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1.1 Foreword. » _ _

The word cancer has strong emotive connotations, for it is t’h,éiS
frequent cause of death in the U.K, and to many people remains_~1i=ncﬁra;bl’e.; Moreov
despite the synthesis and testing of 1000’s of compounds no “magic bullet” has yet been
discovered. No single agent has been found to be active against all tumour types and indeed
many tumours have developed forms of resistance to cytotoxics. Furthermore, all the
compounds that have reached the clinic have deleterious side-effects mainly associated with
lack of selectivity between neoplastic and normal cells, especially normal proliferative
tissues of the skin, bone-marrow, hair and intestinal lining. Toxicity is often a limiting factor
in drug treatment, and so the ultimate goal of the design of a tumour specific agentis much
sought after.

In order to produce better agents there is a need for a greater understanding
of the biochemistry of tumour and normal cells, as well as a knowledge of how existing
drugs act, especially why some drugs are ineffective in certain cases.

What has become obvious is that there are few defined biochemical
differences between normal and cancerous cells that are capable of being exploited. The
heterogeneous mixture of cells in many tumours, with some cells being drug resistant, often
leads to resistant sub-populations of cells whlch are able tore- estabhsh the tumour after the
sensitive population has been destroyed To further compllcate therapy a proportlon of all
tumour tissue will be quiescent and so not vulnerable to drug treatment, while metatases lead
to dissemination of the tumour throughout the body, often to sites which are diffieult' to
reach with chemotherapy. Solid tumours present special problems, not least because their
poor vascularisation prevents the effective distribution of the drug to the target area.

Despite the problems, success has been achieved against certain cancers,
most notably choriocarcinoma, Hodgkin’s disease and childhood lymphatic leukaemia. The
use of combination therapy (drug : drug, surgery : drugs and radiotherapy : drugs) offers

new and exciting possibilities for the use of the existing clinical agents.
Most antitumour agents may be broadly classified as:/

(1) alkylating agents - compounds which lead to replacement of hydrogen atoms of the DNA
bases with alkyl groups to give covalent linkages, disrupting the ab111ty of DNA to actas a

template e.g. nitrogen mustards.

15




(11) antimetabolites - compounds which mterrupt the supply of precursors necessary for‘

DNA synthesis e.g. methotrexate.

(iii) intercalating agents - compounds which insert themselves between DNA bases leadmg -

to distortion of the helix and a disruption of DNA synthesis e. g. adriamycin.
(iv) vinca alkaloids - naturally occurring compounds which damage the mitotic spindle

preventing normal cell division e.g. vinblastine.

1.2 The design of alkylating agents.

One of the main aims of this project is to synthesise imidazotetrazinones with
a greater selectivity for their ultimate target - the DNA of tumour cells. The following
section deals with the advances that have been made in the preparation of tumour specific
alkylating agents, and is by no means a comprehensive review of all molecules that interact
with DNA.

Ever since the discovery of the cytotoxicity of sulphur mustard,? alkylating

agents have been intensively investigated. Their importance should not be underestimated as
they currently make up over half of the drugs in clinical use. It is fair to say that alkylating
agents have developed in three distinct phases:3

(a) the synthesis of novel alkylating functions leading /to the preparation of the first
generation clinical agents. _

(b) the search for structures with greater tumour selectivity utilising theoretical principles
e.g. latent activity and carrier molecules, leading to the second generation agents.

(c) the search for tumour directed agents using newly developed techniques, such as mono-

clonal antibodies, and DNA binding groups capable of recognising specific base sequences.

1.2.1 Alkylating functionalities.

An immense number of moieties have been prepared that are capable of
acting as alkylating agents, however remarkably few have proved sufficiently active against
tumour cells to warrant further investigation (Scheme 1.1). The first type of agent to prove
of benefit in cancer chemotherapy was nitrogen mustard (1),9 the N,N-bis(2-
chloroethyl)amino group has subsequently proved to be a potent alkylatin g function and has

been shown to exert its alkylating activity via the formation of the positively charged

16
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Scheme 1.1: Common alkylating functions and their modes of action.
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aziridinium ion (2)./ Johnston er al5 indicated the potential of the N -nitrosoureido group in

the treatment of cancer with the preparation of N-methyl-N-nitrosourea f'o.‘Il,lowcdi,:

identification of the N-(2-chloroethyl)-N-nitrosoureas (4) as agents with potent acti_\}ity
against murine tumour models.6 The N-(2-fluoroethyl)-N-nitrosoureas have also been
shown to possess good activity but are less toxic to the bone-marrow. The C-F bond is
more stable than its chloro counterpart and so has less tendency to form DNA cross-links?

