135.09 (29); HRMS
calcd for GH1004 165.0552, found 165.0553.

3',4’-Dimethoxyphenylglyoxal (61)

MeO
OMe

Using 3',4’-dimethoxyacetophenone (4.19 g, 23.3 Hm6l was prepared as a dark
yellow solid (4.5 g, 100%) using general procedd@& mp: 100-103C (hydrate li>®
199-200°C); Vmax (neat)/crii: 3415 (OH), 3114 (ArC-H), 2839 (OGH 1670 (C=0,
aldehyde), 1583 (C=0, ketoné); (400 MHz, CDC4): 6.87 (1H, dJ 8.5 Hz, Ar-H), 7.61
(1H, d,J 1.9 Hz, Ar-H), 7.91 (1H, dd) 8.5, 1.9 Hz, Ar-H), 9.6 (1H, s, HD); dc (100
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MHz, CDCk): 56.4 (CH), 56.6 (CH), 89.2 (ArCH), 110.8 (ArCH), 112.0 (ArCH), 125.4
(ArC), 126.0 (CH), 149.5 (ArC), 155.1 (ArC), 1906=0); LRMS (CI): 194.09 ([MT,
16%), 165.08 (100), 137.09 (16), 122.06 (13); HRéARd for GoH1004 194.0579, found
194.0581.

4’-Fluorophenylglyoxal (62)

/@)‘\WH
0
F

Using general procedure 362 hydrate was prepared as a brown solid (3.5g, 1G054)
4'fluoroacetophenone (2.83 mL, 23.3 mmol). mp: B°C (lit.>>® 108-110°C); Vmax
(neat)/cnt: 3080 (Ar-H), 2949 (CO-H), 1748 (C=0, aldehyde§92 (C=0, ketone), 1101
(C-F); dn (400 MHz, CDCY): 4.95 (1.94H, br s, C(@).H ), 6.24 (0.97H, s, C(OkHl),
7.06-7.10 (2H, m, 2 x Ar-H), 8.08-8.11 (2H, m, 2xH), 9.56 (0.03H, s, BO); dc (100
MHz, CDCE): 88.8 (CH), 116.1 (ArCH), 116.3 (ArCH), 128.7 @), 132.8 (ArCH), 132.9
(ArCH), 165.4 (ArC), 191.2 (C=0); LRMS (Ot 153.09 ([M+H], 100%), 123.08 (8);
HRMS calcd for @HsO-F 153.0352, found 153.0353.

4’-(Trifluoromethyl)-phenylglyoxal (63)
o)

/@)‘\[( H
o
F3C

Using 4'-(trifluoromethyl)acetophenone (2.0 g, 1@nénol), 63 hydrate was prepared as a
brown solid (2.15 g, 100%yia general procedure 3C. mp: 88-8D (Iit.**° 90-105°C);
Vmax (neat)/crit; 3326 (OH), 3227 (OH), 2975 (Ar-H), 2895 (@H1701 (C=0, aldehyde),
1582 (C=0, ketone), 1323 (C-F); (400 MHz, CDCJ): 6.29 (1H, s, C(OHH), 7.69 (2H,
d,J 8.3 Hz, 2 x Ar-H), 8.16 (2H, d1 8.3 Hz, 2 x Ar-H);dc (100 MHz, CDC}4): 89.3 (CH),
126.3 (2 x ArCH), 130.6 (2 x ArCH), 135.2 (ArC),a.8 (ArC), 136.2 (CE qg,J 33.0 Hz),
192.4 (C=0); LRMS (Cl): 203.1 ([M+HT, 100%), 173.1 (25); HRMS calcd foeldsO.F3
203.032, found 203.0318.
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WH
O
O,N

Using 4’-nitroacetophenone (5.0 g, 30.2 mm64#),was prepared using general procedure
3C as a yellow solid (4.34 g, 80%); mp: 67°12 (lit.>®" 131-132°C); Vmax (Neat)/cni:
3415 (OH), 3114 (Ar-H), 2857 (CO-H), 1705 (C=0, etigide), 1604 (C=0, ketone), 1518
(NOy); &4 (400 MHz, CDC4): 7.19 (0.36H, s, C(OHH), 8.22-8.36 (4H, m, 4 x Ar-H),
9.59 (0.64H, s, BHO); 8¢ (100 MHz, CDC)): 90.0 (CH), 123.5 (ArCH), 123.6 (ArCH),
130.5 (ArCH), 130.8 (ArCH), 138.5 (ArC), 149.8 (ArA95.3 (C=0); LRMS (C): 180.1
(IM+H]*, 100%), 166.1 (5), 150.1 (22); HRMS calcd fosHgON 180.0297, found
180.0297.

4’-Nitrophenylglyoxal (64)

2-Fluorenylglyoxal (65)

By general procedure 365 hydrate was prepared as a white solid (892 m#)48om 2-
acetylfluorene (2 g, 9.6 mmol). mp: 125-1%7 (lit.?®° 127-129°C); Vmax (nNeat)/crit: 3404
(OH), 3352 (OH), 3051 (Ar-H), 2957 (GH 1685 (C=0, aldehyde), 1608 (C=0, ketone);
34 (400 MHz, CDCY): 3.9 (2H, s, Ch), 7.32-7.39 (2H, m, 2 x Ar-H), 7.53-7.55 (1H, m,
Ar-H), 7.78-7.84 (2H, m, 2 x Ar-H), 8.19 (1H, dd8, 0.8 Hz, Ar-H), 8.33 (1H, d] 0.8
Hz, Ar-H), 9.66 (1H, s, B0); & (100 MHz, CDCJ): 36.4 (CH), 89.2 (CH), 119.8
(ArCH), 121.1 (ArCH), 125.4 (ArCH), 126.2 (ArCH)21.0 (ArCH), 128.1 (ArCH), 128.6
(ArCH), 132.0 (ArC), 140.0 (ArC), 142.9 (ArC), 184(ArC), 145.8 (ArC), 195.9 (C=0);
LRMS (EI"): 222.1 ([M], 5%), 210 (33), 193.1 (73), 165.1 (100); HRMS dafor
Ci5H1002 222.0681, found 222.0682.
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2-(Phenyl)-1,4,7,10-tetraazacyclododecane (66)

NH HN_HA

NH HNT S, 8

L/ He
Using phenylglyoxal (3.0 g, 19.2 mmdp was afforded as a viscous brown oil (4.12 g,
84%) via general procedure 3max (neat)/cr: 3273 (NH), 3055 (Ar-H), 2936 (G
2804 (NCH); NMR spectroscopy agreed with lit. valué&, (400 MHz, CDCY): 1.65
(4H, s, 4 x NH), 1.97 (1H, §10.4 Hz, ), 2.11 (1H, dt]J 11.2, 3.2 Hz, CH), 2.46 (2H, t,
J6.0 Hz, CH), 2.62 (2H, tJ 6.4 Hz, 2 x CH) 2.66 (2H, § 6.4 Hz, 2 x CH), 2.74 (2H, §,
6.0 Hz, 2 x CH), 2.81 (2H, br § 10.8 Hz, CH, CH), 2.96 (1H, dtJ 10.8, 2.4 Hz, CH),
3.0 (1H, dtJ 11.6, 2.4 Hz, CH), 3.79 (1H, dd,10.0, 2.4 Hz, CH), 7.21 (1H, tJ 7.2 Hz,
Ar-H), 7.25 (2H, tJ 7.2 Hz, 2 x Ar-H), 7.31 (2H, 1] 6.8 Hz, 2 x Ar-H);d¢c (100 MHz,
CDCl): 41.8 (CH), 46.3 (CH), 46.3 (CH), 52.8 (CH), 53.4 (CH), 58.3 (CH), 60.4
(CH), 61.7 (CH), 127.0 (2 x ArCH), 127.5 (ArCH), 128.4 (ArCH), 24 (ArC); LRMS
(CI"): 249.3 ([M+HT, 100%), 243.2 (8), 206.2 (6), 163.2 (9); HRMS dafor CisH24N4
249.2079, found 249.2077.

2-(4'-Methoxyphenyl)-1,4,7,10-tetraazacyclododecane (67)
OMe
/N
[NH HN
NH HN
v/

Using 60 (372 mg, 2.73 mmol$7 was produced as a dark brown solid (634 mg, 838b)
general procedure 3Dmax (neat)/cr: 3249 (NH), 2936 (Ch), 2804 (NCH, OCH); by
(400 MHz, CDCY): 1.42 (4H, s, 4 x NH), 1.95 (1H, 4,10.8 Hz, CH), 2.09 (1H, dtJ
11.2, 3.6 Hz, CH), 2.45 (2H,1,6.4 Hz, 2 x CH), 2.61 (2H, 8,5.6 Hz, 2 x CH), 2.66 (2H,
t,J 6.4 Hz, 2 x CH), 2.74 (2H, §,6.4 Hz, 2 x CH), 2.77-2.79 (2H, m, GHCH), 2.97 (1H,
dt,J 11.2, 2.4 Hz, CH), 3.0 (1H, br1,10.8 Hz, CH), 3.72 (3H, s, OGH 3.74 (1H, br dJ
2.4 Hz, CH), 6.80 (2H, d,J 8.4 Hz, 2 x Ar-H), 7.23 (2H, d] 8.4 Hz, 2 x Ar-H);3¢ (100
MHz, CDChL): 40.8 (CH), 45.3 (2 x CH), 51.8 (CH), 52.4 (CH), 54.2 (CH), 57.3
(CH,), 58.8 (CH), 60.7 (Ch), 112.7 (2 x ArCH), 127.0 (ArCH), 128.4 (ArCH), 3.3
(ArC), 157.9 (ArC); LRMS (Cl): 267.3 ([M+H[, 100%), 261.2 (12), 224.2 (4); HRMS
calcd for G4H23FN4 267.1985, found 267.1989.
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2-(3',4’-Dimethoxyphenyl)-1,4,7,10-tetraazacyclodod ecane (68)

OMe
OMe

NH HN

NH HN
/

Using61 (1.59 g, 8.19 mmol$8 was synthesised as a brown oil (2.04 g, 81%) mege
procedure 3DVmax (neat)/crit: 3304 (NH), 2939 (Ch), 2834 (NCH, OMe); dy (400
MHz, CDCk): 1.89 (4H, br s, 4 x NH), 1.97 (1H,210.4 Hz, CH), 2.10 (1H, dtJ 11.2,
2.8 Hz, CH), 2.46 (2H, 1] 6.4 Hz, 2 x CH), 2.63 (2H, § 5.6 Hz, 2 x CH), 2.67 (2H, §,
6.0 Hz, 2 x CH), 2.74-2.81 (4H, m, GH3 x CH), 2.96 (1H, dt] 11.2, 2.4 Hz, CH), 3.01
(1H, br t,J 11.2 Hz, CH), 3.73 (1H, dd, 10.0, 2.0 Hz, CH), 3.79 (3H, s, OC}J, 3.82
(3H, s, OCH), 6.75 (1H, dJ 8.0 Hz, Ar-H), 6.84 (1H, dd] 8.0, 2.0 Hz, Ar-H), 6.89 (1H,
s, Ar-H); & (100 MHz, CDC}): 41.8 (CH), 46.5 (CH), 46.5 (CH), 52.7 (CH), 54.0
(CH,), 56.3 (2 x CH), 58.5 (CH), 60.5 (CH), 62.1 (Ch), 110.5 (ArCH), 111.3 (ArCH),
119.4 (ArCH), 135.6 (ArC), 148.7 (ArC), 149.2 (AtQ)RMS (CI'): 309.3 ([M+HT,
100%), 266.2 (23), 223.2 (10), 181.1 (12); HRMSddbr GgH2s0.N4 309.2291, found
309.2289.

2-(4’-Fluorophenyl)-1,4,7,10-tetraazacyclododecane (69)
F

NH HN

NH HN
-/

Using 62 (831 mg, 5.46 mmol) gavé9 as a dark brown solid (1.17 g, 80%& general
procedure 3Dymax (neat)/cnt: 3262 (NH), 3006 (Ar-H), 2939 (Gh] 2809 (NCH), 1219
(C-F); 34 (400 MHz, CDC#): 1.55 (4H, br s, 4 x NH), 1.93 (1H,,10.4 Hz, CH'), 2.08
(1H, dt,J 10.8, 3.2 Hz, CH), 2.45 (2H,1,6.4 Hz, 2 x CH), 2.61 (2H, § 6.0 Hz, 2 x CH),
2.65 (2H, tJ 6.0 Hz, 2 x CH), 2.72-2.79 (4H, m, GH3 x CH), 2.95 (1H, dt) 11.2, 2.4
Hz, CH), 3.0 (1H, br tJ 11.2 Hz, CH), 3.76 (1H, dd, 10.4, 2.4Hz, CH), 6.93 (2H, tJ
8.8 Hz, 2 x Ar-H), 7.26-7.30 (2H, m, 2 x Ar-H)¢ (100 MHz, CDCJ): 42.2 (CH), 46.6
(CH,), 46.6 (CH), 53.1 (CH), 53.6 (CH), 58.6 (CH), 60.1 (CH), 62.1 (Ch), 115.4
(ArCH), 115.6 (ArCH), 128.8 (ArCH), 128.9 (ArCH)38.8 (ArC), 157.9 (ArC-F, dJ
243.5 Hz); LRMS (El): 278.3 (IM+H], 12%), 205.2 (100), 193.2 (8), 162.1 (15), 121.1
(48); HRMS calcd for @H260N, 278.2107, found 278.2108.
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2-(4’-Trifluoromethylphenyl)-1,4,7,10-tetraazacyclo  dodecane (70)
CF;
NH HN

C

NH HN
v/

Using 63 (205 mg, 1.01 mmolJ0 was made as a yellow-brown oil (203 mg, 64%) using
general procedure 3D, (neat)/cril: 3305 (NH), 2925 (Ch), 2815 (NCH), 1161 (C-F)
cmi’; 34 (400 MHz, CDC}): 1.67 (4H, br s, 4 x NH), 1.96 (1H,1,10.0 Hz, CH), 2.15
(1H, m, CH), 2.46 (2H, t) 6.4 Hz, 2 x CH), 2.62 (2H, § 6.0 Hz, 2 x CH), 2.66 (2H, §
6.8 Hz, 2 x CH), 2.73 (2H, 8 6.0 Hz, 2 x CH), 2.81 (2H, m, GHCH), 2.90-2.93 (1H, m,
CH), 2.98-3.06 (1H, m, CH), 3.87 (1H, br#10.0 Hz, CH), 7.45 (2H, dJ 8.0 Hz, 2 x
Ar-H), 7.51 (2H, d,J 8.0 Hz, 2 x Ar-H); HCI saldc (100 MHz, BO): 35.9 (CH), 43.8
(CHy), 44.5 (CH), 48.9 (CH), 51.6 (CH), 53.7 (CH), 55.2 (CH), 58.2 (CH), 123.2
(ArC), 126.2 (2 x ArCH), 128.0 (2 x ArCH), 138.51@®), 145.5 (Ck m); LRMS (CI):
317.2 ([M+HT, 100%), 274.2 (51), 254.2 (20), 231.2 (32), 1732, 79.1 (69); HRMS
calcd for GsH24N4F; 317.1953, found 317.1952.

2-(4’-Nitrophenyl)-1,4,7,10-tetraazacyclododecane  (71)
NO,

NH HN

(

NH HN
/

Using 64 (978 mg, 5.46 mmolJ1 was yielded as a brown oil (1.08 g, 67%) usingegain
procedure 3Dymax (Neat)/crit: 3285 (NH), 2936 (Ch), 2815 (NCH), 1513 (NQ); NMR
spectroscopy agreed with lit. valu&8:3, (400 MHz, CDC}): 1.86 (4H, br s, 4 x NH),
1.95 (1H, br tJ 10 Hz, CHy), 2.12 (1H, dtJ 11.2, 3.2 Hz, CH), 2.48 (2H, §,6.0 Hz,
CH), 2.63-2.67 (4H, m, 4 x CH), 2.76-2.83 (4H, n&>3 x CH), 2.98 (1H, dt] 11.6, 2.8
Hz, CH), 3.04 (1H, br t) 11.6 Hz, CH), 3.92 (1H, dd,10.0, 2.4 Hz, CH)), 7.51 (2H, d,)
8.8 Hz, 2 x Ar-H), 8.11 (2H, dJ 8.8 Hz, 2 x Ar-H);3c (100 MHz, CDC}): 41.9 (CH),
46.3 (CH), 46.4 (CH), 52.6 (CH), 53.2 (CH), 58.3 (CH), 60.1 (CH), 61.6 (C}), 123.7
(ArCH), 124.0 (ArCH), 128.3 (2 x ArCH), 147.7 (ArC)50.4 (ArC); LRMS (E'): 293.41
(IM+H]*, 5%), 276.2 (19), 220.1 (100); HRMS calcd forH330.Ns 293.1852, found
293.1854.
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2-(Fluorenyl)-1,4,7,10-tetraazacyclododecane (72)

[mN OQO

NH HN
-/

Using 65 (892 mg, 4.0 mmoly2 was produced as a brown oil (1.35 g, 10083&)general
procedure 3Dymax (Neat)/crit: 2796 (NCH, CH,), 1645 (ArC=C), 1298 (C-NXx (400
MHz, CDCk): 1.8 (4H, br s, 4 x NH), 2.04 (1H,1,10.8 Hz, CH), 2.14 (1H, br ] 10.8
Hz, CH), 2.48 (2H, t) 6.0 Hz, 2 x CH), 2.63 (2H, § 6.0 Hz, 2 x CH), 2.67 (2H, § 6.0
Hz, 2 x CH), 2.74 (1H, 1 10.8 Hz, CH), 2.75 (2H, tJ 5.6 Hz, 2 x CH), 2.85 (1H, t, 10.8
Hz, CH), 3.00 (1H, br t) 11.6 Hz, CH), 3.04 (1H, br §,10.8 Hz, CH), 3.8 (2H, s, G}
3.86 (1H, br dJ) 7.6 Hz, CH), 7.22 (1H, dJ 7.2 Hz, Ar-H), 7.29 (2H, m, 2 x Ar-H), 7.46
(1H, d,J 7.2 Hz, Ar-H), 7.52 (1H, s, Ar-H), 7.64-7.70 (2kh, 2 x Ar-H); dc (100 MHz,
CDCly): 37.2 (CH), 43.2 (CH) 46.6 (2 x CH), 52.9 (CH), 53.8 (CH), 58.6 (CH), 61.0
(CH), 62.1 (CH), 120.1 (ArCH), 120.2 (ArCH), 124.0 (ArCH), 125(ArCH), 126.2
(ArCH), 127.0 (ARCH), 127.1 (ArCH), 138.5 (ArC), 16 (2 x ArC), 143.7 (ArC), 143.9
(ArC); LRMS (CI): 337.3 ([M+H], 14%), 294.2 (100), 251.2 (22); HRMS calcd for
Ca1H28N4 337.2392, found 337.2393.

