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ABSTRACT

The nucleoside analogue 9-B-D-arabinofuranosyladenine (araA) has found widespread use as
an anti-viral drug in the treatment of various herpesvirus infections. AraA suffers from a number
of limitations, most importantly a low activity due to enzymatic deamination in the body by
adenosine deaminase and, along with most nucleoside analogues, a dependence on enzymatic
phosphorylation by cellular kinases to the active 5”-phosphate form(s). Other disadvantages
include a low aqueous solubility, a low lipophilicity and a moderate toxicity.

The research presented in this thesis investigates the synthesis of some novel 5”-phosphate
derivatives of araA as potential uncharged, membrane-soluble, deamination-resistant pro-drugs of
ara-5"-monophosphate (araAMP). Generally, the method involved the preparation of the
appropriate phosphorylating agent and its subsequent reaction with unprotected araA. The
biological activity of these derivatives was evaluated by determining their ability to inhibit the
synthesis of DNA in vitro using a tritiated thymidine incorporation assay employing mammalian
epithelial cells.

Firstly, the 57-bis(2-fluoroethyl) and 5°-bis(2-bromoethyl) phosphate triesters of araA were
synthesized. Preparation of araA-5 *-bis(2-iodoethyl) phosphate was subsequently attempted by the
reaction of the 5”-bis(2-bromoethyl) derivative with potassium iodide in acetone.

The synthesis of a number of mixed, unsymmetrical 5°-phosphate derivatives of araA was
investigated. A series of 5”-alkyl (2,2,2-trichloroethyl) phosphate triesters of araA were prepared
by the method outlined above and additionally, in the case of araA-5”-butyl (2,2,2-trichloroethyl)
phosphate, by a transesterification reaction. The synthesis of araA-5"-ethyl phenyl phosphate,
araA-5"-(2,2,2-trichloroethyl) phenyl phosphate and some 5 ”-(2,2,2-trichloroethyl) para-substituted
phenyl derivatives was carried out. A series of 5 -ethyl (benzyl-protected glycolyl) phosphate
triesters of araA were also prepared. Hydrogenolysis of these derivatives gave the required
deprotected products. AraA-5°-(2,2,2-trichloroethyl) (8-benzyloxy-3,6-dioxaoctyl) phosphate was

synthesized and its hydrogenolysis was attempted. The results of in vitro biological testing of these



mixed, unsymmetrical derivatives are discussed.

The mechanism by which these 5 -phosphate triesters of araA exert their biological effects
probably involves the hydrolysis of the phosphate moiety to yield either the 5 -monophosphate
(araAMP) or the parent nucleoside (araA). The in vitro biological activity of two 5”-phosphate
triesters of araA was compared with their analogous 5 -phosphinate esters to help elucidate the
matter. The results of the assay were indicative of a mode of action largely involving the release
of araAMP and also to a minor extent araA. Finally, the susceptibility to chemical hydrolysis of
the 57-bis(2,2,2-trifluoroethyl), 5°-bis(2,2,2-trichloroethyl) and 5°-butyl (2,2,2-trichloroethyl)
phosphate triesters of araA was investigated and attempts to purify and characterize the resulting

products were carried out.
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INTRODUCTION

The cells of animals, plants and bacteria are susceptible to viral diseases. These may vary in
their severity from mild and transitory infections to life-threatening illnesses, e.g. polio, influenza,
and acquired immune deficiency syndrome (AIDS) in man. Some viruses can also cause cancers
in animals including man. Viruses are essentially infectious nucleic acid surrounded by a protective
protein coat'. They are obligate, intracellular parasites, capable of development only within the
infected host cell since they lack the machinery required to generate metabolic energy and
synthesize proteins. However, viral nucleic acid does contain the necessary genetic information
to subvert the metabolism of the infected host cell for viral replication. Consequently, viruses are
able to direct the activities of the infected host cell towards the synthesis of viral components and
the assembly of these into identical progengy. Additionally, viruses are often able to induce the
synthesis of their own specific enzymes, the viral coded enzymes.

The completed extracellular product of viral multiplication is called a virion (or virus particle).
A virion is composed of a central core of nucleic acid and differs fundamentally from other cells
in that it contains deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) but not both. The
nucleic acid may be either double or single stranded and is surrounded by a protein coat, the
capsid, which protects the nucleic acid from mechanical damage and enzymatic attack and also
delivers it to a susceptible host. The capsid is composed of many often identical protein sub-units,
the capsomers, the arrangement of which confers on the virion its external form. The latter
generally assumes one of two principal arrangements, either a cylindrical structure with helical
symmetry or a spherical structure with icosahedral symmetry. In some of the more complex animal
viruses, the capsid is in tum surrounded by a membrane, the envelope, which is rich in both lipid
and glycoprotein and derives from the infected host cell during replication. Between the capsid
and the envelope of such viruses lies the tegument, a structure consisting of specific fibrous
proteins. The structure of a virus, namely the herpes simplex virus (HSV), is illustrated on the

following page (figure 1)
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Viral replication is a unique process whereby virions proliferate within the infected host eel.
The replicative cycle of a virus generally involves five main stages®:
(1) Adsorption - Viruses only recognize and adsorb to certain sites, the receptors, on the
appropriate cell membranes of specific cells. The site of attachment may be a glycoprotein, a
glycolipid, or contain functional sulphydryl groups. The initial virion-host cell encounter is
random, but as the two approach electrostatic interactions orientate the virion for binding with the
host cell. A reversible phase of adsorption follows, before an increase in the fluidity of the cell
membrane leading to permanent binding.
(2) Penetration and Uncoating - The exact mechanism of penetration of the viral nucleic acid
into the host cell varies from virus to virus. One common mechanism, termed the viropexis,
involves the engulfment of the virion by a very fluid host cell membrane. Another method of
penetration, whereby the viral envelope fuses with the host cell membrane, is also frequently
observed. Removal of the capsid, i.e. uncoating, occurs either at this point or shortly after, to
release the free nucleic acid.
(3) Synthesis of Viral Nucleic Acid and Protein - The machinery of the infected host cell is now
directed towards the synthesis of viral nucleic acid (DNA or RNA) and viral protein. The latter
includes both structural protein (i.e. the capsomers) and enzymatic protein (i.e. the specific viral
coded enzymes). DNA viruses recruit many host cell proteins in the replication and expression of
their genome. However, in the case of RNA viruses, a problem arises because the host cells lack
enzymes for synthesizing RNA from an RNA template. Consequently, RNA viruses must contain
genetic information for the synthesis of an RNA-directed RNA polymerase (also called an RNA
replicase or RNA synthetase) or an RNA-directed DNA polymerase (also called a reverse
transcriptase).
(4) Assembly - Following the synthesis phase, the viral components are assembled into new viral
particles, the virions.
(5) Release - Once complete, the infectious virions are released from the cell, a process often

involving cell lysis. Altematively, the virions may be dispersed into the extracellular medium



without the immediate destruction of the host cell, by a process termed budding. This mechanism
essentially involves the extrusion of a virion from the infected host cell, during which the virion
may acquire an envelope derived from a portion of the host cell membrane. The latter is
considerably modified by the addition of viral specific proteins before budding occurs. On their

release, the virions are capable of infecting other suitable host cells and repeating the life cycle.

The prophylaxis and therapy of viral diseases was for a long time considered to be intractable
to attack by chemotherapy due to the alliance between the replicative cycle of viruses and the
normal metabolism of the cell. Consequently, it was assumed that agents capable of inhibiting or
killing viruses might concomitantly damage the host cells that harbour them. However, it has
become evident that viruses and virus-infected cells do exhibit some characteristics which differ
quantitatively or qualitatively from those of uninfected cells*’. Many viruses clearly show such
differences in their ability to induce a variety of specific viral coded enzymes, e.g DNA and RNA
polymerases, endo- and exo-nucleases, ribonucleotide reductase and nucleoside kinases. These viral
coded enzymes are either absent from the uninfected cell or fundementally different from their
normal cellular counterparts, and generally have a broader substrate specificity enabling them to
accept compounds as substrates which would not be recognized by the cellular enzymes.
Consequently, viral coded enzymes could serve as appropriate targets for the action of anti-viral
drugs. Other possible targets for anti-viral chemotherapy include specific events that occur only
in virus-infected cells. Indeed, most of the anti-viral drugs reported to date act at one or more
stages in the replicative cycle of a virus, as depicted in the schematic diagram (figure 2)°.

Firstly, the necessity for the binding of virions to the receptor sites of potential host cells
provides a possible target for anti-viral strategies at the adsorption stage of viral replication. The
initial step in the life cycle of the human immunodeficiency virus (HIV), the causative agent of
AIDS®’, for example, involves the attachment of the HIV envelope gp120 glycoprotein to the CD4
glycoprotein on the cell surface of certain T-lymphocytes®. Subsequently, the HIV envelope gp41

glycoprotein is thought to mediate the fusion of the viral and cellular membranes. The viral



envelope gp120 and gp41 glycoproteins may also be involved in inducing the fusion of healthy
cells bearing CD4 receptors with HIV-infected cells to form giant multi-nucleated cells or syncytia.
A number of approaches are available for preventing HIV infection at this early stage of the
replicative cycle, in particular the development of agents capable of interfering with the binding
process. A soluble form of the CD4 glycoprotein, consisting of the extracellular regions of CD4,
has been reported to inhibit HIV replication and syncytia formation in vitro with low toxicity to
healthy cells’. Soluble CD4 is thought to saturate the HIV envelope gp120 glycoprotein with
receptor sites, thereby neutralizing the infectivity of HIV. However, soluble CD4 suffers from a
low plasma half-life and consequently related compounds with longer half-lives are also being
investigated'’. Dextran sulphate, a long-chain polymer of predominantly o-1,6 linked glucose
molecules which may contain two sulphate groups per monosaccharide, also shows anti-viral
activity at the adsorption stage of the HIV replicative cycle. Although dextran sulphate was
originally developed as an anticoagulant in the 1950’s", recent research has indicated its potent
and selective inhibitory effect against HIV replication in vitro'", This has been attributed to the
ability of dextran sulphate to block viral binding to the target cell surface and inhibit syncytia
formation, possibly due to its affinity for the gp120 and gp41 glycoproteins of the HIV
envelope'*". Since dextran sulphate is inhibitory at a concentration below its anticoagulant
threshold, this compound may be regarded as a potential drug for anti-viral chemotherapy due to
its low toxicity.

Some oligopeptides have been reported to show anti-viral activity against paramyxoviruses and
orthomyxoviruses at the virus-cell fusion and penetration stages of the viral replicative cycle. A
number of compounds have been synthesized with amino acid sequences resembling the N-
terminal regions of specific envelope glycoproteins of these viruses'. Such oligopeptides may
interfere with the binding of the N-termini of the viral glycoproteins at specific cell membrane
sites and thereby prevent the initiation of the viral infection. Studies in vitro have indicated that
carbobenzoxy-D-Phe-L-Phe-Gly-D-Ala-D-Val-D-Ile-Gly and carbobenzoxy-D-Phe-L-Phe-Gly (1)

(figure 3) are potent inhibitors of the measles virus, while carbobenzoxy-Gly-L-Leu-L-Phe-Gly
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and carbobenzoxy-Gly-L-Phe-L-Phe-Gly are active against the influenza A virus'®. However, good
in vivo efficacy has not been reported for peptides of this type.

The anti-viral properties of derivatives of 1-adamantanamine (amantadine) (2) (figure 3) are
believed to arise from the ability of these compounds to inhibit viral entry into the host cell or
viral uncoating. Amantadine hydrochloride (3) (figure 3) selectively inhibits influenza A virus
infections'’, probably by interfering with the uncoating process'®, Clinical trials have shown (3)
to be effective in both the prophylaxis and early therapy of influenza A virus infections in man®.
Rimantadine hydrochloride (o-methyl-1-adamantanemethylamine hydrochloride) (4) (figure 3)
displays a similar activity to amantadine hydrochloride, but fewer side effects®. The p-diketone,
arildone (4-(6-(2-chloro-4-methyoxyphenoxy)hexyl)-3,5-heptanedione) (5) (figure 3), also shows
anti-viral activity at the uncoating stage of viral replication. This drug selectively inhibits a number
of RNA and DNA viruses® by interacting with the protein capsid of the virus and thus protecting
against uncoating®, However, the rapid matabolism of arildone in man makes this compound
unlikely to be useful as a chemotherapeutic agent®,

Most of the successful anti-viral drugs act at the stages of the viral replicative cycle involving
transcription, translation and replication of nucleic acid. The majority of these compounds are
analogues of naturally occurring nucleosides or their precursors, the heterocyclic nitrogenous
purine or pyrimidine bases. Generally the targets of such chemotherapeutic agents include the viral
nucleic acid polymerase and/or the viral nucleic acid itself. Such suppression of viral nucleic acid
synthesis comprises the anti-viral activity of many clinical and experimental chemotherapeutic
nucleoside analogues®’. These compounds, including for example the clinical anti-viral
drugs 5-iodo-2”-deoxyuridine (idoxuridine, IDU) (6), 9-B-D-arabinofuranosyladenine (araA) (7)
and 9-(2-hydroxyethoxymethyl)guanine (acyclovir) (8) (figure 3), often share a common
requirement for kinase-mediated phosphorylation to their active nucleotide form(s) in order to exert
their biological effects*”.

Idoxuridine (6) (figure 3), originally prepared in 1959%, might be regarded as the prototype

for the further synthesis of nucleoside analogues as potential anti-viral drugs. Indeed, idoxuridine
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was the first compound of this type demonstrated to possess activity against various DNA viruses
in vitro®®, and also to be indicated for the topical treatment of herpes keratitis in man®’. However,
the toxicity of idoxuridine has precluded its systemic use as a chemotherapeutic agent*®, The anti-
viral activity of idoxuridine depends mainly on its incorporation in the 5°-triphosphate form into
newly synthesized viral DNA, instead of the natural nucleotide thymidine-5’-triphosphate,
resulting in the formation of incorrect viral protein and hence poor assembly of the virions*~.
Thus, it would appear that idoxuridine requires sequential phosphorylation through the 5°-
monophosphate and then the 5°-diphosphate to the active 5 -triphosphate form in order to exert
its biological effects. It has been reported that both viral and cellular kinases are capable of
mediating the conversion of idoxuridine to its 5”-triphosphate and once formed the latter may be
incorporated into viral and cellular DNA. Consequently, it appears to be uncertain as to where the
anti-viral selectivity of idoxuridine arises. The clinical anti-herpetic drug araA (7) (figure 3)
(discussed in detail later) is another example of a chemotherapeutic nucleoside analogue dependent
on kinase-mediated phosphorylation for activiation.

These "first generation" anti-viral drugs, e.g. idoxuridine and araA, are generally characterized
by a non-selective inhibition of both viral and cellular DNA synthesis. Consequently, many of
these compounds display a high degree of toxicity towards the host cells. More recent research has
focused on the synthesis of chemotherapeutic agents which inhibit viral-specific processes and thus
exert a low cytotoxicity. Such compounds have been termed "second generation” anti-viral drugs
and include the nucleoside analogue acyclovir (8) (figure 3). The latter was first synthesized in
the late 1970’s and found to have a potent and selective activity against a number of herpesviruses
in both cell culture and experimental animals®'*2, Acyclovir has since proved efficacious in the
systemic and topical treatment and the systemic prophylaxis of various herpes simplex virus and
variZella-zoster virus infections in man, including immunosuppressed patients®. The selective
anti-herpetic activity of acyclovir may be ascribed to its specific phosphorylation to the
monophosphate by viral-encoded thymidine kinase and its subsequent conversion to the

diphosphate and triphosphate by cellular kinases®'*. Phosphorylation of acyclovir to the
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monophosphate only occurs to a very limited extent in uninfected host cells and thus virus-infected
cells are targeted by the drug. This accounts for the high selectivity and low cytotoxicity of
acyclovir in its anti-viral activity. The active metabolite of acyclovir is the triphosphate, which
selectively inhibits viral DNA polymerase and also acts as a chain terminator following its specific
incorporation into viral DNA*%, The incorporated acyclovir nucleotide lacks a 3 -hydroxyl group
to form a 37,57 -phosphodiester linkage with another deoxynucleoside-5 -triphosphate, thereby
preventing further elongation of the viral DNA chain.

The pyrophosphate analogues, phosphonoacetic acid (PAA) (9) and phosphonoformic acid
(foscamet, PFA) (10) (figure 3), are examples of non-nucleosidic compounds showing anti-viral
activity at this stage of the viral replicative cycle. These compounds require no previous activation
step, unlike the nucleoside analogues (7), (8) and (9), but selectively inhibit viral replication by
directly interacting with the pyrophosphate binding sites of certain viral nucleic acid polymerases,
thereby inhibiting elongation of the viral nucleic acid chain®, PAA and PFA have been reported
to selectively inhibit the DNA polymerases of various herpesviruses in vitro and the replication
of herpes simplex viruses in animals®’?®, Additionally, PFA shows in vitro anti-viral activity
against the influenza virus RNA polymerase and the reverse transcriptases of several retroviruses
at concentrations which are non-inhibitory towards host cells*®*. (The reverse transcriptase enzyme
is a unique viral DNA polymerase which essentially catalyses the synthesis of viral DNA from the
viral genomic RNA template'). More recently, PFA has been found to display an in vitro
inhibitory effect against the reverse transcriptase of HIV**, The clinical usefulness of PAA is
questionable since this compound causes skin irritation when applied topically*2. PFA, by contrast,
is relatively free from this defect” and may thus be regarded as a more promising
chemotherapeutic agent than PAA. Indeed, recent clinical trials of PFA in man have proved this
compound to be beneficial in the topical treatment of recurrent herpes genitalis and herpes
labialis®. However, initial results of evaluating the systemic use of PFA in man against
cytomegalovirus infections and AIDS appear to be less encouraging, due to the need for constant

infusion and the potential renal toxicity of the drug®*.
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Other reverse transcriptase inhibitors include the clinical anti-viral drug 3”-azido-27,3"-
dideoxythymidine (AZT) (11) (figure 3), the only chemotherapeutic agent currently licensed for
use in the treament of AIDS. This 3 -modified-2*,3”-dideoxynucleoside was originally prepared
in 1964* and two decades later discovered to be a potent inhibitor of HIV in vitro®. Clinical trials
followed shortly after*’. Metabolic studies of AZT have indicated its dependence on enzymatic
phosphorylation to the 5°-triphosphate for anti-viral activity***’. This activation of AZT is
mediated by cellular kinases, since HIV does not appear to encode for the necessary enzymes in
its own genome. The 5°-triphosphate is a potent and selective inhibitor of the HIV reverse
transcriptase, competing with the natural nucleotide thymidine-5 * -triphosphate for binding to this
viral-encoded enzyme and also functioning as an alternative substrate. Once incorporated into the
viral DNA chain, the AZT nucleotide acts as a chain terminator since it has no 3”-hydroxyl group
to form a 3°,57-phosphodiester linkage necessary for chain elongation. The viral reverse
transcriptase has a much greater affinity for AZT-5" -triphosphate as a substrate than the cellular
DNA polymerases o and B, and this probably gives rise to the anti-viral selectivity of AZT**,
However, AZT-5-triphosphate is a reasonable substrate for the cellular DNA polymerase ¥, which
may account for certain observed clinical toxicities of the drug™.