(see page 47), however the mean survival time of animals treated with these compounds
was significantly less than that of the chloro derivatives due to the enzymatic formation of
the highly toxic fluoroacetate from 2-fluoroethanol.® The nitrosoureas are believed to initiate
cell death by the generation of an alkyldiazo hydroxide alkylating species (7), although this
is far from certain. The final type of alkylating species that has shown some promise in the
treatment of cancer are the triazene (9) series of agents, of which DTIC has achieved
extensive use in the clinic.?

A major problem with the alkylating agents that were first developed was
their lack of selectivity for tumour cells over normal cells, a problem that was often
manifested in the form of life-threatening haematological disorders due to the destruction of
the rapidly dividing bone-marrow. Over the years many attempts have been made to
improve the selectivity of these agents for the tumour cell, a few of which are described

below.

1.2.2 Alkylating agents with latent activity.

The concept of using agents that were inactive until they were transformed
in vivo to a highly reactive species was first postulated by Druckrey./? It was envisaged that

selectivity could be improved as a result of:
(a) the achievement of a greater concentration of the active alkylating agent in the cell.
(b) selective activation within the tumour céll to release the alkylating agent.

Consequently a range of compounds (Scheme 1.2) have been prepared that
are usually characterised by a low molecular weight, an optimum lipophilicity and an
unionised form thereby allowing passive transport across the cell membrane. Activation

may occur via three mechanisms:

18




/CHZC,H2C1
AcNHCH,CONH N\ 11
CH,CHy(Cl

Plasmin

_CHyCH,Cl
H,N N 12
CH,CH,CI
A

C
N
N——N—@—N(CH2CH2CI)2

N=N
y; 13
 } H
Reduction
y N
| 14

NéN\i+

N(CH,CH,Cl),

Schemel.2: Latent alkylating agents.
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(a) microsomal oxidation with the mixed function cytochrome P450 isoenzymes -é.g.

cyclophosphamide (10), a nitrogen mustard derivative, which is chemically i‘nactfi,veﬂ,-\(;g;lﬁ > : .

7 days), but which is oxidised generating a whole cascade of cytotoxic species.?

(b) reduction vig nitroreductases and NADPH dependent reductases, which was hoped
would induce selective killing of hypoxic tumour cells since they have a higher reducing
potential e.g. the tetrazolium mustard derivative (14) which is inactive untl reduced to the
unstable formazan derivative (13). Spontaneous decomposition of the formazan group
yields the highly toxic p-phenylenediamine nitrogen mustard (1 2).//

(c) intra- or extra—cellhlar enzymatic hydrolysis utilising enzymes that are specific for, or at
least more abundant in, neoplastic cells e.g. the nitrogen mustard derivative (11) Which is
inactive except in the presence of plasmin. In some tumours high local concentrations of
plasmin have been found, due to the over secretion of plasminogen activator, which is
responsible for generating the p-phenylenediamine nitrogen mustard (1 2) by cleavage of the

amide bonds.//

1.2.3 Alkylating agents linked to carrier molecules.

This idea was based on the theory that certain molecules accurnulate, against
a gradient, in tumour cells to a greater extent than normal cells, a phenomenon known as
active transport. By coupling alkylating agents to naturally occurring molecules it was
hoped to take advantage of tumour specific active transport systems. A wide ran ge of
physiological molecules have been used in an attempt to achieve these goals (Figure 1.1):
(a) carbohydrates: it was anticipated that the differential energy requirements that are seen
with tumour cells could be exploited by coupling alkylating agents to sugar moieties.
Although several interesting compounds have been prepared, the most notable being the
nitrosoureas streptozocin (1 5) and chlorotozocin (1 6), none of these compounds have yet
enjoyed widespread use. Indeed, there is no correlation between their activity and active
transportation. Streptozocin and chlorotozocin have proved interesting since they have
significantly less myelosuppressive tendencies which is not seen with other sugar
derivatives. The reason for this is unclear, however, myelosuppression has been found not
to be a function of alkylating activity, carbamoylating activity or hydrophilicity and appears

to be more mediated by the glucose residue directing alkylation to different sites in the bone-

20
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Figure 1.1: Carrier linked alkylating agents.
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marrow chromatin./?2