3,5-Bis-trifluoromethyl-phenyl-oxo-acetaldehyde 75

o)
FsC H

CF3

Using 3',5'-bis(trifluoromethyl)acetophenone (1.& 10 mmol), hydrat&5 was prepared

as a green oil (3.2 g, 100%ia general procedure 3®;nax(neat)/cnt: 3417 (O-H), 1703

(C(O)H), 1617 (Ar-H), 1278 (C-F)¥x (400 MHz, DMSO-g): 8.00 (1H, s, Ar-H), 8.31

(2H, s, 2 x Ar-H), 9.59 (1H, s, C(O)HJc (100 MHz, DMSO-g): 120.5 (ArC), 123.2

(ArC), 125.4 (ArCH), 127.3 (2 x ArCH), 131.4 (2 ¥ q,J 33.8 Hz), 137.4 (ArC), 187.2
(C(O)H), 194.1 (C=0); LRMS (FAB: 271.1 ([M+HJ, 98%), 241.1 (100), 155.0 (84),
137.2 (49), 90.9 (31); HRMS calcd fogdElsOzFs 271.0194, found 271.0199.
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4’-Bromophenylglyoxal (76)
o)

@)‘H‘/H
o
Br

76 was synthesiseda general procedure 3C from 4’-bromoacetophenonegy (B0 mmol)
as a yellow solid (10.65 g, 100%) and then condettethe monohydrate to give a pale
brown solid. mp: 51-53°C (lit.?** 51-52 °C); &4 (400 MHz, CDC}): 3.98 (2H, s,
C(OH),H), 5.84 (1H, s, C(OHM), 7.60 (2H, d,) 8.8 Hz, 2 x Ar-H), 7.93 (2H, d] 8.8 Hz,

2 x Ar-H); &¢c (100 MHz, CDCJ): 128.3 (CH), 129.9 (2 x ArCH), 131.3 (ArC), 131®Dx
ArCH), 135.8 (ArC), 197.1 (C=0); LRMS (Ot 215.0 ([M+H], 100%), 213.0 (97), 199.0
(13), 185.0 (9), 135.1 (24), 121.1 (5), 85.1 (IBRMS calcd for GHsO,"*Br 212.9551,
found 212.9556.

4’-Chlorophenylglyoxal (77)

/O)‘\WH
(@)
Cl

77 was synthesisedia general procedure 3C from 4’-chloroacetophenoreni®, 200
mmol) to give the glyoxal as a green-orange s@gl{ g, 100%) and then converted to the
monohydrate to give a white-pink solid. mp: 4021 (lit.?®* 40-42°C); &, (400 MHz,
CDCl) 4.94 (1H, s, C(OHH), 5.85 (2H, s, C(8).H), 7.44 (2H, ddJ 8.8, 1.0 Hz, 2 x Ar-
H), 8.02 (2H, dJ 8.8 Hz, 2 x Ar-H), 9.57 (0.5H, s, C(8); ¢ (100 MHz, CDCY}): 88.7
(C(OH)H), 129.3 (2 x ArCH), 130.48 (ArC), 131.3 (2 x ArQH141.5 (ArC), 191.7
(C(O)H), 197.0 (C=0); LRMS (C): 169.06 ([M+H], 100%), 155.08 (5), 139.05 (8),
135.10 (4), 113.19 (3), 73.08 (12); HRMS calcd 8sHs0.°Cl 169.0056, found
169.0057.

4-Oxoacetyl-benzonitrile (78)

\
O
O
I

Using general procedure 3C8 was synthesised from 4’-acetyl benzonitrile (2,014
mmol). The resulting residue was then separate@ @ilica column eluted with 1 : 1
hexane : EtOAc to give a green oil (2.2 g, 100%)=R.13 (hexane : EtOAC 1 : 1Vax



Caroline M. Reid, 2006 Chapter 7, 144
(KBr)/cm™: 3034 (ArC-H), 2238 (€N), 1697 (C=0), 1657 (C=0), 1609 (ArC=CJ;
(400 MHz, Acetone): 5.82 (2H, s, C(B).H), 7.84 (2H, dJ 8.8 Hz, 2 x Ar-H), 8.20
(2H, d,J 8.8 Hz, 2 x Ar-H), 9.5 (trace 1H, s, C(O)H) (100 MHz, Acetone—): 89.7
(CH), 118.3 (CN), 130.7 (2 x ArCH), 132.9 (2 x Ar§;H.37.5 (ArC), 161.9 (ArC), 189.3
(C=0); LRMS (Cl): 160.1 ([M+H], 100%), 103.1 (60); HRMS calcd forgldsNO,
160.0399, found 160.0397.

Furan-2-yl-oxo-acetaldehyde (79)

Using general procedure 3C, hydra&was prepared as a dark brown oil (7.5 g, 100%)
from 2-acetylfuran (5.0 g, 45 mmol). Kugelr6hr distion afforded the product as a
yellow-white solid (4.2 g, 75%); mp: 64-86 (lit.®? 68-69°C); Vimax (neat)/cni: 3414 (O-

H), 3346 (O-H), 3134 (C-H), 1665 (C=C}; (400 MHz, DMSO-g): 5.49 (1H, s, C(O)H),
6.73-6.74 (1H, m, Ar-H), 7.53 (1H, d, 3.2, Ar-H), 8.04 (1H, s, Ar-H)dc (100 MHz,
DMSO-d): 88.6 (C(O)H), 112.4 (ArCH), 120.8 (ArCH), 148(ArCH), 149.4 (ArC),
185.3 (C=0),LRMS (CI"): 139.01 (36%), 125.07 ([M+H] 100%), 95.06 (39), 81.09 (3);
HRMS calcd for @H,03 125.0239, found 125.0240.

Thiophen-2-yl-oxo-acetaldehyde (80)

O
S H

WA
Using 2-acetylthiophene (4.9 mL, 45 mmol), hyd@@evas prepared as a brown oil (6.31
g, 100%)via general procedure 3C. Kugelrohr distillation adfed the product as a cream
solid (6 g, 95%). mp: 89-9°C (lit.?°® 88-89°C); Vmax (Neat)/crit: 3444 (O-H), 3093 (C-H),
1646 (C=0);0y (400 MHz, DMSO-g): 5.87 (1H, s, OH), 5.89 (1H, s, OH), 7.27 (1H, dd
J5.2, 4.0 Hz, Ar-H), 7.55 (1H, d,9.2 Hz, Ar-H), 8.07-8.09 (1H, m, Ar-HJc (100 MHz,
DMSO-d): 91.1 (C(OH)H), 128.8 (ArCH), 135.5 (ArCH), 135.9 (ArCH), 139(ArC),
187.2 (C=0); LRMS (CI): 141.1 (M + H[, 100%), 111.1 (12), 85.2 (5); HRMS calcd for
CesH40-S 141.0010, found 141.0011.
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Naphthalen-2-yl-oxo-acetaldehyde  (81)

H
DOR.

Using 2-acetylnaphthalene (5 g, 29 mma@l),was prepared as pale yellow crystals (4.5 g,
83%)via general procedure 3C. mp: 108-CL(lit.*** 108°C); Vimax (neat)/cnt: 3446 (O-

H), 3430 (O-H), 3099 (C-H), 2896 (C=0), 1682 (C=0); (400 MHz, DMSO-g): 5.87
(1H, s, C(OH)H), 6.87 (1H, s, OH), 6.88 (1H, s, OH), 7.65 (2Ht,dd4, 6.8, 1.2 Hz, 2 x
Ar-H), 7.98-8.12 (4H, m, 4 x Ar-H), 8.80 (1H, s,-M); dc (100 MHz, DMSO-d): 89.2
(C(OH)H), 124.7 (ArCH), 126.9(ArCH), 127.7 (ArCH), 128(BrCH), 128.7 (ArCH),
129.6 (ArCH), 130.9 (ArC), 131.4 (ArCH), 132.0 (ArC135.1 (ArC), 196.2 (C=0);
LRMS (EI'): 184.03 (M, 12%), 155.03 (100), 127.05 (88), DB1(7), 82.94 (12), 77.04
(10); HRMS calcd for gHgO, 184.0524, found 184.0523.

Phenanthren-2-yl-oxo-acetaldehyde (82)

H
‘OO O

Via general procedure 382 hydrate was prepared as a white solid (525 mg,) 9688 2-
acetylphenanthrene (0.5 g, 2.3 mmol). Trituratiathveenzene gave the product as a pale
yellow powder (0.23 g, 43%); mp 130-133 (lit.?*° 136-138°C); Vmax (neat)/cm; 3307
(O-H), 3048 (C-H), 1694 (C=0)du (400 MHz, DMSO-@): 6.28 (1H, d,J 9.6 Hz,
C(OH)H), 7.21 (1H, dtJ 35.2, 7.2 Hz, OH), 7.71 (1H, s, OH), 7.72-7.76 (24 2 x Ar-
H), 7.84 (2H, qJ 12.4, 9.2 Hz, 2 x Ar-H), 8.0-8.04 (1H, m, Ar-H)28 (1H, ddJ 8.8, 2.0
Hz, Ar-H), 8.77 (1H, dJ 1.6 Hz, Ar-H), 8.83-8.85 (1H, m, Ar-H), 8.90 (1H,J 9.2 Hz,
Ar-H); 3¢ (100 MHz, DMSO-¢): 91.2 (C(OH)H), 123.3 (ArCH), 123.7 (ArCH), 126.1
(ArCH), 127.3 (2 x ArCH), 127.6 (ArCH), 128.1 (ArGH128.6 (ArCH), 129.0 (ArC),
130.8 (ArC), 131.2 (ArCH), 131.3 (ArC), 132.6 (Ar()33.0 (ArC), 193.6 (C=0); LRMS
(EI): 234 (M, 30%), 205 (100), 177 (85), 176 (62), 12%), 150 (14), 88 (25), 84 (43), 66
(46); HRMS calcd for &H100, 234.0681, found 234.0682.
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3,3-Dimethyl-2-oxo-butyraldehyde (83)
o H

Bo

Using general procedure 3C, hydr88was produced from pinacolone (2 mL, 14.5 mmol)
as a pale green oil (1.16 g, 100%) which turned atwhite solid after a few hours. mp:
90-91 °C (lit.**® 91-92 °C); Vimax (neat)/crit: 3382 (O-H), 2973 (ChkJ; d4 (400 MHz,
CDCl): 1.21 (9H, s, 3 x C}J, 9.26 (1H, s, C(O)HX¢c (100 MHz, CDCY): 24.5 (3 x CH),
25.3 (C(O)H), 40.9 (C), 187.9 (C).

2-(3,5-Bis-trifluoromethyl-phenyl)-1,4,7,10-tetraaz  acyclododecane (84)
CF;

NH HN

[ CF3

NH HN
(—

Using 75 (0.88 g, 5.4 mmol)84 was produced as a brown oil (1.3 g, 54%@ general
procedure 3Dymax (NaCl)/cmi®: 3303 (N-H), 2933 (ArC-H), 1624 (ArC=C), 1339 (Q;N
1177 (C-F), 1140 (C-F)j, (400 MHz, CDCY): 1.92-1.99 (1H, m, CHi), 2.10-2.9 (1H, m,
CH), 2.35-2.37 (2H, m, 2 x CH), 2.44-2.46 (2H, mx £H), 2.61-2.88 (6H, m, 6 x CH),
2.96 (1H, br tJ 11.6 Hz, CH), 3.01 (1H, br tJ 11.2 Hz, CH), 3.92 (1H, br d,10.0 Hz,
CHa), 7.69 (1H, s, Ar-H), 7.80 (2H, s, 2 x Ar-H)¢ (100 MHz, CDC4): 38.3 (CH), 45.7
(CH),45.8 (CH), 53.3 (CH), 57.7 (CH), 59.5 (CH), 60.5 (Ch), 61.2 (CH), 119.3
(ArC), 120.9 (ArCH), 122.0 (ArC), 124.7 (ArC), 1B5(ArCH), 127.4 (ArCH), 131.5 (2 x
CFs, q,J 33.0 Hz); LRMS (Cl): 385.3 ([M+H], 100%), 381.2 (69), 338.2 (15), 241.2
(41), 173.3 (55); HRMS calcd fori6H23N4Fs 385.1827, found 385.1825.

2-(4’-Bromophenyl)-1,4,7,10-tetraazacyclododecane ( 85
Br

NH HN

NH HN
\J/

Using 4’-bromophenyl glyoxal monohydra®# (2.70 g, 11.7 mmol) the substituted
azamacrocycl&5 was synthesiseda general procedure 3D as a brown oil (2.70 g, 71%).
Vmax (NaCl)/cmi®: 2943 (Ar), 2895 (Ar), 1460 (-NH-), 822 (C-B®i; (400 MHz, CDCY):
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1.05-3.00 (18H, m, 14 x CH, 4 x NH), 3.75 (1HJ®B.4 Hz, CH), 7.20 (2H, dJ 8.0 Hz,
2 x Ar-H), 7.37 (2H, dJ 8.0 Hz, 2 x Ar-H);dc (100 MHz, CDC}): 38.8 (CH), 41.6
(CH,), 46.1 (CH), 52.5 (CH), 53.2 (CH), 58.1 (CH), 59.8 (CH), 61.5 (Cb 121.2
(ArC), 128.8 (2 x ArCH), 131.4 (2 x ArCH), 141.6 {®); LRMS (CI": 327.2 ([M+HT,
58%), 284.1 (72), 241.1 (57), 173.3 (100), 130.2)(3HRMS calcd for GH24N4"Br
327.1184, found 327.1180.

2-(4’-Chlorophenyl)-1,4,7,10-tetraazacyclododecane (86)
Cl
/N
[NH HN
NH HN
v/

86 was synthesised using 4’-chlorophenylglyoxal momivate 77 (855 mg, 4.6 mmolyia
general procedure 3D as an orange oil (1.02 g, 78%) (NaCl)/cni*; 3283 (N-H), 2938
(ArC-H), 1658 (ArC=C), 1315 (C-N), 755 (C-CIpy (400 MHz, CDCY): 1.92 (2H, t,J
10.4 Hz, 2 x CH), 2.08 (2H, §,10.4 Hz, 2 x CH), 2.34-3.08 (10H, m, 10 x CH),8(IH,
d, J 9.6 Hz, CH), 7.20-7.24 (4H, m, 4 x Ar-HQ¢ (100 MHz, CDC}): 41.7 (CH), 46.1
(CHy), 46.2 (CH), 52.6 (CH), 53.2 (CH), 58.2 (CH), 59.7 (CH), 61.6 (Ch), 128.4 (2 x
ArCH), 128.5 (2 x ArCH), 133.1 (ArC), 141.1 (ArCLRMS (CI'): 283.3 ([M+HT,
100%), 240.2 (29), 197.2 (18), 173.3 (49); HRMSddbr G4H»4N,>°Cl 283.1689, found
283.1687.

2-(Benzonitrile)-1,4,7,10-tetraazacyclododecane (87 )
N

A\

NH HN

C

NH HN
-/

87 was synthesised from 4-oxoacetyl-benzonitrile §2d,. 13.6 mmol) using general
procedure 3D as a brown solid (2.66 g, 72%). mp553C; Vmax (NaCl)/cm®; 3260 (N-
H), 2226 (&N), 1652 (N-H), 1608 (ArC=C), 1311 (C-N), 1133 (Q:Ny (400 MHz,
CDCl): 1.73 (4H, br s, 4 x NH), 1.97 (1H,X10.8 Hz, CH'), 2.14 (1H, dtJ 10.8, 3.2 Hz,
CH), 2.38 (2H, tJ 6.0 Hz, 2 x CH), 2.49 (2H, § 6.4 Hz, 2 x CH), 2.64-2.86 (7H, m, 7 X
CH), 3.00 (1H, dtJ 6.4, 2.4 Hz, CH), 3.90 (1H, dd,10.0, 2.4 Hz, CH), 7.48 (2H, d,J
8.2 Hz, 2 x Ar-H), 7.58 (2H, d] 8.2 Hz, 2 x Ar-H);dc (100 MHz, CDC}): 38.8 (CH),
41.7 (CH), 46.1 (CH), 51.3 (CH), 53.3 (CH), 58.2 (CH), 60.0 (CH), 61.3 (Ch), 111.2



Caroline M. Reid, 2006 Chapter 7, 148

(CN), 118.8 (ArC), 127.8 (2 x ArCH), 132.2 (2 x A, 148.0 (ArC); LRMS (FAB):
274.2 (IM+H], 95%), 214.5 (35), 200.6 (60), 173.9 (100), 1698), 143.2 (32), 114.6
(27), 98.8 (59), 87.0 (35); HRMS calcd fors824Ns 274.2032, found 274.2027.

2-(Furan-2-yl)-1,4,7,10-tetraazacyclododecane (88)

.

NH HN
-

Using 79 (0.6 g, 4.8 mmolB8 was produced as a dark brown oil (0.62 g, 54Pb)general
procedure 3Dymax (Neat)/cri: 3289 (N-H), 2942 (C-H), 2815 (-GH, 1650 (C=C):3
(400 MHz, CDCY4): 1.87 (4H, br s, 4 x NH), 2.11 (1H, dt10.8, 3.3 Hz, CH), 2.15 (1H,
br t,J 11.0 Hz, CH), 2.35 (2H, t] 6.4 Hz, 2 x CH), 2.47 (2H, 5.2 Hz, 2 x CH), 2.62
(2H, t,J 5.6 Hz, 2 x CH), 2.66 (2H, f] 6.0 Hz, 2 x CH), 2.79-2.83 (2H, m, CH, gH
2.88-3.00 (2H, m, 2 x CH), 3.91 (1H, d#19.6, 2.8 Hz, CH), 6.12 (1H, dJ 3.2 Hz, Ar-
H), 6.23-6.25 (1H, m, Ar-H), 7.27 (1H, s, Ar-H: (100 MHz, CDCY): 41.7 (CH), 46.1
(CHy), 46.1 (CH), 52.6 (CH), 53.4 (CH), 53.7 (CH), 58.2 (Ch), 61.1 (CH), 104.2
(ArCH), 109.0 (ArCH), 140.5 (ArCH), 154.4 (ArC)RMS (CI'): 239.2 ([M+HT, 100%),
233.2 (62), 196.2 (18), 173.2 (23), 153.1 (14); HRMalcd for GH22N,O 239.1872,
found 239.1870.

2-(Thiophene-2-yl)-1,4,7,10-tetraazacyclododecane( 89)

.

NH HN
-/

Using 80 (0.73 g, 5.2 mmolB9 was produced as a viscous dark brown oil (1.049§0)
via general procedure 3Djnax(neat)/cnt: 3402 (N-H), 3231 (ArC-H), 2807 (-GH), 1639
(C=C); o4 (400 MHz, CDC}): 2.09 (1H, tJ 10.0 Hz, CH'), 2.34-2.42 (1H, m, CH), 2.47
(2H, t,J 6.0 Hz, 2 x CH), 2.58-2.82 (8H, m, 8 x CH), 2.9H( br t,J 11.6 Hz, CH), 3.00
(1H, brt,J 11.6 Hz, CH), 4.13 (1H, dd,10.0, 3.2 Hz, CH), 6.88-6.90 (2H, m, 2 x Ar-H),
7.14 (1H, ddJ 4.8, 0.8, Ar-H);d¢c (100 MHz, CDCY): 41.5 (CH), 46.0 (2 x CH), 52.2
(CH,), 53.3 (CH), 55.6 (CH), 57.9 (CbJ, 61.9 (CH), 123.7 (ArCH), 124.1 (ArCH), 126.4
(ArCH), 146.2 (ArC); LRMS (Cl): 255.2 ([M+H], 100%), 249.1 (46), 212.1 (29), 169.1
(42), 144.1 (9), 126.1 (23), 71.1 (43); HRMS caledl C;oHooN4S 255.1643, found
255.1641.
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2-(Naphthalen-2-yl)-1,4,7,10-tetraazacyclododecane (90)

[NH HN

NH HN
-/

Using 81 (1.01 g, 5.5 mmol)90 was produced as a viscous dark brown oil (1.2678p)
via general procedure 3Dmax (neat)/cni: 3426 (N-H), 2944 (C-H), 2830 (-GH, 1653
(C=C); 84 (400 MHz, CDC4): 1.97 (4H, br s, 4 x NH), 2.06 (1H,%,10.4 Hz, CH), 2.15
(1H, dt,J 10.8, 3.2 Hz, CH), 2.48 (2H, 1,6.0 Hz, 2 x CH), 2.59-2.63 (4H, m, 4 x CH),
2.67 (2H, t,J 6.0 Hz, 2 x CH), 2.76 (1H, m, CH), 2.82 (1H, bdt10.4 Hz, CH), 2.89
(1H, m, CH), 3.02 (1H, br t) 10.8 Hz, CH), 3.95 (1H, br d 8.0 Hz, CH), 7.35-7.39
(2H, m, 2 x Ar-H), 7.72-7.75 (4H, m, 4 x Ar-H), B71H, s, Ar-H); dc (100 MHz,
CDCl): 41.6 (CH), 46.2 (CH), 46.3 (CH), 52.4 (CH), 53.4 (CH), 58.1 (CH), 60.4
(CH), 61.6 (CH), 125.4 (ArCH), 125.5 (ArCH), 125.8 (ArCH), 126(ArCH), 127.6
(ArCH), 127.9 (ArCH), 128.0 (ArCH), 133.0 (ArC), 33! (ArC), 140.0 (ArC); LRMS
(CI"): 299.2 ([IM+HT, 17%), 256.2 (100), 213.1 (63), 188.1 (27), 17@1), 161.1 (19),
143.1 (19), 81.1 (33); HRMS calcd forgB,7N4 299.2236, found 299.2234.