A number of sites in the viral replicative cycle may be subject to the anti-viral activity of
interferons, due to the abundance of biological effects these compounds are capable of generating.
Interferons are essentially glycoproteins, unique to each animal species, which are synthesized and
secreted by vertebrate cells in response to a number of stimuli, including the onset of a viral
infection'. Evidence has been provided that interferons can act at the stages of (i) virus
uncoating, (ii) transcription of the viral genome, (iii) translation of the mRNA (mesenger RNA)
and (iv) assembly of the virus particles’’. Predominant among these effects is an inhibition of
viral protein synthesis, and this appears to be achieved by the activity of two enzymes, a protein
kinase and an oligoadenylate synthetase*®. Interferons stimulate the production of these enzymes,
which then become active in the presence of double stranded RNA. The protein kinase

phosphorylates an initiation factor required for protein synthesis, thereby rendering it inactive. The
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27,57 -oligoadenylate synthetase catalyzes the formation of oligoadenylates joined by 2°,5” - rather
than the usual 37,5-phosphodiester bonds; these 2°,5”-oligoadenylates then activate an
endonuclease which degrades mRNA and rRNA (ribosomal RNA). Interferons have been reported
to show anti-viral activity against a range of DNA and RNA virus infections, including those due
to papilloma-, adeno-, herpes-, hepatitis B, influenza A, rhino- and corona-viruses*~2. However,
the low efficacy (on therapeutic use) and toxic side effects of interferons are a major problem in
their application for the treatment of viral infections®-2,

Finally, 2-deoxy-D-glucose and other glycosylation inhibitors show anti-viral activity at the
assembly stage of the replicative cycle of a number of enveloped DNA and RNA viruses, e.g. the
herpes-, toga-, rhabdo- and myxo-viruses®”. The inhibitory effects of such compounds have
generally been attributed to a deficient glycosylation and a loss of the proper function of the viral
glycoproteins, resulting in either the inhibition of the viral assembly process or the formation of
virions with decreased infectivity. Therapeutic effects have been observed against herpes Keratitis
in rabbits following the topical administration of 2-deoxy-D-glucose™. Additionally, 2-deoxy-D-

glucose has been advocated for the topical treatment of genital herpes simplex virus infections in

man®,

Therefore, a number of targets where various clinical and experimental anti-viral drugs exert

their biological effects have been identified, and the reader is directed to two review articles by

De Clercq*”’ for a more detailed discussion.

The anti-viral drug of particular interest to the research presented in this thesis is the
nucleoside analogue 9-B-D-arabinofuranosyladenine (araA, vidarabine) (7). This compound (7)
differs from the natural nucleoside adenosine (12) only in the configuration at the C2” of the
sugar moiety (figure 4). AraA was first synthesized by Lee and co-workers™ in 1960 as a potential
anti-cancer agent and later isolated by Parke-Davis and Company” as a naturally occurring
nucleoside antibiotic produced by Streptomyces antibioticus. The biological activity of araA was

first demonstrated by Hubert-Habart and Cohen® in studies with a purine deficient-strain of
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The final step from the 5'-diphosphate (14) to the 5'-triphosphate (15) involves catalysis by

(deoxy)adenosine-diphosphate kinase.
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Escherichia coli, where araA was found to inhibit DNA synthesis. Subsequently, araA was
reported by De Garilhe and De Rudder’” to show significant in vitro anti-viral activity against
herpes simplex and vaccinia viruses. Brink and LePage® found araA to be effective against
several transplantable tumours in mice, while Doering and co-workers™ indicated the activity of
araA against mice fibroblasts (L cells) in cell culture.

More recently, araA has been shown to possess a broad spectrum of activity against DNA
viruses in cultured cells and experimental animals but little, if any, activity against RNA viruses
with the exception of some RNA tumour viruses and rhabdoviruses®®. AraA has found
widespread use as an anti-viral drug in the treatment of various herpesvirus infections™%, Indeed,
araA was the first nucleoside analogue approved for systemic use as an anti-herpetic agent. AraA
shows a potent efficacy in the systemic therapy of herpes simplex enceph?(litis, providing it is
administered sufficiently early in the course of the disease®*®. AraA can also be considered for
the systemic treatment of varicella-zoster virus infections, e.g. disseminated herpes zoster and
chickenpox, especially in immunosuppressed patients® ", Systemic treatment with araA also brings
about a significant reduction in the mortality rate of babies with neonatal herpes™. Additionally,
araA has been advocated for clinical use in the topical treatment of herpes keratitis®.

The biologically active form of araA is the 5’ -triphosphate (araATP) (15), which essentially
inhibits or participates in various reactions associated with viral DNA synthesis. AraA requires
sequential phosphorylation by cellular nucleoside and nucleotide kinases for activation. The
nucleoside is firstly converted to the 5°-monophosphate (araAMP) (13), followed by further
enzymatic phosphorylation to the 5°-diphosphate (araADP) (14) and then the 5°-triphosphate
(araATP) (15), with these phosphorylation steps being catalyzed by (deoxy)adenosine kinase,
(deoxy)adenylate kinase and (deoxy)adenosine-diphosphate kinase respectively (equation 1),
This dependence on kinase-mediated phosphorylation to the active 5”-nucleotide form(s) is a
problem common to most chemotherapeutic nucleoside analogues, e.g. the clinical anti-viral agents
ioduxuridine (6)**, acyclovir (8)*"* and AZT (11)*3* (as previously discussed), and also to many

other clinical and experimental drugs*’.
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The phosphorylation of araA in animal tissues was originally suggested by Brink and LePage®
after analyzing the acid-soluble fractions of tissues obtained from tumour-bearing mice treated with
(8-"*C)araA. These results were subsequently confirmed by York and LePage™ in studies with
cell-free tissue extracts and suspensions of intact TA3 ascites cells. More recently, Plunkett and
Cohen” have shown that cultured mouse fibroblasts phosphorylate a small, but significant,
proportion of exogenously added (2-°H)araA to arabinosyl nucleotides that attain inhibitory
concentrations within the cell. Additionally, Rose and Brockman’®, using high pressure liquid
chromatography to separate the araATP from ATP, have quantified araATP levels in mouse
leukaemia L1210 cells under a variety of conditions.

There are several possible ways in which araA acts in the 5° -triphosphate state (15) to inhibit
viral DNA synthesis, but the inhibition causally related to the anti-viral activity has yet to be
established. Primarily, araATP has been reported to inhibit viral DNA polymerase’>”*®, This
enzyme essentially catalyzes the formation of a phosphodiester bond between the 3°-hydroxyl
group at the end of a growing DNA chain and the innermost phosphorus atom of an incoming
deoxynucleoside-5” -triphosphate’. Investigations of araATP inhibition of DN A synthesis in animal
cells began with the observations that araA treatment of mice bearing TA3 and 6C3HED ascites
tumours resulted in a marked reduction in DNA synthesis by the tumour cells®¢'®!, Subsequently,
York and LePage” studied the effect of araATP on the incorporation of (*C)thymidine-5°-
monophosphate into DNA by DNA polymerase in crude cell free extracts of TA3 ascites cells, and
found araATP to be a non-competitive inhibitor of DNA polymerase. However, Furth and
Cohen® showed araATP inhibition of DNA polymerase from crude extracts of bovine
lymphosarcoma and calf thymus to be competitive with deoxyadenosine-5’-monophosphate
(dATP). It later became apparent that animal cells contain at least three separate species of DNA
polymerase, termed o, B, and y, which differ in their molecular weights, chromatographic
properties and template requirements®. Consequently, the use of crude preparations containing
mixtures of the various species of DNA polymerase in these early studies of araATP inhibition

75.79,80

of DNA polymerase , accounts for the conflicting results observed.
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More recently, Muller and co-workers®* have investigated araATP inhibition of several
purified preparations of DNA polymerases, including some cellular DNA o- and B-polymerases
and viral DNA polymerases. AraATP inhibition of each of the DNA polymerases was reported to
be competitive with respect to dATP. However, araATP was found to inhibit the herpes-induced
DNA polymerase to a significantly greater extent than the DNA - or -polymerases of uninfected

cells. Similarly, Shipman, Drach and co-workers®*

observed that herpes DNA synthesis was
considerably more sensitive to araA than cellular DNA synthesis. These results were of particular
interest, given that the conversion of araA to araATP does not depend on viral coded enzymes and
is essentially the same in uninfected and virus-infected cells. Consequently, araATP appears to
preferentially inhibit viral DNA polymerase (of herpesvirus-infected cells) over cellular DNA
polymerases, thereby providing a possible explanation for the selectivity of araA in its anti-viral
action against herpesvirus infections.

Although the inhibition of DNA polymerase is the most readily apparent biochemical effect
of araATP, the incorporation of araA nucleotides into viral and cellular DNA has also been
reported. Early studies by Waqar and co-workers®, involving the incorporation of **P-labelled
nucleotides into DNA synthesized by preparations of nuclei isolated from rat liver and thymus,
raised the possibility that araATP may function as a DNA chain terminator. However, a number
of subsequent investigations’**® have demonstrated the incorporation of araA primarily into the
intermnucleotide linkages of mouse fibroblast and lymphoma cell DNA, suggesting relatively low
levels of chain-terminating activity. The incorporation of araA into viral-specific, as well as
cellular, DNA has been observed in experiments in which herpesvirus-infected rabbit kidney cells
were incubated with (8-*H)araA during the period of DNA synthesis®. Although araA entered the
intermucleotide linkage in uninfected cells far more readily than it terminated DNA chains, the
reverse was reported to be true for the viral DNA of herpes-infected cells®. More recently,
experiments involving the incorporation of araA into the DNA of leukaemia L1210 cells have
indicated the presence of a greater proportion of araA residues at the 3”-terminus of DNA chains,

suggesting that araA may provide a poor primer terminus for chain elongation®.
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AraA has also been found to inhibit the ribonucleotide reductase (or ribonucleoside
diphosphate reductase) of animal cells”*, either in the 5’ -triphosphate (15) or the 5’ -diphosphate
(14) forms. This enzyme essentially catalyzes the reduction of ribonucleoside-5 “ -diphosphates to
their corresponding deoxyribonucleoside-5°-diphosphates’. Consequently, an inhibition of
ribonucleotide reductase by araA nucleotides may indirectly effect DNA synthesis by interfering
with the formation of DNA precursors. AraATP, and possibly araADP, have been shown to inhibit
the reduction of the four common ribonucleoside-5 “-diphosphates, using a partially purifed enzyme
system from ascites tumour cells in rats’’. However, the araA nucleotides were found to be only
one-tenth as active in this system as the natural allosteric inhibitor dATP. It has also been reported
that the ribonucleotide reductase from herpes simplex virus-infected cells displays a greater
sensitivity to inhibition by araATP than the enzyme from uninfected cells®.

Although it is of clinical use, araA suffers from several other limitations besides a dependence
on kinase-mediated phosphorylation for activation. These disadvantages include:

(1) a low in vivo activity due to the rapid conversion of araA by the enzyme adenosine deaminase
to the much less efficacious metabolite arahypoxanthine (araHx) (16) (equation 2)*** (discussed
in detail below);

(2) a low aqueous solubility (0.5 mg/ml at 25°C, 1.8 mg/ml at 37°C)***, requiring the
intravenous infusion of large volumes of fluid containing the dissolved drug for systemic use;
(3) a low lipophilicity, which retards the diffusion of araA across biological membranes and its
penetration into tissues and hence limits the use of the drug in the topical treatment of cutaneous
herpesvirus infections®;

(4) a moderate toxicity (at the large doses required), which may cause gastrointestinal
disturbances (e.g. nausea, vomiting and diarrhoea), neurological disorders (e.g. hallucinations,
tremors and extremity pains), and leucocyte chromosomal breakage®>¢>*,

The adenosine deaminase-mediated deactivation of araA within the body to arahypoxanthine
(araHx) (16) (equation 2)** constitutes a major limitation in the use of araA as an anti-viral drug.

The deamination of araA was observed in the early studies of this drug conducted by
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Hubert-Habart and Cohen’®, where araA incubated for 2 hours with exponently growing cultures
of a purine-deficient strain of Escherichia coli was almost completely converted to aralx.
Similarly, Brink and LePage® demonstrated that the cell-free extracts of various mouse tissues
displayed a substantial capacity for araA deamination. It was also reported that on treating mice
with (8-"“C)araA, 35% of the radioactivity administered was recovered as araHx in the urine within
an hour”. In man, intravenously administered araA was found to have a half-life in the blood
stream of 3.5 hours, with 50% to 60% of the drug excreted in the urine after 24 hours, primarily
as araHx®. A comparison of the araA deamination rates in several intact mammalian erythrocytes
has also revealed substantial species-specific differences, with increasing levels of adenosine
deaminase activity exhibited by rat, human, mouse and monkey erythrocytes®**. Additionally,
significant tumour-specific variations in the rates of araA deamination have been observed. Studies
conducted on a number of transplantable tumours in mice, for example, indicated that tumours
with high adenosine deaminase activity were practically unresponsive to araA, while those with
much lower adenosine deaminase activity exhibited the greatest sensitivity to the drug®®**°, Thus,
it would appear that the extent of biological activity displayed by araA is inversely related to the
levels of adenosine deaminase.

It might be possible to prevent or retard this mode of deactivation of araA by the
co-administration of the drug with an inhibitor of adenosine deaminase. Indeed, several
adenosine deaminase inhibitors have become available, the most potent of which include
(R)-3-(B-D-erythropentafuranosyl)-3,6,7,8-tetrahydroimidazo(4,5-d)(1,3)diazapin-8-ol(coformycin)
(17) and its 2’-deoxyribosyl homologue (deoxycoformycin, covidarabine) (18) (figure 5).
Coformycin was originally isolated from culture filtrates of Nocardia interforma and Streptomyces

kaniharaensis®™*®

and later prepared by organic synthesis®, while deoxycoformycin was originally
isolated as a fermentation product of Streptomyces antibioticus''®. Other slightly less potent
inhibitors of adenosine deaminase include erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) (19),
synthesized by Schaeffer and Schwender'®, and 1,6-dihydro-6-hydroxymethyl purine

ribonucleoside (20) (figure 5), prepared by Evans and Wolfenden'®,
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Deoxycoformycin (18) and EHNA (19) have been studied the most extensively as adenosine
deaminase inhibitors that might enhance the therapeutic activity of araA. The inhibitory effect of
EHNA on araA deamination was first reported by Plunkett and Cohen'® in studies involving
homogenates of mouse fibroblasts and Ehrlich ascites tumour cells. Subsequently, LePage, Kimball
and co-workers'®'% demonstrated that deoxycoformycin inhibited the deamination of araA in
suspensions of intact mouse leukaecmia L1210 cells. Additionally, both groups of investigators have
observed that treatment with araA (or araA derivatives) in combination with EHNA or
deoxycoformycin prolonged the survival time of tumour-bearing mice, as compared to therapy with
araA alone'*'%, These adenosine deaminase inhibitors have also been found to potentiate the
inhibitory effect of araA on the replication of several DNA viruses. A comparative study of the
in virro and in vivo anti-viral activity displayed by araA alone relative to araA when co-
administered with deoxycoformycin, for example, was conducted by Sloan and co-workers'”’. The
combined drugs were found to possess a significantly greater (ten-fold) anti-viral activity against
herpes and vaccinia viruses in tissue culture and subcutaneously against cranial herpes in mice.
Similarly, North and Cohen'® have reported an increased inhibition of herpes simplex virus
production in cell culture by araA in the presence of EHNA, over the anti-viral activity of araA
alone.

Overall, it appears that a decrease in the rate of araA deamination has been achieved by the
co-administration of araA with EHNA or deoxycoformycin, thereby allowing a greater
accumulation of araA nucleotides in the cells. Indeed, Brockman, Rose and co-workers’®!%11
found significantly higher levels of araATP in mouse leukaemia L1210 cells and P388 cells when
tumour-bearing mice were treated with araA in combination with EHNA or deoxycoformycin, as
compared to therapy with araA alone. Similarly, Plunkett and Cohen'' observed significant
increases in the cellular content of arabinose nucleotides when araA was co-administered with
EHNA to mouse fibroblasts in cell culture. Studies conducted by Chang and Glazko''? concerning
the effect of deoxycoformycin on araA metabolism in human tissues, revealed that

deoxycoformycin not only protected against araA deamination in the blood, but also increased the
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accumulation of araA nucleotides in the erythrocytes.

Although co-administration of araA with an adenosine deaminase inhibitor has proved
successful in greatly increasing the plasma half-life of the anti-viral drug, the long term inhibition
of crucial metabolic enzymes (e.g. adenosine deaminase) could have undesirable toxic side

effects'

. Altemnatively the problem of deamination might be overcome by synthesizing
deamination-resistant forms of araA. The search for such compounds has largely focused on the
prepa&ion of 5”-modified derivatives of araA, since a major substrate requirement of adenosine
deaminase is a free 5°-hydroxyl function'¥, This approach essentially involves a biologically
active drug being chemically modified to give an inactive precursor or pro-drug. A pro-drug may
be defined as a pharmacologically inactive derivative of a parent drug that requires spontaneous
or enzymatic transformation within the body to release the active drug. Thus, after administration
or absorption of the pro-drug, the active drug might be released by catalyzed hydrolysis involving
liver or intestinal enzymes or simply by direct chemical hydrolysis. The use of a pro-drug could
lead to an enhanced activity over the parent drug itself, e.g. by a more efficient delivery of the
pro-drug to the site of action than the parent drug.

There has been considerable interest in the synthesis of 5”-esters of araA as possible pro-drugs
of the parent compound. Renis and co-workers'' in 1973, for example, synthesized the 5 -benzoyl
(21) and 5°-palmitoyl (22) esters of araA (figure 6) as potential deamination-resistant forms of
araA. Additionally, it was hoped that the lipophilicity of these derivatives might enhance their
passive diffusion across the cell membrane, and once successful entry into the cell had been
achieved the ester bond might be susceptible to intracellular hydrolysis to give the free nucleoside
araA. AraA-5’-benzoate was found to possess a similar in vitro anti-viral efficacy to araA, with
both compounds showing activity against the DNA-containing herpesvirus but no activity against
several RNA-containing viruses. However, araA-5°-palmitate displayed no in vitro activity,
probably due to the poor solubility of this compound. AraA was found to be effective in treating
mice infected with herpesvirus, but the 5”-ester derivatives (21) and (22) were devoid of in vivo

activity. These results contrasted with the enhanced biological activity reported for some 5 -esters
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of the anti-cancer drug 9-B-D-arabinofuranosylcytosine (araC), including the 5 -benzoate (23) and
57-palmitate (24) derivatives (figure 6), over the parent drug''®'"’, It has been suggested that the
loss of in vivo activity following 5”-esterification of araA might arise from the esterases of the
host being less effective in releasing araA than araC from their respective 5°-acylates''’.

