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A review of the chemical and antitumour properties of imidazotetrazinones
and in particular for that of mitozolomide. 8-carbamoyl-3-(2-
chloroethyl)imidazo[5.1-d]-1.2.3,5-tetrazin-4(3H)-one (CMCIT) is presented.
Previously proposed mechanisms of action for CMCIT are described. with
special attention being given to its alkylating properties, conferred by the
3-chloroethyl substituent.

In order to obtain structure-activity data, a series of 8-substituted derivatives
was synthesised and the cytotoxicity determined using a murine TLXS
lymphoma cell line. CMCIT and the 8-methylcarbamoyl derivative
(MCMCIT) exhibited high cytotoxicity in vitro. which generally paralleled the
high antitumour activity observed in_ vivo. In comparision. the
8-dimethylcarbamoyl derivative (DCMCIT), although equiactive with
MCMCIT and CMCIT against the TLX5 lymphoma in the mouse in vivo,
was markedly less cytotoxic than MCMCIT or CMCIT when incubated with
TLXS lymphoma cells in vitro. Incubation of DCMCIT with mouse liver
microsomes and TLXS lymphoma cells in vitro produced a significant
increase in the cytotoxicity of DCMCIT. The activation was dependent on
the presence of an NADPH-generating system. The increased cytotoxicity of
DCMCIT when incubated with microsomes was not due to in vitro production
of formaldehyde.  The stability of CMCIT, MCMCIT and DCMCIT was
investigated, but there was no correlation between the rate of ring-opening
and cytotoxicity. HPLC analysis of the incubation mixture of DCMCIT with
microsomes afforded a peak which co-chromatographed with MCMCIT.

This work implies that the presence of a free -NH group in the
8-carbamoylimidazotetrazinones is required for high antitumour/cytotoxic
potential. Proposals have been made concerning the role of the amidic
hydrogen. and for possible mechanisms of action of imidazotetrazinones, the
most exciting theory envisaging possible targeted alkylation of DNA.

Coplanarity of an oxygen atom in the 8-substituent may also crucially affect
the activity of imidazotetrazinones. Maintenance of coplanarity in active
derivatives may enable these compounds to fit a theoretical receptor site
described for imidazotetrazinones, putatively suggested as DNA.

KEY WORDS: IMIDAZOTETRAZINONES: ANTITUMOUR AGENTS;
ALKYLATING AGENTS; STRUCTURE-ACTIVITY
RELATIONSHIPS: CYTOTOXICITY.
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1 INTRODUCTION

1.1 Foreword

The imidazotetrazinones are a novel series of potent antitumour agents
which were originally synthesised at Aston University in late 1980. The
lead compound, 8-carbamoyl-3-(2-chloroethyl)imidazo[5.1-d]-1.2,3.5-
tetrazin-4(3H)-one, mitozolomide (CCRG 81010) (1) and the 3-methyl
analogue. 8-carbamoyl-3-methylimidazo(5,1-d]-1.2.3.5-tetrazin-4(3H)-one,
temozolomide (CCRG 81045) (2). were developed to clinical trial by May
& Baker Ltd, Dagenham. England in partnership with members of the
Pharmaceutical Sciences Institute, Aston University. When tested in animal
models and human tumour xenografts. mitozolomide exhibited outstanding
antitumour activity. Unfortunately, clinical evaluation of this drug has
been extremely disappointing with treatment causing severe unpredictable
thrombocytopenia. The clinical failure of mitozolomide has caused
scepticism concerning use of the current screening tests for evaluation of

new antitumour agents.

The scientific interest generated by the imidazotetrazinones demands
further investigations to determine how these compounds exert their

antitumour activity. It is known that the 3-substituent is crucial to the
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alkylating properties of these compounds, but interestingly, substitution in
the 8-position can cause considerable variation in their antitumour
potential. The present study investigates the significance of the

8-substituent for the activity/cytotoxicity of the imidazotetrazinones.

1.2 Chemistry of imidazotetrazinones

1.2.1 Background chemistry to the discovery of the imidazotetrazinones

Mitozolomide exerts its potent antitumour activity probably via hydrolytic
ring-opening to give the highly unstable triazene 5-[3-(2-chloroethyl)-
triazen-1-ylJimidazole-4-carboxamide (3). MCTIC, NSC 157949. The
mechanism for this ring-opening has its origins in the Finger reaction’.
Finger established that 1,2.3-benzotriazin-4(3H)-one (4) underwent ring-
opening in the presence of aqueous alkali to afford anthranilic acid (6)
(Scheme 1). Although the 1,2,3-triazinones can decompose to give a
variety of products, antitumour activity is not exhibited by these

compounds.

Using a reaction based on the interaction of diazoles and isocyanates. Ege
& Gilbert2.3 devised a new general synthesis of azolotetrazinones. Until its

synthesis the 1,2,3,5-tetrazine system had been believed to be inherently
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unstable4.5. Interestingly, the pyrazolo[5,1-d]-1.2.3,5-tetrazinone
derivatives synthesised by Ege & Gilbert (e.g. 7) failed to demonstrate any
antitumour activity although it is now known that compounds containing

this ring system do exhibit potent antitumour activity (See Section 1.2.2).

1:2.2 Synthesis and chemical reactivity of imidazotetrazinones

Previous studies had shown that the 3-substituted-1.2.3-benzotriazin-
4(3H)-ones (8) undergo fission at the 1.8a. 2.3 or 3.4 bond6 (8) and that
the sites of these fission reactions are influenced by the nature of the N-3
substituent”. In comparison, the 3-substituted-imidazo|5.1-c]-1.2 4-triazin-
4(3H)-ones (9) were shown to ring-open in the presence of nucleophiles
(e.g. hydrazine) by fission of the 4.5 bond only8. Consideration of this
data led to a prediction by Stevens that inclusion of an extra heteroatom in
the bicyclic 1,2,3,5-tetrazine (1) would induce lability in four different
bonds 1.8a. 2.3. 3.4 and 4,5 (10). Synthesis of the imidazol[5,1-d]-
1.2.3.5-tetrazinones was attempted in the belief that ring-opening would
lead to an array of products, some of which had previously exhibited
antitumour activity. For example, it was proposed that mitozolomide

might revert to the diazoimidazole (11) and chloroethyl isocyanate (12).
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i.e. by cleavage of the 2.3 and 4.5 bonds, or undergo hydrolytic attack at
C-4 with subsequent cleavage of the 3,4 and 4 ,5 bonds to liberate Shealy’s

MCTIC (3)9:70.17 (Scheme 2).

The mechanisms proposed for the synthesis of the imidazotetrazinones are
shown schematically in Scheme 3. Reaction may occur via an initial [3+2]
cycloaddition (i) to form unstable spirobicycles (13) which could rearrange
spontaneously by a [1.5] sigmatropic shift to the imidazotetrazinones (1),
this pathway being based on previous work which had shown that the
reaction of heterocyclic diazo compounds with dipolarophiles proceeded via
an initial 1.3-dipolar cycloaddition with subsequent rearrangement /2.
Another possibility is based on the proposal by Ege & Gilbert?:3 (See
Section 1.2.1). of a [7+2] cycloaddition process (iii) (14). Finally, an
ionic mechanism (ii) may be involved with initial nucleophilic attack by the
imidazole ring nitrogen at the electrophilic carbonyl group of the
isocyanate, leading to production of the dipolar intermediate (15) with
subsequent ring closure. Stone’0 suggested pathway (ii) to be the most
likely candidate for this reaction mechanism.

Imidazotetrazinones produced via this method were cream or pastel
coloured powders which were soluble in dimethylformamide (DMF).

dimethylsulphoxide (DMSO) and 1-methyl-2-pyrrolidinone, and sparingly
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soluble and unstable in alcohols. Crude products were often contaminated
with a maroon pigment which was identified as the imidazolylazo-
imidazole/0.7/(16) probably formed as a result of a coupling reaction’
between 5-diazoimidazole-4-carboxamide (Diazo-IC) (11) and some
contaminating 5-aminoimidazole-4-carboxamide, AIC (17). Melting points
for the imidazotetrazinones ranged between 138°and 210°C and were
associated with violent decomposition and effervescence/0. The
imidazotetrazinones showed no detectable deterioration for several months

if stored under dry, dark conditions’0.

Decomposition studies employing mitozolomide demonstrated that the
route of degradation was extremely sensitive to reaction conditions. In
methanol alone conversion to 2-azahypoxanthine (20) and methyl-N-
(2-chloroethyl)carbamate (21) was slow; in the presence of ammonia as
catalyst, however, the reaction was accelerated. The reaction follows first-
order kinetics/?, The proposed mechanism (Scheme 4, R=CH3) involves
initial reversible formation of hemiacetals (18), followed by proton loss
from (18) (hence the effect of base). which causes cleavage of the 4,5-bond
to produce unstable triazenes (19). Formation of 2-azahypoxanthine (20)
and the carbamates (e.g. 21) is probably achieved via intramolecular
cyclisation with subsequent expulsion of the terminal N-moiety. The

methanolic cleavage is also accelerated by heat. In addition to products
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(20) and (21) however, one also obtains secondary methanolic cleavage
products of 2-azahypoxanthine (22). Similar degradation reactions are
observed using ethanol in place of methanol. It has been suggested that
the ester byproducts (22) probably arise by alcohol-initiated ring-opening
of 2-azahypoxanthine, since similar cleavage has been observed with

1.2.3-benzotriazin-4(3H)-one /4.

Decomposition of mitozolomide in aqueous conditions has been shown to
be pH dependent. Mitozolomide is stable in dilute aqueous acid and in
anhydrous strong acids, e.g. in warm (60 —65°C) concentrated sulphuric
acid. In contrast, at higher pH values mitozolomide ring-opens:
degradation of mitozolomide in 5% aqueous sodium carbonate has been
used to prepare MCTIC//. Later studies also led to the isolation of AlIC
(17) and chloroethanol (28) following decomposition of mitozolomide in
phosphate buffer. Half-life determinations employing various buffer
solutions have established that minor changes in pH can produce a
profound effect on the half-lives of imidazotetrazinones’ 5,16, The
proposed reaction mechanism for decomposition of mitozolomide in
aqueous systems is given in Scheme 5//. The mechanism involves initial
attack at C4 leading to ring-opening to produce unstable carbamic acids
((24) or (25) depending on which bond breaks), with decarboxylation

giving MCTIC (26, 27). MCTIC alkylates water via a SN2-type
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mechanism with subsequent formation of AIC (17), nitrogen (23) and
2-chloroethanol (28). It has also been proposed that the aminoimidazole
tautomer (27) might possess an intramolecular hydrogen-bond which leads
to activation of the electrophilic «-methylene group of MCTIC to attack by

nucleophiles.

Baig & Stevens’7 have recently investigated the discrepancy between the
decomposition of mitozolomide and that of other 3-alkylimidazotetra-
zinones by examining the degradation of different 3-substituted imidazo-
tetrazinones by various nucleophiles. Evidence obtained suggests that
mitozolomide cleaves in the presence of oxygen and nitrogen nucleophiles
exclusively at the C(4)-N(5) bond, whereas 3-methyl- and 3-ethyl-
imidazotetrazinones also fragment at the N(3)-C(4) bond to a minor extent.
It has also been suggested that the tetrahedral adduct (29) produced from
attack of nucleophiles at C(4) in mitozolomide (Scheme 6) might be
aligned favourably for intramolecular cyclisation to form an oxazolidine
intermediate (30). Such a species can only be formed from mitozolomide,
but although it is theoretically possible that this intermediate might cleave
exclusively at the observed bond, it is difficult to imagine why this should
occur selectively, since previous evidence has shown that the C-Cl bond

remains intact in the presence of nucleophiles// .

Interest generated by mitozolomide led to synthesis of a large number of
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analogues substituted at various positions in the imidazotetrazinone
structure. The scope of the reaction for preparation of these compounds
has therefore been extensively studied/0.//.18, Substitutions at the
3-position of the molecule were performed by reaction with the appropriate
isocyanate. Cycloadducts, however, were not formed with cyclohexyl, n-
butyl. t-butyl, n-tridecyl and n-pentadecy! isocyanates under the conditions
tried. Likewise. phenyl-(p-tolyl)isothiocyanate and NN'-diphenyl-,
NN'-di-p-tolyl, and NN’-dicyclohexylcarbodiimides also failed to

participate in the reaction’0 .

Synthesis of derivatives containing other ring systems in place of the
imidazole moiety led to the discovery that, despite previous findings (See
Section 1.2.1). the pyrazolotetrazinones if appropriately substituted do

display antitumour activity /920,

k.3 Biological and clinical evaluation of imidazotetrazinones

1.3.1 Antitumour activity of mitozolomide

Mitozolomide possesses potent antitumour activity against a broad
spectrum of murine tumours?/. In animal screening models, single doses

between 20 and 40mg/kg mitozolomide elicited cures against L1210 and

P388 leukaemias irrespective of the route of tumour and/or drug
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administration. Screening against the TLXS5 lymphoma (sc) and B16
melanoma (ip) also demonstrated the potent antitumour activity of
mitozolomide. Excellent results were also obtained against various solid
tumour models with complete cures of the Lewis lung tumour, colon 38
tumour, M5076 sarcoma & ADJ/PC6A plasmacytoma??. These results
established mitozolomide to be one of the most potent compounds screened
against the National Cancer Institute murine tumour panel. Comparison of
the activity of mitozolomide with that of other widely used agents in these
animal models demonstrated that it was equiactive with cis-platinum (31),
I.3-bis(2-chloroethyl)-nitrosourea, BCNU (32), adriamycin (33) and
cyclophosphamide (34). and superior to 5-(3,3-dimethyltriazen-

I-yl)imidazole-4-carboxamide, DTIC (35) (Table 1).

In cross-resistance studies, mitozolomide was inactive against a L1210
leukaemia made resistant to BCNU and against a TLX5 lymphoma resistant
to dimethyltriazenes. However, animals bearing the L1210 leukaemia with
derived resistance to cyclophosphamide maintained their sensivity towards

the effects of mitozolomide. with cures being elicited in these animals.

Fodstad et al?3 examined the antitumour activity of mitozolomide against

several xenografted human tumours. Excellent antitumour activity was
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observed against sarcomas, melanomas and colon cancers; this led to
anticipation that mitozolomide might produce clinical responses in

sarcoma. melanoma, and possibly colon cancer.

1:3.2 Clinical investigations with mitozolomide

In Phase I clinical trial Newlands et al25 established that the dose-limiting
toxicity of mitozolomide was thrombocytopenia produced at a dose of
>115 mg;’m2. with recovery from the thrombocytopenia being delayed for
up to eight weeks. Later, Joss et al?6 conducted an abbreviated Phase I
clinical trial which resulted in a recommendation that the iv dose of
mitozolomide should be 100 mg:‘m:‘1 for previously untreated and 90

mg;’m2 for previously treated patients in Phase II trials.

Unfortunately in Phase II clinical trials?” unpredictable myelosuppression
occurred despite dose reduction from 115 mg;’m2 orally to 90 mg/m?2 or
70 mg!mz. Although some response was seen against small cell lung
cancer (response rate 28 %) and possibly melanoma (response rate 11%)
further clinical investigation was difficult because of the unpredictable and
frequently cumulative myelosuppression. Phase 11 trials conducted by other

workers28 have also shown that orally administered mitozolomide is
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active against malignant melanoma. The apparent selective nature of bone
marrow toxicity has led to the suggestion?$ that future use of mitozolomide
might be in conjunction with bone marrow transplantation. the hypothesis

being that following aspiration of the bone marrow, patients may be treated

with high doses of drug before reinfusing the bone marrow.

1.3.3 Antitumour activity of substituted imidazotetrazinones

A series of substituted analogues have been tested against murine tumour
cell lines (Table 2)20 with certain derivatives exhibiting outstanding
activity, notably the 8-methylsulphonyl and the 8-sulphonamido derivatives.
Comprehensive antitumour data for various analogues of mitozolomide has
recently been published/?.29, The search for a less myelosuppressive
derivative was unsuccessful with no obvious analogue emerging with a
significantly improved therapeutic index in animals. These studies did,
however, highlight qualitative differences in the activity of mitozolomide
and that of its 3-methyl analogue, temozolomidé. These differences were
considered important enough to warrant further investigation into the

activity of temozolomide.
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1.3.4 Antitumour activity of temozolomide

Potent activity was demonstrated by temozolomide against P388 and L1210
leukaemias. the B16 melanoma and M5076 reticulum-cell sarcoma. with
curative activity against three solid tumour models i.e. the murine M5076
sarcoma and ADJ/PC6A plasmacytoma and the MX-1 human mammary
xenograft20. In comparison with mitozolomide. which displayed optimum
activity on a single-dose schedule, temozolomide required a divided dose
schedule to display maximum activity. Temozolomide has shown cross-
resistance to a cell line resistant to mitozolomide and a cell line resistant to
DTIC (Table 3), hence temozolomide may be acting by a similar
mechanism to DTIC. Comparison with the clinically useful agent DTIC
(Table 4) is favourable and this has led to assessment of temozolomide in a

disease directed Phase I clinical trial against melanoma.

1.4 Mode of action of imidazotetrazinones

1.4.1 Carbamoylation reactions

Carbamoylation reactions are exhibited by isocyanates produced from
decomposition of nitrosoureas. e.g. BCNU (32)30-3/. The organic

isocyanate moieties generated are responsible for carbamoylating

intracellular proteins32.33, chiefly at amino acids at sites of "active”
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hydrogen groups, such as £-amino groups of lysine or arginine.

A number of workers have suggested a biological role for carbamoylation,
and its contribution towards antitumour activity or toxicity. The diversity
of biological consequences caused by carbamoylation includes inhibition of
DNA polymerase 1134.35 and human leukaemia DNA polymerase 1136, and
reduction of nucleolar RNA processing?7, as well as inhibition of
glutathione reductase’$, «-chymotrypsind?.40, and the polymerisation of
tubulin4/.  Kann et al42.43.44 demonstrated that isocyanates can inhibit the
repair of X-irradiation damage to DNA. and consequently such inhibition
of repair processes could enhance the therapeutic effect of drugs causing
alkylation damage. although it may also increase their carcinogenic

potential and toxicity in normal tissues.

Studies were intensified following synthesis of chlorozotocin (36)45 which
consisted of a chloroethylnitrosourea moiety from (37) attached to the C-2
position of glucose and which possessed excellent antitumour activity,
despite negligible carbamoylation properties. This finding led to the
suggestion that carbamoylation is not a major factor in antitumour
activity30.33, It was also shown that there was no correlation with

granulocycte suppression 46, lethal toxicity4”, or myelotoxicity#8.49.50,
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In contrast to the above reports, Gibson & Hickman3/ showed that
isocyanates generated from BCNU (32) and 1-(2-chloroethyl)-3-cyclohexyl-
I-nitrosourea, CCNU (38), possessed some degree of selective toxicity
towards TLXS tumour cells. They postulated that isocyanate production
could be particularly important for the toxicity of nitrosoureas expressed in
TLXS lymphoma cells, and that molecules that release a chloroethyl
isocyanate, rather than a haloalkyl species, could be active antitumour

agents.

Obviously the role of carbamoylation in cancer chemotherapy has still to be
fully explained. However, a recent review-2relating structure to anticancer
activity and toxicity of nitrosoureas has confirmed earlier conclusions that
carbamoylation does not seem to be a major factor in the activity or

toxicity of these compounds.

1.4.2 Alkylation of DNA

In addition to its carbamoylating properties, mitozolomide was also
envisaged as possessing alkylating properties via hydrolytic ring-opening to
give MCTIC (3). MCTIC is a chloroethylating species which could
alkylate nucleophiles by a SN2 type mechanism (Scheme 5). In biological

macromolecules, alkylation reactions result in addition of alkyl groups to
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nitrogen. sulphur or oxygen atoms33.34.55,  Although a variety of potential
alkylation sites exist, for these investigations only 0% and N7 lesions of

guanine residues of DNA will be considered.