2-(Phenanthrene-3-yl)-1,4,7,10-tetraazacyclododecan e (91)

[NH HN !
NH HN

v/

Using 82 (0.18 g, 0.77 mmol}91 was produced as a viscous brown oil (1.04 g, 79%)
general procedure 3Dimax (Neat)/cm’; 3257 (N-H), 2940 (C-H), 2860 (-GH, 1633
(C=C); &4 (400 MHz, CDC}): 2.10 (1H, tJ 10.4 Hz, CH'), 2.13 (1H, br tJ 9.2 Hz, CH),
2.34 (2H, t,J 6.4 Hz, 2 x CH), 2.49 (2H, § 6.0 Hz, 2 x CH), 2.64 (2H, § 5.6 Hz, 2 x
CH), 2.67-2.96 (5H, m, 4 x CH, G§f 3.09 (1H, br tJ 11.6 Hz, CH), 4.02 (1H, br,d
10.0 Hz, CH\), 7.50-7.61 (6H, m, 6 x Ar-H), 7.65 (1H, s, Ar-H).80-7.84 (1H, m, Ar-H),
8.55-8.60 (1H, m, Ar-H)dc (100 MHz, CDCY¥): 37.7 (CH), 40.6 (CH), 45.2 (CH), 52.2
(CHy), 57.1 (CH), 59.2 (CH), 60.0 (Ch), 60.6 (CH), 121.6 (ArCH), 121.9 (ArCH), 124.8
(ArCH), 125.3 (ArCH), 125.5 (ArCH), 125.6 (ArCH)25.9 (ArCH), 126.1 (ArCH), 127.5
(ArCH), 128.6 (ArC), 129.1 (ArC), 130.9 (ArC), 1B1(ArC), 139.8 (ArC); LRMS (FAB):
349.3 ([M+HT, 27%), 306.2 (11), 205.4 (10), 154.9 (100), 1372), 75.1 (31); HRMS
calcd for GoHa9N4 349.2392, found 349.2399.
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2-(tert-Butyl)-1,4,7,10-tetraazacyclododecane (92)

(s

NH HN
-/

Using general method 3D azamacrocy@2evas synthesised as a brown oil (1.15 g, 63%).
Vmax (NaCl)/cmi*; 3281 (N-H), 2810 (C-H), 1666 (N-H), 1315 (C-Nyi (400 MHz,
CDCl): 0.85 (9H, s, 3 x Ck), 1.52 (4H, br s, 4 x NH), 1.69 (1H,,10.5 Hz, CH), 1.87
(1H, dt,J 10.5, 3.5 Hz, CH)), 2.33-2.47 (4H, m, 4 x CH), 2.59-2.68 (4H, m, £HKi),
2.70-2.81 (4H, m, 4 x CH), 3.59 (1H, br}9.6 Hz, CH); &c (100 MHz, CDC}): 38.8
(CHy), 43.2 (CH), 46.1 (CH), 47.3 (C), 48.5 (Ch), 51.2 (CH), 53.3 (CH), 61.2 (CH),
65.9 (CH), 79.8 (3 x Ck); LRMS (FAB): 229.4 ([M+H], 100%), 186.7 (27), 144.1 (26),
129.3 (19), 100.7 (14); HRMS calcd foiH2sN4, 229.2392 found 229.2396.

Oxo-pyrene-2-yl-acetaldehyde (103)

103 was synthesised from 1-acetylpyrene (1.5 g, 6 osihg general procedure 3C. The
resulting residue was then separated on a silicergoeluted with 1 : 1 hexane : EtOAc to
give a yellow powder (1.59 g, 100%); R0.23 (hexane : EtOAc 1 : 1); mp: 107-1°%,
Vmax (NaCl)/cm®; 3041 (ArC-H), 1671 (C=0), 1594 (ArC=C), 1508 (AC); 3 (400
MHz, CDCk; 7.68-8.17 (9H, m, 9 x Ar-H), 9.81 (1H, s, C(O)H) (100 MHz, CDCY):
123 8 (ArCH), 124.2 (ArCH), 124.7 (ArCH), 126.4 @it), 126.7 (ArCH), 127.0 (ArCH),
127.3 (ArCH), 129.3 (ArC), 129.6 (ArC), 130.4 (ArG;HL30.5 (ArC), 131.1 (ArCH),
131.9 (ArC), 134.0 (ArC), 135.4 (ArC), 135.7 (ArC)90.5 (C=0); LRMS (E): 258.1
(M, 15%), 229.1 (96), 201.1 (78), 100.0 (17), 82190), 47.0 (21); HRMS calcd for
CigH100, 258.0681, found 258.0680.
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(4-Hydroxy-phenyl)-oxo-acetaldehyde (105)

/ED)J\H/H
(0]
HO

105 was prepared from 4’-hydroxyacetophenone (3 gm@l) using general procedure
3C. The resulting liquid was separated on a sdmamn eluted with 1 : 1 hexane : EtOAc
to give a pale yellow foam (2.54 g, 77%).=R0.12 (hexane : EtOAc 1 : 1); mp: 85-85
(Iit.®” 86.5-87.5°C); &4 (400 MHz, Acetone-): 6.3 (1H, s, OH), 6.93 (2H, d,10.0 Hz, 2

x Ar-H), 8.09 (2H, dJ 10.0 Hz, 2 x Ar-H), 9.64 (1H, s, C(O)H): (100 MHz, Acetone-
de): 90.0 (C(OH)H), 116.5 (2 x ArCH), 126.1 (ArC), 133.3 (2 x ArCH)F3.7 (ArC),
192.2 (C=0); LRMS (El): 150.0 (M, 16%), 121.0 (100), 93.0 (100), 65 (1005 (100);
HRMS calcd for @He¢O3 150.0317, found 150.0315.

1-[4-(4,6-Diamino-[1,3,5]-triazin-2-ylamino)-phenyl  ]-ethanone  (109)

N_ _N._ _NH

A

o) N__N
NH,

A mixture of 4’-aminoacetophenone (1 g, 7.4 mmal)H,O (26 mL) was heated under
reflux. A solution of ag NaOH (7.4 mM) was then adddropwise over 1 h. Heating and
stirring was continued for a further 3 h and thke@ mixture was cooled to rt. The solid
was filtered and washed with,@ (10 mL) before drying under vacuum@9 as a white
solid (1.31 g, 72%). mp: >25 (lit.2°° >300°C); Vimax (KBr)/cm: 3488 (N-H), 3344 (N-
H), 3120 (ArC-H), 1683 (C=0), 1637 (C=N), 1566 (AC), 1527 (ArC=C);d4 (400
MHz, DMSO-d): 2.52 (3H, s, Ch), 6.92 (1H, br s, NH), 7.15 (2H, br s, BH7.23 (2H,
br s, NH), 7.89 (2H, d,J 8.8 Hz, 2 x Ar-H), 7.98 (2H, d] 8.8 Hz, 2 x Ar-H); LRMS (E)):
243.1 (M, 2%), 145.0 (100), 110.0 (44), 84.0 (8.0 (90);HRMS calcd for GiH1NgO,
244.0994, found 244.0991.
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1-[4-(Trityl-amino)-phenyl]-ethanone (110)
o)

TrHN/©)‘\

Triphenylmethyl chloride (1.06 g, 3.8 mmol) was addto a solution of 4'-
aminoacetophenone (460 mg, 3.4 mmol) in dry pyadit?2 mL). The solution was stirred
at rt for 4 d before the reaction mixture was ditbtvith EtOAc (25 mL) and then washed
with ag CuSQ@ solution (0.5 M, 50 mL) and brine (3 x 20 mL). Tamanic layers were
dried over MgS@ and concentrateh vacuoto give a white solid (938 mg, 73%); R
0.74 (20% THF in ChCly); mp: 154-157C; vmax(KBr)lcm'l: 3055 (ArC-H), 1658 (C=0),
1594 (ArC=C), 1281 (C-N)3y (400 MHz, CDCY): 2.19 (3H, s, Ch), 5.60 (1H, s, NH),
6.22 (2H, dJ 8.4 Hz, 2 x Ar-H), 6.98-7.18 (15H, m, 15 x Ar-H).40 (2H, dJ 8.4 Hz, 2 x
Ar-H); 8¢ (100 MHz, CDC}): 26.0 (CH), 71.4 (C), 127.3 (2 X ArCH), 128.1 (2 x ArCH),
128.3 (6 x ArCH), 129.2 (6 x ArCH), 129.8 (3 x Ar¢§H 44.7 (3 x ArC), 150.9 (2 x ArC),
196.5 (C),LRMS (EI'): 377.0 (M, 16%), 300.1 (19), 244 (100), 215 (385 (100), 106.1
(28), 77 (73), 43 (46); HRMS calcd fopfl3NO 377.1780, found 377.1779.

4-[(1,1-Dimethylethoxy)carbonylamino]acetophenone  ( 111)
o)

BocHN/©)J\

Di-tert-butyl dicarbonate (4.8 g, 22 mmol) was added tosaution of 4'-
aminoacetophenone (3 g, 22 mmol) in dry THF (130.mlhe mixture was stirred and
heated at reflux for 5 d, before pouring ontgDH50 mL), and extracting with EtOAc (100
mL). The organic layer was then washed witt©H50 mL) and brine (50 mL), dried over
NaSO;, and then dried under rotary evaporation to givellow solid. This was separated
on a silica column eluted with 1 : 1 hexane : EtQAgield 111 as a white solid (3.53 g,
75%). R = 0.44 (hexane : EtOAc 1 : 1); mp: 134-188 NMR spectroscopy agreed with
lit. values?®” 8 (400 MHz, CDC4): 1.45 (9H, s, 3 x Ck), 2.49 (3H, s, CH), 6.81 (1H, br
s, NH), 7.40 (2H, dJ 8.8 Hz, 2 x Ar-H), 7.83 (2H, d] 8.8 Hz, 2 x Ar-H);5¢c (100 MHz,
CDCl): 26.4 (CH) 28.3 (3 x CH) 81.2 (C), 117.4 (2 x ArCH), 129.9 (2 x ArCH), 131
(ArC), 143.1 (ArC), 152.3 (C=0), 197.1 (C=@Q)RMS (EI"): 235.1 (M, 37%), 179.1 (78),
164.0 (65), 120.0 (76), 57.1 (100); HRMS calcd@asH1,NO; 235.1208, found 235.1210.
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(4-Acetyl-phenyl)-carbamic acid benzyl ester (112)
o)

CszN/©)J\

Benzylchloroformate (1.14 mL, 8 mmol) was addedpdrse to a solution of 4'-
aminoacetophenone (1.08 g, 8 mmol) and NaOH (3208mgmol) in 1,4-dioxane : 1D
mixture (8mL : 3 mL) cooled to 6C. The reaction mixture was then stirred at this
temperature for 30 min, and then for a further 18t it. The solvent was then removed
under reduced pressure, and resulting solid digddivto a EtOAc : KO mixture (40 mL :
40 mL). The organic layer was separated and coratedtn vacuoto give a bright yellow
solid (2.15 g, 100%). R= 0.43 (hexane : EtOAc 1 : 1); mp: 112-1%5 (Iit.?%® 118-119
°C); & (400 MHz, CDC)): 2.48 (3H, s, Ch), 5.13 (2H, s, Ch), 7.08 (1H, br s, NH),
7.26-7.32 (5H, m, 5 x Ar-H), 7.42 (2H, 8,8.8 Hz, 2 x Ar-H), 7.84 (2H, d] 8.8 Hz, 2 x
Ar-H); 8¢ (100 MHz, CDC}): 26.4 (CH), 67.4 (CH), 117.7 (ArCH), 128.4 (2 x ArCH),
128.6 (2 x ArCH), 128.7 (2 x ArCH), 129.9 (2 x Ar§;H.32.2 (ArC), 135.7 (ArC), 142.4
(ArC), 152.9 (C=0), 197.1 (C=O%:RMS (EI'): 269.1 (M, 15%), 225.1 (7), 210.1 (6),
167.0 (6), 149.0 (14), 107.0 (18), 91.0 (100), 6@1); HRMS calcd for GH1sNOs
269.1052, found 269.1049.

p-(N-p-Tolylsulfonylamino)acetophenone  (113)
o)

TsHN/©)‘\

A solution of 4’-aminoacetophenone (2.0 g, 15 mmnol)pyridine (35 mL) was added
dropwise to a stirring solution gktoluenesulfonyl chloride (3.39 g, 18 mmol) in mime
(100 mL) cooled to 6C. The mixture was then stirred at rt for 24 h befeouring onto an
ice : HO mixture (300 mL). The solution was left to staied 4 h to allow product to
precipitate, which was then filtered and driedracuoyielding 113 as white fluffy crystals
(3.32 g, 78%). mp: 202-20%C (lit.**® 204-205°C); 8y (400 MHz, CDCY): 2.32 (3H, s,
CHs), 2.47 (3H, s, Ch), 6.69 (1H, s, NH), 7.08 (2H, d,8.8 Hz, 2 x Ar-H), 7.19 (2H, d]
8.0 Hz, 2 x Ar-H), 7.66 (2H, d] 8.0 Hz, 2 x Ar-H), 7.78 (2H, d] 8.8 Hz, 2 x Ar-H);3¢
(100 MHz, CDC4): 21.6 (CH), 26.4 (CH), 119.0 (2 x ArCH), 127.3 (2 x ArCH), 129.9 (2
x ArCH), 130.0 (2 x ArCH), 141.1 (2 x ArC), 144.8 X ArC), 196.8 (C=0).
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(4-Acetyl-phenyl)-carbamic acid 9 H-fluoren-9-yl ester (114)
o)

FmocHN/©)‘\

4’-Aminoacetophenone (523 mg, 4 mmol) was addedatatirring solution of 9-
fluorenylmethylchloroformate (1.0 g, 4 mmol) in,6t (35 mL) cooled to C. The
mixture was stirred for 20 min at this temperataned then at rt for 1 h. After this time,
H,O (250uL) was added and solution stirred for 10 min befiitering to give114 as a
white powder (731 mg, 53%). mp: 140-1%5; Vinax (KBr)/cm: 3350 (N-H), 3057 (Ar),
2891 (C-H), 1608 (ArC=C), 1693 (NCO), 1520 (Ar)442(CO0);3 (400 MHz, CDCY):
2.49 (3H, s, Ch), 4.20 (1H, tJ 6.4 Hz, CH), 4.51 (2H, d] 6.4 Hz, CH), 6.89 (1H, s,
NH), 7.25 (2H, dt] 7.6, 1.2 Hz, 2 x Ar-H), 7.35 (2H, 4,7.6 Hz, 2 x Ar-H), 7.54 (2H, d]
7.4 Hz, 2 x Ar-H), 7.71 (2H, d] 7.4 Hz, 2 x Ar-H), 7.84 (2H, d] 8.4 Hz, 2 x Ar-H);dc
(100 MHz, CDCH): 26.4 (CH), 47.1 (CH), 67.1 (Ch), 117.7 (2 x ArCH), 120.2 (2 x
ArCH), 124.9 (2 x ArCH), 127.2 (2 x ArCH), 127.9 X2ArCH), 129.9 (2 x ArCH), 132.3
(ArC), 141.4 (2 x ArC), 142.2 (ArC), 143.6 (2 x Ar(152.9 (C=0), 196.9 (C=0).

[4-(2-Oxo-acetyl)-phenyl]-carbamic acid  tert-butyl ester (116)
o)

H
(e}
BocHN

Using general procedure 3@16 was synthesised frorhill (801 mg, 3.4 mmol). The
resulting residue was separated on a silica coleloied with 1 : 1 hexane : EtOAc to give
a yellow foamy solid (847 mg, 100%); R 0.25 (hexane : EtOAC 1 : M)inax (KBr)/cm™:
3344 (N-H), 2978 (ArC-H), 1708 (C=0), 1602 (ArC=C)154 (C-O);04 (400 MHz,
CDCly): 1.45 (9H, s, 3 x CE} 5.06 (1H, br s, C(OHM), 6.23 (1H, br s, OH), 6.97 (1H, br
s, OH), 7.39 (2H, dJ 8.8 Hz, 2 x Ar-H), 7.99 (2H, d] 8.8 Hz, 2 x Ar-H), 9.57 (trace 1H,
S, C(O)H); dc (100 MHz, CDCY): 28.2 (3 x CH), 81.6 (C), 88.6 (C(OHM), 117.6
(ArCH), 117.6 (ArCH), 126.6 (ArC), 131.6 (ArCH), 23 (ArCH), 144.5 (ArC), 190.2
(C=0), 191.3 (C=O)LRMS (EI'): 249.2 (M, 5%), 220.1 (76), 164.1 (98), 120.1)(45.0
(100), 47.0 (100); HRMS calcd for§H1sNO4 249.1001, found 249.1004.
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4-Methyl- N-[4-(2-oxo-acetyl)-phenyl]-benzenesulfonamide (118)
o)

/@)‘\"/H
(0]
TSHN

118 was prepared using general procedure 3C ftd®1(1.0 g, 3.46 mmol). The crude
residue was then chromatographed on a silica cokloted with hexane : EtOAc (1 : 1) to
give a green oil (36 mg, 3%):R 0.1 (hexane : EtOAc 1 : 1);; (400 MHz, CDCY): 2.28
(3H, s, CH), 5.01 (1H, s, C(OHH), 7.11 (2H, d,J 8.8 Hz, 2 x Ar-H), 7.16 (2H, d] 8.4
Hz, 2 x Ar-H), 7.69 (2H, dJ 8.6 Hz, 2 x Ar-H), 7.75 (2H, d] 8.6 Hz, 2 x Ar-H), 8.11
(1H, s, NH):3¢ (100 MHz, CDCY): 20.6 (CH), 87.6 (C(OH)H), 117.2 (2 x ArCH), 117.3
(2 x ArCH), 126.2 (ArCH), 126.3 (ArCH), 129.0 (2ACH), 134.6 (ArC), 141.8 (ArC),
143.7 (ArC), 188.8 (ArC), 190.4 (C=0); LRMS (FAB304.0 ([M+H], 89%), 274.0
(100), 84.9 (75), 75.1 (24); HRMS calcd fors8:4NO,S 304.0644, found 304.0649.