Another potential deamination-resistant derivative of araA, namely araA-5°-formate (25)
(figure 6), was synthesized by Repta and co-workers® in 1975. This compound was found to
display a comparable activity to araA against experimental tumours in mice. Stability studies in
various media indicated that the desired aim, involving the rapid conversion of (25) by chemical
and enzymatic hydrolysis to the free nucleoside, had been achieved. Additionally, araA-5’-formate
possessed the advantagous property of being more water soluble than araA. Further studies at this
time included the synthesis of some O”-methylated derivatives of araA''®, The 5’-methyl (26)
(figure 6) and 2°,3"-dimethyl esters of araA have been reported to show complete resistance to
enzymatic deamination, while the 2”-methyl and 3”-methyl esters of araA were much less
susceptible to adenosine deaminase than the parent drug''®. Unfortunately, O’ -methylation of araA
resulted in a complete loss or considerable reduction of anti-viral activity against herpes simplex,
vesicular stomatitis and vaccinia viruses in cell culture''®. This inactivity (or low activity) has been
attributed to the lack of cleavage of these derivatives to release the free nucleoside. The 2”-methyl,
3’-methyl, and 2°,3”-dimethyl esters of araA might also suffer from an unsuitablity as substrates
for the cellular kinases.

Overall, it is possible to conclude that 5”-esters of araA appear (in some cases) to be
promising as deamination-resistant transport forms of the parent drug. However, such derivatives
do not solve the other major limitation of araA, a dependence on enzymatic phosphorylation by
cellular kinases for conversion to its 5”-nucleotide forms. AraAMP (13) might therefore be
regarded as a potential deamination-resistant form of araA, with the added advantage that the
presence of a 5°-phosphate group might obviate the dependence on nucleoside kinases for
activation. Furthermore, the water solubility of araAMP (>100 mg/ml at 37°C)'? is much greater

than that of araA. However, a comparison of the anti-viral activities of araAMP and araA against
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several DNA viruses in cell culture and herpes simplex virus infections in experimental

animals'?*'?!, and more recently against varicella and disseminated zoster in immunosuppressed
patients'?, revealed that the nucleotide showed no significant advantage over the nucleoside.
Indeed, similar observations have been reported for the 5”-monophosphates of other
chemotherapeutic nucleoside analogues when compared with their corresponding nucleosides'?.
This feature is commonly attributed to the poor cellular membrane penetration of the

nucleotide”'*

, presumably due to the presence of the negative charge on the 5’ -monophosphate
at physiological pH. Early experiments were indicative of the rapid extracellular cleavage of the
nucleotide to the corresponding nucleoside, which then passed across the cell membrane and was
rephosphorylated to the nucleotide within the cell'>'?, However, subsequent metabolic studies
with doubly labelled *H,*?P)araAMP have shown that small amounts of araAMP slowly penetrated
the cells without degradation, giving rise to intracellular araATP which could attain a potentially
inhibitory concentration®'?’,

AraA cyclic 37,5 -monophosphate (cyclic araAMP) (27) (figure 7), originally synthesized by
Lee and co-workers'?® in 1971 and later by Mian and co-workers'® in 1974, was found to exhibit
a comparable in vitro and in vivo anti-viral activity to araA?*'*® and araAMP'®, Studies conducted
by LePage and Hersh'*® have indicated the ability of cyclic araAMP to penetrate intact cells, with
sufficient concentrations of this compound being attained to significantly inhibit the growth of
ascites tumour cells in mice and the synthesis of DNA in cultured human lymphocytes.
Additionally, it was demonstrated that homogenates of mouse leukaemia L1210 cells could convert
(27) to the 5 -monophosphate, but no deamination or dephosphorylation of either cyclic araAMP
or araAMP occurred. Hughes and Kimball"* have shown that cyclic araAMP inhibited the
synthesis of DNA, but not RNA, and also the activity of DNA polymerase in L1210 tumour cells.
This inhibition was probably due to the intracellular cleavage of the cyclic phosphodiester bond
by cyclic phosphodiesterase and phosphorylation of the resulting araAMP to araATP. However,
there was some indication that the cyclic nucleotide, itself, might also be inhibitory towards the

DNA polymerase.
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Revankar and co-workers' reported the first synthesis of a 5”-phosphate ester derivative of
araA in 1975, with the preparation of araA-5”-methyl phosphate (28) (figure 7). This compound
showed a similar activity to araA and araAMP against several DNA viruses in cell culture and also
possessed the advantageous property of being more water soluble than araA.

More recently, a number of 5 -phosphate triester derivatives of araA have been synthesized.
Farquhar and Smith'®, for example, have prepared the cyclic 5”-phosphate derivatives of araA,
9-(5”-(2-0x0-1,3,2,-dioxaphosphorinan-2-yl)-B-D-arabinosyl)adenine (30) and 9-(5“-(2-ox0-1,3,2,-
oxazaphosphorinan-2-yl)-B-D-arabinosyl)adenine (31) (figure 8). It was hoped that (30) and (31)
would undergo biotransformation in vivo by hepatic cytochrome P-450 dependent mixed-function
oxidases to give their respective 4-hydroxy analogues (32) and (33), in a similar manner to the
mechanism by which the anti-cancer agent cyclophosphamide (29) (figure 8) exerts its biological
effects', It was anticipated that these compounds (32) and (33) would enter the cells by passive
diffusion and then undergo spontaneous ring opening to yield their corresponding acyclic
tautomers (34) and (35), which would subsequently dissociate with elimination of acrolein (36)
to give the 5”-monophosphate (13) and the 5°-phosphoramidate (37) respectively'® (figure 8).
Conversion of (37) to (13) was envisaged to occur by chemical or enzymatic hydrolysis. However,
studies of the in vivo anti-tumour activity of (30) and (31) revealed that the former was only
marginally effective at prolonging the life-span of mice bearing P-388 leukaemia, while the latter
was inactive. The low activity of (30) and (31) was attributed to these compounds not undergoing
significant bioactivation in vivo. Indeed, on incubating (30) and (31) with mouse hepatic
microsomal preparations in the presence of an NADPH-generating system (i.e. under conditions
where cyclophosphamide was extensively degraded), these derivatives were only minimally
biotransformed to their respective 4-hydroxy analogues (32) and (33). Farquhar and Smith
concluded that the poor substrate properties of the cyclic 5 -phosphate derivatives (30) and (31)
for the mixed-function oxidases were probably due to their low lipid solubility.

The synthesis of a series of simple 5”-dialkyl phosphate triesters of araA (38-41) (figure 9)

has been reported in this Department'®. It was hoped that these compounds would act as potential
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uncharged, membrane-soluble, deamination-resistant forms of the drug, which might also be
preferentially hydrolyzed at the phosphorus-alkyl bond within the cell to release araAMP (13),
thereby obviating nucleoside kinase dependence. These 5 -dialkyl phosphate derivatives showed
complete resistance to deamination by the enzyme adenosine deaminase, and were also inhibitory
towards DNA synthesis in vitro. Moreover, an increasing biological activity was observed for
compounds (38-41) with increasing chain length of their constituent alkyl groups. This was
attributed to the increasing lipophilicity of these compounds in the same series, suggesting
membrane penetration by the intact 5°-phosphate triesters. Unfortunately, a decreasing water
solubility was also reported for the 5°-dialkyl phosphate triesters of araA with increasing chain
length of the alkyl moiety. Additionally, these derivatives were not susceptible to chemical or
enzymatic hydrolysis at physiological pH and temperature.

AraA-57-bis(2,2,2-trifluoroethyl) phosphate (42) and araA-5”-bis(2,2,2-trichloroethyl)
phosphate (43) (figure 9) were subsequently prepared in this Department'®®, with the aim of
facilitating hydrolysis to araAMP. The biological activity of these 5°-bis(2,2,2-trihaloethyl)
phosphate triesters of araA, when compared with their simple 5 -dialkyl analogues, was found to
be significantly higher than one might expect on the basis of their lipophilicity alone. This was
attributed to the electron-withdrawing halogen substituent labilizing the phosphorus-oxygen bond
towards intracellular chemical cleavage to yield the 5”-monophosphate araAMP. Interestingly,
araA-57-bis(2,2,2-trichloroethyl) phosphate (43) showed a greater biological activity than
its 57-bis(2,2,2-trifluoroethyl) counterpart (42). Thus, the introduction of bis(2,2,2-trihaloethyl)
substituents at the 5°-phosphate site appears to enhance lipophilicity, increase susceptibility to
hydrolysis and increase biological activity, but the relative magnitude of these effects varies

markedly with the nature of the halogen.

The research discussed above'*'* suggests the possibility of synthesizing other 5’ -phosphate
triesters of araA with alternative esterifying groups that might confer an enhanced biological

activity on these compounds. Such derivatives might also act as intracellular sources of the free
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nucleotides, thereby obviating nucleoside kinase dependence. Consequently, the research presented
in this thesis involves an investigation into the synthesis and biological evaluation of some novel
57-phosphate derivatives of araA as potential uncharged, membrane-soluble, deamination-resistant
prodrugs of araAMP (13). It was hoped to obtain a derivative showing greater activity than the
parent drug araA.

Firstly, an investigation into the synthesis of some 5”-bis(2-haloethyl) phosphate triesters of
araA (44) (figure 10) was carried out. Subsequently, a number of mixed unsymmetrical 5°-alkyl
(2,2,2-trichloroethyl) (45) and 5°-aryl (46) phosphate triesters of araA (figure 10) were
synthesized. The preparation of some mixed, unsymmetrical 5°-(benzyl-protected glycolyl)
phosphate triesters of araA (47) and the hydrogenolysis of these derivatives to their
corresponding deprotected products (48) (figure 10) was also investigated. The biological activity
of most of these derivatives was evaluated by determining their ability to inhibit the synthesis of
DNA in vitro using a tritiated thymidine incorporation assay employing mammalian epithelial
cells.

The mechanism by which these 5°-phosphate triesters of araA might exert their biological
effects was unclear. It was hoped that the mode of action would involve the intracellular
hydrolysis of the phosphate moiety via P-O-alkyl cleavage to the 5°-monophosphate (araAMP),
thereby providing a "kinase by-pass”. It is also possible that hydrolysis to the parent nucleoside
(araA) might occur. The in vitro biological activity of two 5°-phosphate triesters of araA (49)
were compared with their analogous 5 -phosphinate esters (50) (figure 11) to help elucidate the
matter. Finally, the susceptibility of araA-5"-bis(2,2,2-trifluoroethyl) phosphate (42), araA-5°-
bis(2,2,2-trichloroethyl) phosphate (43) and a 5”-alkyl (2,2,2-trichloroethyl) phosphate triester of
araA (45) to chemical hydrolysis was investigated and attempts to purify and characterize the

products were carried out.
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RESULTS AND DISCUSSION

Chapter 1: 5°-Bis(2-haloethyl) phosphate triesters of araA

The first aim of the research involved an investigation into the synthesis and biological
evaluation of a series of 57 -bis(2-haloethyl) phosphate triesters of araA. It would be of interest to
discover whether such compounds show an enhanced biological activity over their non-substituted
counterparts as found for araA-57-bis(2,2,2-trifluoroethyl) phosphate and araA-5’-bis(2,2,2-
trichloroethyl) phosphate when compared with their simple 5°-dialkyl analogues'**'*, Additionally,
it was hoped that the increasing biological activity observed for these 5°-bis(2,2,2-trihaloethyl)
derivatives with increasing lipophilicity of the compound'*, would be similarly reflected in the
57-bis(2-haloethyl) series.

The proposed route for the synthesis of some 5 -bis(2-haloethyl) phosphate triesters of araA
involved a two-step procedure, this methodology having been successfully used in the preparation
of a series of 5’-dialkyl phosphate triesters of araA'®, and subsequently in the synthesis of the
5°-bis(2,2,2-trihaloethyl) phosphate triesters of araA'*. The first step involved the preparation of
the appropriate phosphorylating agent, in this case a series of bis(2-haloethyl)
phosphorochloridates. Several altemative methods are available for the synthesis of

137

phosphorochloridates'”’, some examples include:

(1) The reaction of tertiary or secondary phosphites with (i) chlorine®®'®, (ii) sulphuryl

chloride’*' and (iii) thionyl chloride'*"'%,

(i) RO)P + Cl;, ———» (RO),POCI + RCl

(RO),PHO + Cl, ———» (RO),POCI + HCI
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(ii) (RO);P + SO,Cl, —— (RO)POCI + SO, + RCl

(RO),PHO + SO,Cl, —— (RO),POCI + SO, + HCl

(iii) RO)P + SOCl, ——— (RO)POCI + SO + RCl

(RO),PHO + SOCl, — (RO),POCl + SO + HCI

(2) The reaction of phosphoryl chloride with two molar equivalents of alcohol in the absence or
presence of a tertiary organic base, usually in an inert solvent at or below ambient

temperature*'45,

POCl; + 2ROH —— (RO),POCl + 2HCI

This last example was the method chosen for the preparation of the bis(2-haloethyl)
phosphorochloridates. Thus, phosphoryl chloride was reacted with two molar equivalents of the
appropriate 2-haloethyl alcohol in diethyl ether solvent at reduced temperature (equation 3).
Triethylamine was present in the reaction mixture to remove the hydrogen chloride by-product by
precipitation as triethylamine hydrochloride. Although pyridine is commonly used as a base in this
type of reaction, triethylamine was chosen instead, because phosphorochloridates can react with

pyridine or pyridine hydrochloride on heating to give alkyl halides and pyridine-phosphorus

compounds'6147

and this may cause problems if the product is to be purified by vacuum
distillation. Elimination of the hydrogen halide by-product may also be accomplished by carrying
out the reaction under reduced pressure or by bubbling an inert gas, e.g. nitrogen or carbon
dioxide, through the reaction mixture'”, The above procedure, involving the use of a tertiary

organic base, was favoured from the range of methods available since the reaction is relatively

easy to control under these conditions.
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The second step involved the subsequent reaction of the appropriate bis(2-haloethyl)
phosphorochloridate with unprotected araA in basic solvent at reduced temperature to give a series
of 5°-bis(2-haloethyl) phosphate triesters of araA (equation 4). Pyridine is commonly used
as the solvent and base in reactions of this type, due to the poor solubility of most nucleosides
in other common solvents and the basic nature of pyridine facilitating the removal of the
hydrogen halide by-product as pyridine hydrochloride. However, araA is only sparingly soluble
in pyridine at ambient temperature, but complete dissolution can be achieved by heating a
suspension of the nucleoside in pyridine to reflux then cooling to ambient temperature or below
to give a super-saturated solution, before the addition of the appropriate bis(2-haloethyl)
phosphorochloridate.

The use of pyridine may cause difficulties if purification of the resulting product involves
column chromatography, since small amounts of this solvent can bind to silica and consequently
elute in a broad band with the product. It was hoped that in the work-up of reactions using
pyridine, after the removal of the bulk of this solvent under reduced pressure, final traces would
be removed by trituration with diethyl ether and co-evaporation with toluene under reduced
pressure in an attempt to overcome this problem. Several other polar solvents, namely 1,4-dioxan,
ethyl acetate, triethylamine and acetone, have been investigated as alternatives, but none proved
successful*®. Another possibility would be the reaction of the appropriate bis(2-haloethyl)
phosphorochloridate with unprotected araA in anhydrous tetrahydrofuran containing an excess of
N-methylimidazole. A similar reaction has proved successful in the synthesis of some
phosphoramidate and aryl phosphate derivatives of the anti-HIV drug AZT'**'*, However, reaction
of araA was found to be poor under these conditions, probably due to the sparing solubility of this
nucleoside in tetrahydrofuran even at reflux. Pyridine was therefore used as both solvent and base
in all syntheses discussed in this thesis involving reaction of the appropriate phosphorylating agent
with araA.

The main disadvantage of the proposed route for the synthesis of 5°-bis(2-haloethyl)

phosphate triesters of araA is the use of an unprotected nucleoside. Reaction of the
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phosphorochloridate may occur at the 2”-hydroxyl group, the 3 -hydroxyl group, and/or the amino
group in addition to the required 5 “-hydroxyl group. However, preferential reaction at the amino
group is unlikely due to its low reactivity relative to the hydroxyl groups, and of these the
sterically less hindered primary 5°-hydroxyl group is a more reactive site than the secondary 2°-
and 3”-hydroxyl groups. The 5 -selectivity of the reaction can be ensured by protecting the 2°-
and 3”-hydroxyl groups, and less importantly the amino group, providing that the product is stable
under the conditions required for deprotection. Protection at the 2°- and 3”-hydroxyl sites of
ribonucleosides, e.g. adenosine (12), is achieved relatively easily by reaction with propanone to
give the isopropylidene acetal derivative (51), with the deprotection step occuring under dilute acid
conditions''* (equation 5). However, the trans stereochemisry of the 2°- and 3’-hydroxyl
groups of arabinonucleosides, e.g. araA, means protection of these sites is more complicated.
Firstly 57 -protection is required, followed by 2“- and 3 -protection, and finally 5 -deprotection,
before reaction with the appropriate phosphorochloridate. Consequently, since optimization of
yields was not of primary importance in the research, it was decided to carry out all reactions on
unprotected nucleosides. This strategy has proved successful in similar reactions with unprotected
araA'"*>'*, where only minor formation of compounds other then the required 5 -phosphorylated

product was observed and the latter was readily separated from such impurities on purification.