(b) amino acids: a number of amino acids undergo active transport into cells, a 'factorg'wﬁhi‘ch
was not missed by the medicinal chemist. However, despite the synthesis of hundreds of
alkylating agents as amino acid analogues few have proved effective and in cases where
agents such as L-PAM (17) have reached the clinic selectivity was disappointing.
Analogously to the linking of carbohydrates no direct evidence has been found to indicate
that active transportation of these agents occurs in vivo, although the observation that the
activity of L-PAM is enantio-specific, the D-isomer is inactive, lends hope to this theory.?
(c) purines and pyrimidines: the knowledge that rapidly dividing cells have a greater
requirement for nucleotides suggested that analogues based on the naturally occurring bases
would lead to selective uptake into tumour cells. Compounds such as uracil mustard (18)
were developed, which although it possessed good activity proved to have serious side-

effects preventing its clinical use.

(d) steroids: several types of cancers have been shown to be hormone dependent, a factor
that has been shown to be mediated via specific oestrogen (ER) and progesterone (PR)
receptors on the cell membrane. Alkylating agents have been linked to the steroid nucleus in
order to exploit this unique active transport mechanism. Early attempts produced
compounds that were highly active but which displayed little selectivity. However, the
nitrogen mustard derivative of 17-B-oestradiol (19) has displayed some affinity for the ER
receptor and is selectively active against prostatic carcinoma. It is interesting to note that this
compound could also be classified as a latent alkylating agent since the nitrogen mustard is
included in a urethane type linkage which requires enzymatic hydrolysis in order to produce
activity.’

(e) liposomes: these are phospholipid vesicles which enclose an aqueous environmeht. A
great deal of attention has been placed on the use of liposomes as vehicle for dru g delivery,
the active ingredient being incorporated in the aqueous space if hydrophilic, or in the lipid
bilayer if it is hydrophobic./3 Their role in cancer chemotherapy is still under investigation,
however, as yet there appears to be no reason to suspect that drugs in liposomes are

selectively accumulated in tumour cells. Indeed, they have been shown to have the

potential to accumulate in the bone-marrow an organ in which the release of alkylating
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agents is anything but desired./3 However, the advent of antibody technology could spark a -

whole new revolution in the targeting of liposomes to tumour cells.

As it has been outlined many attempts have been made to induce greater
selectivity in alkylating agents with only modest success. The advent of the third generation
agents currently under development may prove that at last we are now closer to the

preparation of tumour specific compounds.

1.2.4 The third generation?
Advances in molecular biology and synthetic chemistry have now opened up
a whole new area for the design of selective antitumour agents. The following approaches

are currently receiving much attention:

(a) the use of antibodies that are generated to specific tumour associated antigens (TAA). A
number of drugs, including the alkylating agent chlorambucil, and toxins, have been linked
to monoclonal antibodies with reasonable success./4 However, even with this approach
problems have become evident, not least the observation that tumours are capable of
shedding their antigenic sites (a protective mechanism preventing attack by the host), while
only small amounts of the drug can be delivered to the site of action requiring substances of
high potency, such as diphtheria or ricin toxins. A recent development that may prove
interesting is the use of antibody directed enzyme/prodrug therapy (ADEPT) which involves
the targeting of enzymes responsible for the selective activation of specific antitumour
prodrugs to localised sites on the cell membrane or to extracellular sites around tumour
cells. It is anticipated that it should be possible to direct to tumour targets an enzyme that
matches a particular prodrug thereby overcoming the need for a natural, favourable,

distribution of the enzyme./S

(b) a variation on the carrier principle‘ is the design of molecules with a high sequence-
specific affinity for DNA, to which alkylating agents could be linked in order to react with
designated targets, such as oncogenes. In military terms this represents a guided missile
with the alkylating agent as the warhead. To date three main approaches have been used

which are outlined in the following sections:
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(i) groove binders: /¢ Nature has provided us with two distinct examples of sequence-
specific groove-binders. The first involves the binding of the proteins which regulate gene
expression to the major groove of DNA e.g. promoters and repressor proteins which have
well defined primary and secondary structures enabling them to bind specific sequences of
DNA. Little or no attempt has been made to utilise this natural phenomenon in the
development of specific alkylating agents, probably because such molecules would be
extremely complex and rational design is difficult since there is no simple code that
determines which amino acids recognise which DNA bases.