1.4.3 0% Alkylation of guanine residues in DNA

Addition of an alkyl group to 06 of guanine leads to misreading of the
genetic code, that is, it is a pro-mutagenic lesion. A GC-AT single point
mutation occurs as guanine (39) is now read as adenine (40)30.57.58, There
is evidence that 06 alkylation plays a definite role in carcinogenesis and

mutagenesis39.60.6/.62

In addition to the results outlined above. studies®3.64 involving the
chloroethylnitrosoureas have shown that 06-chloroelhyl adducts can
undergo a second reaction with elimination of chloride ion. This results in
a crosslink consisting of an ethano (CH,CH>) bridge between two
nucleophilic atoms. Two types of DNA crosslinks have been observed: (i)
that formed between two guanine-l\l? positions. (ii) that formed between a
guanine-N! and a cytosine-N3 postion63.64,  Crosslink (i) is almost
certainly confined to adjacent guanines in the same DNA strand

(intramolecular), and little is known about its biological significance.
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It is the G-C interaction which is considered to be an interstrand crosslink
of major importance. A mechanism for production of this crosslink was
postulated by Tong & Ludlum63 (Scheme 7). It was suggested that initial
chloroethylation of the guanineﬁO6 position (43) disrupts the hydrogen-
bonding to the paired cytosine and makes the gu‘anine-l\lI position
accessible. The chloroethyl group at 06 then reacts intramolecularly with
N!. eliminating chloride and forming an ethano bridge (44). The resulting
N. Ob-ethanoguanine moiety (45) is a resonance stabilised cation which is
susceptible to nucleophilic attack at the ethano group. the 06 being the
leaving group. If the nucleophile in this reaction is a cytosine-N3. then the
result is thought to be an interstrand cross-link via the ethano-GC moiety

(46).

It has been shown that for the chloroethylnitrosoureas cross-linked DNA
strands are produced both in reaction with purified DNA3.66 and in
cells67.68.69, Experiments designed to assess the extent and significance of
cross-link formation have been extremely difficult due to the presence of a
repair enzyme. O®-alkylguanine-DNA-alkyltransferase”0:7/.72 . Cells
proficient in this type of repair are designated Mer+ or Mex+ while those
deficient are Mer- or Mex-. The Mer+ protein appears to possess a broad
substrate specificity. being able to remove methyl, ethyl. hydroxyethyl.
and, supposedly. chloroethyl adducts73.74. The alkyl groups are rapidly

removed from the guanine 05-postion and are transferred to a thiol group
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of a protein cysteine moiety70.75,

Thus if the Mer+ system is able to remove chloroethyl groups from the
guanine 0O6-position then it is possible that this system can prevent
interstrand cross-linking by chloroethylnitrosoureas. Erickson76 has shown
that Mer+ strains in vitro clearly show less interstrand cross-linking than
do Mer- strains. There have been many attempts to use this repair system
as a device to explain the significance of O® alkylation and cross-link
formation. Early studies showed that Mer+ character enhances the ability
of cells to survive treatment with N-methyl-N-nitrosourea, MNU (47)77.78
or with chloroethylnitrosoureas70. This improved survival to MNU
suggests, but does not prove that methylation at guanin'E:-O6 is an
important contributor to cell killing, since the Mer+ phenotype might be
able to influence several different repair processes. Similarly, the increased
survival of such cells to chloroethylnitrosoureas suggests, but does not
prove, that interstrand cross-link formation is a major contributor to cell
killing by this drug. Recently a correlation between the ability to repair
alkyl lesions at the 06-poslion of guanine and cytotoxicity has been
observed with both the nitrosoureas”? and triazenes80 and suggests that this
base modification is a potentially cytotoxic lesion. The contribution of

individual DNA lesions to the mutagenic and cytotoxic effects of alkylating
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agents has also been investigated using cloned genes that code for specific
DNA repair functions to complement repair deficient cells8/.82.83.84,
Studies involving Chinese hamster V79 and murine haemopoietic stem cells
have provided good evidence to support a major role for 05-alkylguanine

in cellular lethality following alkylating agent treatment.

The bulk of the evidence hence favours alkylation at the 06-position of
guanine as the crucial event in the cytotoxic action of alkylating agents.
The role of the subsequent cross-link formation is not clear. However. the
majority of evidence suggests that it is probably a less significant event

than the initial alkylation step.

1.4.4 N7 alkylation of guanine residues in DNA

Alkylated purines are lost spontaneously from DNA. producing apurinic
sites85. This ultimately leads to single strand breaks in the DNA, and is
presumed to account for the cytotoxicity of the alkylating agents. Of these
alkylated purines. 7-methylguanine has received most attention 86, although
there is conflicting evidence concerning the role of N7 alkylation in the

antitumour activity of alkylating agents.

Current investigations examining alkylation of calf thymus DNA by



58

temozolomide. have shown that the N7 position of guanine is the main site
of alkylation87.88. The qualitative differences in antitumour activity
between temozolomide and mitozolomide could be explained by their
preference for different sites of alkylation. There is no evidence, however,

to support this hypothesis.
1.4.5 Studies on the mode of action of mitozolomide

Although 2-chloroethyl isocyanate production is theoretically possible from
decomposition of mitozolomide (Section 1.2.2). the initial screening
programme suggested that this was unlikely. A comparison between the
murine TLX5 lymphoma and L1210 leukaemia screening models had
shown that the TLX5 cell line appeared to be sensitive to haloalkyl-
nitrosoureas. this being attributed to release of isocyanate moieties from
these compounds (See Section 1.4.1). No such sensitivity was observed
with the L1210 leukaemia cell line3/. Screening of mitozolomide showed
that it possessed potent and broad spectrum antitumour activity against a
wide range of murine tumours, including the L1210 and TLXS cell lines
(See Section l.;.l). This data, coupled with analysis of breakdown
products in vitro, suggested that 2-chloroethyl isocyanate was not, or not
alone. the active species involved in the antitumour activity of

mitozolomide.

Horgan & Tisdale8?.90 investigated the carbamoylating properties of
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mitozolomide by studying its effect on y-glutamyltranspeptidase,
a-chymotrypsin and glutathione reductase. Comparison of mitozolomide
with BCNU at equitoxic concentrations showed that whilst BCNU caused
inhibition of glutathione reductase in intact TLXS cells, mitozolomide had
no significant effect on enzyme activity. Similarly, BCNU showed
inhibition of both a-chymotrypsin and y-glutamyltranspeptidase activity
whereas mitozolomide had no inhibitory effect on enzyme activity. It was
suggested that isocyanate generation does not occur during decomposition

of mitozolomide. either in the intact cell or in aqueous solution.

Dive et al?/.92 have recently provided data which is contrary to previous
findings. Using a flow cytoenzymological method they have demonstrated
that mitozolomide may possess some carbamoylating activity. There seems
little reason to doubt findings from the enzyme inhibition studies, although
results from the flow cytoenzymological assay are intriguing and the

dichotomy cannot at present be explained.

The alkylating properties of mitozolomide have also received a great deal
of attention. Gibson et al,?3 using L1210 murine leukaemia cells,
demonstrated that at equimolar concentrations mitozolomide possessed
similar in vitro cytototoxicity to MCTIC (3) and the 2-chloroethyl-

nitrosourea, CNU (37); at equitoxic concentrations they produced similar
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levels of DNA interstrand cross-linking. The time course for the cross-link
formation was found to be somewhat faster for CNU (6 hours) compared
with mitozolomide and MCTIC, where the time taken to form cross-links
was 9 hours. From these studies it was concluded that mitozolomide
probably achieves its cytotoxic action against L1210 cells by ring-opening
to give MCTIC (Scheme 5) with subsequent formation of DNA cross-links.
The cross-linking ability of mitozolomide was further studied by examining
its effect on cell viability and cellular DNA integrity of a Mer proficient
cell line, IMR 90 (Mer+) and a repair deficient line VA-13 (Mer-)%4.
Comparison with MCTIC showed that DNA-protein cross-link formation
was similar in both cell lines for each drug, suggesting that drug
penetration and intracellular drug reactivity were similar. Little or no
interstrand cross-link formation was observed in the IMR-90 cells, the VA-
13 cells giving interstrand cross-link formation peaking 12 hours after drug
removal. The interstrand cross-link formation in VA-13 cells was shown to
be concentration dependent and a linear correlation between cross-link
formation and log cell kill was obtained. No such correlation was obtained
using the IMR-90 cells. By analogy to the chloroethylnitrosoureas it was
proposed that mitozolomide may also produce a chloroethyldiazo species
(i.e. MCTIC), previously implicated in the formation of chloroethyl-DNA
adducts which convert to interstrand cross-links7? (see section 1.4.3). This

led to the hypothesis that DNA interstrand cross-link formation may be a
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common mechanism for the in vitro cytotoxicity of mitozolomide and

MCTIC.

Following this work, a study investigating the role of possible N’
alkylations?5 demonstrated that, for mitozolomide, some specific alkylations
were obtained in DNA sequences containing runs of three or more
guanines. It was postulated, without any substantive evidence, that
2-chloroethyl diazohydroxide (48) was responsible for these alkylations.
and that preferential guanine N7 alkylations at runs of guanines did not
contribute to antitumour activity. These studies also implicated reactions at

guanine-06 in the antitumour activity of mitozolomide.

Indirect evidence for the importance of O® alkylations was also provided
from work testing a series of alkyltriazenylimidazoles against Mer+ and
Mer- cell lines80. These monomethylating agents were shown to produce a
differential toxicity between the Mer+ and Mer- cell lines which was
similar to that of analogous chloroethylating agents. It was suggested that
monoalkylation of guanine O®-positions is sufficient to account for the
observed differential cell killing. It is interesting to note that Karran &
Williams?6 had previously proposed that adducts at the Oﬁ-posilion of

guanine are not potentially cytotoxic in Raji cells.
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More recent attempts to clarify the significance of 06-guanine lesions have
been performed by Margison (see Section 1.4.3). Using an E.coli alkyl-
transferase (AT) gene expressed in mammalian cells, increased resistance
towards the toxic effects of mitozolomide has been observed. These
investigations have indicated that 0b-alkylguanine is responsible for the
cytotoxicity of mitozolomide. More detailed investigations are necessary,
however. to provide specific information concerning the relevance of DNA

alkylation for the biological activity of mitozolomide.

1.4.6 Early structure-activity studies on imidazotetrazinones

Mitozolomide contains a number of structural features which have a long
association with antitumour activity. The ‘NNN" linkage in either acyclic
or cyclic arrangements has been exploited in various ways following the
discovery that 3,3-dimethyl-1-phenyltriazene, PDMT (49), was active
against mouse sarcoma 18097. The most widely used triazene is DTIC
(35)98. which is a useful clinical agent mainly employed in the treatment of
malignant melanoma?9./00.701_ Although DTIC was designed as a pro-
drug of the highly unstable antitumour agent Diazo-1C (11)’ 02 it was
later shown that the mechanism of action of DTIC had little to do with
production of Diazo-1C/03. Expectations that degradation to AIC (17)

would lead to antimetabolite properties’04./05 were also unfounded. since
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inhibition of purine biosynthesis was unrelated to the mechanism of action
of DTIC/06, 1t was later suggested that monomethyltriazenes such as
5-(3-methyltriazen- | -yl)imidazole-4-carboxamide MTIC (50), cause
methylation of biological nucleophiles such as DNA/07. Thus to achieve
this active structure DTIC requires metabolic N-demethylation/06.708.709,
The requirement for metabolic activation of DTIC to give the active species
is one possible reason why DTIC only produces temporary responses in
19% of patients treated/ /0. The presence of alkyltransferase repair
enzymes may also be a reason for this poor response (see Section 1.4.3).
Human beings are rather poor at N-demethylation’//, and thus a
considerable escalation in dose is required to produce the necessary

concentration of active metabolite in vivo. The metabolic activation also

leads to production of formaldehyde which is itself cytotoxic (see Section
2.2.1.5) and may be responsible for some of the side effects of DTIC. In
comparison, the imidazotetrazinones were designed to undergo hydrolytic
ring-opening to release active triazenes without microsomal metabolism or

concomitent release of formaldehyde.

The preferred peripheral substituents of 8-carbamoyl and 3-(2-chloroethyl)
in mitozolomide were arrived at by consideration of the structural features
of BCNU (32) and DTIC (35). To date the following information is

available concerning structural modifications to imidazotetrazinones:
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(i) Several 3-substituted derivatives of mitozolomide have been
prepared but only the 3-methyl derivative (2) displays
pronounced antitumour activity (see Section 1.3.3); and (ii)
Other 3-alkyl analogues are less active or inactive against the

TLXS5 tumour on a single dose schedule.

These preliminary findings led to the suggestion that the 2-chloroethyl
group is the substituent of choice at the 3-position20. It is the 3-substituent
which imparts the alkylating and hence antitumour activity to the imidazo-
tetrazinones (see Section 1.4.5). However, alteration of the 6- and
8-substituents can also cause perturbation of antitumour activity. Addition
of a 6-alkyl group onto the mitozolomide structure gives a series of
compounds with graded activity against the L1210 tumour (See Section
1.3.3). This substitution at position 6- of the imidazotetrazinone structure
is not deleterious to activity when the group is small or linear, but large,
bulky groups (e.g. cyclohexyl and phenethyl) appear to be distherapeutic.

Lunt et al’? have suggested that this possibly reflects:

(i) an increased I value altering transport characteristics,
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(i) failure of the enlarged molecule to fit a binding site, or

(iii) inhibition of hydrolysis at position 4-, preventing ring-

opening to the proposed active triazene.

Screening results obtained from a number of 8-substituted imidazo-
tetrazinones have indicated that the substitution in the 8-position can
crucially affect the antitumour activity of these compounds (see Section
1.3.3, Table 2). The preferred substituents in the 8-position of
imidazotetrazinones were initially given by Stevens as carboxamido.,
sulphonamido and alkylsulphonyl20. More extensive testing of
8-substituted imidazotetrazinones has enabled the following conclusions to

be drawn concerning 8-substitution’? :

(i) Compounds containing a methyl-substituted 8-carbamoyl moiety
are essentially equiactive with mitozolomide but activity decreases

as the bulk of the N-alkyl substituent increases:

(i) The 8-sulphamoyl and 8-methylsulphonyl compounds are
extremely potent antitumour agent._s. with
3-(2-chloroethyl)-8-sulphamoylimidazo(5, 1-d]-1,2,3,5-tetrazin-
4(3H)-one (Table 2, xxviii) giving cure rates against the L1210

leukaemia in excess of those generated by mitozolomide;
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(iii) It appears that alkyl substitution on 8-sulphamoyl analogues has

the same effect as that upon 8-carbamoyl derivatives.

1.5 Current investigations

The present studies aimed to extend the information available concerning
the relevance of 8-substitution to the antitumour activity of imidazo[5.1-d]-
1.2.3.5-tetrazin-4(3H)-ones. A number of novel 8-substituted analogues
have been synthesised for inclusion in structure-activity studies. to further
determine the role of the 8-substituent. A cytotoxicity assay against a
murine TLX5 lymphoma cell line has been used to assess the cytotoxicity
at a simple in vitro level. The concentration of drug required to produce
50% inhibition of TLXS cell growth (IC5q) has been used in the QSAR
studies. It was considered that the metabolic complexities intrinsic to in

vivo studies precluded the use of in vivo data in structure-activity studies.

The metabolism of 8-carbamoylimidazotetrazinones has been examined
using a bioassay involving incubations of drug with mouse hepatic
microsomes. Metabolites produced in these experiments have been
analysed using HPLC. Results from these experiments. and data from
X-ray determinations, have been used to formulate several hypotheses
suggesting why the choice of 8-substituent is crucial to the activity of

imidazotetrazinones.
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2 DISCUSSION OF EXPERIMENTAL RESULTS

2.1 Chemistry
2.1.1 Synthetic routes to imidazotetrazinones
2.1.1.1 Optimisation of existing methods

Initial objectives were to improve the existing methods for preparation of
3-(2-chloroethyl)-3.4-dihydro-4-oxoimidazo|5, 1-d]-1,2,3.5-tetrazine-
8-carboxylic acid (53) and 3-(2-chloroethyl)-3,4-dihydro-4-oxoimidazo-
[5.1-d]-1.2.3,5-tetrazine-8-carbonyl chloride (57), and to extend the range
of 8-substituted analogues. Reaction of mitozolomide (CMCIT) with
nitrous acid using trifluoroacetic acid as solvent instead of sulphuric
acid?9./12 gave increased yields of the acid (53). The mechanism proposed
for this reaction (Scheme 8)//2 involves formation of an intermediate N-
nitrosoamide (51) which undergoes hydrolysis to give the expected product
(53). Present investigations indicate that the volume of water (degree of
solvation) is crucial to the success of acid (53) production by the above
methods’/3.  The acid (53) prepared by this method is a buff coloured

powder that has been shown to exist in a number of polymorphic forms//2,

The existing method for preparation of the acid chloride (57) 29.//2

involving reaction of the acid (53) with thionyl chloride under reflux



ONH,

NQ‘\N

O o
NN el
O
i
HNO; HZSO4

c—-*N N=0

HZO/HN\N

N
N W( N CH,CH,CL

~ NV

WO( N\CHZCH2CL

53

Scheme 8

2
—



70

(Scheme 9), probably proceeds via formation of the mixed anhydride (54),
which decomposes by an internal nucleophilic attack by chlorine (55) or by
SN2 displacement (56)//4. The acid chloride (57) was envisaged as a
useful intermediate towards further 8-substituted imidazotetrazinones.
Although reactions involving the acid chloride (57) (in situ) were
successful. this method was not widely used at May & Baker because the

project came to a premature end.

In the present work, attempts were made to isolate the acid chloride (57)
by employing triphenylphosphine and carbon tetrachloride in place of
thionyl chloride.’’3 or using thionyl chloride with a pyridine
catalyst//6.1/7_ These reactions were not successful. Use of the reagent
dimethylformamidinium chloride (60a, 60b). prepared by addition of
dimethylformamide (58) to thionyl chloride, (59)774.118 did improve the
reaction, enabling isolation of the acid chloride (57) as a red crystalline
solid. The postulated reaction mechanism (Scheme 10) involves formation
of an intermediate (61) which breaks down to give the acid chloride (57).
Preparation of this compound requires extreme care during removal of the
toluene solvent. The relatively high boiling point of toluene (109-112°C)
and low melting point of the acid chloride (57) (69°C). means that heating
for prolonged periods at elevated temperatures to remove solvent can cause

degradation of the product, giving a dark red tar.
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The acid chloride (57) synthesised by this method is an extremely reactive
compound which reacts vigorously at room temperature with amines and
alcohols’/? to give the corresponding 8-carbamoyl derivatives (64a - 64i)
(Scheme 11) and 8-esters (65a - 65d) (Fig 1). This route of preparation was
shown to have only limited application for synthesis of 8-disubstituted
carbamoylimidazotetrazinones. That is, whilst reaction with dimethylamine
afforded the 8-dimethylcarbamoyl-3-(2-chloroethyl)imidazo|5,1-d]-1,2,3,5-
tetrazin-4(3H)-one (DCMCIT) (64b), reactions of the acid chloride (57)
with other secondary amines such as diethylamine and dicyclohexylamine

were not successful.

The range of 8-substituted derivatives prepared from the acid chloride
(57)720 is shown in Fig 1. Certain analogues were synthesised by a method

employing a pyridine catalyst/2/,

Previous methods employed to obtain imidazotetrazinones with 8-sub-
stituents/? involved initial preparation of appropriate substituted AIC
derivatives followed by formation of the tetrazinone ring. For example,
8-carbamoyl derivatives (64) synthesised in this manner (Scheme 12) were
all prepared from 5-nitroimidazole-4-carboxylic acid (73). Reaction of this
compound (73) with phosphorus pentachloride afforded the dimeric lactam

(74) which in the presence of primary and secondary amines ring-opened to
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give the 5-nitroimidazole-4-carboxamides (75). These derivatives were then
reduced catalytically to the corresponding S-aminoimidazole-
4-carboxamides (76), which were diazotised with nitrous acid to give the
corresponding diazoimidazoles (77). Reaction of the diazoimidazoles (77)
with 2-chloroethyl isocyanate finally afforded the imidazotetrazinones (64).
In comparison, the present method for 8-substitution via the acid chloride
route is far less laborious and provides an extemely useful alternative for

synthesis of 8-carbamoyl substituted imidazotetrazinones.

2.1.1.2 Preparation of intermediates towards further 8-substituted

imidazotetrazinones

Several 8-substituted derivatives were prepared with the expectation that
they would act as valuable intermediates for extending the range of
8-substituted imidazotetrazinones. The theoretical basis for selection of

these intermediates is outlined in the following sections.