N-Tritylaniline (120)
NHTr

Triphenylmethyl chloride (3.35 g, 12 mmol) was adide a solution of aniline (1 mL, 11
mmol) in dry pyridine (45 mL). The solution wasrsgd at rt for 4 d. The reaction mixture
was then diluted with EtOAc (100 mL) and then washdth ag CuS@ solution (0.5 M)
(150 mL) and brine (3 x 50 mL). The organic layevere dried over MgS§) and
concentratedn vacuoto give a pale yellow solid (3.51 g, 95%). mp: 1582 °C (lit.>"°
151-152°C); 3y (400 MHz, CDCJ): 4.82 (1H, s, NH), 6.26 (2H, d,8.0 Hz, 2 x Ar-H),
6.44 (1H, tJ 14.2 Hz, Ar-H), 6.61 (2H, ddl 14.2, 8.0 Hz, 2 x Ar-H), 7.09-7.29 (15H, m,
15 x Ar-H); 8¢ (100 MHz, CDCJ): 71.5 (C), 116.2 (2 X ArCH), 117.4 (ArCH), 126®x
ArCH), 128.0 (6 x ArCH), 228.3 (2 x ArCH), 129.3 6ArCH), 145.5 (3 x ArC) 146.3
(ArC); LRMS (EI"): 335.2 (M, 10%), 243.1 (100), 228.1 (18), 183.3)( 165.1 (96), 84.0
(40), 77.1 (35); HRMS calcd forz6H,1N 335.1674, found 335.1672.
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2-(4’-Benzylamine)-1,4,7,10-tetraazacyclododecane ( 124
—\ NH,
[NH HN
NH HN
v/

A solution of BH.THF (1M) (10 mL) was added slowly to a flask afring 87 (600 mg)
under Ar. The solution was then stirred at rt fdudher 19 h before the excess borane was
guenched with MeOH (3 mL). The solvent was remouader vacuum and the residue
was treated with boiling HCI (6M) (20 mL) for 2 After removal of the solvenis vacuq
the residue was basified to pH 12 using KOH (7Mnil0, and the aq solution extracted
with CH,CI, (3 x 20 mL) which was then dried under reducedssuee to givel24 as a
white viscous oil (391 mg, 64%Ymax (NaCl)/cmi™: 3466 (N-H), 2971 (ArC-H), 1615
(ArC=C), 1072 (C-N);d4 (400 MHz, CDCJ): 1.91 (2H, t,J 10.0 Hz, CH)), 2.07-2.97
(15H, m, 14 x CH, Ckl CHa), 7.17 (2H, dJ 7.0 Hz, 2 x Ar-H), 7.27 (2H, d1 7.0 Hz, 2 x
Ar-H); d¢c (100 MHz, CDC4): 38.5 (CH), 41.4 (CH), 45.8 (CH), 52.5 (CH), 53.1 (CH),
58.1 (Ch), 59.8 (CH), 61.0 (ChJ, 61.5 (CH), 126.7 (2 x ArCH), 126.9 (2 x ArCH),
141.0 (ArC), 142.4 (ArC); LRMS (C): 277.2 (M, 9%), 260.2 (12), 204.1 (100), 187.1
(74), 132.1 (21), 99.1 (37), 58.1 (62); HRMS calimt C;sHo7Ns 277.2266, found
277.2264.

Benzamidine (129)
NH,

@NH HCl

129 was prepared as the hydrochloride salt under Piomeditions'>® Benzonitrile (4.08
mL, 40 mmol) was dissolved in dry GEl, (88 mL) and abs. EtOH (4.7 mL) added and
cooled to -&C in a NaCl ice bath. The solution was saturateti iy HCI at this t for 20
min, and then stirred at rt under an atmospherel©if for 18 h. The solvent was then
removed under vacuum and,@t (100 mL) was added. The precipitate was filtered,
dissolved in ice cold D (30 mL) and 10% aq #O; (75 mL) was added. The mixture
was stirred at rt for 5 min before it was extracsgth EtOAc (150 mL). The organic phase
was dried over N&O, and concentrated under reduced pressure to gikearoil. This oil
was combined with NkCI (2.35 g, 44 mmol) and MeOH B (70 mL : 9 mL) and stirred
and heated under reflux for 6 h. The solvent was tlemoved under vacuum and acetone

(75 mL) was added. The precipitate was collectediltration to achievel29 as a white
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solid (4.78 g, 76%). mp: 176-17€ (Iit.271 174-179°C); &4 (400 MHz, DMSO-¢): 7.55
(2H, 1,3 6.8 Hz, 2 x Ar-H), 7.63 (1H, 11 7.4 Hz, Ar-H), 7.85 (2H, d] 7.4 Hz, 2 x Ar-H);
Oc (100 MHz, DMSO-@): 127.8 (2 x ArCH), 129.1 (2 x ArCH), 131.9 (ArCH)35.2
(ArC), 165.6 (CNH).

Benzamidinel29 was also prepared using lithium hexamethyl diaitez (LIHMDS):
Benzonitrile (0.1 mL, 1 mmol) was dissolved in difF (4 mL) and cooled to -78.
LIHMDS. THF (2 mL, 2 mmol) was added dropwise, antkture stirred at this t for 2 h.
The reaction mixture was then stirred for a furtbdr while warming to 6C. H,O (2 mL)
was then added carefully, and solution extractatt ®@H,Cl, (30 mL). The organic layer
was then washed with brine (10 mL) and dried oveygSK) before filtering and
concentratingn vacuoto give a green oil (77 mg, 64%). LRMS {1121.2 ([M+HT,
100%), 85.1 (73); HRMS calcd forsBgN, 121.0766, 121.0765.

4-Acetyl-benzamidine  (132)
NH, g
NH,

4’-Acetylbenzonitrile (0.5 g, 3.4 mmol) was dissedvin dry THF (14 mL) and cooled to -
78°C. LIHMDS.THF (7 mL, 7 mmol) was added dropwisedamixture stirred at this
temperature for 2 h. The reaction mixture was ttemed for a further 2 h while warming
to 0°C. H,O (15 mL) was then added carefully, and solutiotrasted with CHCI, (50
mL). The aq layer was acidified with conc HCI andracted with EtOAc (25 mL), and
then basified with NaOH and extracted with EtOABr(.). The organic layers were all
combined and washed with brine (40 mL) before dyyover MgSQ. Filtration and
concentratingn vacuogave 132 as a white solid (360 mg, 65%). mp: 54-%5 Vmax
(KBr)/cm™: 3354 (N-H), 3096 (ArC-H), 1695 (C=N), 1685 (C=QF04 (ArC=C);3,; (400
MHz, DMSO-d): 2.69 (3H, s, Ch), 3.44 (4H, br s, 4 x NH), 8.09-8.10 (4H, m, 4 xIA);

3¢ (100 MHz, DMSO-g): 27.0 (CH), 128.3 (2 x ArCH), 129.5 (2 x ArCH), 134.5 (ArC),
139.8 (ArC) 166.6 (CNp, 197.7 (C=0); LRMS (E): 164.0 ([M+H], 6%), 149.0 (22),
121.0 (6), 84.0 (100), 66.0 (99), 46.0 (37); HRMScd for GH1.N,O 164.0950, found
164.0944.
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2-(Benzamidine)-1,4,7,10-tetraazacyclododecane.pent  ahydrochloride (131)

NH
/\ NH,
[NH HN
NH HN SHCI
/

87 (637 mg, 2.3 mmol) was dissolved in THF (9 mL) end\r and cooled to -78C.
LIHMDS.THF (11.7 mL, 11.7 mmol) was then added dvege with stirring. The mixture
was stirred and warmed to rt and stirred at this 24 h. The solution was then cooled to O
°C and HCI.EfO (10 mL) added. The brown precipitate was filteegdtl recrystallised
from EtOH and EO, and the hygroscopic solid filtered and washeitkiy with cold
EtOH and EfO a number of times to leave a fine pale brown pawd.04g, 95%)Vmax
(KBr)/cm™: 3150 (N-H), 1679 (C=N), 1546 (ArC=C), 1377 (C-N); (400 MHz, DMSO-
ds): 2.60-3.40 (21H, m, 14 x CH, 7 x NH), 3.85-3.88( m, CH,), 7.89-8.00 (4H, m, 4 x
Ar-H); 3¢ (100 MHz, DMSO-g): 35.3 (CH), 42.5 (CH), 43.4 (CH), 48.2 (CH), 48.7
(CHy), 53.8 (CH), 55.0 (CH), 57.6 (CH), 126.1 (2 x ArCH), 126.5 (2 x ArCH)34.5
(ArC), 163.3 (C=N).

Methyl 3-phenylaminobenzoate (134)

e
PR > :: ~ 2

A screw-cap Schlenk tube equipped with a stirrenis charged with Bfba) (9.2 mg,
0.01 mmol), 2-dicyclohexylphosphino-2’,4’,6’-triipoopylbiphenyl (XPhos) (24 mg, 0.05
mmol) and sodiun-butoxide (135 mg, 1.4 mmol). The tube was evaclated refilled
with argon before methyl 3-chlorobenzoate (170 @ mmol), aniline (109uL, 1.2
mmol) andt-BuOH (1 mL) were added. The tube was then cappedreaction mixture
heated and stirred at 10C for 30 min. After this time, the mixture was cedlto rt,
diluted with EtOAc (5 mL) and suction filtered. THiérate was reduced under vacuum,
and residue separated by flash chromatographyl(hexane : EO) to give134 as a
yellow solid (57 mg, 25%). mp: 110-1%2 (lit.*° 111-112.5°C); &, (400 MHz, CDCY):
3.81 (3H, s, OCH), 5.79 (1H, s, NH), 6.89 ( 1H,1,7.6 Hz, Ar-H), 7.00 (2H, dd] 8.4, 0.8
Hz, 2 x Ar-H), 7.14-7.24 (4H, m, 4 x Ar-H), 7.48.H, dt,J 7.6, 1.4 Hz, Ar-H), 7.63 (1H,
t, J 1.4 Hz, Ar-H);3¢c (100 MHz, CDCY): 52.2 (CH), 118.2 (ArCH), 118.4 (ArCH), 121.5
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(ArCH), 121.8 (ArCH), 129.2 (ArCH), 129.4 (2 x ArGHL29.5 (2 x ArCH), 131.3 (ArC),
142.4 (ArC), 143.6 (ArC), 167.2 (C=0).

4-Amino-1-(2- tert butoxycarbonyl)-benzamidine  (137)
NH

/©)J\NHBOC
H,oN

Di-tert-butyl dicarbonate (524 mg, 2.4 mmol) was addedlsi®o a stirring solution of 4-
aminobenzamidine dihydrochloride (500 mg, 2.4 mmat) NaOH (1M) (4.8 mL), THF
(2.4 mL) and HO (2.4 mL). The mixture was stirred at rt for 3 efdre extraction with
EtOAc (30 mL). The organic layer was dried over,8@, and dried under reduced
pressure. The residue was then separated on a sdlomn eluted with 1 : 1 hexane :
EtOAc to give a white solid (370 mg, 66%): R 0.07 (hexane : EtOAc 1 : 1); mp:
decomposition >226C (lit.**! no characterisation\max (KBr)/cm™: 3386 (-NH-), 1711
(COO0), 1610 (Ar), 1496 (NCOYH (400 MHz, DMSO-@): 1.42 (9H, s, 3 x Ch), 5.79
(2H, s, NH), 6.54 (2H, d,) 8.8 Hz, Ar-H), 7.71 (2H, d] 8.8 Hz, 2 x Ar-H);0c (100 MHz,
DMSO-d): 28.0 (3 x CH), 77.1 C(CHa)3), 112.5 (2 x ArCH), 120.3 (ArC), 129.2 (2 x
ArCH), 152.5 (ArC), 163.9 (C=N), 166.2 (C=0); LRMS&I"): 235.1 (IM[, 45%), 180.1
(83), 162.0 (65), 135.1 (82), 119.0 (100), 92.0)(B3F.1 (95), 41.1 (33); HRMS calcd for
C12H17N30, 235.1321, found 235.1322.

4-Amino-1-(2-di- tertbutoxycarbonyl)-benzamidine (138)
NH

/@Aj\ N(Boc),
H,oN

Di-tert-butyl dicarbonate (26 g, 119 mmol) was added slawla stirring solution of 4-
aminobenzamidine dihydrochloride (10 g, 48 mmot),NaOH (1 M) (96 mL), THF (48
mL) and HO (48 mL). The mixture was stirred at rt for 7 ddye extraction with EtOAc
(300 mL). The organic layer was dried overn8i@ and dried under reduced pressure. The
residue was then separated on a silica columnceluih 1 : 1 hexane : EtOAc to give a
white solid (10.4 g, 65%). {R= 0.33 (hexane : EtOAc 1 : 1); mp: 175-177; Vmax
(KBr)/cm™: 3386 (-NH-), 1711 (COO), 1610 (Ar), 1496 (NC@); (400 MHz, CROD):
1.51 (9H, s, 3 x ChJ, 1.52 (9H, s, 3 x C§J, 4.92 (2H, s, Nb), 7.51 (2H, dJ 8.8 Hz, 2 x
Ar-H), 7.75 (2H, dJ 8.8 Hz, 2 x Ar-H);dc (100 MHz, CROD): 28.6 (3 x CH), 28.7 (3 x
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CHa), 80.3 C(CHs)3), 81.3 C(CHs)s), 118.8 (2 x ArCH), 129.5 (ArC), 129.7 (2 x ArCH),
144.6 (ArC), 164.8 (C=N), 169.7 (2 x C=0); LRMS {EI335.1 ([M], 8%), 280.1 (18),
206.0 (14), 179.1 (31), 135.1 (16), 57.1 (100); HRNM&alcd for G/H2sNz0, 335.1845,
found 335.1847.

Benzanilide (143)

o) @
o

Benzoyl chloride (1.0 g, 7 mmol) was added to &isg solution of aniline (532iL, 5.8
mmol), 4-(dimethylamino)pyridine (992 mg, 8.12 miand pyridine (695uL, 8.58
mmol) in CHCI, (70 mL). The mixture was stirred at rt for 19 Hdre it was diluted with
CH.Cl, (50 mL) and washed with saturated ag®ia; solution. The organic phase was
then reducedh vacuo The residue was then separated on a silica coklotaed with 1 : 1
hexane : EtOAc to give an off white solid (1.0499%). R = 0.5 (hexane : EtOAc 1 : 1);
mp: 161-163C (lit."* 163°C); 34 (400 MHz, CDC}): 7.09 (1H, ttJ 7.2, 1.4 Hz, Ar-H),
7.31 (2H, tJ 8.4 Hz, 2 x Ar-H), 7.42 (2H, 111 6.8, 1.6 Hz, 2 x Ar-H), 7.49 (1H, t§,7.2,
1.4 Hz, Ar-H), 7.58 (2H, d] 7.4 Hz, 2 x Ar-H), 7.75 (1H, s, NH), 7.81 (2H,17.4 Hz, 2
x Ar-H); 8¢ (100 MHz, CDCY): 120.2 (2 x ArCH), 124.6 (ArCH), 127.0 (2 x ArCH)

128.9 (2 x ArCH), 129.2 (2 x ArCH), 131.9 (ArCH)38.0 (ArC), 137.9 (ArC), 170.5
(C=0).

Benzoic acid (144)

©)%H

To a solution of benzonitrile (2 mL, 19.6 mmol)&OH (20 mL) and KO (20 mL) was
added KOH (40 g, 713 mmol). The mixture was heated stirred under reflux for 24 h
before E2O (15 mL) was added and the aq layer separatedoamic phase was washed
with H,O (2 x 20 mL) and the aq layers combined and aedivith conc HCI to pH1.
The aqg phase was then extracted witt©OE60 mL), which was washed with,@ (10 mL),
dried over MgS®@ and the solvent removed vacuo 114 was achieved as white needle-
like crystals (1.85 g, 77%). mp: 121-122 (lit.?”® 123-124°C); 3¢ (100 MHz, CDC}):
128.5 (2 x ArCH), 129.4 (ArC), 130.3 (2 x ArCH),3.9 (ArCH), 172.8 (C=0).
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2-(Benzoic acid)-1,4,7,10-tetraazacyclododecane (14 2)
0

— OH
NH HN

NH HN
(—

KOH pellets (10.0 g, 183 mmol) were slowly addedhtstirring solution 087 (1.0 g, 3.7
mmol), EtOH (4 mL) and kO (4 mL). The mixture was then stirred and heatedeu
reflux for 3 d before BEO (3 mL) was added, and the organic layer sepastddvashed
with H,O (2 x 5 mL). The aq layers were combined and &edliwith conc HCI before
extraction with E{O (75 mL). The organic phase was separated, wasftedH.O (20
mL), dried over MgS®@and reducedh vacuoto give142 as a pale brown solid (953 mag,
88%). The mp is unavailable as compound is hygmiscomax (KBr)/cm™: 3632 (-NH-),
3255 (COO-H), 1669 (Ar), 1558.0 (Ardiy (400 MHz, CROD): 3.17-4.09 (15H, m, 14 x
CH, CHa), 7.77 (2H, dJ 8.2 Hz, 2 x Ar-H), 8.13 (2H, d] 8.2 Hz, 2 x Ar-H);dc (100
MHz, CD;OD): 37.1 (CH), 44.41 (CH), 44.9 (CH), 46.0 (CH), 50.1 (CH), 54.0 (CH),
55.5 (CH), 59.1 (CH), 129.2 (2 x ArCH), 131.7 (2 x ArCH)33.7 (ArC), 138.9 (ArC),
168.7 (C=0); LRMS (FAB): 293.2 ([M+H] 22%), 192.5 (100), 176.7 (45), 131.4 (5);
HRMS calcd for GsH2s0,N4 293.1978, found 293.1980.

2-(Benzoyl chloride)-1,4,7,10-tetraazacyclododecane (145)
o)
7\ cl
[NH HN
NH HN
J

142 (50 mg, 0.17 mmol) and SOQ.5 mL, 5.95 mmol) were stirred and heated atG0
for 2 h until HCI production stopped. The exces€&Was removedn vacuoto give 145
as a yellow solid (53 mg, 100%d45 was taken onto next step without further purifimat
or characterisation.



Caroline M. Reid, 2006 Chapter 7, 162

4-Acetyl-benzoic acid benzyl ester  (146)

BnO

Benzyl bromide (3621L, 3 mmol) was added to a stirring solution of 4etyl benzoic
acid (500 mg, 3 mmol) and triethylamine (425, 3 mmol) in THF (6 mL). The solution
was stirred at rt for 48 h after which the solvesats removed under reduced pressure. The
residue was then extracted with@&t(75 mL) and HO (30 mL). The organic layer was
separated, washed with brine and dried over Mg&@ore reducingn vacuoto give a
white solid (562 mg, 72%). mp: 32-3€ (1it.*® no characterisation\max (KBr)/lcm™:
1214 (COO), 1710 (C=0O ketone), 3034 (Ar), 2962 £{LH499 (Ar); 34 (400 MHz,
CDCl): 2.57 (3H, s, CH), 5.32 (2H, s, Ch), 7.29-7.40 (5H, m, 5 x Ar-H), 7.93 (2H, &,
8.6 Hz, 2 x Ar-H), 8.09 (2H, d] 8.6 Hz, 2 x Ar-H);d¢c (100 MHz, CDC}): 26.9 (CH),
67.2 (CH), 128.2 (2 x ArCH), 128.3 (ArCH), 128.5 (2 x ArGH)28.7 (2 x ArCH), 130.0
(2 x ArCH), 133.9 (2 x ArC), 140.3 (ArC), 165.6 (O¥ 197.5 (C=0); LRMS (E): 254.0
(IM]*, 73%), 239.0 (19), 147.0 (100), 91.0 (93); HRMScdafor CigH1405 254.0943,
found 254.0947.