The second example are the antiviral antitumour antibiotics netropsin (2 ()
and distamycin (2 1) (Figure 1.2). These agents have been shown to bind in the minor
groove of DNA specifically at runs of A-T sequences. Electrostatic attraction between the
amidine function of (2 0) and (2 1) promotes the initial binding, then hydrogen bonding of
the amide linkages orientates the drug in the proper reading frame. Krowicki and Lown/7
have shown that replacement of the pyrrole ring by an imidazole ring produces analogues
with a greater preference for G-C regions. This has led to the proposition that the
recognition of any DNA sequence could be achieved by the construction of suitably phased
A-T and G-C recognising units - the so-called lexitropsins or information reading
oligopeptides.

Baker and Dervan/é have incorporated the bromoacetyl alkylating function

into the tripeptide tris-(N-methyl)-pyrrolecarboxamide unit of distamycin (2 2) and obtained
selective alkylation of the N3-position of adenine adjacent to the bindin g site, suggesting
that such compounds have great promise in directing DNA alkylation.

However, this approach is not devoid of problems. Despite valiant attempts
to produce specific G-C recognition units, those that have been prepared do not have a high
affinity for G-C sites in comparison with their A-T binding counterparts. Moreover, in
order to bind a unique cellular control sequence (approx. 15-17 base pairs) a large
lexitropsin would be required with all the problems of delivery to the cell that it entails.
While it remains to be seen whether the minor groove of DNA inherently has sufficient
sequence specificity information to give rise to the level of selectivity required to
successfully ‘read’ DNA, nature by its protein-DNA interactions, would suggest the major

groove is a better target.
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(11) intercalating analogues (Figure 1.3): intercalators are ligands which have a strong, but
reversible, affinity for DNA by the insertion of a flat aromatic chromophore between base

pairs and as such can be said to be DNA selective. As early as 1972 Creech and his
colleagues’® showed that heterocyclic components of simple mono- and bifunctional alkyl
mustards had a potentiating influence on activity against ascites tumour. This was shown to
be a result of the high affinity of the chromophore for DNA, since changes in the carrier

which would be expected to increase DNA binding resulted in enhanced potency. 29 Gourdie

et al.21,22 have since synthesised a series of aniline mustards linked by a flexible alky! chain

to the DNA-intercalator 9-aminoacridine (2 3). The DNA targeted mustards proved more
potent in vitro and to some extent in vivo than either the corresponding untargeted mustards
or chlorambucil. A striking feature of these molecules was the fact that a change in the
length of the flexible alkyl chain allowed significant degrees of alkylation of the N7 position
of specific adenine residues.?? A similar degree of sequence discrimination was observed
with quinacrine mustard (2 4) which only alkylated guanine residues flanked on the 3 side
by either a guanine or thymine, and then by a purine24 indicatin g that the future may see the

development of agents capable of directing alkylation to any desired base sequence.

(ii1) oligonucleotide analogues: oligonucleotides have been demonstrated to bind to
complementary sequences of single-stranded DNA and RNA through hydrogen bonding of
the base pairs - otherwise known as complementary address.25 Belikova26 over 20 years
ago suggested that oligonucleotides had conceivable chemotherapeutic applications in
directing DNA reactive functions. Early studies used simple oligonucleotides with N-2-
chloroethyl-N-methylaminophenyl (2 5) as the alkylating group, however, initial results
were disappointing probably because the oligonucleotide sequences were too short to enable
stable hybridisation of the duplexes. The stability of small duplexes was improved by the
incorporation of the phenazinium intercé.lating group (26) at the opposite end of the
oligonucleotide from the alkylating function enabling alkylation of residues adjacent to the
region of complementary address.2” Kutyavin and co-workers27 also showed that such
analogues were capable of directing alkylation within the stems of hairpin structures of

single-stranded DNA indicating that reaction with double-stranded DNA was possible.
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Recent studies?é have shown that selective alkylation of sites in double-
stranded DNA can be achieved using the ability of homopyrimidine oligonucleotides to
recognise homopurine sequences. Recognition involves the formation of a triple helical

structure with the oligonucleotide chain binding parallel to the purine strand via Hoogsteen
hydrogen bonds.2¢

The clinical development of ‘oligonucleotide derivatives is fraught with
problems mainly associated with delivery into the target cell.25 Oligonucleotides with the

natural phosphate linkage between the sugars are susceptible to the nuclease group of
enzymes, leading to rapid degradation in serum. Linkages resistant to nucleases have been
prepared. The phosphate linkage can be replaced with a methylphosphonate linkage, but
this introduces chirality into the system which for long oligonucleotides gives a large
number of diastereomers each with a different binding propensity. Changing the sugar
conformation from the natural B to the unnatural o form tends to concentrate the

oligonucleotide in the cytoplasm rather than the nucleus.