2. .02 Synthesis of 8-azidocarbonyl-3-(2-chloroethyl)-

imidazo[5.1-d]-1,2.3,5-tetrazin-4(3H)-one

8-Azidocarbonyl-3-(2-chloroethyl)imidazo[5, I-d]-1,2,3,5-tetrazin-4(3H)-one

(67) was synthesised by two routes, the most effective method involving
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reaction of the acid chloride (57) with sodium azide in aqueous acetone.
Reaction of the acid chloride (57) with trimethylsilyl azide!22-/26 was also
successful: however, the sodium azide method was superior. Acid azides
can be decomposed to isocyanates and nitrogen, this reaction being known
as the Curtius rearrangement/27, The reaction is a preparative method for
isocyanates and for compounds derivable from isocyanates, such as
urethans, ureas, amides and amines. It was envisaged that the azide (67)
would undergo a similar thermal rearrangement (Scheme 13)/28.729 o
yield 8-isocyanato-3-(2-chloroethyl)imidazo[5, 1-d]-1.2,3,5-tetrazin-
4(3H)-one (79) and. subsequently, 8-amino-3-(2-chloroethyl)imidazo-
[5.1-d]-1.2,3,5-tetrazin-4(3H)-one (83). Refluxing the azide (67) in a
variety of solvents including toluene, acetone, chloroform and benzene
failed to produce the Curtius-type conversion to the isocyanate (79).
Thermal rearrangement via direct heating was also unsuccessful, with an
explosive degradation reaction occuring at 115°C. Mass spectral analysis of
the azide (67) gave a small peak in the spectrum corresponding to the
molecular ion for the isocyanate (79) (m/z 240). It is hoped that future
experiments utilising flash vacuum thermolysis/30.73/will be effective in

converting the azide (67) to the isocyanate (79).

2ol.0.2.2 Synthesis of 3-(2-chloroethyl)-8-diazoacetylimidazo-

[5,1-d]-1,2.3,5-tetrazin-4(3H)-one monohydrate
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Direct reaction of the acid chloride (57) with an ethereal solution of
diazomethane /32 in the dark afforded 3-(2-chloroethyl)-8-diazoacetyl-
imidazo[5.1-d]-1,2,3,5-tetrazin-4(3H)-one monohydrate (68). Diazo-
ketones can undergo the Wolff rearrangement/33 involving loss of nitrogen
followed by rearrangement to give highly reactive ketenes. The Wolff
rearrangement constitutes part of the Arndt-Eistert procedure’34 by which
an acid is converted to its homologue. Homologisation of the the acid (53)
(Scheme 14) was of interest to determine what effect separation of the
8-substituent from the imidazole ring by a methylene link had upon
antitumour activity. Unfortunately efforts to effect Wolff-type degradation
of the imidazotetrazinone (68) failed to produce the homologous 8-acetic
acid (88). the dark brown residue produced being indicative of chemical

breakdown during these reactions.

2.1.1:2.3 Synthesis of 8-aminocarbamoyl-3-(2-chloroethyl)-

imidazo[5, 1-d]-1,2,3.5-tetrazin-4(3H)-one

On the basis of results from biological experiments suggesting that the
carbamoyl -NH group was important for optimal activity in 8-carbamoyl- :
imidazotetrazinones (Section 2.3.6). it was interesting to consider what
effect addition of another -NH group to the 8-carbamoyl moiety had upon

the activity of these compounds. Unfortunately, preparation of 8-amino-

carbamoyl-3-(2-chloroethyl)imidazo[5.1-d]-1,2,3,5-tetrazin-4(3H)-one by
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reaction of the acid chloride (57) with hydrazine hydrate. was extremely
difficult with degradation occuring, presumably due to nucleophilic attack
at C-4 and ring-opening in an analogous manner to that reported by

Baig//2.

A route towards 8-aminocarbamoyl-3-(2-chloroethyl)imidazol5,1-d]-1.2.3.5-
tetrazin-4(3H)-one was designed involving initial reaction of the acid
chloride (57) with t-butylcarbazate followed by cleavage of the t-butyl

group with trifluoroacetic acid. to give 8-aminocarbamoyl-
3-(2-chloroethyl)imidazo [ 5.1-d]-1.2,3.5-tetrazin-4(3H)-one. Reaction of
the acid chloride (57) with methylcarbazate did afford 3-(2-chloroethyl)-8-
methoxycarbonylaminocarbamoylimidazo[5.1-d]-1.2,3,5-tetrazin-4(3H)-one
(70) (Fig 1). However, reaction with the more bulky t-butylcarbazate gave

a product for which spectroscopic evidence was encouraging. but

satisfactory elemental analysis was never obtained. Tosyl hydrazine also

failed to participate in these reactions.

Latter reactions (Fig 1) were effective in the synthesis of 3-(2-chloroethyl)-
8-(N-phenylaminocarbamoyl)imidazo[5.1-d]-1.2.3.5-tetrazin-4(3H)-one

(69a) and 3-(2-chloroethyl)-8-(2.4-difluorophenylaminocarbamoyl)
imidazol5.1-d]-1.2.3,5-tetrazin-4(3H)-one (69b).
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2.1.1.2.4 Preparation of 8-[N-(ethoxycarbonylmethyl)carbamoyl]-3-

(2-chloroethyl)imidazo[5, 1-d]-1,2,3,5-tetrazin-4(3H)-one

There are many reports of antitumour agents linked to peptide moieties /35
and monoclonal antibodies’36-/37. As a prelude to investigating such
possibilities with CMCIT, the acid chloride (57) was reacted with a
selection of amino-acids and derivatives including glycine ethyl ester
hydrochloride, glycine, serine benzyl ester hydrochloride. phenylalanine
hydrochloride and glycinamide. The only successful reaction was that
involving reaction with glycine ethyl ester hydrochloride to give 8-|N-
(ethoxycarbonylmethyl)carbamoyl]-3-(2-chloroethyl)imidazo[5, 1-d]-1.2,3.5-

tetrazin-4(3H)-one (71).

Methods employing reaction of the acid chloride (57) in the presence of
diphenylphosphoryl azide (DPPA)/38 with various amino-acid derivatives
such as phenylalanine ethyl ester, glycine ethyl ester and serine benzyl
ester were also unrewarding. However, a recent method for conversion of
the acid (53) to the glycinamide (71) utilising the peptide linking agent

1.3-dicyclohexylcarbodiimide, DCCI, has been reported as successful /39,
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21525 Synthetic routes towards 8-amino-3-(2-chloroethyl)-

imidazo|5,1-d]-1.2,3,5-tetrazin-4(3H)-one.

8-Amino-3-(2-chloroethyl)imidazo|5, 1-d]-1,2,3,5-tetrazin-4(3H)-one (83)
was considered a key intermediate in reactions towards further 8-substituted
imidazotetrazinones. A major part of the synthetic programme involved
efforts to prepare this compound. (83) mainly via the azide/isocyanate
route (Scheme 13) (see section 2.1.1.2.1). The exquisite sensitivity of
CMCIT towards basic conditions precluded the use of the classical method
for conversion of an amide to an amine of one less carbon atom. i.e. the
Hofmann reaction, since this method requires the presence of alkali/40,
However, a method has recently been published which employs the
Hofmann reaction under acidic conditions’4/. The method involves use of
the reagent. phenyl iodosyl bis(trifluoroacetate). PIFA (89)/42./43, During
reaction PIFA is converted into its dimer (90) which is presumed to be the
reactive species. The reaction mechanism for reaction of PIFA with
CMCIT (Scheme 15) would presumably involve formation of an inter-
mediate (91) which might then rearrange to the isocyanate (79) with
subsequent hydrolysis to (83). Preparation of PIFA, followed by reaction
with CMCIT, failed to produce the expected product (83). Further
investigations are planned with PIFA, based on a method supplied by other

workers/44. Schmidt-type reactions’45 of CITCA with polyphosporic acid
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and nitromethane /46 were not effective in producing the expected

imidazotetrazinone (83) and did not warrant further investigation.

2.1.12.:6 Other reactions involving 3-(2-chloroethyl)-3,4-dihydro-

4-oxoimidazo|5,1-d]-1.2,3,5-tetrazine-8-carbonyl chloride

In an attempt to substitute a halogen atom in the 8-position of imidazo-
tetrazinones the acid chloride (57) was reacted with chlorotris(triphenyl)
rhodium (1) catalyst/47./48, This decarbonylation method failed to afford
the desired product. Methods towards 8-halogen compounds involving the
imidazotetrazinone (83) were not possible due to the extreme difficulties

experienced in synthesising this compound (See Section 2.1.1.2.5).

It had been suggested earlier20 that the presence of an 8-carbamoyl or
8-sulphonamide group was important to the activity of imidazotetrazinones.
The activity of compounds containing a mixture of these substituents was
considered worthy of investigation. Synthesis of an 8-tosylcarbamoyl
derivative by reaction of the acid chloride (57) with toluene-p-sulphon-
amide was attempted in addition to attempts to synthesise a 8-tosylamino-

carbamoyl derivative (Section 2.1.1.2.3). Although spectroscopic evidence
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was encouraging, results from elemental analysis of these compounds were

never satisfactory.

Finally, during disposal of the acid chloride (57) by treatment with
ammonia and methanol, small amounts of a precipitate were obtained:
treatment of the acid chloride (57) with ammonia alone producing
appreciable amounts of this light brown solid. The compound was
isolated and subsequent 'H nmr analysis gave a spectrum exhibiting two
triplet signals at §4.0 (CHy) and 4.6 ppm (CH»). a singlet at 8.3 ppm
(imidazole CH) and a broad band at 7-8 ppm (NH ). This suggests that
the acid chloride (57) can undergo hydrolysis to the acid (53) in aqueous

ammonia followed by conversion to the ammonium salt.

o8 1 By Preparation of ring-opened triazene derivatives

Information from the present structure-activity studies (Section 3)
suggesting that differences in tautomerism in the ring-opened triazenes
(116a, 116b, 118) may be of importance for the activity of the
8-carbamoylimidazotetrazinones CMCIT, 8-methylcarbamoyl-3-(2-
chloroethyl)imidazo(5,1-d]-1,2,3,5-tetrazin-4(3H)-one (MCMCIT) and
DCMCIT, led to attempts to prepare the triazenes using a method based on
that of Lunt/4?. Experiments were conducted involving reaction of the
8-carbamoyl compound with aqueous sodium carbonate at various

concentrations (5-20%) at room temperature, for varying lengths of time
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(1-4 hours). Reaction with CMCIT afforded the corresponding triazene
MCTIC (3). as reported earlier/9, although similar reactions with
MCMCIT and DCMCIT failed to produce the expected products. This
method was also used in attempts to synthesise the triazene corresponding
to 8-ethoxycarbonyl-3-(2-chloroethyl)imidazo|5, 1-d]-1,2,3,5-tetrazin-
4(3H)-one (65b). Successful reaction has been reported for synthesis of the
above triazene (65b) via this route//2, although subsequent attempts to
repeat the experiment were unsuccessful. The present attempts to prepare
the triazene derivative from the ethyl ester (65b) also met with

disappointment.

The successful preparation of MCTIC from CMCIT by reaction with
aqueous sodium carbonate may be attributed to the fact that MCTIC pre-
cipitates out of solution during the conversion. whereas the other
derivatives do not. When in solution MCMCIT, DCMCIT and ECNCIT
presumably undergo a base-catalysed degradation reaction, producing deep
maroon coloured liquids. with isolation of the products seemingly
impossible. The presence of maroon pigments in imidazotetrazinones has
been attributed to production of imidazolylazoimidazole (16). This product
is thought to be produced by a coupling interaction between diazo-1C (11)
and AIC (17)//. By analogy. the pigmentation produced in ring-opening

of MCMCIT. DCMCIT suggests breakdown to the corresponding AIC
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(76b, 76¢) and diazo-1C (77b, 77c¢) derivatives, followed by coupling of the

degradation products (Schemel6).

2.1.2  Stability studies on 8-carbamoylimidazotetrazinones

2.1.2.1 Ultra-violet spectroscopic determination of half-life values for

8-carbamoylimidazotetrazinones

Stability studies on CMCIT, MCMCIT and DCMCIT were important to
investigate whether a difference in chemical stability could explain
differences in the cytotoxicity of these compounds (See Section 2.2.1.2,

Table 13).

Previous workers’3:/6 have reported half-life values for CMCIT and several
analogues at various pH values determined in phosphate buffers. In the
present studies, an ultra-violet method was devised to provide half-life
determinations for CMCIT, MCMCIT and DCMCIT in cell culture
medium, RPMI 1640 containing 17% horse serum (HS), at 37°C. Use of
this buffer caused considerable difficulties since it gave a strong absorbance
peak at 302nm which increased in magnitude with time until it completely
overwhelmed the 8-carbamoylimidazotetrazinone peak (Amax 325nm).

This problem was partly resolved by use of a RPMI 1640+HS blank, but
the high background absorbance still led to quite large errors. Results

obtained are shown in Table 5. The large standard errors inherent in this
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method led to the decision to conduct a HPLC determination of half-life

values for these compounds.

2.1:2.2 HPLC determination of half-life values for 8-carbamoyl-

imidazotetrazinones

The method was based on that of Slack et al/50./5/,  Separation of
CMCIT., MCMCIT and DCMCIT from each other was achieved using a
250 Lichrosorb RP select B column and a methanol/acetic acid (0.5%) in
water (35:65) mobile phase. 8-Carbamoyl-3-ethylimidazo[5.1-d]-
1.2.3.5-tetrazin-4(3H)-one (ethazolastone, CMEIT) was found to be a
suitable internal standard. The peaks in mixtures of authentic reference
compounds (Fig 2) were assigned as: CMEIT (i), CMCIT (ii), MCMCIT
(iii) and DCMCIT (iv)., the compounds eluting in decreasing order of
polarity. Half-life values obtained for the decomposition of CMCIT,
MCMCIT and DCMCIT in RPMI 1640 + HS at 37°C are given in Tables
6. 7 and 8. The decomposition was shown to follow first-order kinetics for
all three compounds (Tables 6, 7 and 8, Figs 3. 4 and 5). The
decomposition of CMCIT in RPMI 1640 at 37°C (T2 =33.9 minutes) was
accelerated compared with its decomposition in phosphate buffer at 37°C,

previously determined as T'2 = 55.2 minutes/3/,

The small differences in half-life values between CMCIT, MCMCIT and

DCMCIT indicate that differences in stability of the tetrazinone ring are
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Figure 2 HPLC trace of authentic imidazotetrazinones

CMEIT

Retention time(minutes)
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Figure 3 Kinetics of degradation of CMCIT in RPMI 1640 media at
3INC

Table 6: Kineties of CMCIT degradation in RPMI 1640 medium

=1
80
Time (minutes)

120 140

TIME CONC LN CONC

(min) (mg/L) tmg/L)

0.000 16.367 2,795

9.000 15.428 2,736

13.000 14.238 2,030

18.000 13.677 2.616

22.000 12.461 2:533

27.000 11.488 2,441

32.000 10.417 2,343

47.000 7.769 2.050

62.000 5.7 1.746

76.000 4.574 1.520

92.000 3.316 1.199

106.000 2.165 0.772

121.000 1.752 0.361

135.000 1.040 0.039

150.000 0.754 -0.243

180.000 0.511 0.671
ELIMINATION HALF-LIFE (min) = 33.9040
ELIMINATION RATE CONSTANT (I/min) = -0.0204
R = -0.997
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Figure 4 Kinetics of degradation of MCMCIT in RPMI 1640 media at
37°C |
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Table 7:  Kinetics of MCMCIT degradation in RPMI 1640 medium

TIME CONC LN CONC
(min) (ing/L) (mg/L)
1000 23.881 3173
9.000 22.403 1,109
13,000 20.657 2,028
15.000 19.504 2.971
22,000 18.071 2,894
26,000 16.845 2.824
32.000 15.407 2.735
16.000 11.231 2,419
62.000 9.025 é  2.200
6.000 7,020 1.949
92,000 5.707 1.742
106,000 4.401 1.482
121.000 3274 1.186
135,000 2,672 0.983
150.000 2.462 0.901
180.000 1.585 0.461
ELIMINATION HALF-LIFE (min) = 43.5100
ELIMINATION RATE CONSTANT (l/min) = -0.0159
R - 10.9979
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Figure 5 Kinetics of degradation of DCMCIT in RPMI 1640 media at

Ln concentration (mg/L)
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Table §:

i

80
Time (minutes)

[ 0

R NE

120 140 160 180

Kinetics of DCMCIT degradation in RPMI 1640 medium

TIME CONC LN CONC
{min) tmefL) (mg/L)
0.000 26.826 3.289
§.000 26,092 3.262
14.000 24.908 3215
18.000 21.955 3.089
22.000 20.980 3.044
27.000 15,463 2.916
31.000 17.307 2.851
46.000 12417 2.519
62.000 9.586 2.260
76.000 8.020 2.082
92.000 6.258 1.834
107.000 5185 1.640
121.000 3.821 1.341
135.000 3.345 1.207
150.000 2.906 1.067
180.000 2.294 0.830
ELIMINATION HALF-LIFE (min) = 45.8244
ELIMINATION RATE CONSTANT (1/min) = -0.0151
R = -0.9934
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not significant enough to account for the difference in cytotoxicity (Table

13. Section 2.2.1.2) observed between these compounds.
2.1.3 X-ray analysis of imidazotetrazinones

2.1.3.1  Previous X-ray studies on imidazotetrazinones and rationale for

current investigations

X-ray analysis of CMCIT (Figs 6a, 6b)/52 showed that there were four
molecules per unit cell and two independent molecules per asymmetric
unit. These two conformationally distinct molecules are rotamers about the
C(8)-C(81) ring to carboxamide bond, the one amide being intra-
molecularly hydrogen-bonded to N(I) of the tetrazinone ring (Fig. 6a.
unprimed structure), the other not (Fig. 6b, primed structure). It was also
reported that with the exception of the chloroethyl sidechain, both
molecules (a), (b) were approximately planar with intermolecular hydrogen-

bonds holding the four molecules together around the centre of symmetry.

The X-ray structure of CMCIT had structural analogies with that of DTIC
(Fig 7)/33and its monohydrate hydrochloride’54 with the carbamoyl group
nearly coplanar with the imidazole ring, bent in-plane at the point of

attachment to the ring. and the angle NCC<OCC. In the unprimed
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rotamer of CMCIT (Fig. 6a) the coplanarity of the 8-carbamoyl group with
the ring system was maintained by an intramolecular hydrogen-bond
analogous to that observed in DTIC and its monohydrate hydrochloride. It
was suggested that the coplanarity observed in the CMCIT structure
possibly affords conjugation between the 8-carbamoyl group and the
imidazole ring/52. Structures of other imidazotetrazinones’53 have also

shown the imidazotetrazinone ring system to be substantially planar.

Consideration of X-ray data from CMCIT together with biological results
suggesting a requirement for a -NH moiety for optimum activity in
8-carbamoylimidazotetrazinones. led to the hypothesis that coplanarity of
the 8-substituent to the ring system was important to the activity of these
compounds. It was also suggested that coplanarity in CMCIT and mono-
substituted carbamoyl derivatives such as MCMCIT, was facilitated by
intramolecular hydrogen-bonding, giving increased activity relative to
compounds unable to hydrogen-bond, e.g. DCMCIT. To test this
hypothesis, attempts were made to obtain X-ray data for MCMCIT,
DCMCIT. 8-cyclohexylcarbamoyl-3-(2-chloroethyl)imidazo|5, 1-d]-
1.2,3.5-tetrazin-4(3H)-one (64h) and the ethyl ester (65b), for comparison
with previously determined structures. Whilst the structures of DCMCIT
(Fig. 8). the cyclohexylamide (64h) (Fig. 9) and the ethyl ester (65b) (Fig.
10) were determined. the X-ray structure of MCMCIT remains unsolved,

crystallisation affording material which was unsuitable for X-ray studies.
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Figure 8 The X-ray structure of DCMCIT




101

ZZEH

ZED

Quo-(HE)Y
-wizenal-6*¢ ' 1-[p-1° slozepiwi(1Ay20101yd2-7)-¢
-|Aoweqied]Axay0d£o-g Jo ainonns Ael-X UL ¢ 2undiy



102

-280

L7120
LED

. -6*¢° 7' 1-[p-1°¢lozeprwi(jAyraoiofyo
ocoAIm.uwv.:mwwuwﬂ.”w%amow:w-m Jo ainpnnys Aei-x ayl O 4ndig



103

The orientation of the 8-substituent to the bicyclic ring system was
examined to determine whether the position of the 8-substituent was
different in poorly active compounds such as DCMCIT and the ethyl ester
(65b), compared with the position of the 8-group in structures of active
compounds. In addition, interference with hydrogen-bond formation and
coplanarity of the 8-substituent by the bulky non-planar N-substituent in

the cyclohexylamide (64h) was also considered.

2.1.3.2  Results from present X-ray investigations

The data reported here were supplied by Dr. P.R. Lowe, this department,
and Dr. C. Whiston, Department of Physical Sciences, Wolverhampton
Polytechnic. The reported structures were determined by Dr. P.R. Lowe
using an Enraf Nonius CAD 4 four circle diffractometer using graphite

monochromated Mo-Ka« radiation.