The target compounds, araA-5’-bis(2-fluoroethyl) phosphate (53) and araA-57-bis(2-
bromoethyl) phosphate (55), were synthesized by the two-step procedure outlined above, involving
preparation of the appropriate bis(2-haloethyl) phosphorochloridate and its subsequent reaction
with unprotected araA. Bis(2-fluoroethyl) phosphorochloridate (52) has been previously prepared
by the reaction of phosphoryl chloride with two molar equivalents of 2-fluoroethanol, while
passing carbon dioxide through the reaction mixture to remove the hydrogen chloride by-

product!®

. Bis(2-bromoethyl) phosphorochloridate (54) is not reported in the literature.
The synthesis of the bis(2-haloethyl) phosphorochloridates (52) and (54) involved the separate

and simultaneous addition of two molar equivalents of both the appropriate 2-haloethyl alcohol
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and triethylamine to phosphoryl chloride at -78°C, using diethyl ether as the solvent (equation 6).
Possible impurities resulting from these reactions include 2-haloethyl phosphorodichloridate,
tris(2-haloethyl) phosphate and hydrolyzed material. It was hoped to minimize the formation of
these by-products by the scrupulous drying of the reagents prior to the reaction, the slow addition
of the reagents at reduced temperature, and using an excess of solvent to dilute the reaction
mixture,

Firstly, bis(2-fluoroethyl) phosphcrochloridate (52) was prepared by the reaction of phosphoryl
chloride with two molar equivalents of both 2-fluoroethanol and triethylamine in diethyl ether
solvent at -78°C (equation 6). After allowing the reaction mixture to warm to ambient temperature
with stirring overnight, the precipitated triethylamine hydrochloride was filtered off and solvent
removed under reduced pressure. The *'P n.m.r. spectrum of the crude phosphorylating agent
showed a major peak due to the required product (52) and also two minor peaks probably due to
2-fluoroethyl phosphorodichloridate and tris(2-fluoroethyl) phosphate. These peaks were assigned
by comparison with the values for diethyl phosphorochloridate, ethyl phosphorodichloridate and
triethyl phosphate respectively'**'*, The crude phosphorylating agent was stirred under reduced
pressure for several hours, after which the *'P n.m.r. spectrum of the resulting product revealed
that the impurity of 2-fluoroethyl phosphorodichloridate had been successfully removed. This is
consistent with the fact that 2-fluoroethyl phosphorochloridate is known to have a much lower
boiling point than bis(2-fluoroethyl) phosphorochloridate and tris(2-fluoroethyl) phosphate!>>!1%.
The *'P n.m.r. spectrum of (52) now showed a major peak at 3 3.38 ppm due to bis(2-fluoroethyl)
phosphorochloridate and a minor peak at & -3.36 ppm probably due to tris(2-fluoroethyl)
phosphate. An E.I. mass spectrum was also obtained on (52), further confirming the identity of
this phosphorylating agent. The spectrum showed peaks due to the protonated molecular ion with
an isotope pattern for this, and other chlorine containing fragments, characteristic of one chlorine
atom in the intact molecule. The base peak was observed at m/e 47 due to FCH,CH,*.

Bis(2-bromoethyl) phosphorochloridate (54) was prepared in an entirely analogous way to (52)

(equation 6). The *'P n.m.r. spectrum of the crude phosphorylating agent showed a major peak
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Equation 6

Et,O
POCl; + 2XCH,CH,0H + 2EzN —————  (XCH,CH.0),POCl + 2E;NHCI
-78°C to RT
(32) X =F
(54) X =Br

Equation 7
2 NH,
NZ N NZ N
XS :E Y
N N pyridine o N” °N

[
(XCH,CH,0)POCl + HO ———  XCH,CH,0—P—0

0 | 0]
HO 0°Cto RT XCH,CH,0 HO
OH OH
(32)X=F (53)X=F
(54) X = Br (55) X =Br

Figure 12: 31p hmur. spectrum of (33)
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due to the required product (54) and two minor peaks probably due to 2-bromoethyl
phosphorodichloridate and tris(2-bromoethyl) phosphate. These peaks were assigned by comparison
with the values for diethyl phosphorochloridate, ethyl phosphorodichloridate, and triethyl
phosphate respectively*****®. The crude phosphorylating agent was stirred under reduced pressure
for several hours, after which the *'P n.m.r. spectrum of the resulting product revealed that the
impurity of 2-bromoethyl phosphorodichloridate had been successfully removed. The *'P n.m.r.
spectrum of (54) now showed a major peak at & 1.72 ppm due to bis(2-bromoethyl)
phosphorochloridate, slightly upfield of the value for (52) due to the lower elect?\megativity of
bromine relative to fluorine. A minor peak was also observed at & -5.35 ppm probably due to
tris(2-bromoethyl) phosphate. The heterocoupled *'P n.m.r. spectrum of (54) showed a quintet for
the major peak, as expected for the required product.

Although not entirely pure, additional spectra were obtained on (54), confirming the structural
assignment of this compound. The *C n.m.r. spectrum, asssigned by comparison with the spectrum
of 2-bromoethanol'®’, showed phosphorus-coupled doublets at § 68.23 ppm (the CH,OP resonance)
and at & 28.22 ppm (the BrCH, resonance). The three-bond coupling of 9.0 Hz for the latter was
slightly larger than the two-bond coupling of 6.6 Hz for the former, probably due to the angular
dependence of coupling constants'®’. The 'H n.m.r spectrum, assigned by comparison with the
spectrum of 2-bromoethanol'®, consisted of a multiplet at § 4.50 ppm (the CH,OP resonance) and
at 3 3.60 ppm (the BrCH, resonance) rather than an expected triplet for each, due to phosphorus-
proton coupling being observed for these signals in addition to proton-proton coupling. The F.A.B.
mass spectrum of (54) showed peaks due to the protonated molecular ion with an isotope pattemn
for this, and other halogen containing fragments, characteristic of one chlorine and two bromine
atoms in the intact molecule. The base peak was observed at m/e 107 due to ”BrCH,CH,*, with
another peak of marginally lower intensity at m/e 109 due to *BrCH,CH,".

Further purification of bis(2-fluoroethyl) phosphorochloridate (52) and bis(2-bromoethyl)
phosphorochloridate (54) by vacuum distillation was not attempted since previous attempts in this

Department to purify the corresponding chlorine derivative using this technique had proved
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unsuccessful'®

, probably due to the boiling point of this compound being so high that it
decomposed before it could be distilled. The presence of acidic -hydrogens in the bis(2-haloethyl)
phosphorochloridates causes these compounds to be less stable to heat than their corresponding
bis(2,2,2-trihaloethyl) analogues, so the latter have been purified relatively easily in this
Department by vacuum distillation'*, The only impurities present in the phosphorylating agents
(52) and (54) were probably due to traces of the appropriate tris(2-haloethyl) phosphate, which
were not expected to be reactive towards nucleosides. Consequently, it was possible to use these
bis(2-haloethyl) phosphorochloridates in the next stage of the synthesis.

The synthesis of araA-5’-bis(2-fluoroethyl) phosphate (53) and araA-5’-bis(2-bromoethyl)
phosphate (55) involved the subsequent reaction of 1.5 molar equivalents of the appropriate
bis(2-haloethyl) phosphorochloridate with unprotected araA in pyridine at 0°C (equation 7). The
reaction employed 1.5 molar equivalents of phosphorochloridate, since a similar amount of
phosphorylating agent was required to drive some analogous reactions to completion'*>'S, It was
hoped that carrying out the reaction at reduced temperature (i.e. 0°C) would increase the
probability of reaction at the primary 5-hydroxy! site rather than the more sterically hindered
secondary 2”- and 3’ -hydroxyl sites.

Firstly, 1.5 molar equivalents of (52) were added to araA in pyridine at 0°C (equation 7) and
the course of the reaction was followed by t.1.c. After two hours stirring at 0°C, t.1.c. indicated that
the reaction had proceeded to completion with all of the araA having reacted to give a more
lipophilic major component, assumed to be due to the required product araA-5 *-bis(2-fluoroethyl)
phosphate (53). Two even more lipophilic minor components and a baseline component were also
observed. The reaction mixture was quenched with deionized water to react with any excess
phosphorylating agent. Pyridine was removed and the resulting residue purified by column
chromatography to give a yellow oil, shown to be impure by *'P n.m.r spectroscopy. Addition of
chloroform to the crude product, followed by cooling of the resulting suspension to 0°C for an
hour, caused a precipitate to collect. After warming to ambient temperature and removal of

solvent, the product (53) was isolated as a white solid in 41% yield.
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The *P n.m.r. spectrum of (53) (figure 12) showed a single peak at & -0.84 ppm which
compares with the value of § 1.10 ppm for araA-5’ -diethyl phosphate'®. The 'H n.m.r. spectrum,

assigned by comparison with the spectra of araA and 2-fluorethanol'®

, was consistent with the
structure of the product. The base protons appeared as single peaks at 8 8.32 ppm (H2) and J 8.19
ppm (H8). A doublet was observed for H1” due to coupling with H2”, with a coupling constant
of 3.96 Hz. The FCH, resonance appeared as two multiplets at & 4.65 ppm and 8 4.53 ppm, the
multiplicity within each signal being due to proton-proton and phosphorus-proton coupling. Two
such multiplets appeared due to fluorine-proton coupling, with the coupling constant of 47.67 Hz
lying in the expected range for this type of coupling's"'®, The signals due to H2, H3’, H4",
H5°, and CH,OP comprised an unresolved multiplet at 4.10-4.50 ppm. The F.A.B. mass spectrum
of (53) further confirmed its structural assignment, showing a peak due to the protonated molecular
ion at m/e 440 and a minor peak at m/e 462 due to the molecular ion plus sodium from the
matrix. The base peak at m/e 136 was due to protonated adenine, while peaks at m/e 115, 99, 97,
and 81 were probably due to ionized sugar fragments and were assigned to C;H,0,*, C;H,0,%,
CsH;0,", and C;H,O" respectively. Finally, reverse phase analytical H.P.L.C. revealed that the
product (53) had been isolated in a pure state, with no contaminating araA.
AraA-57-bis(2-bromoethyl) phosphate (55) was prepared in an entirely analogous way to (53)
(equation 7), except that the reaction mixture was stirred for 2.5 hours and the product was
isolated as a white solid in 47% yield following column chromatography and trituration of the
resulting gum with diethyl ether. The *'P n.m.r. spectrum of (55) showed a single peak at & -1.68
ppm, slightly upfield of the value for (53) due to the lower electronegativity of bromine relative
to fluorine. The *C n.m.r. spectrum of (55), assigned by comparison with the spectra of araA'®®
(figure 13) and 2-bromoethanol'®, was consistent with the structure of the required product. This
spectrum was expected to provide evidence that (55) was the product of 5°-phosphorylation and
not 2°- or 3”-phosphorylation by the appearance of a doublet for C5’, but a multiplet was
observed for this resonance due to its overlap with the resonance for the CH,OP moiety. However,

the shift of this multiplet at & 68.06-68.12 ppm was significantly downfield compared with the
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Figure 13: BC n.m.r. chemical shifts of araA
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value of 8 61.0 ppm for C5° of araA'® and is consequently still indicative of 5 -phosphorylation.
A doublet was observed for C4” due to phosphorus-carbon coupling, with the three-bond coupling
constant of 7.6 Hz lying in the expected range for this type of coupling'®. Phosphorus-carbon
coupling was also observed for the BrCH, resonance, doublets appearing at 8 29.84 ppm and at
6 29.82 ppm with identical coupling constants of 7.8 Hz. The presence of two doublets, one for
each of the BrCH, moieties present in (55), has been observed for other 5 -phosphate triesters of
araA™ and corresponds to the diastereotopic nature of the two (2-haloalkyl) chains attached to the
prochiral phosphorus atom.

The 'H n.m.r. spectrum of (55) was similar to that of (53), single peaks being observed for
the base protons, a doublet for H1”, and an unresolved multiplet for H2“, H3", H4", H5", and
CH,OP. This multiplet, appearing at & 4.14-4.36 ppm, was downfield of the multiplet assigned to
BrCH,. The analagous multiplet in the spectrum of (53), by contrast, appeared upfield to the
multiplets assigned to FCH, due to the greater electronegativity of fluorine relative to bromine.
The use of d;-DMSO as nmr solvent in this spectrum, rather than CD,OD as in the spectrum of
(53), enabled a broad singlet to be observed for NH,, and a doublet for both 2°-OH and 3”-OH
due to coupling with H2” and H3" respectively. Confirmation of the identity of these signals was
provided by their absence from the 'H n.m.r. spectrum on D,0 exchange.

The mass spectrum of (55) (figure 14) was obtained using the thermospray technique. The
latter, in common with F.A.B. mass spectrometry, is characterized by the production of a relatively
high concentration of molecular ions and little fragmentation of the compound, as opposed to E.L
mass spectrometry where the molecular ion is often not observed and extensive fragmentation is
common. The thermospray mass spectrum of (55) further confirmed the structural assignment of
this compound, showing a cluster of peaks due to the molecular ion. The isotopic pattem for these
peaks and other bromine containing fragments was characteristic of two bromine atoms in the
intact molecule. The base peak was observed at m/e 231 due to (BrCH,CH,0)(HO)PO,CH,CH,",
with another peak of marginally lower intensity at m/e 233 due to the corresponding *'Br fragment.

A prominent peak appeared at m/e 250 due to (MH* - (BrCH,CH,0),PO,H), while minor peaks
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included those at m/e 136 and m/e 115 assigned to protonated adenine and the ionized sugar
fragment C;H,0," respectively. Finally, microanalysis data were consistent with a hydrated form
of (55) and reverse phase analytical H.P.L.C. revealed that the product had been isolated in a pure

state, with no contaminating araA.

The synthesis of araA-5’-bis(2-iodoethyl) phosphate (57) (figure 15) was attempted by an
alternative route to that employed in the preparation of the other 5”-bis(2-haloethyl) phosphate
triesters of araA. It was hoped that araA-5”-bis(2-bromoethyl) phosphate (55) would undergo a
nucleophilic substitution reaction with potassium iodide to yield (57). Thus, ten molar equivalents
of potassium iodide were added to a solution of (55) in acetone, dissolution having been achieved
by heating (55) in acetone to reflux and cooling to ambient temperature prior to the addition. After
48 hours stirring at reflux, t.I.c. indicated that the reaction had proceeded to completion with all
of the starting material (55) having reacted to give a marginally more lipophilic product. The
reaction mixture was filtered, solvent removed from the filtrate and the resulting residue purified
by column chromatography.

The *'P n.m.r. spectrum showed a major peak at & -2.08 ppm and a minor peak at 8 -1.86
ppm. The major peak may have been due to the required product (5§7) and the minor peak due to
unreacted starting material (55), but the shift for the latter in this spectrum differs slightly from
the value of 8 -1.65 ppm observed earlier in the spectrum of (55). Altematively, these peaks may
have been due to the two possible diastereoisomers of araA-5”-(2-bromoethyl) (2-iodoethyl)
phosphate (56), one being formed more favorably than the other probably due to the steric
hindrance associated with the large iodine group. This is a more likely explanation since it is
possible that introduction of the first iodine group into araA-5“-bis(2-bromoethyl) phosphate (55)
to give the mixed, unsymmetrical araA-5”-(2-bromoethyl) (2-iodoethyl) phosphate (56) proceeds
relatively quickly, but the introduction of the second iodine group to give (57) does not take place
at all due to the greater steric hindrance to the incoming iodine group from the iodine group now

present in the molecule (equation 8).
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Figure 15
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The "*C n.m.r. spectrum, assigned by comparison with the spectra of (55) and 2-iodoethanol'%,
provided further evidence that (56) was the identity of the product. A doublet was observed for
C4” and C5° due to phosphorus-carbon coupling, indicating the retention of the 5°-phosphate.
The CH,OP and BrCH, resonances both appeared as doublets with phosphorus-carbon coupling
constants of 5.6 Hz and 6.8 Hz respectively, in contrast to the spectrum of (5§5) where a multiplet
was assigned to C4° and CH,OP and two closely spaced doublets were observed for the two
diastereotopic BrCH, moieties. It is of interest to note that the three-bond couplings of 6.4 Hz for
C4’ and 6.8 Hz for BrCH, are greater than the two-bond couplings of 5.5 Hz for C5” and 5.8 Hz
for CH,OP. A doublet was also observed at & 24.20 ppm, which was not present in the analogous
spectrum of (85). This signal was assigned to ICH,, although it appeared further downfield than
expected when compared with the shift for the corresponding group of 2-iodoethanol'®. Finally,
no diastereomeric splitting was seen in the spectrum, suggesting that only one of the two possible
diastereoisomers of (56) had been formed, unless the other diastereoisomer was present in such
a small quantity that the appropriate signals were too weak to be observed in the spectrum.
Altemnatively, but less likely, all the signals due to the two diastereoisomers may have been
coincident. The 'H n.m.r. spectrum of the product, although not integrated, was instructive in
showing a doublet at & 3.17 ppm which was not present in the analogous spectrum of (55). This
signal was in the expected region for the ICH, resonance'®,

The F.A.B. mass spectrum showed no peaks due to the protonated molecular ion or the
molecular ion of (56) or (5§7), and extensive fragmentation was observed. However, evidence
supporting (56) as the identity of the product was provided by the appearance of spectral peaks
at m/e 528 due to (M* - Br), and at m/e 395 and 397 due to (BrCH,CH,0)(ICH,CH,0)PO,* and
the corresponding *'Br fragment respectively. Other peaks of interest included those due to
ICH,CH,0", BrCH,CH,0", adenine, and the ionized sugar fragment C;H,0,*. The peaks due to
bromine containing fragments displayed an isotopic pattern characteristic of one bromine atom in
the intact molecule. Reverse phase analytical H.P.L.C. showed the presence of a major peak with

a retention time of 5.93 mins, which compares with a retention time of 8.16 mins for the starting
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material (55). Although no diastereomeric splitting was observed in the H.P.L.C. spectrum, this
is not necessarily suggestive of only one of the two possible diastereoisomers of (56) being
formed, since the two peaks expected may have been unresolved under the conditions employed.
A number of minor peaks were also observed but these did not include one due to the starting

material (55).