4-(1-Chloromethyl-1-formylamino)-1-(2-tertbutoxycar ~ bonyl)-benzamidine

(150)
NH
o) /©)LNHBOC
C|\)LH

To a solution of 4-amino-1-(2-tertbutoxycarbony®rzamidine (220 mg, 0.94 mmol), and
triethylamine (195uL, 1.4 mmol) in CHCI, (2.4 mL) was added dropwise a solution of
chloroacetyl chloride (8%L, 0.98 mmol) in CHCI, (1 mL). The reaction mixture was
stirred at rt for 19 h before washing with ag HCM) (3 mL) and HO (2 x 3 mL). The
organic layer was then dried over #/8&, and reducedn vacuo The residue was then
separated on a silica column eluted with 1 : 1 hexaEtOAc to givel50 as a green oil
(293 mg, 59%). R= 0.1 (hexane : EtOAc 1 : 1); (fit* no characterisationfiy (400 MHz,
CDCl): 1.45 (9H, s, 3 x C}J, 4.13 (2H, s, Ch), 7.52 (1H, dJ 8.8 Hz, Ar-H), 7.62 (1H,
d, J 8.8 Hz, Ar-H), 7.75 (2H, dd) 8.8, 3.2 Hz, 2 x Ar-H), 8.19 (NH), 8.64 (NH), 8.70
(NH); dc (100 MHz, CDC})): 28.1 (3 x CH), 43.0 (CH), 82.9 (C), 119.6 (2 x ArCH),
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129.0 (2 x ArCH), 129.3 (ArC), 141.1 (ArC), 149.8+N), 164.5 (C=0), 164.5 (C=0);
LRMS (EI: 312.0 ([MT, 4%), 238.0 (15), 212.0 (28), 196.0 (23), 162 (20.0 (23),
59.0 (95), 41.1 (100); HRMS calcd forE10N305>°Cl 312.1115, found 312.1113.

N-[4-(1,4,7,10-Tetraazacyclododec-2-yl)-benzyl]- N-(tert-butoxycarbonyl)- N-
bis( tert -butoxycarbonyl)-carboxamidine (151)

NBoc
[NH HN
NH HN
L/

124 (305 mg, 1.1 mmol) was dissolved in abs MeOH (1J onder Ar at rtN,N’-Di-Boc-
1H-pyrazole-1-carboxamidine (170 mg, 0.55 mmol) amehtN,N-diisopropylethylamine
(96 uL, 0.55 mmol) were added and the mixture stirrad2#d h at rt. The reaction mixture
was then concentratead vacuoto give a yellow oil (488 mg, 100%), which wasnhaken

onto the Boc-deprotection step without further fication.

2-(N-Benzylguanidine)-1,4,7,10-tetraazacyclododecane.he  xahydrochloride

(152)
NH
/\ N NH
[NH HN
NH HN 6HCI
/

151 (488 mg, 1.1 mmol) was stirred in aq HCI (6M) ¢bQ) for 5 h at rt. The solution was
concentrated under reduced pressure, and the yedsidue recrystallised from EtOH and
Et,O to give the hexahydrochloride s&2 as a white solid (1.4 g, 99%)max (KBr)/cm™:
3397 (N-H), 2900 (ArC-H), 2957 (ArC-H), 1670 (C=N)446 (C-N);dy (400 MHz,
CD;0D): 3.26-3.87 (16H, m, 14 x CH, GH4.48 (1H, d,) 6.4 Hz, CH), 6.80 (3H, br s, 3
x NH), 7.45 (2H, d,J 8.0 Hz, 2 x Ar-H), 7.58 (2H, br s, 2 x NH), 7.73H;, d,J 8.0 Hz, 2 X
Ar-H); 3¢ (100 MHz, CROD): 35.6 (CH), 39.7 (CH), 40.7 (CH), 43.35 (CH), 47.4 (2 x
CH,), 51.2 (CH), 53.2 (CH), 56.0 (CH), 127.7 (ArCH), 128.4 (ArCH), 131.7 (ArC),
133.3 (2 x ArCH), 139.3 (ArC), 157.2 (C=NH, rotoryet58.7 (C=NH, rotomer).



Caroline M. Reid, 2006 Chapter 7, 164

N* N2-Bis-(2-aminoethyl)-butane-1,2-diamine (155)
H,N NHHN  NH;

Ha

1,2-Dibromobutane (1.81 mL, 15 mmol) was added &wvarin to a stirring solution of 1,2-
diaminoethane (2 mL, 30 mmol) in EtOH (10 mL). Theture was heated under reflux
for 18 h. KOH (4.2 g, 8.6 mol) was added and sotustirred at rt for 10 min. The solution
was reduced by rotary evaporation until most of sbesent had been removed, before
filtering through sintered glass, and rinsing with KOH solution (50%, 10 mL). The
filtrate was recovered and another volume of aq K&Hution added (10 mL) before
filtering again. The yellow organic layer was segpad from the aq phase, and dried over
KOH pellets. Filtering the solution and removalsafiventin vacuogave the tetraamine
155 as a racemic yellow solid (1.9 g, 36%pax(neat)/cnit: 1599 (-NH-), 1560 (-Nb); d4
(400 MHz, CDC}): 0.69 (3H, t,J 7.6 Hz, Gi3-CH,), 1.28 (2H, m, ChtCH,), 2.40-2.53
(10H, m, 5 x CH), 2.87 (1H, tJ 6.4 Hz, H); 8c (100 MHz, CDC}): 10.0 (CH), 25.2
(CHy), 41.5 (CH), 42.0 (CH), 49.5 (CH), 52.4 (CH), 52.5 (CH), 60.1 (CH); LRMS
(CI") 175.2 ([M+HT, 100%), 160.2 (5), 142.2 (26), 132.2 (16); HRM&ddor GH2N4
175.1923, found 175.1920.

7.2.3 Biological Materials and Methods for Chapter 3

7.2.3.1 Trypanosome Cell Line

Trypanosoma brucei brucei 427

T. b. bruceistrain EATRO (East African Trypanosomiasis Rede&uoganisation) 427 was
used routinely for uptake assays. These stocks wepplied by Dr M. P. Barrett,

University of Glasgow.

T. b. brucei 427 ATbatl Mutant Clone

The ATbatl (P2) null mutant clone was constructed by seqakrgplacement oTbAT1
with the neomycin and puromycin resistance markerB. b. brucei427. This knockout
cell line was four-fold less sensitive to melarsb@nd melarsen oxide. These stocks were
originally supplied by E. Matovu and are held a tniversity of Glasgow.
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7.2.3.2 Growth and Maintenance of Bloodstream-Form  Trypanosome Stocks

In vitro culture

Cultures were incubated in sterile culture flask8&°C and 5% C®@in HMI-9 medium
containing 20% heat-inactivated foetal calf serGrmL cultures were seeded with 200

of culture at 2 x 10cells/mL. Cells were allowed to grow for 3 d aftenich they had
reached maximum density (approximately 2 X &6lls/mL) and were passaged again in

the same way.

In vivo culture

Trypanosomes were stored in capillary tubes, imidiquitrogen storage facilities, in blood
containing 10.5% DMSO. Wistar rats or ICR mice (@eging on the number of
trypanosomes required) were infected by intrapee#d injection of the parasite stabilates.
Parasitaemias were checked daily by examinatiora a&il blood smear under phase
contrast. Parasitaemia was scored using the rapidhing method. When the parasitaemia
reached 1 x 1Dcells/mL the animal was sacrificed using £&hd the blood collected by

cardiac puncture in a syringe containing 100 U/mpdrin in CBSS.
7.2.3.3 Trypanotoxicity

In vitro Toxicity Assay (Alamar Blue Assay)

The Alamar Blue assay was used to assess tokicitirro.”* Doubling serial dilutions of
test compound were set out in a 96 well plate iplidate, in a volume of 10QL HMI-9
medium?’® 100 L of trypanosomes at 2 x 1@ells/mL were added to each well. After 48
h incubation at 37C and 5% C@ 10% Alamar Blue (2QiL) was added to each well and
the plates incubated for a further 24 h. UnspetiBazymes in the live cells reduce the
Alamar Blue to the colourless form. The concomitaminge in absorption at 600 nm can
be measured spectrophotometrically, or fluorometasurements can be taken at 530 nm
excitation and 590 nm emission as the amount obréscence detectable at these
wavelengths increases in the reduced dye. All nreasnts were taken fluorometrically.
The 1G5 value was calculated by analysing the data wieghl@ value algorithm of the
Grafit 4.0 (Erithracus Software) or using Prism 8&raphPad, San Diego, CA, USA).
Values were checked for accuracy by visually examgircell viability and motility. Each

experiment was performed in duplicate and replatatdeast once.
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In the investigation of polyamine effect on toxygithe drug compound was dissolved in a
0.1 M solution of putrescine, spermidine or speemmHMI-9 before serial dilutions were

made.

In vivo Toxicity Assay

Female NMRI mice weighting 22-25 g were infectethvdryopreserved stabilates Df b.
brucei STIB 795 (derivate of strain 427). Each mouse iméected intraperitoneally with
(2-4) x 10 bloodstream forms. Melarsoprol (arsobal; Avendisjed as standard drug and
was diluted with sterile distilled water to an agmiate concentration. Groups of four mice
were treated on days three, four, five and sixapgritoneally with 20 mg/kg 091. A
control group remained untreated. The parasitaehell animals were checked on day
seven post-infection and every second day untilbMs at which point, mice were

euthanased.
7.2.3.4 Human Embryonic Kidney Cells

Human Embryonic Kidney Cells (HEK), strain 293T, re@ised as the mammalian cell
line for comparative analyses. HEK cells were aeltuin Dulbecco’s Modified Eagle’s
Medium (Sigma) with penicillin/streptomycin (10 mgl), L-Glutamax (200 nM), and
10% newborn calf serum in vented culture flask8afC in 5-10% CQ atmosphere,
passaging when cells on the monolayer are 80-85&8fuemt. The Alamar Blue assay
protocol was modified from the one used for livgpanosomes; 10QL of a 3 x 16
cells/mL suspension was added to each well of wélbplate and incubated at 8 for 3

h to allow cells to adhere to the bottom of thelsvdPreparation of drug stocks in doubling
dilution was added after the incubation periodubated for a further 12-16 h before the
addition of 10% Alamar Blue (20L). After 24 h the plates were read fluorometrigahd

visually as above.
7.2.3.5 Fluorescence Assays

Wet Slides

A culture of the cells in HMI-9 medium was centgid and the excess medium poured
off. 5.0 mL of CBSS solution was used to re-susptra cells before centrifuging and
pouring off excess CBSS. This process was repdaitied to wash the cells and remove
soluble blood components. 2/ of 10.0 mM fluorescent drug compounds was added t
0.5 mL cells in CBSS solution in a 0.5 mL vial. &ftfive min the vial was centrifuged, the

excess solution removed, and Opl2 solution removed to a glass slide and a cover sli
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added. This was viewed directly through the Zeig®#cope FL fluorescence microscope
using a Zeiss 02 filter at an excitation wavelengfttl8330 nm and an emission wavelength
of 400 nm. Images were obtained by the same methmdusing an Axiovert 200M

Fluorescence microscope. This technique was repéaimover a 5-90 min time period

Blood Smear

Blood was collected as previously described fromR I8ice presenting peak parasitaemias.
0.5puL of 10.0 mM fluorescent drug compounds was addesdOL of whole blood at rt

to give a starting concentration of 1QuBI. This was thoroughly mixed and approximately
2.0puL removed to a glass slide and covered to produeetdlood smear that was viewed

over a 5-90 min time period. This was viewed, anddes obtained directly as before.
7.2.3.6 Malarial Assays

The parasitaemia of Rlasmodium falciparunm(3D7 strain) culture was determined by
counting Giemsa stained blood smears and dilutédigarasitaemia in 2% haematocrit.
The compounds tested were diluted to 400 in medium and filter sterilised. 96 well
plates were prepared by pipetting 100medium (RPMI 1640) into each well. To the first
well 100puL of drug was added and doubling dilutions wereiedrout across the plate. As
a control no drug was added to the last well. &@oh well, 10QuL culture was added. The
plates were incubated at 8C in a sealed culture chamber gassed with 5%, @@ G
and 94% N. After 24 h, 10QuL media was removed and 100 fresh medium containing
0.5 uCi/well [*H]-labelled hypoxanthine (Amersham, 37 MBg/mL (1rndli) radioactive
concentration, 925 GBg/mmol (25 Ci/mmol) specifitiety) was added. The plates were

incubated as before 24 h. Afterwards the plateg \frezen at -20C until harvested.

After thawing at rt, the cells were harvested aamtiiter mat (Wallac) using a Tomec cell
harvester. The filter mats were dried and sealedample bags with Wallac Betaplate
Scint scintillation liquid (Perkin Ellmer). The nsatvere counted using a Wallac Trilux

1450 microbeta liquid scintillation and luminescemounter.
7.2.3.7 Enzyme Assays

Recombitant_eishmania majooligopeptidase B (5.0 ng) was incubated in 100 irid
(pH 8) with varying concentrations of polyaminé®,(88, 90, 91 and 131) for 10 mins

prior to the addition of the substrate, z-RR-amadiiem, Nottingham, UK), at a saturating
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concentration (1QuM). Activity was determined by the change in flusrence Xex = 355
nm, Aex = 460 nm) at 2PC using an EnVision 2102 plate reader (Perkin EJrBeicks,
UK). The relative activity was calculated from tregio of initial velocity in the presence
of inhibitor to that of uninhibited controls andsfCvalues were calculated using FigP

(Fig.P Software Corporation, Hamilton, Canada).
7.3 Experimental to Chapter 4

7.3.1 Experimental Details

Methyl ( R)-phenylglycinatehydrochloride  (160)

»

®
C|® HgN/\”/OMe
(0]

The hydrochloride salt was obtained by forming spsmsion of R)-phenylglycine (9.6 g,
64 mmol) in dry MeOH (50 mL), and conc HCI (116 mimd0 mL) was added. The
mixture was then stirred and heated at reflux fdr. 8’'he solution was concentrated
vacuoto leave a white powder (12.8 g, 100%); mp: 228-23 (lit.'*° 202 °C); &y (400
MHz, CDCk): 3.74 (3H, s, OCH), 5.22 (1H, s, CH), 7.38-7.48 (5H, m, 5 x Ar-18); (100
MHz, CDCk): 54.3 (CH), 56.7 (CH), 128.4 (2 x ArCH), 130.1 (2 x ArCH)3@.82
(ArCH), 139.1 (ArC), 170.0 (C=0); LRMS (Ot 349.3 ([M+HT, 100%), 347.3 (7), 287.3
(44), 271.2 (8), 243.2 (6), 216.2 (10); HRMS cafod C;eH3604N4 349.2815, found
349.2815.

Methyl ( S)-phenylglycinatehydrochloride  (161)

©®
cl HaN OMe

The hydrochloride salt was obtained by forming spsmsion of $)-phenylglycine (10 g,
66 mmol) in dry MeOH (50 mL), and conc HCI (166 mimd0 mL) was added. The
mixture was then stirred and heated at reflux fdr. 8'he solution was concentrated
vacuoto leave a white powder (10.3 g, 100%); mp: 218-Z1 (lit.®° 202°C); &4 (400
MHz, CDCk): 3.76 (3H, s, OCH), 5.22 (1H, s, CH), 7.39-7.47 (5H, m, 5 x Ar-i8}; (100
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MHz, CDCk): 54.3 (CH), 56.7 (CH), 128.4 (2 x ArCH), 130.1 (2 x ArCH)3a.82
(ArCH), 139.7 (ArC), 170.0 (C=0).

Methyl ( R)-phenylglycinate (162)

»

HZN/:\”/OMe
0]

Liquid NH3 was bubbled through a suspension of hydrochlat&fe(12.90 g, 64 mmol),
in CHCk (55 mL) for 10 min. The precipitated ammonium clide was filtered off, and
washed with CHGI(10 mL). The organic solution was concentrategiacuoto give 162
as a pale yellow oil (8.84 g, 84%)]p** -23.2 € 1.0, CHCH) (lit.'"® [a]p -180 (c 2.0,
CeHe); Vmax (neat)/cnl: 3028 (Ar-H), 1604 (Nh), 1221 (COO), 1168 (COO) ¢y
(400 MHz, CDC}): 1.94 (3H, s, OCH), 4.61 (1H, s, CH), 7.27-7.39 (5H, m, 5 x Ar-i8};
(100 MHz, CDC}): 52.8 (CH), 59.1 (CH), 127.2 (2 x ArCH), 128.4 (ArCH), 1292 x
ArCH), 140.7 (ArC), 174.9 (C=0); LRMS (Ot 166.1 ([M+H], 100%), 149.1 (5), 106.1
(6); HRMS calcd for gH1;0,N 166.0868, found 166.0867.

Methyl ( S)-phenylglycinate (163)

OMe
H,N

Liquid NH3; was bubbled through a suspension of hydrochlat&ie(10.28 g, 51 mmol),
in CHCL (40 mL) for 10 min. The precipitated NEI was filtered off, and washed with
CHCI; (10 mL). The organic solution was concentrated/acuoto give 163 as a pale
yellow oil (7.94 g, 94%).d]po>* 23.4 € 1.0, CHCH) (lit.'"® [a]o 170 (¢ 2.0, GHe); Vimax
(neat)/cm: 3031 (Ar-H), 1599 (Nh), 1220 (COO), 1168 (COO) ¢y (400 MHz,
CDCl): 1.94 (3H, s, OCH), 4.62 (1H, s, CH), 7.29-7.40 (5H, m, 5 x Ar-18}; (100 MHz,
CDCl): 52.8 (CH), 59.2 (CH), 127.2 (2 x ArCH), 128.4 (ArCH), 1292x ArCH), 140.7
(ArC), 174.9 (C=0); LRMS (C): 166.1 ([M+HT, 100%), 149.1 (5), 106.1 (7); HRMS
calcd for GH;110:N 166.0868, found 166.0865.
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®

HZN/'-\WNHZ
o)

(R)-Phenylglycinamide  (164)

A solution of162 (8.843 g, 54 mmol) in conc ag NKI7 mL, 35%) was stirred at rt for 2 d,
before evaporating to dryness to gil@&t as a pale yellow solid (7.49 g, 92%). mp: 119-
123°C (lit.® 130-136°C); Vimax (neat)/cnil: 3370 (CONH), 3338 (CONH), 3054 (Ar-H),
1604 (NH); &4 (400 MHz, CDCY): 4.47 (1H, s, CH), 5.57 (br s, NH 6.77 (br s, NH),
7.22-7.36 (5H, m, 5 x Ar-H)>c (100 MHz, CDCYJ): 60.3 (CH), 127.3 (2 x ArCH), 128.6
(ArCH), 129.3 (2 x ArCH), 141.2 (ArC), 176.2 (C=O)RMS (CI'): 151.1 ([M+HT,
100%), 134.12 (4), 106.13 (11); HRMS calcd feH@&ON, 151.0871, found 151.0872.

(S)-Phenylglycinamide  (165)

NH
H,N 2

A solution 0f163 (7.94 g, 48 mmol) in conc aq NKI7.94 mL, 35%) was stirred at rt for 2
d, before evaporating to dryness to glé® as a pale yellow solid (5.85 g, 81%). mp: 111-
114°C (lit.*"® 130-136°C); Vimax (neat)/crit: 3370 (CONH), 3339 (CONH), 3053 (Ar-H),
1604 (NH) cmt; 3y (400 MHz, CDCY): 4.46 (1H, s, CH), 5.71 (br s, N} 6.83 (br s,
NHy), 7.22-7.36 (5H, m, 5 x Ar-H)c (100 MHz, CDC}): 60.3 (CH), 127.3 (2 x ArCH),
128.6 (ArCH), 129.3 (2 x ArCH), 141.1 (ArC), 176B=0); LRMS (CI): 151.1 ([M+HTJ,
100%), 134.1 (3), 106.1 (11); HRMS calcd faHzoON, 151.0871, found 151.0871.

(R)-1-Phenyl-ethylenediamine (158)

»

HZN/'\/NHZ

To a suspension of LiAlH(18.94 g, 499 mmol) in THF (300 mL), was addéd (7.49 g,
49.9 mmol) portionwise with stirring and coolingtlvice. The mixture was then stirred
and heated at reflux for 5 d. With ice cooling, isod sulfate decahydrate and,@t(300
mL) were added, and the solution was filtered tgloCelite® and rinsed with EO (100
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mL). Organics were combined and dried over MgSfen concentrateith vacuoto give
158 as a yellow oil (2.11 g, 35%)a]p?* -3.1 € 1.0, CHCH) (lit.*"® [a]p -29.7);34 (400
MHz, CDCk): 2.72 (1H, dd,J 12.8, 6.8 Hz, CH), 2.81 (1H, dd,12.8, 5.2 Hz, CH), 3.79-
3.82 (1H, m, CH), 7.16-7.28 (5H, m, 5 x Ar-H; (100 MHz, CDC}): 48.9 (NCH), 57.3
(NCH), 125.5 (2 x ArCH), 126.2 (2 x ArCH), 127.5r@H), 142.0 (ArC).