For these investigations only limited data is provided for previously un-
published compounds DCMCIT, 64h, 65b, (Table9).

More important to this project are values for deviations in A from the least-
squares plane through the nine atoms of the bicyclic system (Table 10), and

the value of the torsion angle associated with the 8-substituent (Table 11).
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Table 10: Deviations of non-hydrogen atoms for the least-squares plane through the
imidazotetrazinone ring system. (Atoms used in the plane calculation are marked
with an asterisk.)

R
T
“CH,CH,CL
O

\

ATOM R = CONHj R = CONHy R = CONHCgHj; R = CON(CH3)2

unprimed primed
R R R A

*N (1) -0.004 -0.017 0.0382 0.0044
*N(2) 0.002 -0.002 -0.0611 0.0041
“N Q) 0.007 0.035 0.0176 -0.0055
> 1d) 0.003 -0.004 0.0216 -0.0250
¥N(S) -0.010 -0.029 0.0105 0.0275
* C (6) -0.003 -0.009 -0.0119 0.0152
HNGET) 0.005 0.017 -0.0157 -0.0111
*C (8 0.008 0.019 0.0007 -0.0185
* C (8a) -0.007 -0.010 -0.0579 0.0089

c @3n 0.011 0.142 - 0.0161

C (32) -1.346 1.547 - 1.3304

Cl -2.355 2.646 - 2.6380

0 (4) 0.006 -0.006 - -0.0735

C (81) 0.030 0.080 0.0665 -0.2222

0O (82) -0.126 0.220 -0.1992 -1.1211

N (82) 0.188 0.019 - 0.5475

C (83a) - - - 0.2521

C (83b) s 5 - 1.7350
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The X-ray structure for the cyclohexylamide (64h) (Fig 9) showed that even
in the presence of a bulky, non-planar group attached to the 8-carbamoyl
moiety, hydrogen-bonding via the carbamoyl -NH group was still possible.
The possibility that involvement of the -NH moiety in intramolecular or
intermolecular hydrogen-bonding is important for optimum activity will be

discussed in Sections 2.3 and 3.3.

It was realised that the ‘*hydrogen-bonding theory" postulated for 8-carba-
moylimidazotetrazinones (Section 2.3) could not explain the excellent
antitumour activity of the dimethylsulphamoyl (Table 12, iv) and
alkylsulphonyl (Table 12, ix) derivatives. However, comparison of
coplanarity of an oxygen atom in the 8-position in structures of active
compounds. with coplanarity in structures of inactive compounds. may
explain how 8-substitution can affect activity in these compounds. It was
shown that in structures of active imidazotetrazinones CMCIT and the
cyclohexylamide (64h) an oxygen atom of the 8-substituent was coplanar
with the bicyclic ring system. as determined from least-squares plane

measurement (Table 10).

However. the structure of the relatively non-cytotoxic (Section 2.2.1.2)
derivative DCMCIT was significantly different from other structures (Table
10). In the DCMCIT structure the oxygen atom of the carbamoyl group

showed a large deviation from coplanarity. the deviation from the least-
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square plane giving a value of -1.211 A. Comparison of the torsion angle
C8A, C8, C81, O82 (Table 11) also indicated a large deviation from
coplanarity, the oxygen atom lying 45.5° out of plane. The torsion angles
about the 8-position in CMCIT, the cyclohexylamide (64h). the 8-methyl-
sulphone (Table 12, ix) and the highly active sulphonamoyl derivatives
(Table 12, iv, x) all gave evidence of an oxygen atom coplanar to the ring

nitrogen (N1).

From these findings it was hypothesised that deviation of coplanarity of an
oxygen atom in the 8-substituent might crucially affect the activity of

imidazotetrazinones.

2.1.4 Conclusions from chemical studies

The extreme synthetic difficulties intrinsic to imidazotetrazinones has made
synthesis of further 8-substituted derivatives very limited. Ring-opening
degradation reactions have prohibited the use of base-catalysed reactions,
and attempts to decarbonylate 8-substituents are also restricted due to
effects on the ring carbonyl group. A new method of synthesis, via a
modified acid chloride route, has been used to extend the range of available
8-substituted imidazotetrazinones. However. these reactions remain both

difficult and hazardous.

Chemical stability studies on CMCIT, MCMIT and DCMCIT have
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indicated that differences in the rate of ring-opening cannot be responsible
for the biological differences of DCMCIT relative to CMCIT and

MCMCIT.

X-ray analysis has shown, that. contrary to findings for highly cytotoxic (in
vitro) compounds e.g. CMCIT and the cyclohexylamide (64h). the 8-carba-
moyl oxygen atom is not coplanar with the imidazotetrazinone ring system
for the relatively inactive derivative DCMCIT. If one considers the
presence of a ‘receptor’ for imidazotetrazinones then such pertubation of
planarity could result in failure of DCMCIT to fit such a receptor. with a
reduction in activity. This possibility will be discussed later (See

Section 3.3).
2.2 Biology

Z.2.1 Cytotoxicity of imidazotetrazinones against the murine TLXS5

lymphoma cell line
2.2.1.1 Growth characteristics of murine TLXS lymphoma cells

The decision to use the TLX5 cell line for the study of the cytotoxicity of
imidazotetrazinones in vitro was taken on the basis of the fact that the
properties of these cells have been investigated in depth in the CRC
laboratories at Aston University, and that they have been shown to be

sensitive to imidazotetrazinones (Section 1.3.3). A study was undertaken
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to determine the characteristics of the cellular growth curve. Under the
culture conditions employed the doubling time for the TLX5 cell line was
[7 hours. For the cytotoxicity assays an initial cell concentration of 2x104
cells/ml was selected. and cell numbers were counted 72 hours after
commencement of the culture to ensure that the cells were still in the linear

phase of their growth.

2.2.1.2 Direct cytotoxicity of imidazotetrazinones

Results obtained from the cytotoxicity assays are given in Tables 12 and
13. For CMCIT. MCMCIT and the 8-sulphamoyl derivatives the high

cytotoxicity in vitro paralleled the antitumour activity observed in vivo

(Tables 2, 12,14). In Section 3 some structural requirements necessary for
optimal antitumour activity/cytotoxicity of imidazotetrazinones are
discussed. In view of this discussion. the acid (53) should theoretically
possess good antitumour activity and high cytotoxicity. as it possesses an
8-carbonyl group coplanar to the tetrazinone ring and a hydroxyl group
which can partfcipale in hydrogen-bonding. But the antitumour activity of
this compound is weak and its cytotoxicity is relatively low. This un-
expec{eld result might have a physicochemical explanation. The acid (53)
was thought to be ionised at physiological pH. a hypothesis substantiated

by pKa determination’/36.757 which gave a value of 3.08 + 0.1.
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Therefore in its carboxylate anion form the acid (53) would not be able to
penetrate cells. and this would account for its poor activity, assuming an

intracellular target for the initiation of cytotoxicity.

In comparison the ethyl ester (65b), which is unionised at physiological
pH. should be able to pass through the cell membrane and this would
explain its increased cytotoxic potential relative to the acid (53) (Table 12).
The cytotoxicity of the ethyl ester (65b) is interesting since this compound

does not fit the criteria for a highly cytotoxic derivative as suggested in

Section 3.3. However. again assuming an intracellular target for cyto-
toxicity. it is conceivable that the ethyl ester (65b) acts as a transport form
of the acid (53). That is. the ethyl ester (65b) should pass through the cell
membrane and then might undergo intracellular hydrolysis to give the acid
(53) which then might be responsible for the antitumour/cytotoxic effects.
This theory would also explain the cytotoxicity of the 8-methyl ester
derivative (65a). Whether hydrolysis in the target cell is required for the
cytotoxicity of such esters is still unclear. To test this conjecture, attempts
were made to synthesise a derivative with a bulky, non-hydrolysable ester
moiety which could then be tested for cytotoxic potential. Unfortunately

reactions to prepare the 8-t-butyl ester or the 8-neopentyl ester did not
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succeed. and further work is required to elucidate the biological fates of the
methyl ester (65a), the ethyl ester (65b) and the acid (53). The finding
that the esters are no more active than the acid (53) in vivo was somewhat
surprising. This presumably indicates rapid hydrolysis of the esters to the

acid (53) in vivo, with poor absorption of the acid metabolite.

Interestingly. the 8-dimethylcarbamoyl analogue (DCMCIT) displayed
relatively low cytotoxicity in vitro (Table 13) in spite of its good anti-
tumour activity in vivo (Table 14). To explain this discrepancy,
experiments were designed to test the hypothesis that DCMCIT undergoes

metabolism to a more cytotoxic species.
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2.2.1.3 Cytototoxicity of 8-carbamoylimidazotetrazinones in the presence

of mouse hepatic microsomes

A cytotoxicity assay involving pre-incubation of the test compound with
hepatic microsomes, essentially as described by Dolfini et al/58, was used
to test the hypothesis that DCMCIT was being metabolically activated in
vivo. Microsomes were obtained from CBA/CA mice, the host of the
TLXS5 lymphoma in vivo. Preliminary experiments showed that a
concentration of microsomes equivalent to 50mg of liver/ml was optimal
and this concentration was used in the experiments described here. In the
experiments, cyclophosphamide (34) (25 ug/ml) (Table 15) was used as a
control substance to indicate whether the microsomes prepared were
functionally viable. Cyclophosphamide is known to undergo metabolic
activation catalysed by hepatic oxidising enzymes (Scheme 17)/59./60 and
in the past metabolic activation of cyclophosphamide has been

demonstrated frequently in in vitro experiments/6/,

The results in Table 16 show that DCMCIT indeed undergoes metabolism
to a more toxic species. Graphical representation of this data (Fig 11)
demonstrates a significant increase in the cytotoxicity of this derivative
when incubated with microsomes, as compared to its cytotoxicity in the

absence of microsomes. Similar experiments were performed with CMCIT
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(Table 17, Fig 13) and MCMCIT (Table 18, Fig 12). Neither of these two
compounds were more cytotoxic in the presence of microsomes than in

their absence.

2.2.1.4  Effect of NADPH and enzyme denaturation upon bioactivation

of 8-carbamoylimidazotetrazinones

Metabolic oxidation by hepatic microsomal enzymes requires reducing
equivalents. and most of the enzymes work only in the presence of a
NADPH generating system. To ensure that the observed microsomal
activation (Section 2.2.1.3.) was NADPH-dependent, DCMCIT was
incubated with microsomes in the presence and absence of NADPH. The
results (Table 19, Fig 14) indicate that NADPH is required for the
activation. That is. the cytotoxicity of DCMCIT was considerably increased
when incubated with microsomes together with NADPH compared with the
cytotoxicity of DCMCIT on incubation with microsomes without NADPH.
This result suggests strongly that the microsomal cytochrome P450 enzyme
system is responsible for the bioactivation observed here. even though more
experiments would be required in order to substantiate this hypothesis. The
drug metabolising ability of hepatic microsomes can be eradicated by
denaturation of the enzymes via heating. Experiments were performed using
heat-inactivated microsomes to determine the effect upon the bioactivation of
DCMCIT. Not surprisingly, use of heat-inactivated microsomes did not give

rise to a consistent increase in the cytotoxicity of DCMCIT compared with
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its cytbtoxicity in the absence of microsomes (Table 20). The interpretation
of the results obtained in these experiments is not without difficulties, due to
the problems encountered in including heat-inactivated microsomes in cell
cultures. The use of such preparations was problematical due to the
continued appearance of precipitated microsomal protein in the culture dish,
which affected the counting of the cell cultures. This problem was only
partially overcome by homogenising the deactivated microsomes, under
aseptic conditions, prior to addition to the cell cultures. Other ways of
microsomal inactivation, e.g. by incubation at 37°C for three days, did not
improve the method, since it was almost impossible to maintain the sterility

of such inactivated microsomal preparations.

2.2.1.5  Assessment of the role of metabolically generated formaldehyde
in the cytotoxicity of 8-dimethylcarbamoyl-3-(2-chloroethyl)-

imidazo(5,1-d]-1,2,3,5-tetrazin-4(3H)-one

The oxidative metabolism of N-methyl compounds leads ultimately to
production of formaldehyde (102), a cytotoxic agent. The metabolically-
generated release of formaldehyde has been considered to contribute to the
antitumour activity of certain N-methyl containing agents/62./63, [t was

therefore thought possible that the increase in cytotoxicity of DCMCIT
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seen in the presence of microsomes may at least partially be due to the
formaldehyde generated as the ultimate oxidation product of the
dimethylcarbamoyl N-methyl moiety/64. To test this conjecture, the
cytotoxicity of formaldehyde against TLXS5 cells was measured (Table 21).
Formaldehyde was generated by treatment of paraformaldehyde with
sodium hydroxide. The concentration of formaldehyde present was
determined using a spectroscopic method based on that by Nash/65. The
growth of the cells was not affected by exposure for 90 minutes to up to 10
nmoles/ml formaldehyde, the maximum concentration theoretically
achievable by metabolic oxidation of one of the two N-methyl groups in
DCMCIT (10 mg/L) (Section 2.2.2.2). These results suggest that
formaldehyde does not cause the increased cytotoxicity of DCMCIT when

incubated with microsomes.

2.2.1.6 Discussion of the in vitro cytotoxicity studies involving

imidazotetrazinones

Cytotoxicity testing against the TLXS5 lymphoma cell line has indicated that
this in vitro model provides useful information regarding possible in vivo
activity of imidazotetrazinones. However, the use of such simplistic in
vitro studies is open to criticism, since there are often complex metabolic
processes in vivo which are not apparent in vitro. This has been clearly

demonstrated by cytotoxicity testing of DCMCIT. Although highly active
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in vivo, this compound exhibited relatively low in vitro cytotoxicity.
Subsequent bioactivation studies have shown the that DCMCIT can be
metabolically activated to a more cytotoxic species in vitro. It is logical to
postulate that such a metabolic toxification occurs also in vivo, which
would explain the dichotomy between the poor in vitro cytotoxic potential

but good antitumour activity in vivo observed for this compound. Studies

have also shown that the increased cytotoxicity of DCMCIT, when
incubated with hepatic microsomes, cannot be accounted for by the

production of formaldehyde.

On the basis of the results described above it can be hypothesised that
production in vivo of MCMCIT and/or CMCIT by oxidative N-
demethylation (with subsequent ring-opening) might be responsible for, or

greatly contribute to, the antitumour activity of DCMCIT (Scheme 18).

Among the compounds investigated in this project, derivatives other than
DCMCIT might also be metabolically activated. For example,
8-piperidinocarbonyl-3-(2-chloroethyl)imidazol5. 1-d]-1,2.3,5-tetrazin-
4(3H)-one (104). like DCMCIT, showed pronounced antitumour activity in
vivo (Table 2). with relatively low cytotoxicity in vitro (Table 12). By
analogy to the postulated oxidative N-metabolism of cyclophosphamide
(Scheme 17), (104) might undergo enzymatic hydoxylation at the

piperidine « carbon, followed by opening of the piperidine ring by an
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elimination reaction. to give the corresponding -NH containing species
(107) (Scheme 19). Another N-disubstituted derivative, 8-(N-
methyl)phenylcarbamoyl-3-(2-chloroethyl)imidazo|5,1-d]-1.2.3,5-tetrazin-
4(3H)-one was tested, and unlike DCMCIT or (104), it exhibited weak
cytotoxicity in vitro (xxviii, Table 12) together with poor antitumour
activity in vivo (Table 2). One might speculate that in this derivative
metabolic activation by N-demethylation to 8-phenylcarbamoyl-
3-(2-chloroethyl)imidazo|5.1-d]-1,2.3,5-tetrazin-4(3H)-one does not occur.
This could be easily explained by steric hindrance due to the bulky phenyl
substituent which might prevent easy access of the drug metabolising

enzymes to the N-methyl moiety.

2.2.:2 Metabolism and biological stability studies

2.2:2.1 HPLC conditions

In this part of the project the hypothesis was tested, by HPLC studies, that
the metabolite(s) which are responsible for the antitumour activity of
DCMCIT is (are) N-demethylated species. The HPLC conditions and a
description of a chromatogram for a mixture of authentic reference
compounds of CMCIT, MCMCIT and DCMCIT are given in Section

2.1.2.2.
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2.2.2.2  HPLC analysis of the incubate of 8-carbamoylimidazo-

tetrazinones with hepatic microsomes

Analysis of microsomal incubation mixtures of DCMCIT afforded three
peaks (Figs 15,16,17), one of which coeluted with unchanged DCMCIT
(iii). Another peak coeluted with MCMCIT (ii). This species appeared
almost immediately after addition of DCMCIT to the microsomes, and its
maximal concentration, corresponding to 28 %.of the initial concentration
of DCMCIT. was observed after an incubation time of 45 minutes (Table
22, Fig 18). In samples of the microsomal suspension obtained within 30
minutes of the incubation period, appreciable amounts of another
metabolite (identity unknown) were eluted from the column (x) (Fig 16).
Collection and concentration of the eluant corresponding to peaks (x) and
(ii) failed to yield sufficient material for mass spectroscopic

characterisation /60,

Incubation of MCMCIT gave chromatograms (Table 23, Figs. 20, 21)
which exhibited a (unknown) metabolite peak (y) (at t = 30 minutes,

* Fig 21) which did;not correspond to any peak observed in mixtures of
authentic reference compounds (Fig 19) (methanol/acetic acid (0.5%) in
water (30:;)0) mobile phase). or in the extracts of microsomal incubations
with DCMCIT. The unknown metabolites (x and y) are thought to be

hydroxymethyl derivatives, the reason for this suggestion will be discussed
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Figure 18 Degradation of DCMCIT during incubation with microsomes
and generation of the metabolite MCMCIT
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Figure 19 HPLC trace of authentic reference compounds for MCMCIT
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in more detail in Section 2.2.2.4.

In these experiments it was also demonstrated that the kinetics of drug
disappearance (due to decomposition and/or metabolism) during incubation
with hepatic microsomes was a first-order process for MCMCIT (Table 23,
Fig 22) and CMCIT (Table 24, Fig 23). Values obtained for the
disappearance of DCMCIT at time points beyond 45 minutes incubation
suggest first-order kinetics (Table 22, Fig 24). However, considerable
deviation from the first-order plot was observed for data obtained within
the initial 45 minutes of the incubation. This deviation is presumably due
to the rapid enzymatic conversion of DCMCIT to MCMCIT. which

occured in addition to the chemical degradation of the tetrazinone moiety.

Experiments conducted to verify the HPLC method gave satisfactory values
for extraction efficiency (Table 25), reproducibility of the assay (Table 26)
and the instrument (Table 27). The linearity of the method was
satisfactory, calibration curves using at least six evenly distributed points
when analysed by least-squares regression all gave values > 0.98 and in

many cases > 0.99.

2.2.2.3 Effect of NADPH and enzyme denaturation on metabolite

formation

When suspensions of microsomes were incubated with DCMCIT in the



Ln concentration (mg/L)
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Figure 22 Kinetics of decomposition of MCMCIT during incubation
with and without microsomes
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Figure 23 Kinetics of decomposition of CMCIT during incubation with
and without microsomes
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Kinetics of decomposition of DCMCIT during
incubation with microsomes, inactivated microsomes
and in the presence of microsomes without NADPH
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absence of NADPH, chromatograms obtained on HPLC analysis failed to
show the presence of metabolites (x) and (ii) (Table 28). Similarly,
metabolites (x) and (ii) could not be detected in the HPLC chromatograms
of suspensions containing heat-inactivated microsomes with DCMCIT
(Table 28). Again, as in the case of results of the microsomal bioassay
(Section 2.2.1.4), these findings suggest the involvement of an enzyme,

and more specifically, cytochrome P450.