1.3 Imidazotetrazinones.

The imidazotetrazinones are a novel group of agents which were synthesised
in the hope that they would possess potent antitumour activity. The lead compound in this
series, mitozolomide or 8—carbamoyl—3-(2-chloroethy])imidazo[5,1-d]-1,2,3,5-terrazin—
4(3H)-one (27) was synthesised at Aston in late 1980 by Stone and Stevens.30

Mitozolomide was shown to have excellent antitumour activity in both in vitro and murine
in vivo tests, which led to phase I and I clinical trials. Unfortunately, the production of a
prolonged and marked thrombocytopenia thwarted further clinical development. However,
the second generation agent temozolomide (2 8) has now reached phase II clinical trials with
encouraging results against the melanoma and glioma tumour types. This thesis represents
an attempt to synthesise, in a rational manner, new imidazotetrazinone derivatives with
improved DNA specificity and to increase the general understanding of how these

compounds exert their biological effects.
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1.3.1 Synthesis of the 1,2,3,5-tetrazine system (Scheme 1.3).
The previously unknown 1,2,3,5-tetrazine ring (29) system was first
reported by Ege and Gilbert in their preparation of pyrazolo[5,1-d]-1,2,3,5-tetrazin-4(3H)-

ones (3 5) by the cycloaddition of an isocyanate with a diazopyrazole (31).3/.32 Stone er

al 3033 utilised this reaction in the synthesis of a series of imidazo[5,1-d]-1,2,3,5-tetrazin-
4(3H)-ones (34) with the intention that the inherent instability of the ring system would
lead to degradation and the production of an array of products with potential antitumour
activity. For example cleavage of the 2,3 and 4,5 bonds of mitozolomide would lead to the
release of 2-chloroethyl isocyanate, while nucleophilic attack at C4 would cause the
breakage of the 3,4 and 4,5 bonds leading to the generation of the antitumour triazene
MCTIC (see Scheme 1.5, page 34).

Pyrazolotetrazinones (35) were subsequently synthesised via two new
distinct routes:34
(i) diazotisation of N-carbamoylaminopyrazoles (3 8).
(i) insertion of the C4 carbonyl moiety by the reaction of the triazene (39) with phosgene or
its equivalents.

The tetrazinone ring has since been prepared fused with triazolo (3 634 and

indazolo (37)%5 ring systems, although the potentially interesting pyrrolo- and tetrazolo-

tetrazinones remain unknown. Claims have been made for the preparation of the 1,2,3,5-
tetrazine ring without fusion to an azole. However, the literature contains only one definite

report of a 2,4,5,6-tetrasubstituted 1,2,3,5-tetrazine (4 1) prepared by the cycloaddition of
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Scheme 1.3: Synthetic routes to the 1,2,3,5-tetrazine ring system.
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1,2,3-triazolium imides (4 0) with aryl-N-sulphinylamines.36

1.4 Synthesis of imidazotetrazinones.
Mitozolomide (27) was originally synthesised by the reaction of 5-

diazoimidazole-4-carboxamide (4 2) with 2-chloroethyl isocyanate, in a dry non-hydroxylic
solvent, in the dark, at room temperature.30 Strict observance of the conditions were
required since the prolonged reaction times could lead to the formation of 2-azahypoxanthine

(4 3) in the presence of water and UV light.30

CONH, N,*

N A
/ N

42 43

O

The reaction proved rewardingly adaptable to exploitation with a range of

diazoimidazoles and isocyanates. However, no tetrazinones were formed with cyclohexyl,
n-butyl, t-butyl, n-tridecyl and n-pentadecyl isocyanates probably due to steric hindrance 3¢
Diazoimidazoles also failed to react with other heterocumulenes such as phenyl-(p-tolyl)-
isothiocyanate, N,N"-diphenyl, N,N"-di-(p-tolyl) and N,N “-dicyclohexylcarbodiimides.3?
Yields, in general, from this reaction were good except in the case of
diazoimidazoles with a bulky substituent in the 2-position where the steric bulk of the
substituent presumably hinders reaction with the isocyanate. Crude imidazotetrazinones
were often contaminated with a maroon pigment which was shown to be the

imidazoylazoimidazole (4 4) formed by the reaction of the 5-diazoimidazole (4 2) with some
contaminating 5-aminoimidazole.3%-33 Purified tetrazinones were cream or pastel coloured
solids that were soluble in DMF, DMSO and 1-methylpyrrolidin-2-one, sparingly soluble

and unstable in alcohols.3? Imidazotetrazinones could be stored without deterioration for

several months provided they were kept dry and protected from light.30
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The mechanism for the formation of the tetrazinones has yet to be fully

explained, however, three possible pathways have been suggested (Scheme 1.4):30.37.38