It was hoped to evaluate the biological activity of the 5”-bis(2-haloethyl) phosphate triesters
of araA (53) and (55), and also the previously prepared araA-5-bis(2-chloroethyl) phosphate's’,
by determining the ability of these compounds to inhibit the synthesis of DNA in vitro using a
tritiated thymidine incorporation assay employing mammalian epithelial cells'®®. Unfortunately
some time elapsed between the synthesis of these compounds and their submission for biological
testing, during which they appeared to have undergone some decomposition, as indicated by *'P
n.m.r. spectroscopy and analytical H.P.L.C. Consequently, it was not possible to proceed with the
biological testing. Time did not allow for these compounds to be resynthesized and submitted for
biological testing immediately after their preparation. However, the rapid decomposition of these
57-bis(2-haloethyl) phosphate triesters of araA, even when stored at low temperature, suggests that

their therapeutic potential would be rather limited.
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Chapter 2: Investigating the mechanism of action of 5’-phosphate triesters of araA

The biological evaluation of some simple 5°-dialkyl phosphate triesters of araA'* and their
57-bis(2,2,2-trifluoroethyl) and 5°-bis(2,2,2-trichloroethyl) counterparts'®® revealed that these
compounds were potent inhibitors of the synthesis of DNA in vitro, as determined by an assay
developed by Riley and co-workers'® measuring the incorporation of tritiated thymidine into the
DNA of mammalian epithelial cells. Moreover, a correlation was observed between increasing
biological activity and increasing lipophilicity for the 5 -dialkyl derivatives, suggesting membrane
penetration by the intact 5 -phosphate triesters of araA as opposed to their extracellular cleavage
prior to entering the cell. The 57-bis(2,2,2-trihaloethyl) phosphate triesters of araA, when
compared with their simple 5”-dialkyl analogues, were found to have a significantly higher activity
than might be expected on the basis of their lipophilicity alone. This was attributed to the
electron-withdrawing halogen substituent labilizing the phosphorus-oxygen bond towards chemical
cleavage to yield the 5”-monophosphate araAMP. Similar observations have been made for the
analogous 5 -phosphate triesters of the anti-cancer drug araC"%'®,

However, the mechanism by which these 5”-phosphate triesters of araA were exerting their
biological effects was unclear. It was hoped that the mode of action of the 5°-phosphate triesters
of araA would involve intracellular hydrolysis via P-O-alkyl cleavage to the 5°-monophosphate
araAMP (equation 9). If this were the case, these compounds would be acting as intracellular
sources of araAMP, thereby obviating the dependence of araA on nucleoside kinase-mediated
phosphorylation to the 5 -monophosphate. AraAMP could then be sequentially phosphorylated to
the 57-diphosphate and then further to the active 5°-triphosphate form. Another possible, but
clearly less desirable, route would be the intracellular hydrolysis of the 5”-phosphate triesters via
P-O-nucleoside cleavage to the parent nucleoside araA (equation 10), resulting in these
compounds merely acting as depot forms of araA. The aim of establishing a "kinase by-pass”
would not have been achieved, but the intracellular release of the nucleoside might still be of some

chemotherapeutic benefit™,
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It was hoped to elucidate the mechanism by which 5°-phosphate triesters of araA exert their
biological effects by comparing the biological activity of two 5”-phosphate triesters of araA (49)
with their analogous 5 -phosphinate esters (50) (figure 16), in the aforementioned in vitro tritiated

18 The assay essentially involves extracellular thymidine (58)

thymidine incorporation assay
passing across the cell membrane and undergoing sequential phosphorylation by thymidine kinase
and thymidylate kinases to thymidine-5”-triphosphate (59), which is then incorporated into the
DNA of mammalian epithelial cells (figure 17). Measurement of the thymidine uptake requires
extracting the DNA from the cells and recording the radioactivity caused by B-emission from the
tritium by scintillation counting in a suitable medium. Thymidine incorporation into cellular DNA
may be regarded as a measure of DNA synthesis and hence it is possible to evaluate the ability
of 5”-phosphate derivatives of araA to inhibit DNA synthesis in vitro.

The oxygen atoms in the esterifying groups of 5 -phosphate triesters of araA (49) are replaced
by methylene groups in their analogous 5°-phosphinate esters (50). These moieties are not too
dissimilar in size, the Van der Waals radius of 140 ppm for oxygen comparing with a value of 200

170

ppm for the methyl group . Consequently, compounds of type (49) and (50) with identical R
groups should be comparable. However, phosphorus-carbon bonds are much more chemically and
enzymatically stable than phosphorus-oxygen bonds'”'. It follows that if 5”-phosphate triesters of
araA exert their biological effects by hydrolysis via P-O-alkyl cleavage to the 5 -monophosphate
araAMP (equation 9), the 5”-phosphinate esters of araA would be expected to show a lower
biological activity in the in vitro tritiated thymidine incorporation assay than their 5 -phosphate
triester counterparts. Alternatively, if the mode of action involves hydrolysis via P-O-nucleoside
cleavage to the nucleoside araA (equation 10), the 5°-phosphinate esters would be expected to
show a similar biological activity to their analogous 5’ -phosphate triesters.

Two pairs of the general compounds (49) and (50) were biologically evaluated in vitro'™,
namely araA-5"-dipropyl phosphate (39) and araA-5’-dibutyl phosphinate (60) in the alkyl series,
and araA-5°-diphenyl phosphate (61) and araA-5°-dibenzyl phosphinate (62) in the aryl series

(figure 18). These four compounds had been previously prepared in this Department'*>!”2, The
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Figure 18
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synthesis of the 5 -phosphate triesters of araA (39) and (61) involved the reaction of unprotected
araA with two molar equivalents of the appropriate dialkyl and diaryl phosphorochloridate
respectively, in pyridine at ambient temperature®>'”* (equation 11). Dipropyl phosphorochloridate
(63) was prepared by reacting 2 molar equivalents of both n-propanol and triethylamine with
phosphoryl chloride in ether solvent at ambient temperature, while commercial diphenyl
phosphorochloridate (64) was used.

A convenient route to the 5”-phosphinate esters of araA (60) and (62) similarly involved the
reaction of unprotected araA with two molar equivalents of the appropriate dialkyl and diaryl
phosphinic chloride respectively, in pyridine at ambient temperature'” (equation 12). Dibutyl
phosphinic chloride (66) was synthesized by a two-step procedure. Firstly, dibutyl phosphinic acid
(65) was prepared by the method of Kosolapoff and Watson'™, involving the reaction of diethyl
phosphite with the Grignard reagent from 1-bromobutane, followed by hydrolysis and oxidation
(equation 13). Dibutyl phosphinic acid (65) was subsequently chlorinated with thionyl chloride'”,
yielding dibutyl phosphinic chloride (66) (equation 14). Likewise, dibenzyl phosphinic chloride
(68) was synthesized by a two-step procedure. Firstly, dibenzyl phosphinic acid (67) was prepared
by the method of Sauvage'”, involving the reaction of phosphoryl chloride with benzyl magnesium
chloride, followed by acid hydrolysis (equation 15). Dibenzyl phosphinic acid (67) was
subsequently chlorinated with thionyl chloride'” as above, yielding dibenzyl phosphinic chloride
(68) (equation 16).

The in vitro biological activities of these 5”-phosphate triesters of araA (39) and (61), and
their respective 5 -phosphinate ester analogues (60) and (62) were duly evaluated and compared'”.
The in vitro tritiated thymidine incorporation assay employed cells for the testing of these
compounds from a mammalian epithelial cell line, CNCM 1.221. The cells were routinely
subcultured at weekly intervals and all experiments were carried out only on cells of passage
number 21 to 30, which were screened for Mycoplasma contamination by autoradiography. The
use of a small range of passage numbers minimizes the possibility of the cells undergoing

transformations over long periods of time involving many subcultures. The cells were screened
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Equation 13

(i) 0°C, N,, 1 h/Et,0 aq H,0,
(EtO),PHO + 2BuMgBr » Bu,PHO —— Bu,P(O)OH

(ii) reflux, N,, 2 h
(ili) H'/ H,0 (65)

Equation 14
(i) SOCl,, 0°C, N, / toluene
Bu,P(O)OH »  Bu,POCI
(ii) reflux, 1 h
(65) (66)
Equation 15
(i) 0°C, 1.5 h / Et,0
POCl; + 2BzIMgCl =  Bz],P(O)OH
(i) 40°C, 1 h
(iii) HC1/ H,0 (67)
Equation 16
(i) SOCl,, 0°C, N, / toluene
Bzl,P(O)OH —=  Bzl,POCl
(ii) reflux, 2 h
(67) (68)

55



for the presence of Mycoplasma since contamination by these micro-organisms can affect the
uptake of thymidine. Mycoplasma is a genus of the family Mycoplasmataceae characterized by
minute, polymorphic, gram-negative, nonmotile micro-organisms without cell walls, which are

intermediate in some respects between viruses and bacteria and are usually parasitic in

mammals'”®

. The procedure of testing for Mycoplasma contamination involved growing cells in
growth medium on a microscope slide and labelling them with tritiated thymidine for a period of
time. The slide was then washed carefully to remove any unincorporated label, fixed, washed
again, and dried. The slide was coated with a thin layer of photographic emulsion and left for a
week, before it was developed and fixed. Giemsa staining of the slide enabled the radiolabel to
be seen as dark spots under the microscope. Normal incorporation of thymidine into cellular DNA
appears as nuclear clusters of label, while the presence of cytoplasmic label or large clumps of
extracellular label suggest infection by Mycoplasma and bacteria respectively. All the cells
involved in the biological evaluation of 5”-phosphate derivatives of araA were found to be free
from contamination by Mycoplasma and bacteria.

Cells were grown to confluence in multiwell trays over a period of 48 hours in a 37°C
incubator with a 2% CO, atmosphere. Only the inner eight wells of each tray were seeded with
cells at a density of 5x10* cells/ml in growth medium (1 ml/well), while the outer 16 wells were
filled with an equal volume of serum-free medium (SFM). Solutions of araA, (39), (60), (61) and
(62) in non-sterile distilled water were prepared, filter sterilized, and diluted to the desired
concentrations. These solutions were freshly prepared prior to use in the first week of testing, then
immediately stored at 4°C until required for use in a subsequent week of testing. On completion
of the testing, t.1.c. and H.P.L.C. analysis of the solutions indicated that no decompostion of the
compounds had taken place. Aliquots (100 pl) of the sterile distilled water control and each of the
solutions of araA, (39), (60), (61) and (62) at concentrations of 0.3 mM and 0.03 mM were added
to four replicate wells (giving final concentrations/well of 0.03 mM and 0.003 mM respectively).
The cultures were incubated at 37°C in a 2% CO, atmosphere for 30 minutes. An aliquot of

tritiated thymidine in phosphate buffered saline solution was then added to each well and the
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cultures incubated for a further 30 minutes. The cultures were carefully washed several times with
phosphate buffered saline solution to remove any unincorporated label (since this would affect the
scintillation counts if allowed to remain), fixed with dilute 2,2,2-trichloroacetic acid, washed again,
and carefully dried. The cells were digested overnight at 37°C with sodium hydroxide solution to
dissolve the acid insoluble cell contents. An aliquot of digest was then removed from each cell,
mixed with hydrochloric acid and Ecosint A, and the radioactivity caused by B-emission from the
tritium was measured using a scintillation counter. The remainder of the digests from each set of
four replicate wells was pooled and the absorbance at A=280 nm was measured as an estimate of
the total cellular protein. This gives some indication of the regularity of cell seeding and whether
cells have been lost during the washings. If the absorbance values are very variable, a correction
can be made by dividing the scintillation count for each well by the absorbance for that particular
set of four replicate wells. It was found that such a correction was unnecessary in the experiments
described above.

The scintillation counts are proportional to the amount of tritiated thymidine incorporated into
the DNA of the cells. Thus, thymidine incorporation into cellular DNA may be regarded as a
measure of DNA synthesis. Consequently, the results of the in vitro assay may be expressed as
a % inhibition of DNA synthesis, relative to the distilled water control, caused by a particular
compound at a given concentration. Each experiment was carried out at least twice on cells of
different passage number and the mean % inhibition and standard error of the mean (SEM) were
calculated for each set of % inhibition values (table 1, biological testing section). A two-tail
student’s t-test was used to determine the degree of significant difference between the mean %
inhibition for araA and each of the compounds (39), (60), (61) and (62), and also between the
mean % inhibition for the 5”-phosphate triesters of araA and their 5°-phosphinate esters
analogues, i.e. (39) vs. (60) and (61) vs. (62), at a given concentration. This data was subsequently
used to determine the probability of the difference between the mean % inhibition values of two
compounds at a given concentration being statistically significant (table 2, biological testing

section). A commonly used threshold for the probability is a value of 5%, i.e. (P < 5%) indicates
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that this difference is statistically significant, while (P > 5%) suggests that this difference is not
statistically significant (marked (NS) in table 2).

The results of the assay are presented as a bar chart (figure 19), in which the mean %
inhibition of DNA synthesis (relative to the distilled water control) is plotted against compound
at final concentrations of 0.03 mM and 0.003 mM. AraA caused 78% inhibition of cellular DNA
synthesis at 0.03 mM, while araA-5’-dipropyl phosphate (39) and araA-5’-dibutyl phosphinate
(60) displayed 45% and 24% inhibition respectively. However in the aryl series, araA-5 “-diphenyl
phosphate (61) was equi-active with araA, whereas araA-5”-dibenzyl phosphinate (62) showed
52% inhibition. Considering the lower concentration of 0.003 mM, araA caused 31% inhibition
of cellular DNA synthesis, with araA-5-dipropyl phosphate (39) and araA-5’-dibutyl phosphinate
(60) displaying 23% and 6% inhibition respectively. The corresponding inhibition values for
araA-5’-diphenyl phosphate (61) and araA-5”-dibenzyl phosphinate (62) were 21% and 16%
respectively.

Two main observations are evident from the results of the assay. Firstly, in both the alkyl and
aryl series at both concentrations studied, the 5°-phosphinate esters of araA (60) and (62) retain
an inhibitory effect on DNA synthesis. Thus, the stabilizing of the phosphorus to alkyl link in the
5’-phosphinate esters does not remove the biological activity of these compounds relative to their
5’-phosphate triester analogues. This is indicative of the 5 -phosphate triesters of araA not acting
solely by a mechanism involving hydrolysis via P-O-alkyl cleavage to the 5°-monophosphate
araAMP (equation 9). Secondly, in both the alkyl and aryl series at both concentrations studied,
the 5”-phosphinate esters of araA (60) and (62) show a lower biological activity than their
respective 5°-phosphate triester counterparts (39) and (61). Indeed, a two-tail student’s t-test
indicates that these differences are statistically significant (i.e. P < 5%) in the alkyl series for
(39) vs. (60) at 0.03 mM and 0.003 mM, and in the aryl series for (61) vs. (62) only at the higher
concentration. This suggests that the labilizing of the phosphorus to alkyl link in the 5”-phosphate
triesters of araA enhances the biological activity of these compounds relative to their analogous

5’-phosphinate esters, which is consistent with a mode of action for the 5°-phosphate triesters
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involving hydrolysis via P-O-alkyl cleavage to araAMP (equation 9).

Overall it is possible to conclude that 5 -phosphinate esters of araA show a biological activity
that is reduced, but not abolished, relative to their 5 -phosphate triester counterparts. Therefore,
57 -phosphate triesters of araA would appear to be exerting their biological effects by a mechanism
largely involving the intracellular release of the free nucleotide araAMP (equation 9), and also
to a minor extent the free nucleoside araA (equation 10).

The possibility that the 5°-phosphate triesters of araA might be acting by a mechanism
involving extracellular hydrolysis of these compounds was investigated by incubating araA, (39),
(60), (61) and (62) under assay conditions, but excluding the cellular material. Hydrolysis was not
observed for any of these compounds either by t.l.c. analysis over 24 hours at 37°C or by H.P.L.C.
analysis over a week at 37°C. Therefore, extracellular hydrolysis is unlikely to be involved in the
mechanism by which these 5”-phosphate triesters of araA exert their biological effects. Further
confirmation of this would be provided by preparing a 5”-phosphate triester of araA with a
radiolabelled *’P atom and assaying this compound in the cell culture experiment (in the absence
of tritiated thymidine). The radiolabelled 5°-phosphate triester of araA would be synthesized by
the reaction of araA with the appropriate phosphorochloridate, prepared from *P labelled
phosphoryl chloride. Scintillation counting of the cell digests would then determine whether the
labelled phosphorus had passed across the cell membrane. If this were the case, the labelled
compound would presumably have entered the cell intact and evaded extracellular hydrolysis, since
it is unlikely that charged fragments would enter the cell by passive diffusion.

It remains uncertain whether the 5° -phosphate triesters of araA undergo intracellular hydrolysis
or act directly without hydrolysis. However, the latter has been tentatively ruled out on the basis
of some experiments carried out by Dr. I. Weller of University College and Middlesex School of
Medicine, University of London'* on cells infected with the Hepatitis B virus. The Hepatitis B
virus only contains one enzyme, DNA polymerase. This enzyme catalyzes the formation of a
phosphodiester bond between the 3”-hydroxyl group at the end of a growing DNA chain and the

innermost phosphorus atom of an incoming deoxynucleoside-5 * -triphosphate’. It follows that only
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those compounds which in their original form inhibit viral DNA polymerase will show any activity
against this virus. AraA and its 5°-dialkyl and 5°-bis(2,2,2-trihaloethyl) phosphate triester
derivatives were found to show no activity in this investigation, suggesting that these 5 -phosphate
triesters of araA are unlikely to exert their biological effects in their original forms. It is also
possible that the 57 -phosphate triesters of araA might be interfering with the transport of the
exogenously added thymidine across the cell membrane, rather than actually exerting an effect on
DNA synthesis. This could be investigated by growing cultures of cells in the absence and
presence of these compounds and recording cell counts over a period of several cell cycles. If the
5’ -phosphate triesters of araA were interfering with the replication process of the cell, this would
be observed in the relative growth rates.

Finally, another possibility for investigating the mechanism by which 5°-phosphate triesters
of araA exert their biological effects would involve a similar approach to the study discussed

above!”?

, but this time the in vitro biological activity of 5 -phosphate triesters of araA (49) would
be compared with their analogous 5°-deoxy-5 “-phosphinate esters (69) (figure 20), rather than
their 5”-phosphinate ester counterparts (50). This study would be expected to provide
corroborating evidence for the mechanism of action of 5°-phosphate triesters of araA largely
involving the hydrolysis of these compounds via P-O-alkyl cleavage to araAMP (equation 9).
Unfortunately, there was insufficient time to synthesize the required 5 -deoxy-5 * -phosphinate ester

of araA and compare the biological activity of this compound with its 5°-phosphate triester

analogue.

Retumning to the synthesis of araA-5”-dibutyl phosphinate (60) carried out previously in this
Department'”, the required phosphorylating agent dibutyl phosphinic chloride (66) was prepared
via dibutyl phosphinic acid (65)'" and its subsequent chlorination'™ (equations 13, 14). Initially,
a novel route to (66) had been proposed, involving the reaction of phosphoryl chloride with two
molar equivalents of the Grignard reagent from 1-chlorobutane and subsequent heating of the

resulting Grignard salt (70) to cause the latter to decompose to the phosphinic chloride (66)'®
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Figure 20
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(equation 17). However, this method proved unsuccessful resulting in the formation of butyl
phosphinic dichloride (71), rather than (66), in low yield. Recently, difficulties have also been
encountered in attempts to modify this route (equation 17) for the preparation of butyl phosphinic
dichloride (71) in improved yield, by employing one molar equivalent in the reaction scheme. Use
of the more reactive butyl magnesium bromide was initially considered to be preferable to butyl
magnesium chloride as the required Grignard reagent.

The first attempt to synthesize butyl phosphinic dichloride (71) employed butyl magnesium
bromide as the Grignard reagent, the latter being prepared by the standard method'”’ involving the
reaction of 1-bromobutane and a slight excess of magnesium in diethyl ether. The Grignard reagent
was filtered to remove any unreacted magnesium, then added dropwise to a solution of phosphoryl
chloride in diethyl ether at -78°C under an atmosphere of nitrogen. This order of addition was used
to promote the formation of the required product (71). Solvent was removed from the reaction
mixture to give a white solid, presumably the Grignard salt (72), to which a little silicone 0il was
added (to aid the distillation process) prior to vacuum distillation. Strong heating was required
before a yellow oil began to collect (equation 18).