2.2.2.4 Discussion of metabolism experiments

During the development of antitumour triazenes a plethora of theories have
been proposed to explain how the dialkyltriazenes exert their activity.
Preusmann et al/67originally demonstrated that 3.3-dimethyl-
I-phenyltriazene (49), when incubated with hepatic microsomes and
NADPH, produced formaldehyde (102) as a metabolite. together with
another oxidation product postulated as the 3-methyl-1-phenyltriazene
(108) (Scheme 20). Conclusions from these and other studies led to the
supposition that an oxidative metabolic pathway was responsible for the
carcinogenicity, and possibly the antitumour activity, of
aryldialkyltriazenes. Later investigations utilising in vitro bioactivation
studies /%8 were successful in providing further evidence for metabolic

activation of dialkyltriazenes to monoalkyltriazenes.
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Scheme 20

i

Cl
110

CHa

CHg

N=N—N

108

CHa
+ HCHO

102



152

Gescher et al/69 challenged the assumption that monoalkyltriazenes were
responsible for the antitumour activity of dimethyltriazenes. Studies
involving I-aryl-3,3-dimethyltriazenes (49) demonstrated that the
monoalkyltriazene (108) was non-selectively toxic to sensitive and resistant
TLXS lymphoma cells, whereas incubation of the dimethyltriazene (49)
with a liver homogenate gave cytotoxic metabolites which were more
selectively toxic than the monomethyltriazene (108). Isolation and
characterisation of these metabolites was unsuccessful. However synthesis
and testing of the immediate metabolic precursors of 1-aryl-3-methyl-
triazenes, the 3-(hydroxymethyl)-3-methyltriazenes (109). showed that
these compounds were equally cytotoxic as their decomposition product,
the monomethyltriazenes’/70, Such a carbinolamine has been identified
unambiguously as a metabolite of 3.3-dimethyl-1-(2.4,6- trichloro-
phenyl)triazene (110)/7/.  Investigations with DTIC have shown that it too
requires metabolic activation for optimum antitumour activity. The
metabolic precursor of MTIC (3), 5-[3-(hydroxymethyl)-
3-methyltriazen-1-ylJimidazole-4-carboxamide, HMTIC (111) was
characterised as a urinary metabolite of DTIC in rats/7/. HMTIC was
reported to be more stable than MTIC in polar solvents. This observation
led to the proposal that HMTIC may act as a transport form of MTIC
which was presumed to be the ultimate antitumour species derived from

DTIC (Scheme 21). acting via its alkylation of biological nucleophiles such
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as DNA/72,

The dispute continues concerning the active species produced on
metabolism of DTIC, with a recent report/73suggesting that the enzymatic
hydroxylation of DTIC has little, if any, role in the action of this agent
toward cultured CHO cells. In another study’74 the metabolic generation of
the monomethyltriazene has been shown to correlate with the antitumour
activity of 1-(4-acetylphenyl)-3,3-dimethyltriazene (112). However, the
toxicity caused by this compound was speculatively attributed to the

production of one or more metabolites of the monomethyltriazene.

Present studies with DCMCIT, outlined in Section 2.2.2.2, have shown
that incubation with hepatic microsomes leads to the generation of
MCMCIT. By analogy to work conducted on N-methylbenzamides
(113)775.176 it could be speculated that the unidentified metabolite (x) was
the N-methyl-N-hydroxymethyl intermediate (101) (Scheme 18). The rapid
appearance and disappearance of this metabolite is consistent with the
suggestion that it is a semi-stable hydroxymethyl species which can only be
seen whilst the microsomal enzymes are oxidising the methyl group at a
fast rate. i.e. during the initial 30-45 minutes of the incubation. but then
disappears rapidly as the enzyme activity is reduced. The unidentified

metabolite (y) found in microsomal incubations with MCMCIT might have
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been the corresponding N-hydroxymethyl compound (103) (Scheme 18).
Absolute proof of the structure of these metabolites was attempted but

could not be obtained.

2.2.2.5 Rates of disappearance and half-life determination

Previous studies (See Section 2.2.2.2) had indicated that disappearance in
the presence of microsomes followed first-order kinetics for CMCIT. for
MCMCIT, and for DCMCIT beyond 45 minutes incubation. This
conclusion was based on data obtained from incubations for a period of
only 90 minutes., which was considered insufficient in the case of
compounds which have half-lives in the order of the observation period.
Further investigations in which disappearance was examined over three
hours were conducted in collaboration with Dr. C. Quarterman. These
experiments showed that, in accordance with the earlier findings. the
disappearance of CMCIT (Table 29, Fig 25) and MCMCIT (Table 30, Fig
26), in the presence of microsomes over a period of three hours, can be
described by first-order kinetics. The results also demonstrated that
disappearance of DCMCIT (Table 31, Fig. 27) in the presence of
microsomes was a first-order process, the previously observed deviation
from first-order kinetics for DCMCIT (See Fig 24) not being seen in this
experiment. The reason for this discrepancy is presumably the relatively

low metabolic conversion of DCMCIT to MCMCIT in this particular
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Figure 25 Extended kinetic study of CMCIT degradation on incubation
in the presence of microsomes ;

Ln concentration (mgsL)
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Time (minutes)
Table 29:  Kinetics of degradation of CMCIT in RPMI 1640

media in the presence of hepatic microsomes

TIME CONC LN CONC
(min) (mg/L) (mg/L)
2.000 16.177 2.784
7.000 15.409 2.735
12.000 14.494 2.674
17.000 13.211 2.581
22.000 12.606 2.534
26.000 11.218 2.418
30.000 10.511 2.352
45.000 8.095 2.091
60.000 6.246 1.832
75.000 5.081 1.626
90.000 4.041 1.396
105.000 3.376 1.217
120.000 2.552 0.937
135.000 2.055 0.720
150.000 1.686 0.522
[ 180.000 1.325 0.281

ELIMINATION HALF-LIFE (min) = 46.1412
ELIMINATION RATE CONSTANT (l/min) = -0.0150

R

-0.9972




Ln concentration (mg/L)

157

Figure 26 Extended kinetic study of MCMCIT degradation on
incubation in the presence of microsomes
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Table 30: Kinetics of degradation of MCMCIT in RPMI 1640
media in the presence of hepatic microsomes
TIME CONC LN CONC
(min) (mg/L} (mg/L)
1.000 21,594 072
6.000 21.036 1,040
11.000 19.293 2.960
16.000 18.081 2,895
21.000 15.679 2,752
26.000 15333 2,70
31.000 14.128 2,048
45,000 11,178 2414
60.000 5.964 TN
75.000 7.209 1.975
90.000 6.115 1.511
105.000 5123 1.634
120.000 3.887 1.358
135.000 3.096 1.130
150.000 2.668 0.951
180.000 1.984 0.68%
ELIMINATION HALF-LIFE (min) = 49.7755
ELIMINATION RATE CONSTANT (1/min) = -0.0139
R = -0.9982
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Figure 27 Extended kinetic study of DCMCIT degradation on
incubation in the presence of microsomes
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Table 31:  Kinetics of degradation of DCMCIT in RPMI 1640
media in the presence of hepatic microsomes

TIME CONC LN CONC
{min) (mg/L) {mg/L})
0.000 24,425 3.196
3.000 22,780 3.126
10.000 19.753 2.983
20.000 17.029 2.835
25.000 16.251 2.788
30.000 16.583 2.808
45.000 12.140 2.497
60.000 9.381 2.239
75.000 7.743 2.047
90.000 6.158 1.818
105.000 5.280 1.664
l 120.000 4.655 1.538
135.000 3.813 1.338
150.000 3.604 1.282
180.000 2.859 1.050

55.1761
-0.0126
-0.9904



159

experiment. In addition, these studies demonstrated that disappearance of
drug in mixtures containing heat-inactivated microsomes also followed first-
order kinetics for DCMCIT (Table 32, Fig 28), MCMCIT (Table 33, Fig
29). and CMCIT (Table 34, Fig 30). in a similar manner to their
decomposition in RPMI 1640 medium alone (Section 2.1.2.2). Exposure
to the air/CO, mixture during these incubations had little effect on the pH

of the mixtures, values of pH varying between 7.33-7.77.

The half-life values were determined and are shown in Tables 29, 30, 31.
The results from these biological stability studies. coupled with earlier
findings from chemical stability studies (Section 2.1.2.2), support the
contention that the rate of decomposition due to hydrolytic ring-opening is
very similar for DCMCIT, MCMCIT and CMCIT. Therefore differential
stability is unlikely to explain the differences observed in the cytotoxicity
between DCMCIT and the other two 8-carbamoyl derivatives MCMCIT,

CMCIT (Table 13).

2.2.2.6 Discussion of biological stability

Although the exact timing of hydrolytic ring-opening and oxidative N-
demethylation is still not known, it would appear that enzymatic conversion
of DCMCIT to MCMCIT occurs faster than hydrolytic ring-opening of
DCMCIT in the biological environment. Comparison of disappearance rates

of DCMCIT in the presence or absence of microsomes has shown a faster
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Figure 28 Extended kinetic study of DCMCIT degradation on
incubation in the presence of inactivated microsomes
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Table 32:  Kinetics of degradation of DCMCIT in RPMI 1640
media in the presence of inactivated hepatic
microsomes
TIME CONC LN CONC
(min) (mgfL) (mg/L)
0.000 24.121 3183
§.000 23.858 3172
13.000 21.823 3.083
18.000 28.045 3.334
22.000 19.870 2.989
26.000 18.481 2917
31.000 17.929 2.886
45,000 14.958 2.705
60.000 12.100 2.493
76.000 10.267 2.329
91.000 8.540 2,145
106.000 7.735 2.046
121.000 5.833 1.764
135.000 5.057 1.621
150.000 4.243 1.445
180.000 3.143 1.145
ELIMINATION HALF-LIFE (min) - 57.3092
ELIMINATION RATE CONSTANT (l/min) = -0.0121

R

-0.9928



Ln concentration{mg/L)

161

Figure 29 Extended kinetic study of MCMCIT degradation on
incubation in the presence of inactivated microsomes
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Table 33:  Kinetics of degradation of MCMCIT in RPMI 1640
media in the presence of inactivated hepatic
microsomes

TIME CONC LN CONC
{min) (mg/L) (mg/L)
1.000 22,913 3.132
5.000 20.852 3.037
14.000 20.081 3.000
17.000 18.047 2.893
12.000 17.190 1.844
27.000 15.737 2.756
31.000 14.558 2.678
46.000 11.386 2.432
61.000 9.4587 2.250
76.000 7.450 2.009
91.000 6.183 1.822
106.000 5.016 1.613
121.000 3.541 1.264
135.000 2.898 1.064
150.000 2.506 0.919
180.000 1.856 0.618
ELIMINATION HALF-LIFE (min) = 46.9361
ELIMINATION RATE CONSTANT (1/min) = -0.0148
R = -0.9980
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Figure 30 Extended kinetic study of CMCIT degradation on incubation
in the presence of inactivated microsomes
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Table 34:  Kinetics of degradation of CMCIT in RPMI 1640
media in the presence of inactivated hepatic

microsomes
TIME CONC LN CONC
{min}) (mg/L) {mg/L}
1.000 14.583 2.650
9.000 16.219 2.786
13.000 14.503 2.674
15.000 13.360 2.592
23.000 12.439 2.521
27.000 11.214 2.417
31.000 10.467 2.348
46.000 7.909 2.068
61.000 6.248 1.832 5
76.000 4.982 1.606
91.000 4.048 1.398
106.000 3.0635 1.120
121.000 2.057 0.721
135,000 1.811 0.594
150.000 1.572 0.452
180.000 1.091 0.087
ELIMINATION HALF-LIFE (min) = 43.1617
ELIMINATION RATE CONSTANT (1/MIN) = -0.0161
R = -0.9962

LD
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rate in the presence of microsomes. The increased rate of disappearance
occured only during the first 45 minutes of incubation. Beyond this time
the drug disappeared at a rate indistinguishable from that in buffer alone,

i.e. at a rate similar to that due to hydrolytic ring-opening.

Further evidence to substantiate the hypothesis that DCMCIT is

metabolised in vivo to MCMCIT, is provided by the fact that current in

vivo studies in CBA/CA mice. conducted in The Pharmaceutical Sciences
Institute. Aston University, have shown a rapid appearance of MCMCIT,

as a metabolite in the blood, following administration of DCMCIT/77,
2:2:3 Conclusions from biological studies

The results here summarised support the hypothesis that there is a
requirement for the presence of a -NH moiety in the 8-carbamoyl group in
8-carbamoylimidazotetrazinones for optimal antitumour activity and

cytotoxicity.

a) CMCIT and MCMCIT exhibit good antitumour activity in vivo and high
cytotoxicity in vitro. whereas DCMCIT exhibits good antitumour activity in

vivo but relatively low cytotoxicity in vitro.

b) The cytotoxicity of DCMCIT in vitro is increased by metabolic activation

with mouse hepatic microsomes.



¢) HPLC results indicate that the major species produced on metabolic
activation of DCMCIT is the monomethyl derivative MCMCIT. The
production of MCMCIT could account for the increased cytoxicity of

DCMCIT in the presence of microsomes.

d) Similar metabolic activation of DCMCIT is likely to occur in vivo, and
preliminary in vivo results confirm rapid production of MCMCIT after

administration of DCMCIT.

2.3 Structure-activity studies

2.3.1 Introduction

It has now been more than 100 years since Crum-Brown and Fraser
proposed that the physiological action of a molecule was a function of its
chemical constitution/78./79. The term "quantitative structure-activity
relationships” was eventually used to describe attempts to relate the activity
of a group of drugs to their structural or physico-chemical characteristics,

and there have been many reviews written on this subject/80./8/.182,

2.3.2 Hansch Linear Free Energy Equations

The most widely adopted method in structure-activity studies is that of

Hansch and Fujita/83.784.185 and it is this method that has been used in
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work with the imidazotetrazinones,

The Hansch approach involves application of the equations similar to the
following:
log 1/C = a + bn + cn? + dEs + eMR + &f
Equation 1
log 1/C represents the relative potency of the analogue. in which C is the
concentration required to produce some standard biological response, in the

present case. the 1Cy.

n is a measure of the effect of the substituent on the logarithm of the

octanol-water partition coefficient P;

8. the Hammett value of a substituent, is the logarithm of the effect of that

substituent on the acid dissociation constant of benzoic acid.

Es, the Taft constant, is experimentally derived from the relative rates of
hydrolysis of esters, but for spherically symmetric substituents it is

proportional to the radius of the substituent,

MR, the molar refractivity, is a steric parameter derived from the equation:
MR = (n - 1/n + 2) MW/d,

Equation 2
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where MW is molecular weight, n is refractive index and d is density of

compound.

2.3.3 Selection of a substituent set for analysis

In quantitative structure-activity relationships one aims to select a set of
substituents with independence among several parameters. this requirement
first being emphasised by Craig/86. In addition, the use of the Hansch
approach necessitates the inclusion of a wide range of substituents in the
analysis if one is to be confident that the equations derived are meaningful.
It was therefore decided that a rational substituent set for the imidazo-

tetrazinones would be that given in Table 35/87./88,

However, it has already been mentioned that the chemistry of imidazo-
tetrazinones is complex and engenders unique synthetic problems (see
section 1.2.2). To achieve a reasonable spread of substituents without
introducing major synthetic complications. the derivatives prepared were all
8-(substituted carbamoyl) derivatives (substituent sets | and 2. Appendices
I and 2). There are very few carbamoyl substituents for which theoretical
values of i, n2, MR are available/89. In the present work, values for 1, n2
and MR for the substituted carbamoyl groups were estimated using the

Pomona College SMILES and CLOGP computer programs by calculating
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Table 35: Rational substituent set for 8-substituted imidazotetrazinones
X
= N“:\"‘N
N |
NN N
0 CHCHCL
O
Parameter Values for X substituent
X substituent I Es MR F R

H 0.000 1.240 1.030 0.000 0.000
(CH3)5CH3 3.050 -0.400 28.870 -0.060 -0.090
SCHj3 0.610 0.170 13.820 0.200 -0.180
OCgHy4 2.550 0.020 30.900 0.250 -0.550
CN -0.570 0.730 6.330 0.510 0.190
Br 0.860 0.080 8.880 0.440 -0.170
OH -0.670 0.690 2.850 0.290 -0.640
C(CH3)3 1.830 -1.540 19.620 -0.070 -0.130
NHOCH 3 -0.970 -1.740 14.930 0.280 -0.260
N(CH3)3 0.180 -1.600 15.500 0.100 -0.920
S0O,CHj3 -1.630 -1.390 13.490 0.540 0.220
CF3 0.880 -1.160 5.020 0.380 0.190
N(CH3Hg)3 2.180 -1.600 34.030 0.100 -0.920
NH» -1.230 0.630 5.420 0.020 -0.680
SO,NH> -1.820 -1.380 12.280 0.410 0.190
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values for substituted benzamides followed by subtraction of the value for

the phenyl group.

2.3.4 Use of a hydrogen-bonding parameter

Consideration of results from the cytotoxicity studies led to the decision
that it was imperative to include a hydrogen-bonding term into the
equation. Hansch and Leo have suggested that since a set of hydrogen-
bonding parameters is not available, a "dummy” value can be substituted
into the analysis/89. This approach was used for analysis of substituent set
I (Appendix 1) which includes CMCIT. monosubstituted and disubstituted
8-carbamoyl derivatives. The disubstituted carbamoyl compounds cannot
form a hydrogen-bond since they do not possess an amidic hydrogen; they
are therefore assigned the value 0. CMCIT and its monosubstituted
carbamoyl derivatives are capable of hydrogen-bonding, and so are given

the value of | for the hydrogen-bonding term DV.

For substituent set 2 the -NH stretching frequency in the infra-red spectrum
was determined for each substituent. The shift in this frequency relative to
the averaged value for the hydrogen atoms attached to the carbamoyl
nitrogen in CMCIT was used in the analysis as a measure of hydrogen-

bonding capaci{y (H2)!90.r’91,f92, 193
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2.3.5 Results from structure-activity studies on 8-carbamoyl-

imidazotetrazinones

Structure-activity data were generated using the MIXAR computer program

developed by A. Loveless, May & Baker Ltd., Dagenham.

Use of the MR term in these investigations failed to demonstrate any
dependence on this parameter. Using substituent set I, a reasonable
equation was obtained involving the hydrogen-bonding parameter (DV)
alone (equation 3. Appendix I, b):
log 1/C =-1.2567 + 0.7400 DV
Equation 3

(N=18 S =0.228 F = 26.226 R = 0.78809 P = 0.00012)

Inclusion of the parameters n & n? did improve the relationship obtained,
although the contribution of these parameters to the overall equation was

relatively minor (equation 4, Appendix 1, f):

log 1/C = -1.1756 - 0.2120n - 0.229812 + 0.7869 DV
Equation 4

(N=18 S =0.166 F=21.965 R = 0.90817 P = 0.00002)

A reasonable equation was obtained incorporating n & n2 parameters from

substituent set 2 (equation 5, Appendix 2, ¢):
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log 1/C = -0.3700 - 0.2064n - 0.2493n2
Equation 5

(N=15 S=0.167 F =8.909 R = 0.77302 P = 0.00428)

An improvement in the equation was achieved by inclusion of the
hydrogen-bonding term (H2) (equation 6, Appendix 2, g):
log I/C = -0.3363 - 0.2234n - 0.2513n2 + 0.0048 H2
Equation 6

(N=15 S =0.161 F=7.024 R = 0.81057 P = 0.00667)

These results suggest that there is a requirement for the presence of a
carbamoyl -NH group for optimum cytotoxicity/antitumour activity in
8-carbamoylimidazotetrazinones. Once this group is present, alteration of

n can also affect the cytotoxicity/antitumour activity of these compounds.

2.3.6 Discussion of structure-activity studies

Triazene chemistry provided an abundance of information for structure-
activity scientists and this inevitably led to a great variety of studies by
numerous workers. Most of these studies were performed using
phenyltriazenes. on the premise that these compounds were just as active as
DTIC and. moreover, it was easier to study systematic structure-activity
relationships with the phenyltriazenes than with heterocyclic triazenes.

Connors and co-workers’?4 conducted experiments which involved testing
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ring-substituted phenyltriazenes for antitumour activity against a TLX5
lymphoma cell line. All of these compounds exhibited antitumour activity
irrespective of whether the aromatic substituent was electron-donating, such
as p-methoxy, or electron-withdrawing, such as p-trifluoromethyl or p-
methanesulphonyl. or whether the substituent was hydrophilic or

hydrophobic.

The crucial requirement for in vivo activity against TLX5 lymphoma was
attributed to the presence of a N-methyl group in the aryldialkyltriazenes.
This conclusion had been reached by earlier workers/95./96, Linn and
Loo’97 . in testing ring-substituted alkyltriazenes against mouse leukaemia
L1210 tumours, established that the carbamoyl substituent in phenyl-
triazenes could be replaced by a methyl ester group with no adverse effect
on antitumour activity. Further, variation of the position of these
substituents relative to the dimethyltriazenyl sidechain was not crucial to

activity, since all three derivatives (ortho, meta and para) gave comparable

antileukaemic activity. Consideration of these results, together with those
from other studies’?8.799, Jed to the premise that the imidazole ring, the
phenyl ring and the pyrazole ring were all therapeutically equivalent in
triazenes. In agreement with these suggestions is the fact that potent
antitumour activity is also seen with pyrazolotetrazinones as well as with

the imidazotetrazinones (see section 1.2.2).
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Extensive studies by Hansch et al?00.207 substantiated the findings of Linn
and Loo following the assessment of the antitumour activity of DTIC
analogues against the L1210 leukaemia. It was found that the imidazole
grouping conferred no special potency; it could be replaced by other n
excessive or n deficient heterocyclic rings, or by an aryl moiety, with no
deleterious effect. Derivatives having logP values of 1.1 were the
compounds exhibiting optimum potency. However, drug modification
studies led to the recommendation that there was virtually nothing to be

gained therapeutically by manipulation of logP for these compounds.