(S)-1-Phenyl-ethylenediamine (159)

NH
H,N 2

159 was prepared in the same way Rsisomerl58 starting with165 (4.76 g, 31.7 mmol)
to give a yellow oil (389 mg, 9%)a]p>* 11.6 € 1.0, CHC}); 34 (400 MHz, CDCY): 2.75
(1H, dd,J 12.8, 6.8 Hz, CH), 2.85 (1H, dd,12.8, 5.2 Hz, CH), 3.82-3.85 (1H, m, CH),
7.12-7.30 (5H, m, Ar-H)pc (100 MHz, CDCY): 49.1 (NCH), 57.5 (NCH), 125.7 (2 x
ArCH), 126.4 (2 x ArCH) 127.7 (ArCH), 142.2 (ArC).

1,2-Bis(toluol-4-sulfonylamino)-phenyl-ethamine (  R) (166)

»

TSHN/\/NHTS

NaOH (1.24 g, 31.0 mmol), was added slowly to adooled solution o058 (2.11 g,
15.5 mmol), in HO (10 mL). E3O (10 mL), therp-toluenesulfonyl chloride (5.9 g, 31.0
mmol) were added and reaction mixture stirred \ogslty for 1 h at this temp. The solid
formed was filtered and rinsed with,Bt then driedn vacuo 166 was obtained as white
crystals (4.18 g, 61%). mp: 138-142 (lit.>"® 160-161°C); [a]p** -21.2 € 0.5, CHCL,);
On (400 MHz, CDCY)): 2.30 (3H, s, Ch), 2.34 (3H, s, Ch), 3.04-3.16 (2H, m, C}), 4.25
(1H, br d,J 5.0 Hz, CH), 4.92 (1H, br s, NH), 5.49 (1H, brXd5.5 Hz, NH), 6.89-6.91
(2H, m, 2 x Ar-H), 7.06-7.11 (5H, m, 5 x Ar-H), DZ2H, d,J 8.0 Hz, 2 x Ar-H), 7.50
(2H, d,J 8.0 Hz, 2 x Ar-H), 7.60 (2H, d} 8.2 Hz, 2 x Ar-H);0¢c (100 MHz, CDC§): 21.9
(CHs), 21.9 (CH), 48.6 (CH), 57.7 (CH), 127.0 (2 x ArCH), 127.5 (2 x ArCHR7.6 (2 x
ArCH), 128.6 (ArCH), 129.2 (2 x ArCH), 130.0 (2 xr@H), 130.2 (2 x ArCH), 136.9
(ArC), 137.18 (ArC), 137.9 (ArC), 143.9 (ArC), 144(ArC); LRMS (CI: 445.1
(IM+H]*, 100%), 274.1 (69), 260.1 (35), 157.1 (39), 10@2¥); HRMS calcd for
C2oH2404N5S; 445.1256, found 445.1258.
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1,2-Bis(toluol-4-sulfonylamino)-phenyl-ethamine ( S) (167)

NHTs
TsHN

NaOH (237 mg, 5.92 mmol), was added slowly to adooled solution 0159 (403 mg,
2.96 mmol), in HO (1.85 mL). EfO (1.85 mL), therp-toluenesulfonyl chloride (1.13 g,
5.92 mmol) were added and reaction mixture stikigdrously for 1 h at this temp. The
solid formed was filtered and rinsed with,@t then driedn vacuo 167 was obtained as
white crystals (461 mg, 35%). mp: 138-1%2 (lit.”® 160-161°C); [a]p** 19.0 € 0.5,
CHCly); &4 (400 MHz, CDCYJ): 2.31 (3H, s, Ch), 2.35 (3H, s, Ch), 3.06-3.12 (2H, m,
CHy), 4.24 (1H, br dJ 5.0 Hz, CH), 4.81 (1H, br s, NH), 5.37 (1H, brJd®b.5 Hz, NH),
6.89-6.91 (2H, m, 2 x Ar-H), 7.09-7.11 (5H, m, RxH), 7.21 (2H, d,J 8.0 Hz, 2 x Ar-
H), 7.51 (2H, dJ 8.0 Hz, 2 x Ar-H), 7.61 (2H, d] 8.4 Hz, 2 x Ar-H);d¢c (100 MHz,
CDCl): 21.9 (CH), 21.9 (CH), 48.6 (CH), 57.6 (CH), 127.0 (2 x ArCH), 127.5 (2 x
ArCH), 127.6 (2 x ArCH), 128.6 (ArCH), 129.2 (2 x@H), 129.2 (2 x ArCH), 130.2 (2 x
ArCH), 136.9 (ArC), 137.2 (ArC), 137.9 (ArC), 148.9ArC), 144.19 (ArC).

N,N’-Ditosyl-ethylenediamine- N,N’-diacetic acid-dimethyl ester (173)

(0]
Ts
Meo\n/\_lFls/\/ N\)]\OME
(0]

In a 3-necked flask was dissolved Na (250.6 mg@ b@mol) in MeOH (14 mL) and&i,N*-
ditosyl-ethylenediaminel5 added (2.0 g, 5.4 mmol). The mixture was therrestirand
heated at reflux for 2 h. The MeOH was then dadijland the remaining residue driad
vacuo The powder was then added portionwise over 30tman stirring, ice-cooled flask
of methylbromoacetate (4.11 mL, 43.4 mmol). Aftérriig at rt for 30 min, the excess
methylbromoacetate was removiedvacuo A mixture of HO (10 mL) and CHGI (10
mL) was added to the residue. The Cglidyer was washed with @ (2 x 5 mL) before
drying over CaGl The solution was then filtered and reduge@acuo The product was
then crystallised from MeOH (1.14 g, 41%). mp: 102 °C (lit.**® 124.3-126.8C); &4
(400 MHz, CDC}): 2.36 (6H, s, 2 x CkJ, 3.14 (4H, s, 2 x C}J, 3.56 (6H, s, 2 x OCH#),
4.01 (4H, s, 2 x Ch), 7.24 (4H, dJ 8.0 Hz, 4 x Ar-H), 7.63 (4H, d] 8.0 Hz, 4 x Ar-H);
Oc (100 MHz, CDC}): 21.6 (2 x CH), 48.6 (2 x CH), 50.1 (2 x CH)), 52.2 (CH), 127.5
(4 x ARCH), 129.7 (4 x ArCH), 135.7 (2 x ArC), 1832 x ArC), 169.3 (2 x C=0).
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N,N’-Ditosyl-ethylenediamine- N,N’-diacetic acid (174)

HO ~_N
N OH
\[O]/\Ts

A mixture of173 (1.1g, 2.15 mmol), AcOH (5.16 mL) and conc HCR@ mL) was stirred
and heated under reflux for 12 h. The resultingtevbrystals were filtered and rinsed with
acetic acid (2 x 2 mL) before dryirig vacuo (574 mg, 55%). mp: 206-20% (lit.**
228.9-229.8°C); d4 (400 MHz, DMSO-d): 2.42 (6H, s, 2 x ChJ, 3.27 (4H, s, 2 x Cp),
3.98 (4H, s, 2 x Cb), 7.41 (4H, dJ 8.2 Hz, 4 x Ar-H), 7.66 (4H, d] 8.2 Hz, 4 x Ar-H);
Oc (100 MHz, DMSO-g): 21.0 (2 x CH), 47.0 (2 x CH), 49.3 (2 x CH), 126.9 (4 x
ArCH), 129.7 (4 x ArCH), 136.3 (2 x ArC), 143.3X2ArC), 170.4 (2 x C=0).

N,N’-Bis-(toluene-4-sulfonyl)- N,N’-ethanediyl-bis-glycyl chloride (169)

o]
CI\H/\N/\/-'{]S\)J\CI

OTs

174 (531 mg, 1.1 mmol) and SOL(5.6 mL, 76.8 mmol) were stirred and heated under
reflux for 5 h, heating no higher than 80. After HCI production had ceased, excess
thionyl chloride was removeith vacuo The pale brown solid69 was crystallised from
benzene (536.3 mg, 94%); mp: 134-1%B (lit.*®®> 223-224°C); vmax (neat)/cnt: 1799
(COCI), 1345 (SEN), 1159 (SOGN); dy (400 MHz, DMSO-@): 2.47 (6H, s, 2 x CkJ, 3.31
(4H, s, 2 X CH), 4.04 (4H, s, 2 x C}), 7.46 (4H, dJ 8.4 Hz, 4 x Ar-H), 7.72 (4H, d1 8.4

Hz, 4 x Ar-H); dc (100 MHz, DMSO-@): 21.0 (2 x CH), 49.3 (2 x CH), 126.9 (4 x
ArCH), 129.7 (4 x ArCH), 136.3 (2 x ArC), 143.3X2ArC), 170.4 (2 x C=0).

11-Methyl-4,7-bis-(toluene-4-sulfonyl)-1,4,7,10-tet raazacyclododecane-2,9-
dione (176)

O
1s. X
N HN

o)

N HN
Ts

'

O

In a dry flask was added dry GEl, (27 mL) and NEf (0.053 mL, 0.38 mmol). To this
was added simultaneousla two separate syringe pumg€9 (100 mg, 0.19 mmol) in
CHxCI, (7 mL), and 1,2-diaminopropar@.016 mL, 0.19 mmol) in C#Ll, (7 mL), over 7
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h while stirring at rt. After a further 30 min stixg at rt, the mixture was reduced under
pressure to yield76 as a white solid (163.0 mg, 100%});ax (neat)/crit: 3256 (C(O)N),
1346 (SGN), 1160 (SGN);,LRMS (CI'): 523.1 ([M+H[, 3%), 157.1 (45), 85.1 (100);
HRMS calc for GsH3106N4S,, 523.1685, found 523.1682.

2-Amino- N-(2-aminoethyl)-2-phenyl acetamide (179

@ HA HA

>

HZN)\W \/\NHZ

O HgHgp

160 (12.9 g, 64 mmol) was dissolved in neat ethylemmitie (30 mL) at 0-5C, and
reaction mixture stirred at rt for 4 d. After thisne the excess ethylenediamine was
removedin vacuo The residue was taken up in CHC250 mL) and precipitate filtered
off. The organic solution was concentrated undduced pressure to give a dark brown
viscous oil (10.43 g, 84%)a|p>* -47.4 € 0.5, CHCL,); Vmax (neat)/crit: 3286 (NH), 3028
(NH), 2925 (NH), 2862 (NH), 1519 (CO-N); NMR spextcopy agreed with lit. valués*

3u (400 MHz, BO): 2.53 (1H, dJ 6.4 Hz, CH), 2.55 (1H, d,J 6.4 Hz, CH.), 3.10 (1H,

d, J 6.4 Hz, CH), 3.12 (1H, d,) 6.4 Hz, CH), 4.40 (1H, s, CK)), 7.23-7.32 (5H, m, 5 X
Ar-H); 8¢ (100 MHz, BO): 39.7 (CH), 41.7 (CH), 58.8 (CH), 126.6 (2 x ArCH), 128.2
(ArCH), 129.6 (2 x ArCH), 140.1 (ArC), 176.0 (C=O)RMS (CI): 194.1 ([M+HT,
100%), 176.1 (25), 106.1 (17); HRMS calcd fapisNzO 194.1293, found 194.1295.

2-Phenyl-2-(toluene-4-sulfonylamino)-  N-[2-(toluene-4-sulfonylamino)-ethyl]-
acetamide (180)

HX N H HA HA'

D N _5
TsHN)\H/ \:H\NHTS

O HgHp

To a solution of-toluenesulfonyl chloride (670 mg, 3.5 mmol) in gryridine (11 mL) at
0 °C, was added drop-wise a solution1@® in dry pyridine (2 mL). The solution was then
stirred at O°C for 3 h, then at rt for 3 d. Solution added te &nd HO, and left overnight
to allow precipitation of product as a yellow sol@#5 mg, 96%). mp: 138-13€; [0]p>° -
3.4 € 1.0, CHCL); Vmax (neat)/crit: 2359 (NH), 2341 (NH), 1541 (CO-N), 1353 (8N),
1160 (SG-N); &y (400 MHz, CDCY): 2.31 (3H, s, Ch), 2.35 (3H, s, Ch), 2.93-2.96 (2H,
m, CHy), 3.19-3.31 (2H, m, CH), 4.71 (1H, d,J 6.0 Hz, NH), 5.51-5.52 (1H, m, NH), 6.10
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(1H, dd,J 8.8, 6.0 Hz, NH), 7.01 (2H, m, 2 x Ar-H), 7.08-8.(5H, m, 5 x Ar-H), 7.19-
7.22 (2H, m, 2 x Ar-H), 7.56 (2H, d,7.2 Hz, 2 x Ar-H), 7.63 (2H, dl 8.4 Hz, 2 x Ar-H);
Oc (100 MHz, CDCY): 20.5 (2 x CH), 38.8 (CH), 41.4 (CH), 60.0 (CH), 126.0 (2 x
ArCH), 126.3 (2 x ArCH), 126.5 (2 x ArCH), 127.6@H), 127.9 (2 x ArCH), 128.6 (2 x
ArCH), 128.8 (2 x ArCH), 134.9 (ArC), 135.0 (ArC)35.7 (ArC), 142.5 (ArC), 142.8
(ArC), 169.2 (C=0); LRMS (FAB): 502.2 ([M+HT, 94%), 369.2 (18), 331.2 (37), 303.2
(33), 260.1 (47), 215.1 (18), 147.1 (22), 106.3)(413.7 (100); HRMS calcd for
C24H27N305S, 502.1470, found 502.1474.

(2R)-2-Phenyl-2-(toluenesulfonylamino)-  N-[2-(toluenesulfonylamino)ethyl]-

aminoethane (181)

Hx < H Ha :HA'

S N
TSHN " ONHTs
Hg Hg

To a cooled solution 0f80 (5.16 g, 10.3 mmol) suspended in THF (20 mL), wdded
BH3. THF (1M) (50 mL, 52.0 mmol) slowly. The mixture svéhen stirred and heated at
reflux for 7 d. The excess borane was quencheditsfu addition of MeOH (20 mL). The
reaction mixture was then concentrated under ratlpcessure. Dry EtOH (40 mL) was
then added, and solution saturated with HCI ga® °@&. The mixture was then heated at
reflux overnight, after which the solution was alin an ice bath. The resulting yellow
solid was filtered, washed with & (100 mL) and driedn vacuo(2.41 g, 48%)Vmax
(neat)/crt 3059 (ArH), 2361 (NH), 2337 (NH), 1323 ($®), 1156 (SG-N); &y (400
MHz, CD;OD): 2.34 (3H, s, Ch), 2.46 (3H, s, Ch), 3.20-3.22 (2H, m, 2 x CH), 3.33-3.42
(4H, m, 4 x CH), 4.68-4.71 (1H, mx) 7.02 (2H, dJ 8.2 Hz, 2 x Ar-H), 7.14-7.21 (5H,
m, 5 x Ar-H), 7.44 (2H, dJ 8.0 Hz, 2 x Ar-H), 7.54 (2H, d 8.0 Hz, 2 x Ar-H), 7.80 (2H,
d, J 8.0 Hz, 2 x Ar-H);0c (100 MHz, CROD): 21.4 (CH), 21.5 (CH), 39.9 (CH), 49.2
(CHy), 52.9 (CH), 56.2 (CH), 128.0 (4 x ArCH), 128.3 (4 x ArCHR4.6 (ArCH), 129.9
(2 x ArCH), 130.0 (2 x ArCH), 131.0 (2 x ArCH), 127(ArC), 137.5 (ArC), 138.7 (ArC),
144.9 (ArC), 145.4 (ArC); LRMS (FAB): 488.1 ([IM+H]90%), 317.2 (7), 227.3 (9), 75.1
(100); HRMS calcd for e3H3004N3S, 488.1678, found 488.1674.
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(2R)-N-[2-[(Toluenesulfonylamino)ethyl]-  N-[2-(toluenesulfonyl)amino]-2-
phenyl-ethyl-toluenesulfonamide (182)

Ts Ha Ha

TsHN)\/ \(kNHTs

He'Hp

To a solution op-toluenesulfonyl chloride (1.13 g, 5.9 mmol), irygryridine (10 mL), at
0 °C, was added a solution @81 (2.41 g, 4.9 mmol) in dry pyridine (20 mL) dropwis
The solution was then stirred at this temp for 3hlen at rt for 2 d. The resulting yellow
solution was added to a mixture of ice an®Hand left for 48 h to allow precipitation of a
yellow product. Filtration followed by dryingn vacuoyielded 182 as pale yellow fluffy
crystals (2.83 g, 90%). mp: 70-78; [a]p>* -5.3 € 1.0, CHCY); Vmax(neat)/crit: 3461 (N-
H), 3022 (C-H), 2724 (N-Ch), 1153 (N-SQ); o4 (400 MHz, CROD): 2.34 (3H, s, Cbh),
2.42 (3H, s, Ch), 2.43 (3H, s, Ch), 2.46-2.51 (1H, m, CH), 2.60-2.67 (1H, m, CHBZ.
3.00 (2H, m, 2 x CH), 3.10 (1H, dd,14.8, 7.6 Hz, CH), 4.51 (1H, tJ 7.6 Hz, CH),
7.02-7.05 (2H, m, 2 x Ar-H), 7.11-7.12 (3H, m, 3xH), 7.17 (2H, d,J 8.0 Hz, 2 x Ar-
H), 7.33 (2H, dJ 8.0 Hz, 2 x Ar-H), 7.37 (2H, dl 8.0 Hz, 2 x Ar-H), 7.57 (4H, d] 8.0
Hz, 4 x Ar-H), 7.66 (2 H, dJ 8.0 Hz, 2 x Ar-H);d¢c (100 MHz, CROD): 21.4 (CH), 21.5
(CHs), 21.6 (CH), 42.2 (CH), 50.8 (CH), 55.9 (CH), 58.2 (CH) 124.0 (ArCH), 127.0
(ArCH), 127.1 (ArCH), 127.3 (ArCH), 127.4 (ArCH)21.6 (ArCH), 127.8 (ArCH), 128.6
(ArCH), 129.1 (ArCH), 129.2 (ArCH), 129.4 (ArCH)29.8 (ArCH), 130.0 (ArCH), 134.9
(ArC), 136.4 (ArCH), 136.8 (ArC), 137.0 (ArC), 138(ArC), 143.2 (ArC), 143.5 (ArC),
144.1 (ArC), 149.5 (ArCH), 2 missing; LRMS (FAB)4B.3 (IM+H]', 75%), 471.3 (51),
381.2 (41), 316.2 (100), 260.1 (20), 227.1 (25%.1548); HRMS calcd for £H3606N3S;
642.1766, found 642.1765.

L-Phenylalanine methyl ester hydrochloride (185)

l;lH3® CI®

Ph \/'\H/OMe

o

Conc HCI (5 mL) was added to a solutionLephenyl alanine (5 g, 30 mmol) in MeOH
(25 mL) and mixture stirred at rt for 19 h. Excesagents and solvent were then removed
under vacuum to giv&85 as a pure white solid (6.07 g, 93%). mp: 213-Z18[a]p** 12.5

(c 1.0, HO); NMR spectroscopy agreed with lit. valté$d, (400 MHz, BO): 3.06 (1H,
dd,J 14.8, 7.6 Hz, CH), 3.20 (1H, ddi14.8, 5.6 Hz, CH), 3.69 (3H, s, GK4.18 (1H, dd,
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J 7.6, 5.6 Hz, C(NRH), 7.13-7.30 (5H, m, 5 x ArH)5c (100 MHz, BO): 35.6 (CH),
53.4 (CH), 54.2 (Ch), 128.0 (ArCH), 129.2 (2 x ArCH), 129.4 (2 x ArGH)34.0 (ArC),
171.5 (C=0); LRMS (C): 180.23 (M, 71%), 166.18 (100), 120.16 (20), 7BT); HRMS
calcd for GoH14NO, 180.1025, found 180.1026.