The *'P n.m.r. spectrum of the distillate showed a major peak at 8 49.75 ppm due to butyl
phosphinic dichloride (71). This value lies in the region where compounds of type RPOCI, are

expected to resonate'”®

. A minor peak was also observed at & 35.77 ppm. It would appear that the
use of butyl magnesium bromide as the Grignard reagent has interfered with the synthesis of (71)
by the proposed route (equation 18) due to possible halide exchange reactions taking place. The
presence of a bromine containing compound in the distillate would account for its yellow
colouration, contrasting with the colourless oil identified as butyl phosphinic dichloride in previous
work'®. Consequently, further attempts to synthesize butyl phosphinic dichloride (71) employed
butyl magnesium chloride as the Grignard reagent.

The second attempt to synthesize butyl phosphinic dichloride (71) involved an analogous

method to the first attempt, except for the use of butyl magnesium chloride as the Grignard

reagent. The latter was prepared by the standard method'”’, whereby 1-chlorobutane was reacted
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with a slight excess of magnesium in diethyl ether. Strong heating was again required during the
vacuum distillation of the white solid, presumably the Grignard salt (73), before the product (71)
began to collect as a colourless oil in 15% yield (equation 19a). The *'P n.m.r. spectrum of the
distillate showed a single peak at & 49.70 ppm due to butyl phosphinic dichloride. Carbon and
proton n.m.r. spectra of (71) were consistent with the structure of the product, as compared with
those reported in previous work'*,

Although butyl phosphinic dichloride (71) had been prepared in a pure state by the proposed
route (equation 19a), the yield of the product was rather low. This factor, coupled with the
observation that a significant amount of phosphoryl chloride (identified by P n.m.r. spectroscopy)
was collected during the distillation, suggested that the reaction between phosphoryl chloride and
butyl magnesium chloride had not proceeded to completion. Consequently, a further two attempts
to prepare (71) by the proposed route involved increasing the temperature at which the addition
and subsequent reaction of phosphoryl chloride and butyl magnesium chloride occurred
(equations 19b, 19c¢). Firstly, the addition of the reagents was carried out at 0°C followed by
warming to ambient temperature overnight, contrasting with the subsequent experiment involving
addition at ambient temperature followed by refluxing overnight. However, this appeared to have
little affect on the reaction. The *'P n.m.r. spectra of the distillate from both experiments showed
a single peak due to butyl phosphinic dichloride, but a slight decrease in yield from 9% to 5% was
observed with increasing temperature of the reaction.

A final attempt to synthesize butyl phosphinic dichloride (71) involved the addition of butyl
magnesium chloride to phosphoryl chloride, initially at ambient temperature and then cooled to
-10°C due to the vigorous nature of the reaction. The use of a Kugelruhr flask (180 ml) as the
reaction vessel in this experiment, rather than a round bottomed flask (200 ml), to avoid the
difficult transfer of the Grignard salt to a distillation vessel encountered in previous attempts
(equation 19, methods 1-3) where distillation did not involve the use of a Kugelruhr, may have
contributed to the rather vigorous nature of the reaction in this attempt. On completion of the

addition, the reaction mixture was allowed to warm to ambient temperature over 2 hours then
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Equation 19

POCl; + BuMgCl

Conditions:
(a) method 1
(b) method 2

(c) method 3

Equation 20

POCl; + BuMgCl

Et,0

Y

-78°C (2h) to RT (16 h)
0°C (1h)to RT 20 h)

RT (1 h), reflux (20 h)

Et,0

OMg(Cl
Bu_l Ci B POC
- u
a’ Sa 2
(73) (71)

-10°C (1 h),

Y

RT (2 h), reflux (42 h)
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refluxed for a further 42 hours. The white solid, presumably the Grignard salt (73), obtained on
removal of solvent from the reaction mixture, was subjected to distillation under reduced pressure
using a Kugelruhr (employed due to its ability to attain higher temperatures than an oil bath).
Strong heating was required to cause a small volume of a colourless oil to collect, but more
distillate could only be encouraged to collect by further stronger heating.

The *P n.m.r. spectrum of the distillate showed a major peak at & 70.37 ppm due to dibutyl
phosphinic chloride (66), comparing well with the literature value of & 70.7 ppm'” for this
compound. A minor peak was also observed at & 49.64 ppm due to the required product butyl
phosphinic dichloride (71). A heterocoupled *'P n.m.r. spectrum further confirmed the structural
assignments of these peaks, with a quintet and triplet observed for (66) and (71) respectively. A
significant amount of phosphoryl chloride (identified by *P n.m.r. spectroscopy) was again
collected during the distillation.

It would appear that this reaction is not very controllable and a mixture of products are formed
(equation 20). Raising the temperature at which reaction between phosphoryl chloride and butyl
magnesium chloride occurred, rather than encouraging the reaction to proceed to completion,
seemed to favour the formation of dibutyl phosphinic chloride (66). The formation of (66) in this
final attempt to synthesize butyl phosphinic dichloride (71) had probably not been observed in the
previous attempts due to the decomposition temperature of the dibutyl Grignard salt (70) being
higher than that of the mono-butyl Grignard salt (73). Only by use of a Kugelruhr, with the ability
to attain higher temperatures during the distillation, was it possible to cause decomposition of (70)
to yield a significant amount of (66) relative to (71). This would account for the low yields of
butyl phosphinic dichloride even when reacting phosphoryl chloride and butyl magnesium chloride
at -78°C and the significant amount of phosphoryl chloride collected during the distillations of the
Grignard salts. Overall, it is possible to conclude that the proposed novel route to butyl phosphinic
dichloride (71) was far from ideal.

The butyl phosphinic dichloride (71), obtained in a pure state from the above experiments, was

subsequently used to synthesize butyl (2,2,2-trichloroethoxy) phosphinic chloride (74) with the aim
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of preparing the mixed, unsymmetrical 5 -butyl (2,2,2-trichloroethoxy) phosphinate ester of araA
(75). It would be of interest to compare the biological activity of 5”-alkyl (2,2,2-trichloroethoxy)
phosphinate esters of araA (76) with their analogous 5 -alkyl (2,2,2-trichloroethyl) phosphate
triesters (45) (figure 21), following the synthesis and biological evaluation of a series of the latter
compounds earlier in the course of this research (as discussed in chapter 3). The proposed route
to araA-5"-butyl (2,2,2-trichloroethoxy) phospinate (75) involved a two-step procedure similar to
the one previously employed in the preparation of a number of mixed, unsymmetrical 5”-alkyl
(2,2,2-trichloroethyl) phosphate triesters of araA (chapter 3). Generally, the method involved the
synthesis of the appropriate phosphorylating agent and its subsequent reaction with unprotected
araA.

Firstly, butyl (2,2,2-trichloroethoxy) phosphinic chloride (74) was prepared by reacting one
molar equivalent of both butyl phosphinic dichloride (71) and triethylamine with phosphoryl
chloride in diethyl ether solvent at -78°C (equation 21). After allowing the reaction mixture to
warm to ambient temperature with stirring overnight, the precipitated tricthylamine hydrochloride
was filtered off and solvent removed under reduced pressure. The *'P n.m.r. spectrum of the
product, obtained after extraction with hexane, showed a number of peaks including a major peak
at 8 32.53 ppm. The latter was assumed to be due to the required product (74) by comparison with
a value of 8 45.0 ppm for ethyl (ethoxy) phosphinic chloride (i.e. (Et)(EtO)POCI))**'*%, The
product (74) was isolated by vacuum distillation in 43% yield as a colourless oil, which solidified
on standing at ambient temperature.

The “C n.m.r. and 'H n.m.r. spectra of (74) were consistent with the structure of the product,
showing signals due to both the BuP and CCl,CH,OP moieties. The *C n.m.r. spectrum showed
a cluster of peaks composed of three sets of interspersed phosphorus-coupled doublets for the
CH,P, CH,CHP and CH,CH, resonances. The magnitude of the coupling constants for these
doublets were instructive in their assignments, by comparison with those reported earlier for the
starting material (71). Coupling constants of 2.5 Hz, 55.9 Hz, and 18.9 Hz were observed for the

doublets at & 23.99 ppm, at & 23.81 ppm and at 6 23.80 ppm respectively, corresponding to a
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Figure 21
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Equation 21
Et,O
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Equation 22
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68



small two-bond coupling for the CH,CH,P resonance, a large one-bond coupling for the CH,P
resonance and a three-bond coupling, larger than the two-bond coupling, for the CH,CH, resonance
respectively. Phosphorus-carbon coupling was also observed at 8 95.22 ppm (the CCl, resonance)
and at § 75.46 ppm (the CH,OP resonance), these doublets appearing further downfield than the
other signals in the spectrum due to the deshielding effect of the chlorine atoms. The former
doublet was also of lower intensity than the other peaks, presumably due to the longer relaxation
time of the CCl, moiety. A single peak was also observed in the spectrum for the methyl group.
The 'H n.m.r. spectrum of (74) consisted of multiplets for the CH,0OP, CH,P and CH,CH,P
resonances, due to phosphorus-proton coupling being observed for these signals in addition to
proton-proton coupling. The resonances for the methylene (i.e. CH,CH,) and methyl groups
showed multiplicities due only to proton-proton coupling, with the appearance of a sextet and
triplet respectively.

The F.A.B. mass spectrum of (74) further confirmed its structural assignment. A cluster of
peaks were observed due to the molecular ion plus sodium from the matrix. The isotopic pattern
for these peaks and other chlorine containing fragments was characteristic of four chlorine atoms
in the intact molecule. Prominent peaks appeared at m/e 139 and m/e 141 due to BuPOCI" and
the corresponding *'Cl fragment respectively, while minor peaks included those due to (M* - CH,),
(M* - CI) and (M* - CCl,). Finally, microanalysis data indicated that the product (74) had been
isolated in a pure state.

The second step in the preparation of araA-5-butyl (2,2,2-trichloroethoxy) phosphinate (75)
would have involved the subsequent reaction of butyl (2,2,2-trichloroethoxy) phosphinic chloride
(74) with unprotected araA in pyridine at reduced temperature (equation 22). Unfortunately, there
was insufficient of this phosphorylating agent (74) to carry out the reaction with araA and time

did not allow for the resynthesis of this compound.
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Chapter 3: 5°-Alkyl (2,2,2-trichloroethyl) phosphate triesters of araA

The comparative biological evaluation of some 5°-phosphate triesters of araA with their
analogous 5 -phosphinate esters'’?, suggested that the mechanism of action of the 5’ -phosphate
triesters of araA largely involved the intracellular hydrolysis of these compounds via P-O-alkyl
cleavage to the 5°-monophosphate araAMP. Thus, the aim of obviating the dependence of araA
on nucleoside kinase-mediated phosphorylation to the 5’-monophosphate would appear to have
been achieved. This leads to the possibility of synthesizing other 5’ -phosphate triesters of araA
as potential prodrugs of araAMP, with altemative esterifying groups that might enhance the
biological activity of these compounds.

The aim of the present chapter involved an investigation into the synthesis and biological
evaluation of a series of mixed, unsymmetrical 5°-alkyl (2,2,2-trichloroethyl) phosphate triesters
of araA (45) (figure 22). It was hoped that the presence of the 2,2,2-trichloroethyl moiety would
increase the susceptibility to chemical hydrolysis and hence the biological activity of these
compounds over their non-substituted counterparts, as found for araA-5”-bis(2,2,2-trifluoroethyl)
phosphate and araA-5°-bis(2,2,2-trichloroethyl) phosphate when compared with their simple
5’-dialkyl analogues ', If the 5’-alkyl (2,2,2-trichloroethyl) phosphate triesters of araA (45)
were to penetrate the cell membrane and undergo chemical hydrolysis of the 2,2,2-trichloroethyl
moiety to give the 5°-alkyl phosphate diesters of araA (77), the latter might be subject to
phosphodiesterase induced cleavage of the alkyl moiety to yield the 5 -monophosphate, thereby
combining chemical and enzymatic cleavage (equation 23). Additionally, it would be of interest
to discover whether the increasing biological activity observed for the 5-dialkyl phosphate
triesters of araA with the increasing chain length of their constituent alkyl groups'®, would be
similarly reflected in the 5”-alkyl (2,2,2-trichloroethyl) series.

The preparation of a series of mixed, unsymmetrical 5 -alkyl (2,2,2-trichloroethyl) phosphate
triesters of araA was attempted via two different routes. The first route generally involved the

synthesis of the appropriate alkyl phosphorodichloridate and its subsequent reaction with
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2,2,2-trichloroethanol to give the required alkyl 2,2,2-trichloroethyl phosphorochloridate, which
was then reacted with unprotected araA. Several altemative methods are available for the

preparation of alkyl phosphorodichloridates'’, some examples include:

(1) The reaction of pyrophosphoryl chloride with one molar equivalent of a primary alcohol in the
absence of solvent at reduced temperature, followed by vacuum distillation to isolate the alkyl

phosphorodichloridate!®**",

(2) The reaction of phosphoryl chloride with one molar equivalent of aliphatic alkyl acetate in the
presence of a catalyst of phosphoric acid at reflux, followed by vacuum distillation to isolate the

alkyl phosphorodichloridate'®.

POCl, + ROCOCH; ———» ROPOCI, + CH,COCI

(3) The reaction of phosphoryl chloride with one molar equivalent of alcohol in the absence or
presence of an organic tertiary base, usually in an inert solvent at or below ambient

temperature'#14%,

POCl; + ROH —— ROPOCl, + HCI

This last example was the method chosen for the preparation of a series of alkyl
phosphorodichloridates. Thus, phosphoryl chloride was reacted with one molar equivalent of both
the appropriate alcohol and triethylamine in diethyl ether solvent at reduced temperature
(equation 24), in an analogous manner to the procedure involved in the previous synthesis of a

series of dialkyl phosphorochloridates'®, except for the use of different proportions of reagents.
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Equation 24

Et,O
POC13 + ROH + Et3N ——— ROPOC12 + EthHCl
-78°C to RT
(R = alkyl)
Equation 25
Et,0
ROPOCl, + CCl,CH,0H + EtyN ———— = (RO)(CCl,CH,0)POCl + Et,NHCI
-78°C to RT
(R = alkyl)
Equation 26
NH, NH,
NZ N\ N% N\
R R
N N pyridine 0 N N
1]
(RO)(CC1,CH,0)POC1 + HO 0 ——i— RO—II>—O 0
HQ 0°CtoRT CCl,CH,0 HO
OH OH
(R = alkyl)
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The appropriate alkyl phosphorodichloridate was subsequently reacted with one molar equivalent
of both 2,2,2-trichloroethanol and triethylamine in diethyl ether solvent at reduced temperature to
give the required alkyl 2,2,2-trichloroethyl phosphorochloridate (equation 25). This reaction of
a primary phosphorodichloridate with one molar equivalent of alcohol to give a secondary
phosphorochloridate may take place in the absence or presence of a base'®. The use of a tertiary
organic base for the elimination of the hydrogen halide by-product was employed in the above two
reactions (equations 24, 25), rather than carrying out the reaction under reduced pressure or the
bubbling of an inert gas through the reaction mixture'®’, since the reaction is more controllable
under the former conditions. The appropriate alkyl 2,2,2-trichloroethyl phosphorochloridate was
then reacted with unprotected araA in pyridine at reduced temperature to give a series of 5”-alkyl

(2,2,2-trichloroethyl) phosphate triesters of araA (equation 26).

The target compounds, araA-5’-butyl (2,2,2-trichloroethyl) phosphate (80), araA-5”-propyl
(2,2,2-trichloroethyl) phosphate (83) and araA-5 " -ethyl (2,2,2-trichloroethyl) phosphate (86), were
prepared by the route outlined above. Firstly, the synthesis of the required alkyl
phosphorodichloridates, butyl phosphorodichloridate!®>® (78), propyl phosphorodichloridate'***®!
(81) and ethyl phosphorodichloridate’®*'®! (84), involved the addition of one molar equivalent of
both the appropriate alcohol and triethylamine to phosphoryl chloride at -78°C, using diethyl ether
as the solvent (equation 27). Possible impurities resulting from these reactions include unreacted
phosphoryl chloride, dialkyl phosphorochloridate, and hydrolyzed material. It was hoped to
minimize the formation of these by-products by the scrupulous drying of the reagents prior to the
reaction, the slow addition of the reagents at reduced temperature under an atmosphere of nitrogen,
and using an excess of solvent to dilute the reaction mixture.

After allowing the reaction mixture to warm to ambient temperature with stirring overnight,
the precipitated triethylamine hydrochloride was filtered off and solvent removed under reduced
pressure. Butyl phosphorodichloridate (78), propyl phosphorodichloridate (81) and ethyl

phosphorodichloridate (84) were isolated as colourless liquids in yields of 87% to 99%.
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Equation 27

Et,0
POCl; + ROH + E4yN ——————— ROPOCl, + ENHCI
-78°C to RT
(78) R=Bu
B1)R=Pr
(84)R=Et
Equation 28
Et,O
ROPOCl, + CCLLCH,OH + Et3N ———— (RO)(CCl;CH,0)POCl + Et;NHCl
-78°Cto RT
(78) R=Bu (79)R = Bu
(81)R=Pr (82)R=Pr
(84) R =Et (85) R =Et
Equation 29
NH, NH,
NZ N\ N?Z N\
. » L d
N N pyridine o N N
Il
(RO)(CC1,CH,0)POCI + HO 0 —_— RO -—ll> —0 0
HO 0°CtoRT CCl,CH,0 HO
OH OH
(79) R =Bu (80) R =Bu
(82)R=Pr (83)R=Pr
(85) R=Et (86)R =Et
Figure 23: Diastereoisomers of (80)
NH, NH,
N7Z N N7 N
0 A\ 0 \
. N> L. N>
..... P N P N
BuQw CC13CH20 “'/ \
CCl,CH,0 0 0 BuO 0 o
HO HO
OH OH
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The *'P n.m.r. spectra of all three phosphorodichloridates showed single peaks with chemical shifts
lying in the region where compounds of type ROPOCI, are expected to resonate'®. The
heterocoupled *'P n.m.r. spectrum of (78) showed a triplet, as expected for the required product.
The C n.m.r. and 'H n.m.r. spectra of (78), (81) and (84), assigned by comparison with the
corresponding spectra of n-butanol, n-propanol and ethanol respectively'*'%, were consistent with
the structures of these phosphorylating agents. Phosphorus-carbon coupling was observed in the
*C n.m.r. spectra of all three alkyl phosphorodichloridates, but only for the two nearest carbon
atoms to the phosphorus atom. The 'H n.m.r. spectra of (78), (81) and (84) showed multiplets for
all protons within three bonds of the phosphorus atom, due to phosphorus-proton coupling being
observed for these signals in addition to proton-proton coupling. The E.I. mass spectra of (78),
(81) and (84) further confirmed the structural assignments of these compounds. Although the
spectra of (78) and (81) showed no peaks due to the molecular ion, peaks were identified due to
the sequential loss of carbon fragments from the alky!l chains with those of highest m/e value in
both spectra being assigned to (M* - Et). The spectrum of (84), by contrast, showed a cluster of
peaks due to (M* - H), while a similar fragmentation pattern was observed to those in the spectra
of (78) and (81). The peaks due to chlorine containing fragments in all three spectra displayed an
isotopic pattern characteristic of two chlorine atoms in the intact moloecule. Satisfactory
microanalysis data were also obtained on all three alkyl phosphorodichloridates. It is therefore
evident that each of the phosphorylating agents (78), (81) and (84) was isolated in a pure state,
without the need for vacuum distillation.