The structure-activity studies on triazene compounds conducted by Hansch

culminated in two provocative statements200.201;

“Since we have not been able to separate the structural features for toxicity
from those for efficacy, there is little support to encourage further work on
triazenes as antitumour agents”;

and
“Unless one had new biochemical or molecular biological information
suggesting that a new triazene might be more effective in some specific way,
we would not recommend the synthesis and testing of new cogeners”.
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Present results from structure-activity studies on imidazotetrazinones,
involving correlation of in vitro cytotoxicity with physical properties, may
challenge the above statements. Although it is not possible to draw firm
conclusions from the data or provide physical values for observations and
inferences from cytotoxicity assays and metabolism studies, it is tentatively
suggested that there is a possible dependence on hydrogen-bonding
capacity and n for optimal antitumour activity in the 8-carbamoyl-
imidazotetrazinones. The capacity to hydrogen-bond via a carbamoyl -NH
appears to be quite crucial to activity, along with some minor contribution
from n. However. once an amidic -NH is present, the actual strength of
the hydrogen-bond is not a major determinant in the activity: it is the
hydrophobicity, incorporated in n and n2, which is more important.
Predictions from this data suggest that the ideal carbamoyl substituent
should possess an amidic hydrogen and have a negative n value, e.g.
CONH,, CONHCH3, CONHOCH3, CONHCHCH;Cl. Derivatives based
on the above criteria should possess high activity, but they are also likely to
produce considerable host toxicity. Although previous attempts to discover
imidazotetrazinones with improved therapeutic index were unsuccessful
(section 1.3.3), the findings from present QSAR and biological studies
suggest that manipulation of the 8-carbamoyl substituent may provide a

method for increasing the therapeutic index of these compounds.
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For example, peptide pro-drugs have previously been considered in the
design of antitumour agents202-206, The rationale for the design of these
agents was that the peptide moiety would be removed by an enzyme
specific to the tumour site, giving localised release of the anticancer
species. Little success has been achieved using these methods; however,
future studies on the molecular biology of cancer may discover further
tumour-specific enzymes which may be exploited in the above manner.
Use of a blocking peptide moiety in the 8-position of 8-carbamoyl-
imidazotetrazinones, with release of the active mono- or un-substituted
carbamoyl species at the tumour site, may provide a means to increasing

the therapeutic index of these compounds.

The findings from structure-activity studies with imidazotetrazinones also
suggest that if earlier workers had employed in vitro cytotoxicity methods
in addition to in vivo studies, then the carbamoyl substituent may have
been found to be implicated in the activity/cytotoxicity of phenyltriazenes,

DTIC and its derivatives, and pyrazolotriazenes.
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3 CONCLUSIONS: THE ROLE OF THE 8-SUBSTITUENT IN
IMIDAZOTETRAZINONES
In this section it will be argued that a hydrogen-bonding interaction
involving the carbamoyl -NH moiety may be involved in the activity of
8-carbamoylimidazotetrazinones. Following a brief general description of
hydrogen-bonding. tautomerism and intramolecular hydrogen-bonding in
triazene compounds will be discussed and related to possible intramolecular
hydrogen-bonding in imidazotetrazinones. The relevance of the carbamoyl
-NH moiety for possible intermolecular hydrogen-bonding interactions with
imidazotetrazinones will be considered by analogy to DNA binding drugs,
and a receptor site for imidazotetrazinones will be postulated. In addition.
the hypothesis that steric requirements at the receptor site may play an
important role in the mode of action of imidazotetrazinones will also be

mentioned.

3.1 Characteristics of hydrogen-bonding

The distinguishing feature of hydrogen-bonding is the involvement of a
specific hydrogen atom of a proton donor group (A-H) with a localised site
of high electron density (B), where A is an electronegative atom. e.g. O,
N. S. X. (F, Br, I, Cl) or C, and B is a lone electron pair of an
electronegative atom, or a Il electron orbital of a multiple bond
(unsaturated) system. This interaction can involve two functional groups in

the same or different molecules. These last two situations correspond to
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the formation of intramolecular and intermolecular H bonds respectively.

Hydrogen-bonding is a distinctly directional and specific interaction and is
more localised than any other type of weak intermolecular interaction. The
total bond length R(A....B) is equal to or less than the sum of the van der
Waals radii of atoms A & B. that is the total bond length contraction
caused by H-bond formation is equal to or is greater than twice the van der
Waals radius of the hydrogen atom. For intramolecular hydrogen-bonding,
interaction only occurs when A-H and B are in a favourable spatial
configuration and the distance between the H of the donor group and the
acceptor site is between 1.4 and 2.5 . The importance of hydrogen-
bonding in chemical and biological situations and details of the numerous
methods of detection available for hydrogen-bonding have been reported on
several occasions207.208,  An intramolecular hydrogen-bond has already
been observed in the X-ray structure of CMCIT between the carbamoyl
-NH and the tetrazinone ring nitrogen N-1 (See Section 2.1.3.1). If one
assumes the presence of a similar bond in solution. then 8-carbamoyl
derivatives possessing an amidic hydrogen may exhibit an intramolecular
hydrogen-bond which diminishes the tendency of these compounds to ring-
open in solution. This led to the proposal (Section 2.1.2.1) that compounds
such as CMCIT and MCMCIT may experience increased stability, leading
to enhanced activity relative to the disubstituted 8-carbamoylimidazo-

tetrazinones such as DCMCIT. Chemical stability studies have indicated



177

that this is not the case, CMCIT, MCMCIT and DCMCIT having similar

half-life values (See Section 2.1.2.2).
3.2 Tautomerism in triazenes

There have been many studies employing ir and nmr spectroscopic methods
as a means of studying the tautomerism in triazene compounds. Hadzi and
Jan209 demonstrated that infra-red spectra of monoalkyltriazenes generally
exhibit two -NH stretching vibration bands. one at 3480-3440 cm~!
assigned to tautomer (114a), and the other near 3338 cm-! assigned to
(114b). Unambiguous assignment of these bands was achieved by
observing the shift of the low-frequency band to lower frequency when 19N
was introduced at N-1. The relative intensities of these bands are governed
by the substituent (X), suggesting that the substituent influences the
tautomeric equilibrium: electron-withdrawing substituents shift the
equilibrium in favour of form (114b). Infra-red measurement has also
shown a similar substituent effect in 1,3-diaryltriazenes2/0.2//,

The effect of substitution in the aryl group on the taut;merism of
monoalkyltriazenes has also been demonstrated using nmr spectroscopy. the
tautomerism also showing a strong dependencelon the solvent used?/2, The
substituent effect varied according to the position of the substituent, and

whether it was electron-withdrawing or electron-donating. Thus, [-aryl-
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3-methyltriazenes with strongly electron-withdrawing p-substituents were
found to be in a state of tautomeric equilibrium,
Ar.N=N.NHMe~—Ar.NH.N=NMe. However, a similar study of
3-methyl-1-p-tolyltriazene indicated that the conjugated form
predominated, whereas arylmethyltriazenes with strongly electron-
withdrawing ortho-substituents were shown to exist as the unconjugated

tautomer. Ar.NH.N=NMe.

It was reported that the equilibrium was shifted in favour of the
unconjugated tautomer by the presence of electron-withdrawing substituents
in the aryl group, and that the preference was total when the substituent
was in the ortho-position. The hypothesis was that the absolute preference
for the unconjugated tautomeric form in ortho-substituted aryltriazenes was
due to the presence of a strong intramolecular hydrogen-bond (e.g. 115).
This intramolecular hydrogen-bonding was considered much less likely in

the conjugate tautomer of (115) and is not possible in the meta- and para-

derivatives.

The triazenes formed following hydrolytic ring-opening of imidazo-
tetrazinones should also display tautomerism. By analogy to the
alkyltriazenes, the 8-carbamoyl group is thought to stabilise the
unconjugated tautomer by hydrogen-bonding (27)//. However, this cannot

be the sole requirement for activity since the three 8-carbamoyl derivatives
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CMCIT, MCMCIT and DCMCIT would all be able to produce such a
intramolecular bond and hence should be equiactive. Differences in
cytotoxicity observed between these compounds cannot be explained by this

theory.

From present findings showing the requirement of an amidic hydrogen for
high activity, it is also feasible that the -NH group may also affect the
tautomerism of the corresponding ring-opened triazenes (116a, 116b),
giving rise to differences in the activity of these compounds. Participation
of the -NH moiety in an intramolecular hydrogen-bonding interaction with
the imidazole nitrogen is also possible (117). The existence of these
intramolecular hydrogen-bonds in triazenes from CMCIT and MCMCIT
may theoretically lead to an increased stability of these compounds relative
to the corresponding triazene from the disubstituted derivative DCMCIT
(118), in which there is only one type of intramolecular bond possible. As
outlined in Section 2.1.1.2.7, many attempts were made to prepare the
corresponding triazenes from CMCIT, MCMCIT. DCMCIT, the methyl
ester (65a) and the ethyl ester (65b), for subsequent stablity studies and 'H
nmr studies to examine tautomerism in these compounds. Unfortunately,
only reaction with CMCIT gave an isolatable product; however. when
analysed by 'H nmr the product (MCTIC, 3) was shown to be
contaminated with a small amount of AIC (17). This contamination made
interpretation of the 'H nmr spectrum extremely difficult with assignment

of -NH peaks impossible. Further batches of MCTIC prepared by the
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coupling reaction between Diazo-1C and 2-chloroethylamine? also showed
the presence of decomposition products in the spectrum. The solvolytic
instability of MCTIC precluded 'H nmr analysis, as during sample
preparation a gas (presumably nitrogen) evolved on addition of dg DMSO.
indicating extremely rapid degradation of MCTIC in the solvent. For
future stability experiments with these triazene derivatives it appears futile
to synthesise the compounds via the ring-opening route. Diazotisation of
the corresponding AIC derivatives followed by coupling with chloro-
ethylamine will probably be more useful for preparation of the triazene

derivatives?.

3.3 Presence of the carbamoyl moiety in other antitumour agents

An earlier hypothesis suggested the existence of a “receptor’ for
imidazotetrazinones with a requirement for a coplanar oxygen atom in the
8-substituent for optimum activity (Section 2.1.4). Although interesting,
this conjecture was based upon differences observed in X-ray structures
which are not necessarily representative of the situation within the
biological environment. However, it is still conceivable that disubstitution
of the 8-carbamoyl group, with disruption of planarity, may prevent
binding of 8-carbamoylimidazotetrazinones to the ‘receptor site’, thus

leading to low cytotoxicity. A similar hypothesis was proposed for
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5-carbamoyl-2.4-dinitrophenylaziridine, CB 1954 (119)2/3.274, This
compound exhibited a very high chemotherapeutic index against the Walker
Carcinoma 256 in rats: however, a complete loss of activity was found
when both hydrogens of the amide were substituted. Structure-activity
relationships gave no correlation between the rates of alkylation of DNA
and antitumour activity. and no overall correlation between partition
coefficients and activity. The ability to bind to a theoretical receptor site
was suggested as being essential for the antitumour activity of CB 1954.
The carbamoy! derivative (119a), and the monosubstituted carbamoyl
deravitive (119b), were seen to be able to maintain the presentation of a
planar face to this hypothetical receptor. This was not the case for the
disubstituted carbamoyl deravitive (119¢). Studies of reversible binding to
bovine serum albumin were used as a model for a possible drug-receptor
interaction and to correlate biological activity with the ability of these
compounds (119a) (119b) (119¢) to bind to a specific receptor site.
Comparison of the compounds showed that disubstitution lowered their
affinity for the protein. and this correlated with a reduced antitumour

activity.

Recent advances in molecular biology have inspired great interest in the
role of drug binding to DNA. Many DNA binding agents have been
discovered which utilise hydrogen-bonding interactions to stabilise their

binding to the DNA structure?/3, The presence of the carbamoyl group
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seems ubiquitous in these compounds such as CC 1065 (120)2/6, and
especially the antitumour antibiotic derivatives netropsin (121)2/7 and
distamycin (122)2/8, Netropsin and distamycin bind in the minor groove
of DNA where they require binding sites consisting of four or five base
pairs respectively. This firm and site-specific binding, which seems to
underlie biological activity, is the net result of specific hydrogen-bonding,
electrostatic attraction and van der Waals interactions. These agents have a
characteristic structure containing a number of heterocycles linked by amide
bonds. The molecules require a close approach to planarity and utilise the
carbamoyl groups for hydrogen-bonding interactions. The role of the
hydrogen-bonds in the binding of netropsin is thought to be involved with
alignment of the drug with respect to the DNA structure?/?, The distances
of the hydrogen-bonds formed vary, with some bond lengths being
considerably longer than standard hydrogen-bond lengths220, A DNA
binding agent containing a triazene linkage has also been reported, i.e.
berenil (123)22/. This compound exhibits potent antitumour activity,
although charged amidinium groups probably play an important part in the

activity of this compound.

Knowledge of how DNA binding drugs exert their antitumour effect has

. ‘ . . .
been used to speculate that a more specific receptor site for imidazo-
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tetrazinones may exist. The requirement for planarity suggested earlier,
coupled with the possibility of hydrogen-bonding via the carbamoyl -NH
group, indicates that, as with the DNA binding drugs above, binding of
imidazotetrazinones to DNA is feasible. It is suggested that
imidazotetrazinones ring-open and alkylate DNA by reaction of the
chloroethyl substituent with the O® position of guanine. In order to make
such interaction possible the drug must presumably gain access to the
major groove of DNA. Imidazotetrazinones possessing a coplanar oxygen
atom in the 8-substituent may then achieve increased stability and/or
activity by interaction with a biological macromolecule. Either alone, or in
addition to the above. an intermolecular hydrogen-bonding interaction
between the carbamoyl -NH moiety and other bindings sites may occur
with 8-carbamoylimidazotetrazinones. It is suggested that the interaction
of the 8-substituent with biological macromolecules, e.g. DNA, may be
required to align the imidazotetrazinones in a favourable position for
subsequent attack by guanine O® residues (Fig 31). From this one may
speculate that 8-carbamoylimidazotetrazinones containing a carbamoyl -NH
for donation to a hydrogen-bond might achieve increased
stability/interaction with DNA, leading to enhanced antitumour
activity/cytotoxicity compared with the corresponding disubstituted

analogues.

There is no evidence available to support this conjecture. but there are
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numerous methods which may provide the information required to
substantiate this theory. The introduction of two dimensional correlated
(COSY) and nuclear Overhauser effect (NOESY) nmr techniques has
provided useful methods for examining drug-DNA interactions. Many
reports have appeared giving details of nmr analyses in which a drug is
mixed with an assigned piece of DNA or an assigned oligonucleotide. and
the association between the two molecules investigated using COSY and
NOESY techniques2/7.222, Co-crystallisation of drugs with DNA
fragments followed by X-ray analysis has also been used to investigate
binding of drugs to DNA220, Use of these powerful tools to study
interaction of imidazotetrazinones with DNA holds exciting prospects and
should provide vital information concerning the role of the 8-substituent in

imidazotetrazinones.

3.4 Prelude to molecular modelling studies with imidazotetrazinones

Computer-graphics techniques have also provided valuable information
regarding drug interactions with biological molecules?23.224.225.  Using a
CHEMGRAF computer package (courtesy of May & Baker Ltd..
Dagenham), attempts were made to investigate a possible binding site in
DNA for CMCIT. However. after considerable efforts. it was decided that
the approximations made in energy calculations, coupled with the difficulty

in visualising drug-DNA interactions using this system, were preventing
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adequate progress in this area. Instead, molecular modelling investigations
with imidazotetrazinones were initiated in collaboration with Dr. S Neidle
& Dr. A Beveridge, Institute Cancer Research, Sutton, Surrey. These
studies. using an IRIS 2400 system. demonstrated that insertion of the
intact molecule of CMCIT into the DNA structure , such that the
chloroethyl group was within reaction distance of guanine O®, was only
possible in sequences of bases where guanine was followed by a thymine
residue. Visual consideration of this "fit” was encouraging with a number
of hydrogen-bonds with the DNA structure seemingly possible. The
apparent requirement for a specific sequence of bases might suggest
targeted alkylation of DNA by CMCIT since use of other base pair
sequences caused huge electrostatic repulsive forces. It is hoped that these
studies may be extended to elucidate the role of the 8-substitutent in

8-carbamoylimidazotetrazinones.
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4 SUMMARY

Firm conclusions concerning the role of the 8-substitutuent in imidazo-
tetrazinones cannot be drawn from the present studies. However. this work
has highlighted a crucially important and intriguing requirement for an
amidic hydrogen in 8-carbamoylimidazotetrazinones for optimum
antitumour activity/cytotoxicity. During these investigations several
proposals have been made concerning the role of the amidic hydrogen, and
for possible mechanisms of action of these compounds, the most exciting
theory envisaging possible targeted alkylation of DNA. The possibility that
imidazotetrazinones interact with DNA, and the knowledge that certain
sequence-specific agents possess pyrrole and/or imidazole moieties,
connected by carbamoyl linkages?/9.226, has implications for the design of
further imidazotetrazinone derivatives. For example, it might be possible
to synthesise imidazotetrazinones incorporating "sequence-specific chains”
capable of recognising and binding to sequences of DNA base pairs specific
to cancer genes, by attaching the sequence-specific moiety to the
8-carbamoyl group of CMCIT. Such compounds would perhaps provide
targeted delivery of the chloroethyltriazene species to a specific oncogene,
achieving increased selectivity relative to that of current imidazotetrazinone

derivatives.



192

Caution must be exercised in making generalisations from results obtained
with 8-carbamoylimidazotetrazinones, since various compounds possessing
other 8-substituents are also extremely active. Testing of 8-sulphonamoyl
derivatives (Table 2, xxviii, xxx, xxxi; Table 12, xi, x, iv) has shown that
all of these compounds exhibit potent antitumour activity and high
cytotoxicity. The 8-methyl sulphone (Table 2, xxxiii; Table 12, ix) also
demonstrates high in vivo activity and high cytotoxicity. It is difficult to
explain the discrepancies in cytotoxicity between these compounds and the
8-carbamoylimidazotetrazinones. A possible explanation is that the sulphur
containing compounds (Table 12, iv, ix, x, xi) still retain coplanarity of an
oxygen atom attached to the 8-position (Section 2.1.3.2). Maintenance of
coplanarity may enable these compounds to fit the theoretical receptor site
described for imidazotetrazinones putatively suggested as DNA. Of course.,
it is conceivable that the sulphonamoyl and sulphonyl groups are important
for different reasons than those suggested so far. The dimethyl-
sulphonamoyl grouping is present in the very promising antitumour agent
TCNU (124)227, but as yet no theories have been proposed for why this
group is so important to the activity of this compound.

Earlier workers suggested that the sulponamide group acted as a good
carrier group for éntitumour agents, conferring an optimum pKa value for

uptake into tumour cells?28.229, Very limited success was achieved with
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compounds synthesised based on this rationale, and hence it is unlikely that
this is a reason for the excellent antitumour activity of imidazotetrazinones

substituted with 8-sulphonamoyl or 8-sulphonyl groups.

The antitumour imidazotetrazinones have an extremely complex and
interesting mode of action which yet defies interpretation. It is unfortunate
that these compounds have experienced the classic dilemma of very potent
activity correlating with severe toxicity, but perhaps this work will provide
the insight towards further 8-substituted derivatives with improved

therapeutic index.
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S MATERIALS

5.1 Chemicals and investigational compounds

5.1.1 Purchased chemicals

Chemicals used in this work were generally purchased from The Aldrich
Chemical Co. Ltd.. Gillingham, England, with the exception of the

following:

Nicotinamide adenine dinucleotide phosphate, reduced form, (tetrasodium
salt) was purchased from Sigma Chemical Co., Poole, England, and
magnesium chloride hexahydrate was purchased from BDH Chemicals,

Poole, England.