N’-(2-Aminoethyl)- L-phenylalaninamide (186)
NHz

th'\n/N\/\NHz

o

185 (6.0 g, 28 mmol) was dissolved in neat 1,2-diamethane (10 mL) at 6C. The
mixture was then stirred at rt for 4 d. Excessdigininoethane was then removed under
reduced pressure. The resultant solid was dissotvétHCE (200 mL) and filtered. The
filtrate was concentrateith vacuoto give a dark yellow oil (1.58 g, 27%p]p>* 21.9 €
1.0, HO); NMR spectroscopy agreed with lit. valtfé$sy (400 MHz, BO): 2.30 (2H, dd,
J 9.6, 6.0 Hz, CH), 2.67 (1H, dd,) 13.2, 8.8 Hz, CH), 2.85 (2H, dd,13.6, 6.0 Hz, Ch),
3.05 (1H, dtJ 13.6, 6.0 Hz, C(NR)H), 3.44 (1H, dd, 8.8, 6.0 Hz, CH), 7.08-7.25 (5H,
m, 5 X Ar-H); dc (100 MHz, BO): 39.6 (CH), 40.8 (CH), 41.6 (CH), 56.6 (CH), 127.0
(ArCH), 128.7 (2 x ArCH), 129.3 (2 x ArCH), 137.ArC), 176.6 (C=0); LRMS (C):
208.3 ([M+H], 100%), 139.2 (13), 101.2 (46); HRMS calcd forHG;NsO 208.1450,
found 208.1447.

3-Phenyl-2-(toluene-4-sulfonylamino)-  N-[2-(toluene-4-sulfonylamino)-ethyl]-
propionamide (187)

TS\NH
< H

Ph\/\n/N\/\NHTs

O

To a solution ofp-toluenesulfonyl chloride (3.08 g, 16 mmol) in doyridine (9 mL)
cooled to ’C, was added86 (1.4 g, 6.7 mmol) dropwise. The solution was stirat this
temperature for 3 h, and then for a further 3 d.afthe mixture was then poured onto an
ice : HO mixture (300 mL) and left overnight to precipgathich was then filtered off
and driedin vacuo The product was recrystallised from EtOH as whitgstals (3.75 g,
50%). mp: 169-17fC; [a]p® 25.6 € 0.5, CHCL,); Vmax (KBr)/cm™: 3334 (N-H), 3208
(N-H), 3252 (N-H), 3029 (ArC-H), 1650 (C=0), 1598rC=C), 1329 (S@N), 1307 (C-
N), 1162 (SG-N); 84 (400 MHz, CDCJ): 2.35 (3H, s, Ch), 2.36 (3H, s, Ch), 2.73 (1H,
dd,J 14, 8.8 Hz, CH), 2.90-3.00 (3H, m, 3 x CH), 3.136B(1H, m, CH), 3.29-3.37 (1H,
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m, CH), 3.66 (1H, dt]) 8.4, 5.6 Hz, CH), 4.85 (1H, d,5.2 Hz, NH), 5.12 (1H, 1] 6.4 Hz,
NH), 6.69 (1H, tJ 6.0 Hz, NH) 6.82 (2H, d) 7.2 Hz, 2 x Ar-H), 7.06-7.13 (5H, m, 5 X
Ar-H), 7.25 (2H, dJ 8.4 Hz, 2 x Ar-H), 7.37 (2H, d] 8.4 Hz, 2 x Ar-H), 7.69 (2H, d]
8.4 Hz, 2 x Ar-H);dc (100 MHz, CDC}): 21.6 (2 xCH), 38.2 (CH), 39.7 (CH), 42.6
(CHy), 58.2 (CH), 127.1 (2 x ArCH), 127.3 (2 x ArCHR L4 (ArCH), 129.0 (4 x ArCH),
129.8 (2 x ArCH), 129.9 (2 x ArCH), 134.8 (ArC),3.3 (ArC), 137.0 (ArC), 143.6 (ArC),
144.1 (ArC), 171.1 (C=0); LRMS (FAB); 516.2 ([M+H]100%), 360.2 (7), 274.1 (24),
154.9 (40), 138.1 (32), 92.8 (20); HRMS calcd fogsHzoN3OsS, 516.1627, found
516.1630.

(2S)-2-Benzyl-2-(toluenesulfonylamino)-  N-[2-(toluenesulfonylamino)ethyl]-
aminoethane (188)

Ts.
NH

- H

187 (500 mg, 0.97 mmol) was suspended in dry THF (7 arid cooled to 6C. BHs. THF
(M) (1 mL) was added dropwise, and then mixtureext and heated at reflux for 6 d.
The excess borane was then quenched by carefuicaddif MeOH (4 mL). Reaction
mixture was then concentrateédvacuo Conc HCI (7 mL) was added to the residue, and
mixture stirred and heated under reflux overnigiite solution was then cooled using an
ice bath, and product filtered, washed with@E{10 mL), and dried by rotary evaporation
to give 188 as a white powder (375 mg, 77%). mp: 193-105v . (KBr)/cm™: 3434 (N-
H), 3063 (ArC-H), 3030 (ArC-H), 1599 (ArC=C), 13250,-N), 1157 (S&-N), 1092 (C-
N); [a]o™ -17.32 € 1.0, MeOH);3 (400 MHz, CROD): 2.56 (3H, s, Ch), 2.34 (3H, s,
CHy), 2.48-2.65 (3H, m, 3 x CH), 2.76-2.93 (4H, m, £K), 4.54 (1H, br s, NH), 6.92-
6.94 (2H, m, 2 x Ar-H), 7.01-7.03 (3H, m, 3 x Ar;Hj.10 (2H, dJ 8.0 Hz, 2 x Ar-H),
7.30 (2H, dJ 8.0 Hz, 2 x Ar-H), 7.43 (2H, d1 8.4 Hz, 2 x Ar-H), 7.61 (2H, d] 8.4 Hz, 2

X Ar-H). 8¢ (100 MHz, CROD): 21.5 (2 x CH), 39.5 (CH), 40.0 (CH), 48.9 (CH), 52.7
(CHy), 53.7 (CH), 128.0 (ArCH), 128.2 (2 x ArCH), 12838x ArCH), 129.8 (2 x ArCH),
130.1 (2 x ArCH), 131.0 (4 x ArCH), 137.2 (ArC), .3 (ArC), 138.4 (ArC), 145.2 (ArC),
145.4 (ArC). LRMS (FAB): 502.3 ([M+H] 100%), 348.3 (9), 227.3 (13), 92.8 (42);
HRMS calcd for GsH3:04N3S, 502.1834, found 502.1838.
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(2S)-N-[2-[(toluenesulfonylamino)ethyl]-  N-[2-(toluenesulfonyl)amino]-3-
phenyl-propyl-toluenesulfonamide  (189)

Ts.
NH

- Ts
Ph\/\/N\/\NHTS

A solution 0f188 (1.89 g, 3.8 mmol) in pyridine (10 mL) was addedmivise to a stirring
solution ofp-toluenesulfonyl chloride (869 mg, 4.56 mmol) irrigine (30 mL) cooled to
0 °C. The mixture was then stirred at rt for 7 d befoeing poured onto an ice »®
mixture (150 mL), and left to precipitate overnighhe yellow solidl89 was then filtered
and dried (2.17 g, 87%). mp: 73-76 (lit.®® no characterisation)a]p** 23.9 € 1.0,
CHCL); Vmax (KBr)fcm™: 3287 (-NH-), 1334 (S©N), 1160 (SGN); &y (400 MHz,
CDCly): 2.30 (3H, s, Ch), 2.32 (3H, s, Ch), 2.34 (3H, s, Ch), 2.49 (1H, dd,) 14.0, 7.8
Hz, CH), 2.75 (1H, ddj 14.0, 6.2 Hz, CH), 2.95-3.00 (4H, m, 4 x CH), 330%4 (1H, m,
CH), 3.19 (1H, dd) 14.0, 6.6 Hz, CH), 3.51-3.57 (1H, m, CH), 5.05 (1H, 6.0 Hz,
NH), 5.34 (1H, tJ 5.8 Hz, NH), 6.83 (2H, dJ 8.2 Hz, 2 x Ar-H), 7.01-7.08 (5H, m, 5 x
Ar-H), 7.20 (4H, ddJ 8.2, 2.2 Hz, 4 x Ar-H), 7.47 (4H, dd,8.2, 3.8 Hz, 4 x Ar-H), 7.66
(2H, d,J 8.2 Hz, 2 x Ar-H);dc (100 MHz, CDCY): 21.6 (3 x CH), 38.8 (CH), 42.6
(CHy), 51.3 (CH), 54.4 (CH), 54.9 (Ch), 126.7 (ArCH), 127.1 (2 x ArCH), 127.2 (2 x
ArCH), 127.5 (2 x ArCH), 128.7 (2 x ArCH), 129.1 x2ArCH), 129.8 (4 x ArCH), 130.0
(4 x ArCH), 134.3 (ArC), 136.3 (2 x ArC), 136.8 @), 143.4 (ArC), 143.5 (ArC), 144.2
(ArC); LRMS (FAB): 656.1 ([M+H], 100%), 502.1 (6), 381.1 (11), 274.1 (13), 227.3
(31), 92.8 (47); HRMS calcd forsgHssN30sSs 656.1923, found 656.1921.

2-(Benzyl)-1,4,7,10-tetrakis-(toluene-4-sulfonyl)-1  ,4,7,10-
tetraazacyclododecane (190)

Ts. /— \ ,Ts

N N

., J O

Ts/N\_/N\Ts
A solution of N,O,OTri(p-toluenesulfonyl)diethanolaminé7 (433 mg, 0.76 mmol) in
DMF (5 mL) added dropwise to a stirring solution 89 (500 mg, 0.76 mmol) and
caesium carbonate (743 mg, 2.3 mmol) in DMF (15.rmhe mixture was then stirred at rt
for 14 d, before solvent was removadvacuoand residue transferred to a separating
funnel with CHCI, (100 mL) and KO (30 mL). The organic layer was separated, and the

aqg layer extracted with Gl» (2 x 25 mL). The organic layers were combinedediaver
MgSQ, and concentrated under reduced pressure to yigtdl@av solid (668 mg, 100%).
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mp: 72-78°C (lit.**° no characterisation)p]p>* 16.38 ¢ 1.0, CHC}); Vmax (KBr)lcm™:
1597.7 (Ar), 1494.6 (Ar), 1339.3 (S@), 1160.0 (S@N); 3y (400 MHz, CDCY): 2.25
(3H, s, CH), 2.60 (3H, s, Ck), 2.29 (3H, s, Ch), 2.32 (3H, s, Ch), 2.43-4.23 (15H, m,
14 x CH, CH), 6.79-7.72 (21H, m, 21 x Ar-H)c (100 MHz, CDCY): 21.5 (3 x CH)
21.7 (CH), 38.8 (CH), 48.5 (CH), 51.0 (CH), 54.5 (CH), 54.7 (CH), 62.0 (Cb}, 66.1
(CHy), 68.4 (CH), 127.1 (2 X ArCH), 127.1 (2 x ArCH), 127.2 (2 x@H), 127.5 (2 X
ArCH), 128.0 (2 x ArCH), 128.5 (ArCH), 129.0 (2 x®H), 129.2 (2 x ArCH), 129.7 (2 X
ArCH), 129.9 (2 x ArCH), 130.1 (2 X ArCH), 132.4 1@), 134.4 (2 x ArC), 136.7 (2 X
ArC), 143.2 (2 x ArC), 143.4 (2 x ArC), 144.0 (2AcC), 145.3 (2 x ArC), 160.6 (2 x
ArC), 162.7 (2 x ArC); LRMS (FAB): 900.9 ([M+N4] 24%), 787.8 (15), 678.0 (40),
656.(12), 396.0 (7), 317.1 (7), 239.2 (15), 92.0001 HRMS calcd for GHsoN4OsS:Na
901.2409, found 901.2412.

2-Benzyl-1,4,7,10-tetraazacyclododecane  (191)
[NH HN]/\©
NH HN AHBr
v/

190 (205 mg, 0.23 mmol) was added teS@, (98%) (250uL) heated to 165C in a
conical flask. The solution was stirred vigorouatythis t for six minutes. The mixture was
then cooled in an ice bath before the liquid wadeaddropwise to a stirring flask of EtOH
(2 mL). EtO (1.2 mL) was then added and the solution cooted fC before the
precipitate was collected by filtration. The soliés dissolved in hot # (200uL) and
HBr (48%) (200uL) added. The tetrahydrobromide salts formed wieréid and driedn
vacuo(111 mg, 83%). Due to time constraint9]1 was not converted to the free base and

requires full characterisation. (f° no characterisation).
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7.4 Experimental to Chapter 5

7.4.1 Experimental Details

Tetrakis-(2-hydroxyethyl)-1,4,7,10-tetraazacyclodod ecane (220)

HO\/\N’ ‘N/\/OH

.

N N
HO/\/ v \/\OH

36 (970 mg, 5.6 mmoles) was dissolved igOH10 mL) and the solution cooled td’O.
Ethylene oxide (2.66 mL, 560.0 mmol) was addida cooling finger to a dropping funnel
containing HO (2 mL). The ethylene oxide solution was addethéocyclen solution, and
the resulting mixture stirred for 2 h afQ before the reaction was stopped by removal of
excess ethylene oxide under vacuum. The productdnad in vacuoto leave a viscous
yellow oil (1.92 g, 98%). This crude product wasioually extracted with hexane for 30
min to get220 as white crystals (<1%). mp: 89-8C (lit.?*2 90-92°C); Vimax (neat)/crit:
3350 (O-H stretching), 2811 (NGHCHy) cmi’; &4 (400 MHz, DO): 2.58 (8H, t,) 6.0 Hz,

4 side chain NCh), 2.69 (16H, s, 8 ring NCHi, 3.61 (8H, tJ 6.0 Hz, 4 side chain OGH
Oc (100 MHz, DO): 49.9 (8 ring NCH), 56.3 (4 side chain NG} 59.0 (4 side chain
OCH,); LRMS (CI'): 349.3 ([M+H], 100%), 347.3 (7), 287.3 (44), 271.2 (8), 243.p (6
216.2 (10); HRMS calcd for 8H3604N4 349.2815, found 349.2815.

1,4,7,10-Tetra-(2-chloroethyl)-1,4,7,10-tetraazacyc lododecane
dihydrochloride  (209)

Cl /N Cl
\/\N N/\/

.

< S A
220 (500 mg, 1.43 mmol) and SOGB43 mmol, 25 mL) were added to a round-bottomed
flask fitted with a water-cooled condenser and s heated at 5T for 18 h. After this
time, the excess thionyl chloride was removed hargoevaporation. The product was
recrystallised using hot propan-2-ol as white @igst(47.7 mg, 34%). mp: 206-208;
NMR spectroscopy agreed with lit. valti@8py (400 MHz, DO): 3.28 (16H, s, ring 8 x
CH,), 3.38 (8H, s, 4 x N-C}}, 3.84 - 3.90 (8H, m, 4 x CI-G); LRMS (FAB, glycerol):
423.2 ([M+H], 100%), 421.2 (79), 387.3 (21), 359.2 (19), 21(2&), 197.1 (12), 161.1
(9), 106.4 (39), 57.9 (12), 57.0 (11).
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1,4,7,10-Tetrakis[(ethoxycarbonyl)methyl]-1,4,7,10- tetraazacyclododecane
(222)

\7]/\,\,/_\,\,/\&(0&
L )%
AN N L

EtO S OEt

EtO
(0]

A mixture of cyclen tetrahydrochloridgs (364 mg, 1.14 mmol), ethyl chloroacetate (0.6
mL, 5.7 mmol) and N£&£LOs (1.8 g, 17 mmol) in CECN (45 mL) was stirred and heated
under reflux for 18 h. The solution was then codiedt before filtering, and the filtrate
was concentrateth vacuo The resulting brown residue was washed with hexdmen
gave white hexagonal crystals (7 mg, 10%) from Ididmethane and hexane. mp:
decomposition >150C (lit.?* decomposition 83C); vimax(neat)/cn: 2980 (N-CH), 2826
(N-CHy), 1724 (C=0), 1203 (CO-0), 1104 (CO-@); (400 MHz, RO): 1.17 (16H, t, J
7.1 Hz, 4 x CH), 2.29 (16H, br s, 8 x ring G 1.96 (8H, br s, 4 x arm Gl 4.12 (8H, q,

J 7.1 Hz, 4 X ®1,-CHj3); &c (100 MHz, BDO): 13.4 (4 x CH), 55.2 (4 x CH-0), 62.1 (12 x
CHx-N), 175.0 (4 x C); LRMS (El) 516.2 ([M+H[, 5%), 443.2 (74), 374.2 (25), 271.1
(46), 245.1 (100), 185.1 (52), 130.1 (80), 98.1)(34RMS calcd for GsHN4Os,
516.3159, found 516.3162.

1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic  acid (dota) (223)
HO OH

s
Son WAL

OH

0o

A solution of chloroacetic acid (876 mg, 9.3 mmialH,O (2 mL) was added to a stirring
solution of cyclen36 (0.2 g, 1 mmol) in KO (3 mL), and the pH was adjusted to 9 with
NaOH (5M). The t was raised to 7G and the pH maintained between 8.5 and 9 by the
addition of NaOH (5M) as necessary. The mixture wtased at this t for 48 h before
cooling to rt and concentrating vacuo The residue was acidified with HCI (1M) to pH
2.5 and the solution was passed through an catiohaage coloumn (Dowex 50W-8X
(H"). The column was washed withy® until the eluent was neutral, and then the ligand
was brought off the column using NH H,O (20 mL : 100 mL). The basic eluent was
reduced under reduced pressure to |&23as a white solid (143 mg, 23%). mp: 263-266
°C (lit.?®° 265-267°C); & (400 MHz, BO): 3.17 (16H, s, 8 x ring Cif 3.51 (8H, s, 4 X
arm Ch); d¢c (100 MHz, BO): 49.7 (4 x CH), 55.9 (8 x CH)), 171.82 (4 x C=0).
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1,4,7,10-Tetrakis-(2-methoxyethyl)-1,4,7,10-tetraaz acyclododecane (224)

MeO\/\N/ \N/\/OMe

.

N N
Meo/\/ v/ \/\OMe

36 (1.0 g, 5.8 mmol), 2-chloroethyl-methyl ether (b2, 232 mmol), NaOH pellets (0.93
g, 23 mmol), and aq EtOH (50%, 50 mL) were stiraed heated under reflux for 9 d. A
pH greater than 11 was maintained by regular amditif NaOH pellets. After this time,
the solvent was removed under vacuum. The soliduesvas dissolved in 4 (30 mL)
and made basic with conc NaOH (15 mL), before estinaely extracting with CHGI The
organic layer was then dried with )0, and concentrated, yielding product as yellow-
white crystals (3.44 g, 100%ymax (Neat)/cmt: 2956 (CH), 2879 (CH), 2809 (O-GH
NMR spectroscopy agreed with lit. valué&py (400 MHz, BO): 2.56 (24H, m; 16 X ring
N-CHg, 8 x side chain N-C}J, 3.34 (12H, s, 4 x O-C}j, 3.51 (8H, tJ 5.2, 4 x O-CH); &c
(100 MHz, BO): 49.2 (8 x side chain Gl 52.2 (8 x side chain G 58.6 (4 x CH),
68.2 (16 x ring Ch); LRMS (CI): 405.3 ([M+HT, 51%), 373.4 (26), 316.3 (9), 290.3
(31), 189.2 (59), 157.2 (19), 102.1 (100), 71.1)(58RMS calcd for GoH4aN4O4
405.3441, found 405.3440.