The alkyl 2,2,2-trichloroethyl phosphorochloridates, butyl 2,2,2-trichloroethyl
phosphorochloridate (79), propyl 2,2,2-trichloroethyl phosphorochloridate (82) and ethyl 2,2,2-
trichloroethyl phosphorochloridate (85), were subsequently prepared by the reaction of the
appropriate alkyl phosphorodichloridate with one molar equivalent of both 2,2,2-trichloroethanol
and triethylamine in diethyl ether solvent at -78°C (equation 28). Possible impurities resulting
from these reactions include unreacted alkyl phosphorodichloridate, alkyl bis(2,2,2-trichloroethyl)

phosphate, and hydrolyzed material. It was hoped to minimize the formation of these by-products
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by the usual procedure, involving the scrupulous drying of the reagents prior to the reaction, the
slow addition of the reagents at reduced temperature under an atmosphere of nitrogen, and using
an excess of solvent to dilute the reaction mixture.

Firstly, butyl 2,2,2-trichloroethy! phosphorochloridate (79) was prepared by the addition of one
molar equivalent of both 2,2,2-trichloroethanol and triethylamine to butyl phosphorodichloridate
(78) at -78°, using diethyl ether as solvent (equation 28). After allowing the reaction mixture to
warm to ambient temperature with stirring overnight, the precipitated triethylamine hydrochloride
was filtered off and solvent removed under reduced pressure. Extraction of the resulting cloudy
oil with hexane gave a pale yellow oil, shown to be slightly impure by *'P n.m.r. spectroscopy.
The crude phosphorylating agent was stirred under reduced pressure at S0°C for several hours to
remove a minor impurity of unreacted starting material (78). Further purification by vacuum
distillation enabled the product (79) to be isolated as a colourless 0il in 28% yield. The *'P n.m.r
spectrum of the distillate showed a single peak at & 1.90 ppm due to butyl 2,2,2-trichloroethyl
phosphorochloridate, comparing with the values of 8 3.4 ppm for dibutyl phosphorochloridate'®
and & 1.30 ppm for bis(2,2,2-trichloroethyl) phosphorochloridate'®.

The C nm.r. and 'H nm.r. spectra of (79) further confirmed the identity of this
phosphorylating agent, showing signals due to both the BuOP and CCI,CH,OP moieties.
The "C n.m.r. spectrum showed phosphorus-coupled doublets for all carbon atoms within three
bonds of the phosphorus atom. It is of interest to note that the three-bond coupling constant for
the CH,CH,OP resonance is of similar magnitude to the two bond coupling constant for the
CH,CH,OP resonance, while the three-bond coupling constant for the CCl, resonance is larger than
the two-bond coupling constant for the CCl,CH,OP resonance. The doublet due to the CCl; moiety
appeared further downfield than the other signals in the spectrum due to the deshielding effect of
the chlorine atoms. This doublet was also of lower intensity than the other peaks, presumably due
to the longer relaxation time of the CCl, moiety. Single peaks were also observed in the spectrum
for the methylene (i.e. CH,CH,) and methyl groups. The 'H n.m.r. spectrum of (79) consisted of

multiplets for the CCl,CH,0P, CH,CH,OP and CH,CH,OP resonances due to phosphorus-proton
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coupling being observed for these signals in addition to proton-proton coupling. The signals for
protons further than three bonds away from the phosphorus atom showed multiplicities due only
to proton-proton coupling, with a sextet and a triplet observed for the methylene (i.e. CH,CH,) and
methyl groups respectively.

Propyl 2,2,2-trichloroethyl phosphorochloridate (82) was prepared in an entirely analogous
manner to (79), except that the purification of the crude phosphorylating agent did not involve
vacuum distillation. An impurity of unreacted starting material (81), shown to be present by *'P
n.m.r. spectroscopy, was successfully removed by stirring the crude product under reduced pressure
at 30°C for several hours to give the product (82) as a colourless oil in 81% yield. The *'P n.m.r.
spectrum of (82) now showed a single peak at 3 1.99 ppm due to propyl 2,2,2-trichloroethyl
phosphorochloridate, comparing with the values of 8 2.61 ppm for dipropyl phosphorochloridate*®
and & 1.30 ppm for bis(2,2,2-trichloroethyl) phosphorochloridate'®, The *C n.m.r. and 'H n.m.r.
spectra of (82) were consistent with the structure of the product, showing signals due to both the
PrOP and CCl,CH,OP moieties. These spectra were similar to the corresponding spectra of (79),
with phosphorus-coupling only observed for those atoms within three bonds of the phosphorus
atom. The E.I. mass spectrum of (82) further confirmed the structural assignment of this
phosphorylating agent, showing a cluster of minor peaks due to (M* - H). The isotopic pattemn for
these peaks and other chlorine containing fragments was characteristic of four chlorine atoms in
the intact molecule. The base peak was observed at m/e 117 due to (HO),PCl*, with another peak
of lower intensity at m/e 119 due to the corresponding *’Cl fragment. A prominent peak also
appeared at m/e 43 due to C;H,*.

Ethyl 2,2,2-trichloroethyl phosphorochloridate (85) was prepared by a similar method to (82),
except that the reaction mixture was stirred for a further 56 hours after allowing it to warm to
ambient temperature with stirring overnight. A longer reaction time was employed in the synthesis
of (85) since the presence of unreacted starting material in the crude products obtained in the
preparation of (79) and (82), may have been due to the reactions involved not having proceeded

to completion. However, the *'P n.m.r spectrum of the crude product resulting from the present
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reaction showed a major peak due to the required product (85) and two minor peaks including one
due to unreacted starting material (84). The crude phosphorylating agent was stirred under reduced
pressure at 30°C for several hours, after which the *'P n.m.r spectrum of the resulting product
revealed that the impurity of ethyl phosphorodichloridate (84) had been successfully removed. The
3P n.m.r. spectrum now showed a major peak at 8 1.22 ppm due to ethyl 2,2,2-trichloroethyl
phosphorochloridate, comparing with the values of § 2.8 ppm for diethyl phosphorochloridate'**'*
and & 1.30 ppm for bis(2,2,2-trichloroethyl) phosphorochloridate’®. A minor peak was also
observed at § -6.79 ppm, probably due to ethyl bis(2,2,2-trichloroethyl) phosphate and comparing
with a value of § -2.3 ppm for diethyl 2,2,2-trichloroethyl phosphate'’. Further purification of (85)
was not attempted since the only impurity present was probably due to a trace of ethyl bis(2,2,2-
trichloroethyl) phosphate, which was not expected to be reactive towards nucleosides.

Although not entirely pure, additional spectra were obtained on (85), confirming the identity
of this phosphorylating agent. The *C n.m.r. and 'H n.m.r. spectra of (85) were consistent with
the structure of the product and similar to the corresponding spectra of (79) and (82).
The “C n.m.r. spectrum of (85) consisted of phosphorus-coupled doublets for all resonances in
the spectrum. The 'H n.m.r spectrum of (85) showed multiplets for the CCl,CH,OP and
CH,;CH,OP moieities and a triplet of doublets for the methyl group, due to phosphorus-proton
coupling being observed for these signals in addition to proton-proton coupling. The E.I. mass
spectrum of (85) showed no peaks due to the molecular ion, but the cluster of peaks of highest
m/e value were assigned to (M* - Et). The isotopic pattern for these peaks and other chlorine
containing fragments was characteristic of four chlorine atoms in the intact molecule. The base
peak was observed at m/e 129 due to (CH,0)(HO)POCI*, with another peak of lower intensity at
m/e 131 due to the corresponding *’Cl fragment.

The synthesis of araA-5"-butyl (2,2,2-trichloroethyl) phosphate (80), araA-5“-propyl (2,2,2-
trichloroethyl) phosphate (83) and araA-5°-ethyl (2,2,2-trichloroethyl) phosphate (86) involved
the subsequent reaction of the appropriate alkyl 2,2,2-trichloroethyl phosphorochloridate with

unprotected araA in pyridine at 0°C (equation 29). Firstly, 1.5 molar equivalents of butyl
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2,2,2-trichloroethyl phosphorochloridate (79) were added to araA in pyridine at 0°C and the
course of the reaction was followed by t.l.c. The reaction employed 1.5 molar equivalents of
phosphorochloridate, since a similar amount of phosphorylating agent had been required to drive
some analogous reactions to completion'*>'*, After 21 hours stirring at 0°C, t.l.c. indicated that
the reaction had not yet proceeded to completion with some araA remaining. The reaction mixture
was allowed to warm to ambient temperature and stirred for a further 35 hours. T.l.c. now
indicated that the reaction had proceeded further to completion with most of the araA having
reacted to give a more liphophilic major component assumed to be due to the required product
araA-5’-butyl (2,2,2-trichloroethyl) phosphate (80). Two even more liphophilic minor components
were also observed. The addition of more phosphorylating agent (79) would probably have enabled
the reaction to proceed to completion and the latter to have been achieved in a shorter period of
time. However, this was not possible since further butyl 2,2,2-trichloroethyl phosphorochloridate
was not available.

The reaction mixture was quenched with deionized water to remove any unreacted
phosphorylating agent and solvent removed. Attempted purification of the resulting residue by
column chromatography, using a methanol-chloroform eluent, proved unsuccessful as indicated
by t.l.c. analysis. Further purification of the crude product by column chromatography, employing
a slower methanol-ethyl acetate eluent, gave a white solid. The latter, although appearing pure by
t.1.c. analysis, was shown to be slightly impure by *'P n.m.r. spectroscopy. The product (80) was
finally isolated as a white solid in 29% yield, following recrystallization from ethyl acetate. The
*'P num.r. spectrum of the product (run at 82 MHz) consisted of a single peak at § -2.31 ppm,
which compares with the values of 8 -0.54 ppm for araA-5*-dibutyl phosphate'** and & -3.83 ppm
for araA-5-bis(2,2,2-trichloroethyl) phosphate'*’. However, a second *'P n.m.r. spectrum of (80)
(run at 164 MHz) showed two closely spaced signals of similar intensity, indicating the presence
of an approximately equal mixture of the two possible diastereoisomers of (80) (figure 23) in the
prouct. This isomerism arises from the asymmetry at the chiral phosphorus centre. It was believed

that the first spectrum (run at 82 MHz) had only shown a singlet due to the coincidence of the two
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peaks in this spectrum.

The ®C n.m.r. and 'H n.m.r. spectra of (80), assigned by comparison with the corresponding
spectra of araA-5’-dibutyl phosphate'®> and araA-5’-bis(2,2,2-trichloroethyl) phosphate'*, were
consistent with the structure of the product and further confirmed its diasterecomeric nature. The
latter was evident in the *C n.m.r. spectrum of (80) by the duplication of many signals in the
same ratio (i.e. 1:1) as observed for the peaks in the *P n.m.r. spectrum (run at 164 MHz).
Coincidence of peaks also occurred in some cases. Diastereomeric splitting was observed in the
presence of two distinct peaks for all the nucleosidic carbon atoms except for C6, C2°, C3” and
C4’. The spectrum showed single peaks for C6, C2“ and C3’, while a doublet appeared for C4*
due to phosphorus-carbon coupling. Diastereomeric splitting was observed in addition to
phosphorus-carbon coupling for the CH,CH,OP and C5° resonances, the former appearing as a
"triplet" due to the overlap of these splittings while two doublets were clearly visible for the latter.
Only phosphorus-carbon coupling was observed in the doublets for the CCl,, CCl,CH,OP and
CH,CH,OP moieties, contrasting with the resonances for the methylene (i.e. CH,CH,) and methyl
groups where only diastereomeric splitting was present. Evidence that (80) was the product of
5°-phosphorylation and not 2°- or 3’-phosphorylation was provided by the appearance of
phosphorus-coupled doublets for C5” at & 70.14 pm and & 70.08 ppm, showing a significant
downfield shift compared with the value of 8 61.0 ppm for C5” of araA'®, It is of interest to note
that the three-bond coupling constants for the C4”, CCl, and CH,CH,OP resonances were greater
than the two-bond coupling constants for the C5°, CCl,CH,0OP and CH,CH,OP resonances
respectively, probably due to the angular dependence of coupling constants'®’.

The 'H n.m.r. spectrum of (80) also showed diastereomeric splitting for a number of peaks in
the spectrum, e.g. two distinct signals were observed for the base proton H2. The H1’ resonance
displayed diastereomeric splitting in addition to proton-proton coupling, with the appearance of
a "triplet" due to the overlap of these splittings. The spectrum featured unresolved multiplets for
H2’ and CCI,CH,OP, and for H4“ and CH,CH,OP, while separate multiplets were observed for

H3’, H5", CH,CH,0P, CH,CH, and CH,. The multiplicity of these signals was attributed to
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proton-proton coupling and diastereomeric splitting, with phosphorus-proton coupling also present
for those signals within three bonds of the phosphorus atom.

The F.A.B. mass spectrum of (80) further confirmed the structural assignment of this
compound, showing a cluster of peaks due to the protonated molecular ion. The isotopic pattern
for these peaks and other chlorine containing fragments was characteristic of three chlorine atoms
in the intact molecule. The base peak was observed at m/e 136 due to protonated adenine, while
a prominent peak appeared at m/e 99 due to the ionized sugar fragment C;H,O,*. Finally,
microanalysis data and reverse phase analytical H.P.L.C. indicated that the product (80) had been
isolated in a pure state. The latter technique displayed one signal rather than the two expected for
the diastereomeric product (80), presumably due to the coincidence of these peaks under the
conditions employed, and also indicated the absence of contaminating araA.

AraA-5’-propyl (2,2,2-trichloroethyl) phosphate (83) was prepared by a similar procedure to
(80), except for the use of more of the appropriate phosphorylating agent (82) (initially 2.0 molar
equivalents with a further 1.0 molar equivalents added during the course of the reaction) and a
longer reaction time, to enable the reaction to proceed to completion. The product (83) was
isolated as a white solid in 25% yield, following column chromatography and recrystallization
from ethyl acetate. The *'P n.m.r. spectrum of the product (run at 82 MHz) featured a single peak
at 8 -2.29 ppm, comparing with the values of 8 -0.54 ppm for araA-5-dipropyl phosphate'** and
8 -3.83 ppm for araA-5"-bis(2,2,2-trichloroethyl) phosphate'*. However, a second *'P n.m.r.
spectrum of (83) (run at 164 MHz) showed two closely spaced signals of similar intensity,
indicating that the product was actually composed of an approximately equal mixture of the two
possible diastereoisomers. A similar phenomenon was found in the corresponding *'P n.m.r spectra
of (80), where the two peaks expected for the diastereomeric product were coincident in the
spectrum run at 82 MHz, but clearly visible in the spectrum run at 164 MHz.

The "*C nm.r and 'H n.m.r spectra of (83) were consistent with the structure of the product,
showing signals due to both the PrOP and CCl,CH,OP moieties in addition to the nucleosidic

resonances. These spectra further confirmed the diastereomeric nature of the product with many
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of the signals split in the same ratio (i.e. 1:1) as observed for the peaks in the *'P n.m.r. spectrum
(run at 164 MHz). A comparison of the *C n.m.r spectrum of (83) with that of (80) revealed very
few differences. Some features of the former spectrum which contrasted with the latter spectrum
included the appearance of diastereomeric splitting for the C2” and C3” resonances, a phosphorus-
coupled doublet for the methylene (i.e. CH,CH,) group, and a single peak for the methyl group.
The 'H n.m.r spectrum of (83) was similar to that of (80) except that two interspersed triplets
were clearly visible for the methyl group, the presence of two such signals being due to
diastereomeric splitting.

The F.A.B. mass spectrum of (83) showed a cluster of peaks due to the protonated molecular
ion with an isotopic pattern for this, and other chlorine containing fragments, characteristic of three
chlorine atoms in the intact molecule. The base peak was observed at m/e 136 due to protonated
adenine. Minor peaks of interest included those assigned to (PrO)(CCl1,CH,0)P(OH)," and the
ionized sugar fragments C;H,0,*, C;H;0,*, CsH;0," and C;HO". Finally, reverse phase analytical
H.P.L.C. revealed that the product (83) had been isolated in a pure state, with no contaminating
araA. It is of interest to note that the H.P.L.C. spectrum of (83) showed coincident peaks for the
diastereomeric product, as similarly observed for (80).

AraA-57-ethyl (2,2,2-trichloroethyl) phosphate (86) was prepared in an analogous manner to
(80), except for the use of 2.5 molar equivalents of the appropriate phosphorylating agent (85) and
carrying out the reaction at ambient temperature (after an initial hour at 0°C). These conditions
enabled the reaction to proceed to completion and the latter to be achieved in a slighly shorter
period of time. The product (86) was isolated as a white solid in 44% yield, following column
chromatography. The *'P n.m.r. spectrum of the product (figure 24) showed a singlet at 5 -2.09
ppm, which compares with the values of & -0.70 ppm for araA-5’ -diethyl phosphate'** and & -3.83
ppm for araA-5"-bis(2,2,2-trichloroethyl) phosphate’*®. Only one signal was observed in this
spectrum due to the coincidence of the two peaks expected for the two possible diasterecoisomers
of (86), as similarly observed in the *'P n.m.r. spectra of (80) and (83) (run at 82 MHz).

Diastereomeric splitting was observed in the *C n.m.r and 'H n.m.r. spectra of (86) with the

83



Figure 24: *'P n.m.r. spectrum of (86)
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duplication of a number of the peaks in a 1:1 ratio, confirming that the product was composed of
an approximately equal mixture of the two possible diastereoisomers.

The *C n.m.r. and 'H n.m.r spectra of (86) were consistent with the structure of the product
and similar to the corresponding spectra of (80), with the main exception being the appearance of
phosphorus coupling in the resonances for the methyl group. The *C nm.r spectrum of (86)
showed a doublet for the methyl group due to phosphorus-carbon coupling, rather than the two
signals observed for this resonance in the spectrum of (80) due to diastereomeric splitting. The 'H
n.m.r. spectrum of (86) displayed two sets of interspersed triplets of doublets for the methyl group.
The multiplicity within each signal was due to proton-proton coupling and phosphorus-proton
coupling, while two such signals occurred due to diastereomeric splitting. This contrasted with the
spectrum of (80) where a multiplet was observed for the methyl group, due to the overlap of
proton-proton coupling and diastereomeric splitting.