5.1.2 Gifts

CMCIT, together with any imidazotetrazinone derivatives not mentioned in
the experimental section, and all HPLC solvents. were generously donated
by May and Baker Ltd., Dagenham, England; S-S-dimethylsulphoximide
was a gift of G. Pitchen, Centre de Recherche de Vitry, Rhone Poulenc,

Vitry-sur-Seine, France.
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5.1.3 Synthesised chemicals

CMEIT was synthesised in this department by Dr. G.U. Baig. Serine

benzyl ester was synthesised in this department by Dr. S. Tendler.

5.2 Biological

5.2.1 Tissue culture vessels

Tissue culture (twenty-four multi-well) dishes (133x88 mM) were purchased

from Gibco Ltd., Paisley, Scotland.

5.2.2 Media

RPMI (Rosewell Park Memorial Institute) 1640 media (containing hepes

(25 uMol) and L-glutamine) and horse serum (mycoplasma screened) were

purchased from Gibco Ltd., Paisley, Scotland.

5.2.3 Animals

CBA/CA female mice (18-22 g) were supplied by Bantim & Kingman,

Hull. England.
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6. EXPERIMENTAL DETAILS

6.1 Chemical methods

NMR spectra were recorded on a Varian EM360A nmr spectrometer in
DMSO-dg as solvent. Tetramethylsilane (TMS) was incorporated as an
internal standard. All peaks are assigned in terms of § values.
Abbreviations used in the interpretation of the nmr spectra are:

s = singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet.

Mass spectra were measured at 70 eV on a V.G. Micromass 12B single
focusing spectrometer with a source temperature in the range 300°C; m/z
signifies the molecular ion peak observed. My thanks to Mrs. K. Farrow.

this department, for supplying these data.

C.H,N analyses were kindly performed by A. Stevens, May & Baker Ltd.,

Dagenham, Essex.

All melting points are recorded uncorrected.

Recrystallisation of imidazotetrazinone derivatives was achieved using a

mixture of acetone and water (9:1), unless otherwise stated.
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6.1.1 Preparation of 3-(2-chloroethyl)-3.4-dihydro-4-oxoimidazol[5, 1-d]-

1.2,3,5-tetrazine-8-carboxylic acid

a) Using concentrated sulphuric acid as solvent

CMCIT (10.0g, 0.04mol) was treated with concentrated sulphuric acid
(50ml) with stirring. When the solid had dissolved, the solution was
carefully treated with a solution of sodium nitrite (10g. 0.145mol) in water
(25ml) over 30 minutes. the temperature being maintained below 60°C.
The resulting yellow solution was stirred at 35°C for 2.5 hours and was
then poured onto ice. The solid was filtered off. washed well with water
and dried in vacuo, to give 3-(2-chloroethyl)-3.4-dihydro-4-oxoimidazo-
[5.1-d]-1.2.3.5-tetrazine-8-carboxylic acid (53) as a buff coloured powder

(8.34g, 85.8%), m.p.166°C; vmax (KBr) 1760, 1710, cm~!: m/z 243/24s.

b) Using trifluoroacetic acid as solvent

CMCIT (5.0g. 0.02mol) was treated with trifluoroacetic acid (20ml) with
stirring.  When the solid had dissolved the solution was carefully treated
with a solution of sodium nitrite (5.0g. 0.07mol) in water (10ml) over 30
minutes, the temperature being maintained below 60°C. The resulting
yellow solution was stirred at 35°C for 2.5 hours and was then poured onto

ice. The solid was filtered off. washed well with water and dried in vacuo.
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to give 3-(2-chloroethyl)-3.4-dihydro- 4-oxoimidazo(5, 1-d]-1,2,3,5-
tetrazine-8-carboxylic acid (53) as a buff coloured powder

(4.62g, 95.01%) m.p. 166°C.

6.1.2 Preparation of 3-(2-chloroethyl)-3.4-dihydro-4-oxoimidazo-

[5.1-d]-1,2,3.5-tetrazine-8-carbonyl chloride

Thionyl chloride (80ml) was added to 3-(2-chloroethyl)-2,3-dihydro-4-oxo-
imidazol5.1-d]-1,2,3.5-tetrazine-8-carboxylic acid (10g, 0.04 mol) together
with a catalytic amount of dimethylformamide (five drops). The mixture
was heated under reflux at 80°C for 2.5 hours, before distillation of the
excess thionyl chloride under reduced pressure. The residue was treated
with toluene (50ml), and evaporation gave 3-(2-chloroethyl)-3,4-dihydro-
4-oxoimidazo[5.1-d]-1.2.3.5-tetrazine-8-carbonyl chloride (57) as a light
brown crystalline solid (1.03 g. 87.17%). m.p. 69°C: vmax (KBr) 1730,

1520 em™!: m/z 261/263.

6.1.3 Preparation of 8-methylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1.2.3.5-tetrazin-4(3H)-one monohydrate

Methylamine (40% aqueous solution)(0.95g. 12.2mmol) in tetrahydrofuran

(5ml) was added, dropwise, to the acid chloride (57) (1.6g, 6. I3mmol) in
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tetrahydrofuran (Sml). The mixture was stirred at ambient temperature for
30 minutes and a precipitate which formed was collected, washed on the
filter with distilled water (10ml) and recrystallised from aqueous acetone to
afford 8-methylcarbamoyl-3-(2-chloroethyl)imidazol5,1-d]-1,2,3,5-tetrazin-
4(3H)-one monohydrate (64a) in the form of a white solid (0.88g. 56.6%)
m.p.121°C. (Found: C,35.0; H,3.84; N.30.8; CgHgNgO,Cl.HO
requires C,34.98; H.4.04; N.30.60%); vmax (KBr) 1750, 1640, cm™!;
[60MHz; (CD3),SO0]. 2.8(3H.d,CH3). 4.0(2H.t,CH>), 4.6(2H,t,CH>),

8.4(1H.broad band.NH), 8.9 (1H,s,CH). m/z 257.

6.1.4 Preparation of 8-dimethylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1,2,3.5-tetrazin-4(3H)-one

Dimethylamine (40% aqueous solution) (1.38g, 12.2mmol) in tetra-
hydrofuran (2ml) was added, dropwise, to the acid chloride (57) (1.6g,
6.13mmol) in tetrahydrofuran (5ml). The mixture was stirred at ambient
temperature for 20 minutes. The resulting solution was treated with
petroleum (b.p. 60-80°C) (10ml), and the precipitate which formed was
collected and recrystallised from aqueous acetone to give 8-dimethyl-
carbamoyl-3-(2-chloroethyl)imidazo[5,1-d]-1.2.3.5-tetrazin-4(3H)-one (64b)
in the form of a white solid (0.69g, 41.7%). m.p. 116-117°C. (Found:
C.39.5: H.4.00; N,30.9, CgH||NgO;Cl requires C,39.94; H,4.09:
N.31.05%); vmax (KBr): 1720, 1610, cm™!; [60MHz; (CD3),SO].

3.1(6H.s.(CH3)3). 4.0(2H,t.CHj). 4.6(2H.t,CH>), 8.85(1H.s,CH).
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6.1.5 Preparation of 8-propylcarbamoyl-3-(2-chloroethyl)-

imidazo[5,1-d]-1,2.3.5-tetrazin-4(3H)-one

Propylamine (0.24g, 4.0mmol) in dichloromethane (3ml) was added.
dropwise, to the acid chloride (57) (0.52g. 2mmol) in dichloromethane
(2ml). The mixture was stirred at ambient temperature for two hours,
followed by addition of distilled water (2ml) and petroleum ether (b.p.
60-80°C) (5ml). The precipitate formed was collected and recrystallised
from aqueous acetone to afford 8-propylcarbamoyl-3-(2-chloro-
ethyl)imidazo|5, 1-d]-1,2,3,5-tetrazin-4(3H)-one (64c¢) as a pale purple
powder (0.36g, 64.1%). m.p.111.2°C. (Found: C.42.1; H,4.7; N.29.6,
C1oH3Ng02Cl requires C,42.19; H,4.60; N.29.52%); vmax (KBr) 1760,
1650, cm™!;  [60MHz: (CD3);SO] 0.8(3H.t.CH3), 1.5(2H.q,CH)),
3.3(3H.q.CH3), 4.02H.t.CH3). 4.6(2H,t,CH3). 8.45(1H,s.NH), 8.85

(IH.s.CH).

6.1.6 Preparation of 8-isopropylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1,2,3,5-tetrazin-4(3H)-one

Isopropylamine (0.45g, 7.6mmol) in dichloromethane was added,
dropwise. to the acid chloride (57) (1.0g, 3.8mmol). The mixture was
stirred at ambient temperature for 5 hours followed by addition of distilled
water (2ml) and petroleum ether (b.p. 60-80°C) (5ml). The resulting

precipitate was collected and recrystallised from aqueous acetone to yield
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g8-isopropylcarbamoyl-3-(2- chloroethyl)imidazo[5,1-d]-1.2.3,5-tetrazin-
4(3H)-one (64d) in the form of a cream coloured powder (0.75 g. 68.8%).
m.p.119-120°C. (Found: C,42.4; H.4.5; N.29.2, C|oH3NgO,ClI
requires C,42.19; H.4.60; N.29.52%); vmax (KBr) 1760, 1690, em
[60MHz: (CD3),S0] 1.29 (6H,d.(CH3)7), 4.10(3H.q,CH,.CH), 4.65

(2H.t.CH»). 8.15 (IH.d.NH). 8.90(1H.s.CH). m/z 285.

6.1.7 Preparation of 8-allylcarbamoyl-3-(2-chloroethyl)imidazo[5., 1-d]-

1.2,3.5-tetrazin-4(3H)-one

Allylamine (0.44g, 7.7mmol) in dichloromethane (10ml) was added.
dropwise, to the acid chloride (57) (1.0g. 3.8mmol). The mixture was
stirred at ambient temperature for 3 hours followed by addition of distilled
water (2ml) and petroleum ether (b.p. 60-80°C) (5ml). The resulting
precipitate was collected and recrystallised from aqueous acetone to yield
8-allylcarbamoyl-3-(2-chloroethyl) imidazo[5.1-d]-1,2,3.5-tetrazin-
4(3H)-one (64e) in the form of a pale purple powder (0.54g, 50.2%),
m.p.121°C. (Found: C.42.5; H.3.8: N.29.9, C|gH| | NgO7ClI requires
C.42.49: H.3.92; N,29.73%): vmax (KBr) 1780, 1660, cm™!; [60MHz;
(CD3),S0] 4.15 (4H.q.(CHj)p). 4.75 (2H.t,CH>). 5.25 (2H.t,CHj), 5.95

(1H.,s.CH). 8.6(1H.s.NH).8.8(1H.s.CH). m/z 283.
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6.1.8 Preparation of 8-cyclopropylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1.2.3,5-tetrazin-4(3H)-one monohydrate

Cyclopropylamine (0.44g. 3.83mmol) in dichloromethane (10ml) was
added. dropwise, to the acid chloride (57) (0.5g, 1.9mmol). The mixture
was stirred at ambient temperature for two hours and a precipitate which
formed was collected and recrystallised from aqueous acetone to afford
8-cyclopropylcarbamoyl-3-(2-chloroethyl)imidazo[$5, 1-d]-1,2,3,5-tetrazin-
4(3H)-one monohydrate (64f) in the form of a white solid (0.33g, 62.0%),
m.p. 132°C. (Found: C.39.6: H.4.21: N,28.2, C|gHgNgOCI.H0O
requires C.39.94: H.4.36; N.27.94%); vmax (KBr): 1760, 1660, em!;
[60MHz: (CD3)2S0] 0.7 (5H.d,CH(CH3)3)., 4.1(2H,t,CH)),

4.6(2H.t.CH»). 8.5(1H.d.NH). 8.8(!1H.s.CH). m/z 283.

6.1.9 Preparation of 8-phenylcarbamoyl -3-(2-chloroethyl)imidazo-

[5.1-d]-1.2.3.5-tetrazin-4(3H)-one

Aniline (0.73g. 7.7mmol) in dichloromethane (Sml) was added. dropwise,
to the acid chloride (57) (1.0g, 3.83mmol). The mixture was stirred at
ambient temperature for 5 hours followed by treatment with distilled water

(2ml) and petroleum ether (b.p. 60-80°C) (5ml). The precipitate formed
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was collected and recrystallised from aqueous acetone to give 8-phenyl-
carbamoyl—-3-(2-chloroethyl ) imidazol5, 1-d]-1,2,3,5-tetrazin-4(3H)-one
(64g) in the form of a deep yellow solid (0.80g, 65.7%), m.p.166-167°C.
(Found: C.48.4; H,3.3; N.26.1, C3H| NgO,Cl requires C,48.9; H,3.48;
N.26.3%): vmax (KBr) 1750, 1700, em™!; [60MHz; (CD3),S0] 4.05
(2H,t.CHy), 4.65 (2H.t.CH5). 7.25 (5H,m,CgHs), 9.0 (1H.s,CH), 10.35

(IH.s,NH). m/z 319.

6.1.10  Preparation of 8-cyclohexylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1.2.3.5-tetrazin-4(3H)-one

Cyclohexylamine (0.75g, 7.56mmol) in pyridine (3.5ml) was added,
dropwise. to the acid chloride (57) (1.53g. 5.86mmol) in tetrahydrofuran
(5ml). The mixture was stirred at ambient temperature for 10 minutes and
then poured into ice-cold dilute hydrochloric acid (100 ml). The mixture
was stirred and a precipitate formed which was collected and recrystallised
from aqueous acetone to afford 8-cyclohexylcarbamoyl-3-(2-chloro-
ethyl)imidazo[5.1-d]-1.2,3,5-tetrazin-4(3H)-one (64h) in the form of a
white solid (1.26g, 66.1%), m.p. 130°C. (Found: C.48.3; H.5.3: N.25.8.
C13H|7NgO,Cl requires C,48.08; H.5.3; N.25.88%): vmax (KBr): 1750.
1660. cm™!: [60MHz; (CD3),SO], 1.5 (11H,broad band, CgH ), 4.0

(2H.t.CHy). 4.6(2H.t.CH»). 8.8 (1H.s,CH).
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6.1.11  Preparation of 8-neopentylcarbamoyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1,2,3,5-tetrazin-4(3H)-one

A stirred solution of the acid chloride (57) (1.6g, 6.13mmol) in dry
tetrahydrofuran (5ml) was treated with neopentylamine (1.06g. 12.2mmol)
in tetrahydrofuran (Sml). The mixture was stirred at ambient temperature
for 2 hours and a precipitate formed. which was collected and recrystallised
from aqueous acetone to afford 8-neopentylcarbamoyl-3-(2-chloroethyl)-
imidazo| 5,1-d]-1,2,3,5-tetrazin-4(3H)-one (64i) as a cream coloured
powder (1.00g, 52.1%), m.p. 148°C. (Found: C, 45.7; H,5.2; N.26.8.
C12H|7NgO2Cl requires C,46.08; H. 5.48; N.26.87%); vmax (KBr)
1730. 1660, cm™!; [60MHz: (CD3),S0] 0.9 (9H.5,(CH3)3). 3.1
(2H.t,CHj), 4.0 (2H,t.CHy), 4.6 (2H.t,CH5), 8.1 (1H,broad,NH), 8.8
(1H.s,CH).

6.1.12  Preparation of 8-methoxycarbonyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1,2,3.5-tetrazin-4(3H)-one

Methyl alcohol (5ml) was added to the acid chloride (57) (1.0g, 3.8mmol)
and the resulting mixture was stirred at ambient temperature for 2.5 hours.
The precipitate formed was collected and recrystallised from aqueous
acetone to give 8-methoxycarbonyl-3-(2-chloroethyl)imidazo(5.1-d]-

1.2,3,5-tetrazin-4(3H)-one (65a) as a white crystalline solid (0.67g,
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67.5%), m.p. 113°C. (Found: C.37.1; H,3.00: N,27.0, CgHgN5O3Cl
requires C.37.3; H,3.13; N.27.18%); vmax (KBr) 1780, 1750, cm™!;
[60MHz; (CD3),SO] 4.00(5H.t.CH;., CH3), 4.65 (2H,t,CH>), 8.9

(I1H,s.CH). m/z 258.

6.1.13  Preparation of 8-ethoxycarbonyl-3-(2-chloroethyl)imidazo|5, 1-d]-

1.2.3.5-tetrazin-4(3H)-one

Absolute ethanol (6ml) was added to the acid chloride (57) (0.52g.
2.0mmol). The mixture was stirred at ambient temperature for one hour.
The precipitate formed was collected and recystallised from aqueous
acetone to give 8-ethoxycarbonyl-3-(2-chloroethyl)imidazol[5, 1-d]-
1.2.3.5-tetrazin-4(3H)-one (65b) as a white solid (0.38g, 69.8%).
m.p.96°C. (Found: C,39.6; H.3.65; N,25.9, CqH |gN503Cl requires
C.39.79: H.3.71; N.25.78%); vmax (KBr) 1780. 1740, cm™!; |60 MHz;
(CD3)2S0] 1.35 (3H,t.CH3), 4.0 (2H.t,CHj), 4.35 (2H,t,CH>y), 4.65

(2H.t,CH5). 8.9 (1H,5.CH).

6.1.14 Preparation of 8-propoxycarbonyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1,2,3.5-tetrazin-4(3H)-one

Propyl alcohol (4ml) was added to the acid chloride (57) (1.0g. 3.8mmol).
The mixture was stirred at ambient temperature for two hours. The
precipitate formed was collected and recrystallised from aqueous acetone to

give 8-propoxycarbonyl-3-(2-chloroethyl)imidazo[5.1-d]-1.,2,3.5-tetrazin-
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4(3H)-one (65¢) as a fine white powder (0.69g, 63.4%), m.p.92°C.
(Found: C.42.1; H.4.15: N.24.6, C gH|2N503CI requires C,42.04;
H.4.23; N.24.51%); vmax (KBr) 1760, 1730, cm™!; [60MHz; (CD3),SO]
1.0 (3H,t,CH3). 1.7 (2H.q,CH3), 4.05 (2H.t,CH,), 4.3 (2H.t,CH»5), 4.65

(2H.t.CH3). 8.9 (1H.s.CH). m/z 285.

6.1.15  Preparation of 8-isopropoxycarbonyl-3-(2-chloroethyl)imidazo-

[5.1-d]-1.2.3,5-tetrazin-4(3H)-one

Isopropyl alcohol (5ml) was added to the acid chloride (57) (1.0g,
3.8mmol) and the resulting mixture was stirred at ambient temperature for
two hours. The precipitate formed was collected and recrystallised from
aqueous acetone to give 8-isopropoxycarbonyl-3-(2-chloroethyl)imidazo-
[5.1-d]-1,2,3,5-tetrazin-4(3H)-one (65d) as a white crystalline solid (0.63g,
57.9%). m.p.113°C. (Found: C.42.2; H.4.18; N,24.6; CI,12.3,
C1oH2N503Cl requires C.42.04; H,4.23; N,24.51; C1,12.4%); vmax
(KBr) 1760, 1720, cm™!; [60MHz; (CD3)2S0] 1.35 (6H.d.(CH3))), 4.00
(2H,t,CH3). 4.65 (2H,t,CH>), 5.20 (2H.m,CH), 8.85 (1H,s.CH). m/z

285.
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6.1.16  Preparation of S,S-dimethyl-N-[3-(2-chloroethyl)-[3H]-4-

oxoimidazol[5, 1-d]-1,2,3,5-tetrazin-8ylcarbonyl]sulphoximide

A solution of the acid chloride (57) (1.5g. 5.7mmol) in dichloromethane
(5ml) was treated dropwise with a solution of S,S-dimethylsulphoximine
(0.53g. 5.7mmol) and triethylamine (0.58g, 5.7mmol) in dichloromethane
(5ml). The reaction flask was suspended in an ice/acetone bath and the
reaction was allowed to proceed for 20 minutes. A precipitate formed
which was filtered off and recrystallised from aqueous acetone to give S.S-
dimethyl-N-[3-(2-chloroethyl)-|3H]-4-oxoimidazo|5.1-d]-1,2,3,5-tetrazin-
8ylcarbonyl]sulphoximide (66) in the form of a buff coloured solid (1.42g,
77.60%) m.p.165°C. (Found: C,34.1; H.3.38; N.26.3, CgH| |NgO3CIS
requires C.33.91; H.3.48; N.26.4%): vmax (KBr) 1730, 1660, cm™!:
[60MHz; (CD3),S0] 3.5 (6H,s,(CH3);), 4.0 (2H.t.CH3). 4.6 (2H,t,CH>).

8.7 (1H,s.CH).