(1) a concerted [4+2] cycloaddition - however, Gilchrist and Storr39 have rejected concerted
mechanisms in the reaction of heterocumulenes as dipolarophiles.

(ii) a [3+2] cycloaddition via an unstable spirobicycle (4 7), with a [1,5] sigmatropic shift -
an analogous mechanism has been postulated for the reaction of diazopyrazoles with 1,1-
dimethoxyethene 40

(iii) an ionic mechanism, involving nucleophilic attack at the electrophilic isocyanate carbon,
followed by ring closure of the dipolar intermediate (4 8). The observation that the reaction
rate was increased when hexamethyltriphosphoramide (HMPA) was used as the reaction

medium led Stone to suggest this was the most conceivable mechanistic route.3?

1.5 Chemical properties of the imidazotetrazinones.

The chemical reactions of imidazotetrazinones can be neatly classified into
two main groups:38
(1) reactions in which fragmentation of the tetrazinone ring occurs with the generation of
highly reactive intermediates.
(i) reactions in which the tetrazinone ring is retained with the preparation of novel

analogues.
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1.5.1 Reactions involving loss of the tetrazinone ring.

Mitozolomide (2 7) was found to decompose via two main pathways. Hot
acetonitrile led to fragmentation of the 2,3 ahd 4,5 bonds of the tetrazinone ring to
regenerate 5-diazoimidazole-4-carboxamide (4 2) and 2-chloroethyl isocyanate33 The
mechanism for this reversal of the synthetic procedure probably involves a [1,5]
sigmatropic shift via an unstable spirobicycle (c.f. mechanisms for the formation of the
tetrazinone ring, Scheme 1.4). In contrast the aqueous stability of the imidazotetrazinones is

very much pH dependent. The tetrazinone ring is remarkably stable under acidic conditions

(t;» at pH 4 is 240 hours)4/ and indeed mitozolomide can be obtained unchanged from

concentrated sulphuric acid at 60-65°C. However, at physiological pH, degradation of the

tetrazinone ring is initiated by nucleophilic attack by water at C4 to form (50).
Decomposition of (50), by cleavage of either the 3,4 or 4,5 bonds might then give the
unstable carbamic acids (51 and 5 2); loss of CO, then gives the unstable triazenes (5 3 and

54). Alkylation of a water molecule, by (54), leads to the formation of 5-aminoimidazole-

4-carboxamide (5 5), nitrogen and 2-chloroethanol (5 6) (Scheme 1.5).33

Baig and Stevens?2 have shown that in the presence of oxygen and nitrogen
containing nucleophiles initial attack also occurs at C4 to give a tetrahedral adduct, for
example the reaction with methanol (Scheme 1.6). Further decomposition was dependent
upon the nature of the 3-substituent. Mitozolomide (3-CH,CH,Cl) appears to cleave
exclusively at the 4,5 bond (route a), whereas temozolomide (3-Me) and the 3-ethyl
analogue undergo cleavage at the 4,5 bond and to a minor extent at the 3,4 bond (route b).

In hot acetic acid mitozolomide decomposed to give the parent 5-
diazoimidazole-4-carboxamide (4 2) which was treated with halide ions in a Sandmeyer type
reaction to give the 5-haloimidazoles (6 3), and with methylenic substrates to give the

imidazo-1,2,4-triazines (67-69), reactions which were not seen with the 3-methyl or 3-

ethyl analogues (Scheme 1.7).42

1.5.2 Reactions with retention of the tetrazinone ring.
Despite the instability of the tetrazinone ring under basic conditions treatment

of mitozolomide with commercial bleach was found to give a moderate yield of the free acid
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(70)#3 The acid (70) was subsequently prepared in a higher yield by using

nitrosylsulphuric or nitrosyltrifluoroacetic acid.37.43 Horspool er al.#3 utilised the acid (7 0)
in the preparation of the 8-carbonyl chloride (7 1) which was found to react preferentially
with nucleophiles at the 8-position rather than C4 allowing the synthesis of a wide range of
novel analogues (72-74) (Scheme 1.8). However, attempts to prepare the potentially
interesting 8-amino and the 8-homologous acid derivatives via a Curtius rearran gement and
Wolff degradation respectively failed. The acid stability of the tetrazinone ring is further
exemplified by the nitration of mitozolomide, not in the expected 6-position, but in the 8-

carboxamide substituent to give the 8-(N-nitrocarbamoyl)imidazotetrazinone (7 5) .43