Tetrakis-(2-hydroxyethyl)-1,4,7,10-tetraazacyclodod  ecane (220)

HO\/\N’ ‘N/\/OH

.

HO” >/ > oH

222 (185 mg, 0.36 mmol) was dissolved in@t(5 mL) and the solution stirred and cooled
to -78°C. Di-isobutyl aluminium hydride (3.2 mL, 3.2 mmaljas added drop wise, and
then the mixture was stirred at this t for one éfobe warming to rt and stirring for a
further 24 h. The reaction was quenched by addibba saturated ammonium chloride
solution (5 mL) and the solution was stirred uatilvhite precipitate formed. The solution
was filtered through a pad of celite and washedl ®itO (30 mL). The organic phase was
dried over MgS@before concentrating under reduced pressure w2gi¥as a white solid
(120 mg, 96%). mp: 89-9%C (lit.*** 90-92°C); &y (400 MHz, DO): 3.20 (8H, s, 4 side
chain NCH), 3.35 (16H, s, 8 ring NCH, 3.92 (8H, tJ 6.0 Hz, 4 side chain OGH
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tert -Butyl-(2-chloroethoxy)-dimethyl-silane (226)
|
N O'Si‘é

To a stirred solution of dry THF (4 mL), was added-butyldimethylsilyl chloride (4.1 g,
27 mmol) and imidazole (3.81 g, 56 mmol) at@ 2-Chloroethanol (1.5 mL, 22 mmol)
was added dropwise at this t, and the solution wdrto rt and stirred for 6 d. A small
amount of ice was added to quench the reactiontladolution was extracted with,Bx
(5 x 30 mL). The ether layer was washed witfOH10 mL) and brine (10 mL) before
drying over MgSQ. The solvent was removed by rotary evaporatimteave the product
as a clear colourless liquid (5 g, 100%).(400 MHz, CDCJ): 0.08 (6H, s, 2 x CHiSi),
0.82 (9H, s, 3 x CH), 3.43 (2H, t,J 6.4 Hz, CH-0), 3.75 (2H, tJ 6.4 Hz CH-CI); 8¢
(100 MHz, CDC}): —5.33 (2 x CH-Si), 18.4 (C), 25.8 (3 x C4)l, 45.1 (CH), 63.6 (CH);
LRMS (CI"): 195.14 ([M+H], 100%), 137.07 (10); HRMS calcd forgdiOSF°Cl
195.0972, found 195.0976.

7.5 Experimental to Chapter 6

7.5.1 General Procedure (6A)

A. Preparation of pyrazolidine derivativeS. Phenyl-pyrazolidine-3,5-dione (1 eq),
aldehyde (1 eq) and freshly fused sodium acetategjlwere dissolved in glacial acetic
acid (5 ml per mmol phenyl-pyrazolidine-3,5-dion&he solution was heated at reflux for
2-19 h then cooled and filtered. The precipitates wased with EtOAc (2 x 30 ml) and

driedin vacuoto give the pyrazolidinas a mixture of geometric isomers.
7.5.2 Experimental Details

Phenyl-pyrazolidine-3,5-dione (241)

©\N—NH

e} (@]
This method is adapted from the literatéffe.

Sodium ethoxide (5.44 g, 81.6 mmol) was dissolvedry EtOH (60 ml). Phenylhydrazine
(4.02 ml, 40.8 mmol), and diethyl malonate (6.2 #0,8 mmol) were added at rt with
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stirring. The reaction mixture was heated at 110-i2 for 1 h before the EtOH was
removed by distillation. The residue was heatethiatt for a further 2 h. The flask was
cooled to 0°C, and a small volume of distilled>8 (30 mL) was added. The flask was
sonicated to dissolve all residues, and then thphage was extracted with,Bt (5 x 20
ml) to remove any remaining starting material. Blagphase was acidified with HCI (6 M)
to pH 1-2. The product precipitated as a yellowdsdlhe aq layer was then extracted with
EtOAc (10 x 30 ml) to extract more of the produdte organic extracts were concentrated
in vacuoto leave a yellow-brown residue. EtOH (200 ml) wadded to dissolve all
residues, and the flask was sonicated, before rigeatnder reflux for 4 h, filtering
occasionally to remove inorganic white salt. Theduct dissolved in EtOH was left to
stand for 3 weeks to allow formation of any remagnsalt, before filtering a final time.
The organic extracts were concentratestacuoto leave phenyl-pyrazolidine-3,5-dione as
a yellow solid. Re-crystallisation from EtOH ga2é1 as yellow needles (3.55 g, 49%).
mp: 190-191°C (lit.2*® 192 °C); vma(neat)/cnt: 2910 (Ar), 1744 (amide), 1672 (amide);
34 (400 MHz, DMSO-@): 3.59 (2H, s, Ch), 7.18 (1H, tJ 7.4 Hz, Ar-H), 7.42 (2H, tJ
8.0 Hz, 2 x Ar-H), 7.66 (2H, d] 8.0 Hz, 2 x Ar-H), 11.46 (1H, br s, NH): (100 MHz,
DMSO-d): 38.1 (CH), 118.8 (2 x ArCH), 124.87 (ArCH), 129.2 (2 x ArG;H.37.2 (C),
166.4 (C=0), 167.9 (C=0); LRMS (BI 176.09 ([M], 100%), 108.09 (54), 77.05 (54);
HRMS calcd for GHgN2O, 176.0586, found 176.0587.

1-Acetyl-1-phenylhydrazine (242)

Phenyl hydrazine (3.0 mL, 0.03 mmol) was susperidedt,O (30 mL) at 0°C, and a
solution of acetic anhydride (6.4 mL, 0.07 mmol)EBO (15 mL) was added dropwise
over 10 min. The mixture was then stirred at thisrta further 10 min. The solution was
then diluted with petroleum ether (30 mL) and fite The solid was washed with
petroleum ether and 8, to give242 as a white powder (4.43 g, 96%). mp: 127-129
(lit. 1 129°C); & (400 MHz, DMSO-@): 1.91 (3H, s, Ch), 6.70-6.74 (3H, m, 3 x Ar-H),
7.11-7.16 (2H, m, 2 x Ar-H), 7.64 (1H, s, NH), 9.6H, s, NH);3c (100 MHz, DMSO-
de): 21.0 (CH), 112.4 (2 x ArCH), 118.7 (ArCH), 129.4 (2 x ArCH)49.7 (ArC), 169.4
(C=0).
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4-(5-Bromo-2-furfurylidene)-1-phenyl-pyrazolidine-3  ,5-dione  (240)

©\N—NH

4-5-Bromo-2-furfurylidene was synthesised as a r2iture of geometric isomergia
general method 6A using phenyl-pyrazolidine-3,5@i§250 mg, 1.4 mmol), 5-bromo-2-
furaldehyde (248 mg, 1.4 mmol) and sodium acetal® (mg, 1.4 mmol). The reaction
gave a brown/black precipitate (302.4 mg, 65%). ogcomposition > 216C; dy (400
MHz, DMSO-d&): 7.06 (1H, dJ 3.6 Hz, furan 4-H), 7.21 (1H,3,7.2 Hz, Ar-H), 7.45 (2H,
dt,J 7.6, 2.4 Hz, 2 x Ar-H), 7.56 (0.4 H, s, vinylic ¢;H.58 (0.6 H, s, vinylic CH), 7.74
(2H, dd,J 14.4, 8 Hz, 2 x Ar-H), 8.37 (0.6 H, d,3.2 Hz, furan 3-H), 8.45 (0.4 H, 3.2
Hz, furan 3-H);0c (100 MHz, DMSO-¢): 115.1 (C), 117.6 (CH-4), 118.6 (2 x ArCH),
118.9 (CH), 125.1 (CH-3), 127.6 (ArCH), 129.3 (ArCH), 131.7 (ArC), 152.4 (CH-2),
152.3 (CH-5), 159.3 (C=0), 160.8 (C=0); LRMS T{EI332.0 ([M+H], 7%), 78.0 (80),
63.0 (100); HRMS calcd for GHgOsN2"°Br 331.9797, found 331.9800.

4-(2-Furfurylidene)-1-phenyl-pyrazolidine-3,5-dione (243)

243 was synthesised as a 1:1 mixture of geometricatéss using general method 6A, by
reacting241 (250 mg, 1.4 mmol) with furfuraldehyde (0.12 mi4 Inmol) and sodium
acetate (0.12 g, 1.4 mmoB43 was produced as a gold/brown precipitate (276 1iép).
mp: decomposition >218C; vimay (neat)/crit: 3126 (Ar), 3011 (Ar), 1709 (C(O)N), 1652
(C(O)N); b4 (400 MHz, DMSO-@): 6.93 (1H, ddJ 3.5, 1.21 Hz, CH-4), 7.20 (1H, di,
7.4, 1.1 Hz, Ar-H), 7.45 (2H, d8 7.5. 1.9 Hz, 2 x Ar-H), 7.63 (0.5 H, s, vinylic ¢;H.65
(0.5 H, s, vinylic CH), 7.75 (2H, dd, 14.6, 8.0 Hz, 2 x Ar-H), 8.25 (1H,3,1.9 Hz, CH-
5), 8.43 (0.5 H, dJ 3.0 Hz, CH-3), 8.53 (0.5 H, d,3.7 Hz, CH-3), 11.5 (1H, br s, NH:
(100 MHz, DMSO-@): 114.8 (C), 115.4 (CH-4), 118.6 (2 x ArCH), 11§©H), 125.0
(CH-3), 125.8 (ArCH), 129.3 (2 x ArCH), 138.0 (ArQ50.2 (CH-2), 151.1 (CH-5), 159.3
(C=0), 160.8 (C=0).
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4-(5-Methyl-2-furfurylidene)-1-phenyl-pyrazolidine-  3,5-dione  (244)

©\N—NH
0

\
\

O
AN

Analogue244 was synthesised as a 1:1 mixture of geometric essrhy general method
6A using 241 (150 mg, 0.85 mmol), 5-methyl-2-furaldehyde (0.08 85 mmol) and
sodium acetate (70 mg, 0.85 mm@4 was produced as an orange solid (152 mg, 67%).
mp: 201-20%C; Vmax (neat)/crit: 3126 (Ar), 3020 (Ch), 1709 (C(O)N), 1653 (C(O)N);
3+ (400 MHz, DMSO-g): 2.53 (3H, s, Ch), 6.7 (1H, d,J 3.1 Hz, CH-4), 7.25 (1H, § 7.2
Hz, Ar-H), 7.5 (2H, tJ 7.2, 2 x Ar-H), 7.6 (0.5H, s, CH), 7.62 (0.5HQH), 7.79 (2H, dd,
J 14.4, 8 Hz, 2 x Ar-H), 8.51 (0.5H, br s, CH-3)58.(0.5H, dJ 3.6 Hz, CH-3), 11.3 (1H,
br s, NH); & (100 MHz, DMSO-g): 14.5 (CH), 112.5 (C), 113.0 (CH-4), 118.5 (2 x
ArCH), 118.8 (CH), 124.9 (CH-3), 128.3 (ArCH), 1292 x ArCH), 138.0 (ArC), 149.2
(CH-2), 149.3 (CH-5), 159.8 (C=0), 162.0 (C=0); LBNCI): 269.1 ([M+H[, 6%), 85.1
(8), 79.1 (100); HRMS calcd for1€H130sN2 269.0926, found 269.0929.

4-(5-Nitro-2-furfurylidene)-1-phenyl-pyrazolidine-3  ,5-dione (245)

©\N—NH

0
0N )

245 was prepared as a mixture of geometric isomergeneral method 6A usirgg#l (150

mg, 0.85 mmol), 5-nitro-2-furaldehyde (0.09 ml, ®:8mol) and sodium acetate (70 mg,

0.85 mmol).245 was produced as a dark brown solid (218 mg, 86%).dacomposition >

230°C; Vimax (Neat)/cn: 3138 (Ar), 1672 (amide), 1623 (amide), 1527 (C.NQ344 (C-

NO,); & (400 MHz, DMSO-¢@): 7.24 (1H, tJ 7.6 Hz, Ar-H), 7.48 (2H, di] 8.8, 2.0 Hz, 2

x Ar-H), 7.61-7.63 (1H, m, CH), 7.73-7.75 (2H, mxAr-H), 7.90 (1H, tJ 4.0 Hz, CH-

3), 8.52 (1H, dJ 4.0 Hz, CH-4), 11.70 (1H, br s, NH).
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4-(5-Hydroxymethyl-2-furfurylidene)-1-phenyl-pyrazo  lidine-3,5-dione (246)

©\N—NH

e} (0]

\

o

HOO N
246 was synthesised as a 1:3 mixture of geometric éssrby general method 6A by
reacting241 (120 mg, 0.68 mmol), 5-hydroxymethyl-2-furaldehy@® mg, 0.68 mmol)
and sodium acetate (70 mg, 0.68 mmol) to g@4é as a brown solid (93 mg, 48%). mp:
175-179°C; Vmax (neat)/crit: 3070 (Ar), 1498.42 (C(O)N), 1344 (O-H), 1063 (§-On
(400 MHz, DMSO-@): 4.62 (2H, s, CkD), 5.24 (1H, s, OH), 6.83 (1H, d,3.7 Hz, CH-
4), 7.25 (1H, tJ 7.4 Hz, Ar-H), 7.5 (2H, t) 8.6 Hz, 2 x Ar-H), 7.61 (0.25H, s, CH), 7.64
(0.75H, s, CH), 7.79 (2H, dd, 15.2, 8.2 Hz, 2 x Ar-H), 8.53 (0.75H, br s, CH-8)58
(0.25H, d,J 2.8 Hz, CH-3), 11.3 (1H, br s, NH): (100 MHz, DMSO-g): 56.5 (CHO),
113.8 (C), 115.3 (CH-4), 118.6 (2 x ArCH), 118.8H)C 125.0 (CH-3), 127.2 (ArCH),
129.2 (2 x ArCH), 138.0 (ArC), 149.5 (CH-2), 151@H-5), 161.0 (C=0), 164.6 (C=0);
LRMS (EI"): 284.1 ([M+H], 9%), 150.0 (5), 44.0 (50), 28.1 (100); HRMS cafod
C15H1204N7 284.0797, found 284.0799.

4-(2-Pyrrolylidene)-1-phenyl-pyrazolidine-3,5-dione (247)

©\N—NH

e} (e}

\
\

HN
AN

Analogue247 was prepared as a mixture of geometric isomergeneral method 6441
(150 mg, 0.85 mmol), 2-pyrrolecarboxaldehyde (86 g5 mmol) and sodium acetate
(70 mg, 0.85 mmol) were reacted to gi247 as a brown solid (89 mg, 42%). mp:
decomposition > 236C; Vimax (neat)/cnt: 3059 (Ar), 1653 (C(O)N), 1595 (C(O)N), 1496
(NH); &4 (400 MHz, DMSO-¢@): 7.21 (1H, ddJ 15.6, 7.6 Hz, CH), 7.31 (1H, br s, NH),
7.43-7.49 (2H, m, 2 x ArH), 7.68-7.70 (4H, m, 3 xHA CH), 7.74 (0.5H, s, CH), 7.78
(0.5H, s, CH), 7.80 (1H, s, H) 11.45 (1H, br s, N&) (100 MHz, DMSO-g): 107.9 (C),
113.8 (CH), 113.9 (CH), 118.3 (2 x ArCH), 118.9 (CH24.2 (ArCH), 128.9 (2 x ArCH),
129.4 (C), 136.9 (ArC), 161.8 (C=0), 1 x missing@=RMS (El): 253.1 ([M+HT,
100%), 146.0 (44), 119.0 (38), 63.0 (41); HRMS ddior C4H;:0,N3 253.0851, found
253.0849.
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4-(5-Bromo-2-thiophenylidene)-1-phenyl-pyrazolidine  -3,5-dione (248)

©\N—NH

S

Br X
248 was synthesised as a mixture of geometric isorngrgeneral method 64241 (150
mg, 0.85 mmol), 5-bromothiophene-2-carboxaldehy@lé (l, 0.85 mmol) and sodium
acetate (70 mg, 0.85 mmol) were reacted to gi8as a brown solid (243 mg, 82%). mp:
> 250°C; Vimax (Neat)/crit: 2958 (Ar), 1713 (C(O)N), 1659 (C(O)N), 741 (C-B8) (400
MHz, DMSO-a): 7.22 (1H, t, Ar-H), 7.46 (2H, t] 8.0 Hz, 2 x Ar-H), 7.53 (1H, d] 4.0
Hz, CH-4), 7.72 (2H, dd] 12.9, 8.1 Hz, 2 x Ar-H), 8.03 (0.5H, d,4.1 Hz, CH-3), 8.07
(0.5H, d,J 4.1 Hz, CH-3), 8.13 (0.5H, s, vinylic CH), 8.16%8, s, vinylic CH), 11.3 (1H,
br s, NH); ¢ (100 MHz, DMSO-¢): 118.5 (CH), 128.9 (2 x ArCH), 129.0 (2 x ArCH),
131.9 (CH), 132.0 (CH), 137.4 (ArC), 137.7 (ArC)x £Z=0 missing; LRMS (E): 349.92
(IM+H]*, 15%), 255.1 (24), 78.0 (85), 63.0 (100); HRMScdafor G4HgO,N,*'BrsS
349.9548, found 349.9550.

4-Benzylidene-1-phenyl-pyrazolidine-3,5-dione (249)

©\N—NH

e} (e}

\

Analogue249 was synthesised as a 2:1 mixture of geometricéssmsing general method
6A. 241 (150 mg, 0.85 mmol), benzaldehyde (0.09 ml, 0.85%ofh@nd sodium acetate (70
mg, 0.85 mmol) were reacted to gi249 as a vivid orange solid (145 mg, 65%). mp: 251-
253°C; vinax (Neat)/crit: 3068 (Ar), 1683 (C(O)N), 1658 (C(O)Niy (400 MHz, DMSO-
ds): 7.22 (1H, tJ 7.2 Hz, Ar-H), 7.44-7.49 (2H, m, 2 x Ar-H), 7.559 (2H, m, 2 x Ar-
H), 7.62-7.66 (1H, m, Ar-H), 7.74-7.76 (2H, m, 2Ax-H), 7.9 (0.3H, br s, CH), 7.95
(0.6H, s, CH), 8.56-8.61 (2H, m, 2 x Ar-H); (100 MHz, DMSO-g): 118.3 (CH), 128.7
(2 x ArCH), 128.8 (2 x ArCH), 128.9 (2 x ArCH), 129(2 x ArCH), 132.3 (ArC), 133.4
(ArCH), 134.0 (ArC), 134.1 (ArCH), 2 missing C=ORMS (EI): 264.1 ([M+HT,
100%), 195.1 (26), 130.0 (33), 78.0 (71), 63.0 (BHRMS calcd for GgHi,0:N;
264.0899, found 264.0898.
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7.5.3 Biological Materials and Methods for Chapter 6
7.5.3.1 Western Blotting

Primary human pigment epithelial (RPE) cells wereubated with 1-2Q«M of each drug
compound for 24 h. The protein from whole cell egts were separated by sodium
dodecyl sulfate 12% poly-acrylamide gel electrogis (SDS-PAGE) and analysed by
Western blotting with anti-p53 DO-1 (pharmingenitiddDM-2 AB1/AB2 (Oncogene
Science), anti-phospho-p53 (serine 15) (Cell Siggyl anti-2¥"A7¢P! (Santa Cruz
Biotechnology) antibodies. Blots were also probéith &wn anti-Cdk4 antibody (Santa Cruz
Biotechnology) to monitor protein loading. Visuabmaparison of the intensity of the

compound bands with the control bands gave anatidit of biological activity.
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