6.1.17  Preparation of 8-azidocarbonyl-3-(2-chloroethyl)imidazo[5,1-d]-

1.2.3.5-tetrazin-4(3H)-one

Sodium azide (0.25g. 3.8mmol) was added portionwise, to the acid
chloride (57) (1.0g, 3.8mmol) in aqueous acetone (10ml). The mixture
was stirred at ambient temperature for 3.5 hours, followed by addition of

petroleum ether (b.p. 60-80°C) (10ml). The precipitate formed was
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collected and recrystallised from aqueous acetone to give 8-azidocarbonyl-
3-(2-chloroethyl)imidazol[5, 1-d]-1,2,3,5-tetrazin-4(3H)-one (67) as a white
crystalline solid (0.83g, 81.0%), m.p.115°C. (Found: C,31.3; H,1.72:
N.41.7, C7H§NgO,Cl requires C,31.3; H,1.88; N,41.7%); vmax (KBr)
2175 (N=N=N), 1760, 1720, cm™!; [60 MHz; (CD3),S0] 4.05

(2H.t.CHy), 4.65 (2H,t,CH;), 8.95 (IH.s,CH). m/z 269.

6.1.18  Preparation of 3-(2-chloroethyl)-8-diazoacetylimidazo|5.1-d]-

1,2,3,5-tetrazin-4(3H)-one monohydrate

Diazomethane (1.0g, 23.8mmol) in ether (75ml) was added slowly to the
acid chloride (57) (1.0g, 3.83mmol). The reaction vessel was suspended in
an icebath and the reaction was allowed to proceed at this temperature, in
the dark, for a period of 30 minutes. A yellow suspension formed which
was collected and recrystallised from aqueous acetone to give
3-(2-chloroethyl)-8-diazoacetyl imidazo[5,1-d]-1,2,3,5-tetrazin-4(3H)-one
monohydrate (68) in the form of a buff coloured solid (0.67g. 65.1%),
m.p. 69°C. (Found: C,34.1: H.2.9; N.34.8, CgH5N70,CI.H5O requires
C.33.6; H.2.8; N,34.3%); vmax (KBr): 2100 (RCOCH=N=N), 1750,
1730, cm™!; [60MHz; (CD3),80]. 3.96 (2H.t,CH3). 4.56 (2H.t.CH>).

6.76 (IH,s,CH), 8.8 (1H,s.CH). m/z 268.
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6.1.19  Preparation of 8-phenylaminocarbamoyl-3-(2-chloroethyl)-

imidazo|5,1-d]-1,2.3.5-tetrazin-4(3H)-one

Phenylhydrazine (0.81g, 7.52mmol) in pyridine (3.5ml) was added,
dropwise. to the acid chloride (57) (1.54g. 5.9mmol) in tetrahydrofuran (5
ml). The mixture was stirred at ambient temperature for 10 minutes and
then poured into ice cold dilute hydrochloric acid (100ml). The solution
was stirred and a precipitate which formed was collected and recrystallised
from aqueous acetone to afford 8-phenylaminocarbamoyl-3-(2-chloro-
ethyl)imidazo[5.1-d]-1,2.3,5-tetrazin-4-one (69a) in the form of a bright
yellow solid (1.40g, 71.2%), m.p.156°C. (Found: C,47.1; H,3.63:
N.29.2, C 3HaN70,CI requires C.47.1: H.3.62; N,29.38%); vmax
(KBr): 1750, 1680, cm™!; [60MHz; (CD3)2S0] 4.0 (2H.t.CH»), 4.63
(2H.t.CH3). 7.0 (5H,m,CgHs). 7.9 (1H,s,NH), 8.85 (1H.s,CH), 10.4

(1H.s.NH). m/z 335.

6.1.20  Preparation of 3-(2-chloroethyl)-8-(3,5-difluorophenylamino-

carbamoyl)imidazo|5.1-d]-1,2,3,5-tetrazin-4(3H)-one

2.4-Difluorophenylhydrazine (1.08g, 7.5mmol) in pyridine (3.5ml) was
added, dropwise, to the acid chloride (57) (1.53g, 5.86mmol) in
tetrahydrofuran (Sml). The mixture was stirred at ambient temperature for

10 minutes and then poured into cold dilute hydrochloric acid (100ml). The
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mixture was stirred and a precipitate which formed was collected and
recrystallised from aqueous acetone to give 3-(2-chloroethyl)-
8-(3.5-difluorophenylaminocarbamoyl)imidazo|5, 1-d}-1,2,3.5-
tetrazin-4(3H)-one (69b) as a bright yellow solid (1.08g, 39.4%)

m.p.168°C. (Found: C.41.6; H,2.40; N,26.3, C|3HgN70,CIF; requires
C,42.2: H,2.72; N,26.5%); vmax (KBr) 1740, 1650, cm™!; [60MHz; (CD3),>S0O]
4.0 (2H.t.CHy), 4.6 (2H,t,CHy), 7.0 (SH,m,CgH4NH), 8.9 (1H.s.CH), 10.4

(1H,s,NH).

6.1.21  Preparation of 1-[3-(2-chloroethyl)-3.4-dihydro-4-oxoimidazol[5, | -
d]-1,2,3.5-tetrazin-8-ylcarbonyl]-4-phenylsemicarbazide
monohydrate

A solution of the acid chloride (57) (1.53g. 5.86mmol) in tetrahydrofuran

(5ml) was added, dropwise, to 4-phenylsemicarbazide (1.13g, 7.5mmol) in

pyridine (3.5ml) and tetrahydrofuran (5Sml). The mixture was stirred at

ambient temperature for 15 minutes and then poured into cold dilute
hydrochloric acid (100ml). The solution was stirred and a precipitate
which formed was collected and recrystallised from aqueous acetone to give

I-|3-(2-chloroethyl)-3,4-dihydro-4-oxoimidazo[5.1-d]-1,2.3.5-tetrazin-

8ylcarbonyl|-4-phenylsemicarbazide monohydrate (69¢) as a buff solid

(1.56g. 70.8%). m.p.169°C. (Found: C,42.6: H.3.78: N.28.4,

C14H3NgO3Cl.H>O requires C.42.59; H.3.80: N.28.40%); vmax (KBr)

1745. 1665. cm™!; [60 MHz; (CD3),S0] 4.06 (2H.t.CH>). 4.68

(2H.t.CHj), 7.28 (5H,m,CgHgs). 8.26 (1H.s.NH). 8.84 (1H.s.NH), 8.96

(IH.s.CH), 10.24 (1H,s,NH).
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6.1.22  Preparation of 8-methoxycarbonylaminocarbamoyl-3-(2-

chloroethyl)imidazol5, I-d]-1,2,3,5-tetrazin-4(3H)-one

A solution of the acid chloride (57) (1.53g, 5.86mmol) in dry
tetrahydrofuran (5ml) was added, dropwise. to methyl carbazate (0.99g.
11.0mmol) in pyridine (3.5ml) and tetrahydrofuran (5ml). The mixture
was stirred at ambient temperature for 10 minutes and then poured into
cold dilute hydrochloric acid (100ml) with stirring. The precipitate formed
was collected and recrystallised from aqueous acetone to afford
8-methoxycarbonylaminocarbamoyl-3-(2-chloroethyl)imidazo[5. 1-d]-
1.2.3.5-tetrazin-4(3H)-one (70) in the form of a whi_te powder (0.97g.
52.4%). m.p. 188°C. (Found: C,34.6: H,3.12: N.30.7, CqH |gN704Cl
requires C.34.24; H.3.19; N.31.06%); vmax (KBr) 1730, 1680, cm™!:
[60MHz (CD3),S0] 3.6 (3H,s.CH3), 4.0 (2H,t.CH3). 4.6 (2H.t.CHj). 8.8

(1H,s,CH). 9.2 (1H,s,NH), 10.26 (1H.s,NH).

6.1.23  Preparation of 8-[N-(ethoxycarbonylmethyl)carbamoyl]-3-

(2-chloroethyl)imidazo(5.1-d]-1,2.3,5-tetrazin-4(3H)-one

A solution of the acid chloride (57) (0.52g. 2mmol) in dichloromethane
(8ml) was treated with a mixture of glycine ethyl ester hydrochloride

(0.28g., 2mmol) and triethylamine (0.28g, 2.8mmol) in dichloromethane
(10ml). The mixture was stirred at ambient temperature for 1 hour, and

then the dichloromethane solvent was removed by evaporation. The
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residue was treated with water and the resulting solution was stirred for 30
minutes. The precipitate was filtered off and recystallised from ethyl
acetate to give 8-[N-(ethoxycarbonylmethyl)carbamoyl]- 3-(2-chloroethyl)-
imidazol[5,1-d]-1,2,3,5-tetrazin-4(3H)-one (71) in the form of a pink solid
(0.28g. 43.0%) m.p.114°C. (Found: C,39.7; H,4.05; N,24.3,
C|1H13NgO4Cl requires C,40.1; H,3.99; N,25.5%): vmax (KBr) 1750,
1670, cm™!: [60 MHz; (CD3),S0] 1.2 (2H,m,CHy), 4.05 (5H.q.CoHs).

4.65 (2H,t,CH>), 8.85 (IH.s.CH). m/z 329.

6.1.24  Preparation of 8-ethylthiocarbonyl-3-(2-chloroethyl)-

imidazo[5,1-d]-1,2,3,5-tetrazin-4(3H)-one

Ethane thiol (4ml) was added to the acid chloride (57) (0.7g. 2.6mmol).
The mixture was stirred at ambient temperature overnight (16 hours). The
precipitate formed was collected and recrystallised from aqueous acetone to
give 8-ethylthiocarbonyl-3-(2-chloroethyl)imidazo[5,1-d]-1.2,3.5-tetrazin-
4(3H)-one (72) as a white solid (0.37g, 49.4%), m.p. 111-112°C. (Found;
C,37.4; H.3.32: N,24.2, CgHgN50,SClI requires C,37.57; H,3.50;
N.24.34%): vmax (KBr) 1760, 1660. em™!: [60MHz; (CD"3)2$O] 1.3
(3H,t,CH3). 3.05 (2H.q.CHj). 3.3 (3H.s,CH3) 4.05 (2H.t,CH>). 4.65

(2H.t,CH»), 8.95 (1H.s.CH). m/z 287.
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6.1.25  Ultra-violet determination of half-life values for decomposition of

8-carbamoylimidazotetrazinones in RPMI 1640 media

Solutions of each derivative CMCIT, MCMCIT and DCMCIT were
prepared in DMSO (10 g/L) and aliquots (10 uL) of these stock solutions
were added to silica cuvettes (1 cm pathlength) containing the buffer (3
ml). The cuvettes were maintained at 37°C in a Hewlett Packard 8451A
Diode Array spectrophotometer and the solutions were sampled at pre-set
time intervals. The decrease in absorbance with time was measured at 325
nm against a RPMI 1640 blank. Half-life values were calculated using a

plot of the natural logarithm concentration of drug versus time.

6.1.26  HPLC analysis of imidazotetrazinones

As mentioned in section 2.1.2.2, separation of CMCIT, MCMCIT and
DCMCIT was achieved using a 250 Lichrosorb RP select B column and an
acetic acid (0.5% in water)/methanol mobile phase. Quantification was
determined from the peak height ratio of the sample peaks to the internal

standard, CMEIT.

A 40 ul aliquot of the internal standard (in DMSO) was added to a test-
tube followed by addition of 0.5 ml HCI (IN) and 0.5 ml of the drug
incubation mixture (10 ul of 10 g/L solution in DMSO. in 5 ml of RPMI

1640 media containing 17% horse serum). Ethyl acetate (3.0 ml) was
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added and the cohlents vortexed. The layers were separated by
centrifugation in a Hereus 6000 Labofuge at 2,000 g for ten minutes. An
aliquot (2 ml) of the organic layer was removed and the ethyl acetate was
evaporated using a Savant Speed Vac Concentrator SVC 100H and a
Refrigerated Condensation Trap RT-100A. The residue was dissolved in
0.5% acetic acid in water (125 ul) and methanol (125 ul). The solutions
were vortexed and transferred into low volume inserts for use in the assay.
Standard solutions were prepared over a concentration range of 0.5 mg/L -
25 mg/L by the addition of DMSO solutions of drug to test-tubes with

simultaneous preparation with the sample solutions.

The injection volume was typically 40 ul, this being taken using a Waters
WISP 710B Automatic Injection Sampler and the solvent delivery system
was a Waters Model 510 Chromatography Pump. Detection was at 325
nm using a Lamba-max Variable Wavelength Model 480 LC
Spectrophotometer. The HPLC conditions were controlled by a Digital
Professional 350 Data Control System via a Waters System Interface
Module. Typical conditions were a flow rate of 1.3 ml/min with a run

time of 8 minutes.

6.1.27  Extraction efficiency of the HPLC method

To determine the efficiency of the ethyl acetate extraction calibration

solutions of CMCIT, MCMCIT and DCMCIT were prepared by adding
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aliquots of stock solutions of drug (10 g/L) to mobile phase to give
concentrations of 0.5— 25 mg/L. Tubes containing equal amounts of drug
were prepared and extracted with ethyl acetate as outlined in section
6.1.26. Results obtained for the extracted samples were compared with

values obtained from the calibration tubes (Table 25).

6.1.28 Reproducibility of the HPLC method

The reproducibility of the HPLC assay was appraised by preparing six
separate stock solutions of each compound CMCIT, MCMCIT and
DCMCIT (0.25 mg/L and 12.5 mg/L) and analysing 0.5 ml aliquots from

each of these solutions (Table 26).

6.1.29  Reproducibility of the instrument used for the HPLC method

The reproducibility of the instrument was established by analysing multiple
injections from stock solutions (0.5 mg/L and 25 mg/L) prepared from each
compound CMCIT, MCMCIT and DCMCIT. Results obtained are given

in Table 27.

6.1.30 Infra-red measurement of -NH stretching frequencies in

imidazotetrazinones

Approximately 5 mg of drug was treated with dry chloroform and if

necessary the suspension was allowed to stand overnight to rensure a
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saturated solution. The mixture was filtered through glass wool into a 3
cm ir grade cell. The -NH stretching frequency was measured using a
Perkin Elmer SP4000 ir spectrophotometer by scanning the range between
3600-3100 cm™! using chloroform as a reference. The shift in the -NH
stretching frequency (H2) was determined by comparing values obtained
against the averaged value from the carbamoyl -NH stretching frequencies

produced by CMCIT (Appendix 2).
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6.2 Biological methods

6.2.1 Description and origin of the TLX5S lymphoma cell line
The TLXS5 lymphoma is a rapidly growing invasive murine tumour which
was originally induced in the thymus of a CBA mouse by X-ray

irradiation230,

6.2.2 Extraction of TLX5 mouse ascites cells

Ascitic fluid was removed from the peritoneal cavity of CBA/CA mice
bearing a routine passage of TLX5 lymphoma and was mixed with sterile
saline (37°C). If necessary, saline (5ml) was syringed into the peritoneal
cavity, removed and added to the above cell solution. The cells were
sedimented on a Hereus 6000 Labofuge bench centrifuge at approximately
500G and washed with erythrocyte lysis buffer. to remove red cell debris.
The tumour cells were then centrifuged and resuspended in RPMI 1640

media containing 17% horse serum.

6.2.3 Maintenance of TLX5 lymphoma cells

TLXS cells were maintained in exponential phase at a density of 2x104
cells/ml under an atmosphere of 10% CO, in air provided by a Flow
Laboratories 210 CO; gassing incubator, at 37°C. RPMI 1640 media

supplemented with 17% horse serum was used as the culture medium.
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6.2.4 In vitro cytotoxicity assays against TLX5 lymphoma cells

All tissue culture work was concluded under aseptic conditions provided by
a Gelaire BSB3 laminar air flow cabinet. Aliquots (2ml) of logarithmically
growing TLXS cells were plated out at approximately 2x10%/ml into wells
of twenty-four multi-well dishes and drug solutions (in DMSO) added at
concentrations of 0.625-20 mg/L. The drug concentrations were added to
the cells in amounts such that the final concentration of DMSO did not
exceed 0.2%. After 72 hours incubation at 37°C under an atmosphere of
air/CO5 (90:10). the cells were counted using a Coulter Laboratories ZM
or ZB1 electronic coulter counter. The cytotoxicity was calculated as %
inhibition of TLXS cell growth by expressing the number of cells remaining
in the test wells as a percentage of the number of control cells remaining

after 72 hours incubation.

6.2.5 Preparation of mouse hepatic microsomes

Female CBA mice were routinely used for obtaining microsomes, the
animals were sacrificed by cervical dislocation and the livers removed. The
whole procedure for preparation of microsomes was always performed
under aseptic conditions. The livers were homogenised at 4°C in
approximately 4 vols of potassium phosphate buffer 0.1M. pH 7.4. The
suspension obtained was centrifuged for 10 minutes at 10,000g in a

Pegasus AP65 centrifuge. The supernatant was decanted off and
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centrifuged at 100,000g for 60 minutes. The pellet obtained was
homogenised with RPMI 1640 media supplemented with 17% horse serum,

to give a suspension of microsomes equivalent to Ig liver/ml.

6.2.6 Effect of the presence of microsomes upon in vitro cytotoxicity of

imidazotetrazinones against TLXS5 cells

Hepatic microsomes were prepared as outlined in section 6.2.5. The
cytotoxicity assay was similar to the procedure given in section 6.2.4.
However, in these experiments the drug was initially added to a sealed
sterile tube containing TLXS5 cells at 4x104 cells/ml in RPMI 1640 media
with 17% horse serum, containing NADPH (48uMol), magnesium chloride
hexahydrate (325uMol) and microsomes (50 mg/ml). The drug incubation
mixture was incubated for 90 minutes at 37°C with occasional exposure to
an atmosphere of 10% CO> in air. The contents of the tube were then
vortexed and aliquots (2 ml) were plated out and incubated at 37°C for 72

hours as in section 6.2.4.

6.2.7 Effect of the presence of NADPH upon metabolic activation of
8-dimethylcarbamoyl-3-(2-chloroethyl)imidazo(5.1-d]-1.2.3,5-

tetrazin-4(3H)-one

Experiments were conducted in a similar manner to those outlined in
Section 6.2.6. However, DCMCIT was also incubated with microsomes in
the absence of NADPH. The effect upon metabolic activation of DCMCIT

by incubation with liver microsomes in the presence or absence of NADPH
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was demonstrated graphically by constructing plots of % inhibition of

TLXS cell growth versus time (Fig 14).

6.2.8 Preincubation with inactivated microsomes and its effect upon
metabolic activation of 8-dimethylcarbamoyl-3-(2-

chloroethyl)imidazo [ 5,1-d]-1,2,3,5-tetrazin-4(3H)-one

Liver microsomes were prepared as outlined in Section 6.2.5. Heat-
inactivation of microsomes was achieved by boiling the microsomal
suspension in a sealed bijou tube for ten minutes followed by
homogenisation under aseptic conditions. DCMCIT was incubated in the
presence of microsomes and inactivated microsomes in a similar manner to

Section 6.2.6. Results obtained are given in Table 20.

6.2.9 Determination of formaldehyde cytotoxicity against TLXS

lymphoma cells

Data obtained from HPLC experiments (Section 2.2.2.2) indicated that
28 % metabolism occured during metabolic activation of DCMCIT. To
ensure that resultant release of formaldehyde (10 nm/ml) was not
responsible for the increased cytotoxicity of DCMCIT when incubated with
microsomes, cytotoxicity assays of formaldehyde against TLXS5 cells were
performed. These assays were performed in an identical manner to those
outlined in Section 6.2.4, using formaldehyde at concentrations of 5

nm/ml, 10 nm/ml and 20 nm/ml (Table 21).
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APPENDIX | Results from structure-activity studies on

8-carbamoylimidazotetrazinones (substituent set 1)
correlating activity (IDsq) with hydrophobicity (1)
and theoretical hydrogen-bonding capacity (DV)

SUBSTITUENT DV
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CONHCYC 1.00
CONHFH 1.00
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CONSTANT
AR L.F1
AR.FI.SC0
DV
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SUBST ITUENT ar.FI AR.FI1.5Q DV RESULT
CONHOBZ .54 <31 1.00 7S
CONHZ2 ) 2.22 1,00 .36
CONHCYC = &T .47 1.G0 -.88
CONHFH .74 S 35) 1.00 W
CONHISOFR =0t .04 1,00 =29
CONHFR .01 .00 1.00 -.S5
CONHTEU .19 .04 1.00 R0
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SUBST. OES CALC DIFF DIFF/SE
CONHOEZ = 7E0 T.&85 T L0548 T.180
CONHZ TL.380 i 352 .986
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APPENDIX 2 Results from structure-activity studies on
8-carbamoylimidazotetrazinones (substituent set 2)
correlating activity (IDsq) with hydrophobicity (1)
and measured hydrogen-bonding capacity (Hj)
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