1.6 Antitumour evaluation of imidazotetrazinones.
1.6.1 Antitumour activity of mitozolomide.

Mitozolomide exhibited broad and potent antitumour activity against a variety
of murine tumour models,*#45 showing curative action against L1210, P388 leukaemias,
solid tumour types colon 38, M5076 sarcoma and ADJ/PC6A plasmacytoma. Significant
activity was also displayed against TLX5 lymphoma, B16 melanoma, Lewis lung carcinoma
and colon 26 tumour.#5 Mitozolomide compared favourably with widely used clinical agents
in the now redundant NCI tumour panel bein g equi-potent with cisplatin, BCNU,
cyclophosphamide and adriamycin, while proving superior to methotrexate and DTIC (76)

(Table 1.1).46

ONH,
Naw T N
— N N I !
N\/ | e NY o
NH N
He” CH, 0
76 - 77

Considering the structural resemblance of the imidazotetrazinones to the
nitrosoureas (77) and the triazene DTIC (7 6), it was not surprising that all three types

displayed similar observed patterns of resistance. Cross resistance studies showed
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mitozolomide was inactive against L1210 leukaemia and TLX5 lymphoma with derived
resistance to BCNU and a dimethyltriazene respectively. Activity was maintained against
cyclophosphamide-resistant 1.1210 leukaemia. However, it was clear that mitozolomide had

clear advantages over these earlier classes of antitumour agents in terms of activity, oral
bioavailability, pharmacokinetics and, with respect to the triazenes, greater photostability. 47

The chemosensitivity of human tumour xenografts to mitozolomide has been

studied. Pronounced activity was shown against human sarcoma, colon cancer and
melanoma xenografts,48 while at best, marginal activity was observed against human
gestational choriocarcinoma 49

As a result of these studies mitozolomide entered phase I clinical trials in
1983. Newlands er al5? established that mitozolomide possessed good oral bioavailability

and in general was well-tolerated with only minor nausea and vomiting. However,

myelosuppression was found to be the dose-limiting toxic effect, manifested by a marked
and prolonged thrombocytopenia lasting up to 8 weeks, at doses > 1 15mg/m2. An
abbreviated phase I clinical trial of i.v. mitozolomide led to the recommendation of a
maximum i.v. dose of 100mg/m? in previously treated patients with a reduction to 90mg/m?
in patients with a history of prior treatment.5/

Phase II clinical trials’2 indicated promising response rates against small cell
lung carcinoma (28%), while response rates in malignant melanoma’3 were comparable with

those of the most active established drugs. However, further evaluation was abandoned due

to the severe and unpredictable thrombocytopenia that was encountered despite dosage

reduction in some cases as far as 70mg/m?2.

1.6.2 Antitumour activity of other imidazotetrazinones.
The exciting antitumour pdtential of mitozolomide prompted the synthesis

and testing of a large number of new imidazotetrazinones with various substituents in the 3,
6, and 8-position.?343.47 No derivative emerged with an outstanding improvement in

therapeutic index, although the 3-methyl analogue (temozolomide) possessed qualitative

differences in activity from mitozolomide that merited further exploration.
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Temozolomide displayed potent activity against L1210, P388 leukaemias,
M5076 sarcoma, B16 melanoma and ADJ/PC6A plasmacytoma.’5 The antitumour activity
of temozolomide was improved further when used in a divided dose schedule, in contrast to
mitozolomide whose maximum efficacy was obtained on a single dose regime (Table

1.2).35

Temozolomide was inactive against mitozolomide-resistant P388 leukaemia,
while cross-resistance with DTIC-resistant L1210 leukaemia indicated that the activity of
temozolomide shared a common pathway with DTIC. Comparison with DTIC against a
range of tumour models established temozolomide as the superior agent, a potential that is

currently being investigated in clinical trials (Table 1.3).35

CONRR'
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An interesting analogue is the 8-N,N-dimethylcarbamoyl derivative (7 8) of
mitozolomide which was shown to be inactive against TLX5 lymphoma in vitro when
compared with mitozolomide, but which displayed a significant increase in activity when
incubated with hepatic microsomes. Indeed, in vivo studies showed that 89% of the

administered dimethyl analogue underwent oxidative N-demethylation to the N-methyl

analogue (79) which was responsible for the antitumour activity. 54

1.7 Mode of action of imidazotetrazinones.

Much of the initial work on the mechanistic studies of imidazotetrazinone-
mediated cytotoxicity was conducted using mitozolomide. Theoretically fragmentation of the
1,2,3,5-tetrazinone ring was capable of generating a cascade of potential antitumour species.

However, chemical studies had demonstrated that under physiological conditions

mitozolomide acted as a pro-drug for the alkylating agent MCTIC.33.35
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Alkylation reactions involve the formation of covalent linkages to a variety of
C, O, N, S and P containing nucleophiles via an Sp2 nucleophilic substitution. Two main

sites are readily accessible to alkylation in DNA - O6 (8 0) and N7 (81) positions of guanine

residues.
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In common with other alkylating agents mitozolomide was shown to
extensively alkylate the N7 position of guanine with a greater preference for the inner

guanine in a run of three or more contiguous bases, but with less selectivity than the
nitrosoureas.’> However, although most alkylating agents extensively attack the N7 position

of guanine there is no clear evidence that such reactions are responsible for their cellular

toxicity. N7 alkylation results in the production of apurinic sites, the loss of the guanine base
leading to single strand breaks in DNA.S6

The alkylation of O6 is a pro-mutagenic lesion resulting in the interpretation

of the guanine as an adenine base and consequently leads to misreading of the genetic

code.>7-58.59 It is now generally considered that such events have a crucial role in mediating

the cytotoxicity of alkylating agents.60.6/,62.63 Studies involving chloroethylnitrosoureas
suggested that the formation of DNA interstrand cross-links following alkylation at the O6
position were implicated in initiating cell death.64.65 Indeed, Gibson er al.66 showed that in

L1210 leukaemic cells mitozolomide and MCTIC were equi-potent with the nitrosourea
CNU at producing interstrand cross-links. Suggestions arose that these agents shared a

common mechanism of cellular toxicity by inducing these cross-linked adducts.

Tong er al.5% has proposed a possible mechanism for the formation of
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interstrand cross-links by chloroethylating agents (Scheme 1.9). Initial alkylation occurs at
the O6 position of a guanine residue (8 3). The disruption in the hydrogen bonding of the G-
C base pair would leave the adjacent N1 pbsition of guanine open to undertake
intramolecular nucleophilic attack (8 4) with subsequent loss of a chloride ion generating the
resonance-stabilised N1, O6-ethanoguanine (85-86). Nucleophilic attack by the N3 position
of the cytosine on the opposite strand results in cleavage of the ethanoguanine moiety (8 6)
and formation of a N1-guanine-N3-cytosine interstrand cross-link 87).

Further evidence for the role of cross-linking in mediating the toxicity of
mitozolomide and MCTIC came from studies comparing the activity of these agents against
cells with an O6-alkyltransferase repair facility (Mer+ cells) and cells deficient in this repair
process (Mer- cells). It was argued that Mer- cells should exhibit greater sensitivity to the
action of mitozolomide and MCTIC because they were unable to remove the initial O6

chloroethyl adduct and thereby prevent cross-linking. Gibson et al.%7 demonstrated that for

mitozolomide and MCTIC there was a linear correlation between the formation of cross-links
and log cell kill in SV-40 transformed embryo cells (Mer-), while there were insignificant
amounts of cross-linking in the IMR-90 (Mer+) cell line and no correlation with cell death. It
was suggested that by analogy with the nitrosoureas mitozolomide exerted its antitumour
activity by the formation of cross-links in DNA via the hydrolytic generation of a
chloroethyldiazo species i.e. MCTIC.68

Subsequent research has called into question the role of DNA-interstrand
cross-links in initiating cell death. Using a series of alkyltriazenylimidazoles against HT-29
colon carcinoma cells (Mer+) and BE colon cells (Mer-) Gibson and his co-workersé® found
that chloroethyl and monomethyl analogues both produced differential toxicity in the Mer+
and Mer- cell lines. However, unlike the chl