The F.A.B. mass spectrum of (86) (figure 25) confirmed the structural assignment of the
product, showing a cluster of peaks due to the protonated molecular ion. The isotopic pattem for
these peaks was characteristic of three chlorine atoms in the intact molecule. The base peak
appeared at m/e 136 due to protonated adenine, while minor peaks of interest included those due
to the ionized sugar fragments C;H,0,*, C;H;O," and C;H,O*. Finally, microanalysis data and
reverse phase analytical HP.L.C. revealed that the product (86) had been isolated in a pure state.
The latter technique again showed no resolution of the two peaks expected for the diastereomeric

product, and also indicated the absence of contaminating araA.

An alternative route investigated for the synthesis of the mixed, unsymmetrical 5°-alkyl
(2,2,2-trichloroethyl) phosphates of araA involved a transesterification reaction, proceeding via the
displacement of one of the 2,2,2-trichloroethoxy moieties of araA-5°-bis(2,2,2-trichloroethyl)
phosphate (43) by an alkoxy moiety of the appropriate alcohol in the presence of an excess of
caesium fluoride (equation 30). Ogilvie and co-workers'®® have employed this type of reaction for

the synthesis of a number of mixed trialkyl phosphates with the general formula (CCLCH,0)PO(ORYOR").
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The appropriate alcohol (R“OH) acted as both reactant and solvent in the preparation of these
compounds from alkyl bis(2,2,2-trichloroethyl) phosphates ((CCl,CH,0),PO(OR)) in the presence
of an excess of caesium fluoride. It has been suggested that the mechanism of the reaction occurs
via the initial attack of the fluoride ion on the phosphorus atom, followed by the rapid reaction
of the resulting phosphorofluoridate intermediate ((CCl,CH,0)PO(OR)F) with the alcohol'**'**, A
similar reaction has proved successful in the synthesis of some mixed, unsymmetrical 5°-alkyl
(2,2,2-trichloroethyl) phosphates of the anti-cancer drug araC'*’.

A prerequisite for the synthesis of some 5°-alkyl (2,2,2-trichloroethyl) phosphate triesters of
araA by the above route was the preparation of the appropriate starting material, araA-5-bis(2,2,2-
trichloroethyl) phosphate (43)*, requiring the prior synthesis of the phosphorylating agent
bis(2,2,2-trichloroethyl) phosphorochloridate (87)!°'. The latter was prepared by an analogous
procedure to that previously employed in the synthesis of (87) in this Department'*’, Thus, two
molar equivalents of both 2,2,2-trichloroethanol and triethylamine were reacted with phosphoryl
chloride at -78°C, using diethyl ether as the solvent (equation 31).

After allowing the reaction mixture to warm to ambient temperature with stirring overnight,
the precipitated triethylamine hydrochloride was filtered off and solvent removed under reduced
pressure. The product (87) was isolated as a white solid in 64% yield, following distillation using
a Kugelruhr. The *'P n.m.r. spectrum of the distillate showed a single peak at & 1.55 ppm,
comparing well with the literature value of & 1.30 ppm for (87)'%. The *C n.m.r and 'H n.m.r.
spectra of (87) were consistent with the structure of the product, as compared with those reported
in previous work'”®, The F.A.B. mass spectrum of (87) further confirmed the identity of this
phosphorylating agent, showing a cluster of peaks due to the protonated molecular ion. The
isotopic pattern for these peaks and other chlorine containing fragments was characteristic of seven
chlorine atoms in the intact molecule.

AraA-57-bis(2,2,2-trichloroethyl) phosphate (43) was subsequently prepared by the reaction
of bis(2,2,2-trichloroethyl) phosphorochloridate (87) with araA in pyridine at 0°C (equation 32).

The method involved was similar to that previously reported for the synthesis of (43)'* except that
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the reaction was carried out at 0°C, rather than at ambient temperature, to ensure a more controlled
reaction. The phosphorylating agent (87) was also added "neat", rather than dissolving it in
pyridine prior to its addition to araA, since the latter procedure had proved unsuccessful earlier
in the course of this research in an initial small scale attempt to prepare araA-5-bis(2-bromoethyl)
phosphate (55).

The product (43) was isolated as a white solid in 53% yield, following column
chromatography. The *'P n.m.r. spectrum of the product showed a single peak at § -3.89 ppm,
comparing well with the value of § -3.83 ppm for this compound'*. The *C n.m.r and 'H n.m.r
spectra of (43) displayed signals due to the CCI,CH,OP moiety in addition to the nucleosidic
resonances. These spectra were consistent with the structure of the product, as compared with
those reported in previous work'*®, The F.A.B. mass spectrum of (43) showed a cluster of peaks
due to the protonated molecular ion with an isotopic pattern for this, and other chlorine containing
fragments, characteristic of six chlorine atoms in the intact molecule. Other peaks of interest
included those due to protonated adenine, adenine and the ionized sugar fragments CsH,0,",
C;H,0," and CsH,0,". Finally, microanalysis data and reverse phase analytical H.P.L.C. revealed
that the product (43) had been isolated in a pure state. The latter technique also indicated the
absence of contaminating araA.

The synthesis of araA-5-butyl (2,2,2-trichloroethyl) phosphate (80) and araA-5’-methyl
(2,2,2-trichloroethyl) phosphate (88) was subsequently investigated via the "Ogilvie-type"
transesterification reaction employing araA-5°-bis(2,2,2-trichloroethyl) phosphate (43) as the
starting material, as outlined earlier. These reactions were initially carried out on a small scale to
ensure the benefit of pursuing them on a larger scale for the complete isolation and
characterization of the products (80) and (88). Firstly, araA-5”-bis(2,2,2-trichloroethyl) phosphate
(43) was reacted with n-butanol in the presence of an excess of caesium fluoride at ambient
temperature (equation 33). The course of the reaction was followed by t.l.c. After 232 hours
stirring at ambient temperature, t.l.c. indicated that the reaction had proceeded to completion with

all of the starting material (43) having reacted to give a marginally less lipophilic major
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component assumed to be due to the required product (80). An even less lipophilic minor
component was also observed. Solvent was removed and the resulting residue purified by column
chromatography to give a white solid, shown to be slightly impure by *'P n.m.r. spectroscopy.
The *P n.m.r. spectrum showed a major peak at  -2.45 ppm, comparing well with the value of
8 -2.31 ppm for (80) prepared via the first route investigated for the synthesis of some 5°-alkyl
(2,2,2-trichloroethyl) phosphate triesters of araA.

The synthesis of araA-5 -methyl (2,2,2-trichloroethyl) phosphate (88) from araA-5“-bis(2,2,2-
trichloroethyl) phosphate (43) via a transesterification reaction was subsequently investigated on
a small scale. Thus, (43) was reacted with methanol in the presence of an excess of caesium
fluoride at ambient temperature (equation 33) in an analogous manner to the synthesis of (80) by
this route, except that a shorter period of time (131 hours) was required for the reaction to proceed
to completion. Methanol was removed and the resulting residue was purified by column
chromatography to give a cream solid, shown to be slightly impure by *'P n.m.r. spectroscopy. The
3P n.m.r spectrum of the product showed a major peak consisting of two closely spaced signals
of approximately equal intensity, probably due to the two possible diastereoisomers of the required
product (43). The shifts of these peaks at & 1.66 ppm and 8 1.62 ppm compare well with the value
of  1.67 ppm for one of the two possible diastereoisomers of the corresponding 5 “-methyl (2,2,2-
trichloroethyl) phosphate triester of the anti-cancer drug araC'*°. A minor peak was also observed
at d -3.33 ppm, assumed to be due to unreacted starting material (43) by comparison with the
value of & -3.83 ppm reported for this compound™. The 'H n.m.r. spectrum of the product,
assigned by comparison with the spectra of (43)*® and methanol'®, provided further evidence that
the product consisted of an approximately equal mixture of the two possible diastereoisomers of
(88). This spectrum was particularly instructive in showing two sets of doublets at & 3.77 ppm and
0 3.76 ppm, which were not present in the corresponding spectrum of (43). These signals appeared
in the expected region for the CH,0 resonance'®, and their multiplicity was due to diastereomeric
splitting being observed in addition to phosphorus-proton coupling. Minor peaks also appeared in

the spectrum due to a nucleosidic impurity, probably unreacted starting material (43).
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The results of these small scale reactions suggest that the preparation of araA-5’-butyl
(2,2,2-trichloroethyl) phosphate (80) and araA-5"-methyl (2,2,2-trichloroethyl) phosphate (88)
from araA-5’-bis(2,2,2-trichloroethyl) phosphate (43) via a transesterification reaction was a
feasable route to these compounds. Unfortunately, there was only sufficient time to repeat the
synthesis of (80) (equation 33) on a larger scale for complete isolation and characterization of
the product. The method involved an analogous procedure to the one employed in the small scale
reaction, except that a longer period of time (332 hours) was required for the reaction to proceed
to completion.

Purification of the product by column chromatography gave a white solid, shown to be impure
by *P n.m.r. spectroscopy. The *'P n.m.r. spectrum showed several peaks including one at & -2.30
ppm, assumed to be due to the required product by comparison with the values of 8 -2.45 ppm
for the major product of the small scale transesterification reaction and & -2.31 ppm for (80)
prepared by the first route investigated for the synthesis of some 5”-alky! (2,2,2-trichloroethyl)
phosphate triesters of araA. The product (80) was isolated as a white solid in 25% yield, following
further purification by reverse phase preparative H.P.L.C. The *'P n.m.r. spectrum now showed
a single peak at § -4.92 ppm. The disagreement in shifts between the spectra run before and after
preparative HP.L.C. was believed to be due to the former spectrum being run at 82 MHz with
referencing to external phosphoric acid, while the latter spectrum was run at 164 MHz with no
referencing. Only one signal was observed in these spectra due to the coincidence of the two peaks
expected for the two possible diastereoisomers of (80). The >C n.m.r. and 'H n.m.r spectra of (80)
confirmed the diastereomeric nature of the product, with many peaks split in a 1:1 ratio due to the
presence of the two possible diastereoisomers of (80) in approximately equal proportions. It would
appear that the synthesis of (80) by either of the two routes investigated does not result in the
preferential formation of one of the two possible diastereoisomers of (80) over the other, but gives
a product composed of an approximately equal mixture of the two.

The C n.m.r. and 'H n.m.r. spectra of (80) were consistent with the structure of the product,

as compared with the corresponding spectra of this compound prepared earlier in the research.
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Diastereomeric splitting was again observed in the *C n.m.r. spectrum of (80) for all nucleosidic
carbons apart from C6, C2” and C3°, for the methylene (i.e. CH,CH,) and methyl groups, and
in addition to phosphorus coupling for CH,CH,OP. The resonances for the CCl; and CCI1,CH,OP
moieties again appeared as doublets due only to phosphorus-carbon coupling. The 'H nm.r.
spectrum of (80) again consisted of two closely spaced singlets for H2 due to diastereomeric
splitting, a single peak for H8, and multiplets for H2", H3", H4’, H5” and the protons of the
esterifying groups. These multiplets showed diastereomeric splitting in addition to proton-proton
coupling, while phosphorus-proton coupling was only observed for those protons within three
bonds of the phosphorus atom. The F.A.B. mass spectrum of (80) further confirmed the structural
assignment of this compound, showing a cluster of peaks due to the protonated molecular ion. The
isotopic pattern for these peaks and other chlorine containing fragments was characteristic of three
chlorine atoms in the intact molecule. Finally, analytical H.P.L.C. indicated that the product (80)
had been isolated in a pure state, with no contaminating araA.

A comparison of the two alternative pathways investigated for the synthesis of the 5”-alkyl
(2,2,2-trichloroethyl) phosphate triesters of araA, reveals that each route may be advantageous
under different circumstances. The first route studied for the preparation of these derivatives,
involving the standard procedure of synthesizing the appropriate phosphorylating agent and
subsequently reacting it with araA, would be preferable if only one particular 5°-alkyl
(2,2,2-trichloroethyl) phosphate triester of araA was required. This is apparent from the reaction
of araA with butyl 2,2,2-trichloroethyl phosphorochloridate (79) proceeding at a faster rate
(46 h vs. 382 h) and in slightly greater yield (29% vs. 25%) than the analogous conversion of
araA-5"bis(2,2,2-trichloroethyl) phosphate (43) to araA-5"-butyl (2,2,2-trichloroethyl) phosphate
(80) via a transesterification reaction. However, the latter route would offer a greater flexibility
for preparing a series of 5”-alkyl (2,2,2-trichloroethyl) phosphate triesters of araA once a supply
of araA-5-"bis(2,2,2-trichloroethyl) phosphate (43) had been synthesized, by avoiding the prior
need to prepare a series of alkyl 2,2,2-trichloroethyl phosphorochloridates for subsequent reaction

with araA.
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A final aim of this chapter of the research involved an attempt to isolate and characterize the
products resulting from the chemical hydrolysis of araA-5 *-bis(2,2,2-trifluoroethyl) phosphate (42),
araA-5’-bis(2,2,2-trichloroethyl) phosphate (43) and araA-5*-butyl (2,2,2-trichloroethyl) phosphate
(80). Previous studies have investigated the stability of simple 5”-dialkyl phosphate triesters of
araA'>'™ and their 5°-bis(2,2,2-trihaloethyl) counterparts'* in water at 37°C. These experiments
were carried out in order to determine whether the presence of the 2,2,2-trihaloethyl moieties in
(42) and (43) had successfully increased the susceptibility of these compounds to chemical
hydrolysis over their non-substituted 5 -dialkyl analogues. Under such conditions, the 5°-dialkyl
phosphate triesters of araA were found to be resistant to hydrolysis over several months*>'?,
araA-5’-bis(2,2,2-trichloroethyl) phosphate (43) showed no change over a week', and araA-5°-
bis(2,2,2-trifluoroethyl) phosphate (42) was completely converted to one much less lipophilic
product after a week'*. The *'P n.m.r. spectrum of the hydrolysis product showed a single peak
at 8 -0.75 ppm, downfield of the value of  -2.0 ppm for (42) (with both spectra run at 82 MHz
with referencing to external phosphoric acid and using D,0 as solvent). Analysis by *'P n.m.r.
spectrosopy and t.l.c. revealed that the hydrolysis product was neither araA nor araAMP.
Consequently, the diester araA-57-(2,2,2-trifluoroethyl) phosphate (89) (equation 34) was
suggested as the identity of the hydrolysis product. However, the latter was not fully isolated or
characterized.

There is particular interest in 5”-phosphate diesters of araA as these compounds would be
expected to be more promising prodrugs of araAMP than the 5°-phosphate triester derivatives.
This is because the former should be suitable substrates for the phosphodiesterase-mediated
hydrolysis to araAMP, while the latter would probably be dependent on chemical hydrolysis for
activation. However, there are also several disadvantages associated with these 5°-phosphate
diesters of araA as potential prodrugs of araAMP. Firstly, the presence of the negative charge on
the hydroxyl group of the 5°-phosphate diesters at physiological pH might retard the passive
diffusion of these compounds across the cell membrane relative to the 5°-phosphate triesters. It

is also possible that the 5°-phosphate diesters might undergo extracellular cleavage, induced by
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the enzyme phosphodiesterase. Additionally, the 5°-phosphate diesters are likely to be more
suitable substrates than the 5°-phosphate triesters for the enzyme alkaline phosphatase, which
mediates the conversion to the free nucleoside araA. If this were the case, the aim of obviating
the dependence of araA on nucleoside kinase-mediated phosphorylation to the 5”-monophosphate
would not have been achieved and the possibility of araA undergoing rapid deactivation by the
enzyme adenosine deaminase might arise.

The chemical hydrolysis of araA-57-bis(2,2,2-trifluoroethyl) phosphate (42) was duly
investigated with the aim of isolating and characterizing the hydrolysis product. A prerequisite for
this reaction was the synthesis of (42), requiring the prior preparation of the phosphorylating agent
bis(2,2,2-trifluoroethyl) phosphorochloridate (90)'2.

The synthesis of bis(2,2,2-trifluoroethyl) phosphorochloridate (90) involved an analogous
procedure to the one previously employed for the preparation of (90) in this Department'®. Thus,
two molar equivalents of both 2,2,2-trifluoroethanol and triethylamine were reacted with
phosphoryl chloride at -40°C, using diethyl ether as solvent (equation 35). The product (90) was
isolated as a colourless oil in 65% yield, following vacuum distillation. The *'P n.m.r. spectrum
of the distillate showed a single peak at 8 5.67 ppm, which agrees well with the value of 8 5.61
ppm for this compound'®. The *C n.m.r and 'H n.m.r. spectra of (90) were consistent with the
structure of the product, as compared with those reported in previous work'®, It is of interest to
note that all the resonances in the *C n.m.r. and 'H n.m.r. spectra of (90) showed fluorine
coupling. The F.A.B. mass spectrum of (90) further confirmed the identity of this phosphorylating
agent, showing a cluster of peaks due to the protonated molecular ion. The isotopic pattern for
these peaks and other chlorine containing fragments was characteristic of one chlorine atom in the
intact molecule.

AraA-5’-bis(2,2,2-trifluoroethyl) phosphate (42) was subsequently prepared by the reaction
of bis(2,2,2-trifluoroethyl) phosphorochloridate (90) with araA in pyridine at 0°C (equation 36).
The method involved was analogous to the one previously reported for the synthesis of (42)'%,

except that the reaction was carried out at 0°C, rather than at ambient temperature, to ensure a
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more controlled reaction. The product (42) was isolated as a white solid in 46% yield, following
column chromatography and repeated trituration with diethyl ether. The *'P n.m.r. spectrum of (42)
showed a single peak at 8(D,0) -2.02 ppm, agreeing well with the value of & (D,0) -2.00 ppm
for this compound'*®. The 'H n.m.r spectrum of (42) was consistent with the structure of the
product, as compared with previously reported values'*, and further confirmed the identity of this
compound.

Following the successful preparation of araA-5”-bis(2,2,2-trifluoroethyl) phosphate (42), this
compound was subjected to chemical hydrolysis under aqueous conditions. Thus, (42) was
dissolved in deionized water and the resulting solution initially stirred at ambient temperature. The
course of the reaction was followed by t.l.c. After 310 hours stirring at ambient temperature, t.1.c.
indicated that approximately half of the starting material (42) had been converted to a much less
lipophilic product. The reaction was allowed to warm to 37°C to encourage it to proceed to
completion, the latter being achieved after a further 271 hours stirring at this temperature. An
aqueous/organic extraction was carried out to remove any impurities of the by-product 2,2,2-
trifluoroethanol. The hydrolysis product (89) was isolated as a white solid in 99% yield, following
lyophilization of the aqueous layer. The *'P n.m.r. spectrum of the hydrolysis product showed a
single peak at & -0.74 ppm, agreeing well with the value of § -0.75 ppm for (89) reported in
previous work'** and appearing downfield of the value of & -2.02 ppm for the starting material (42)
(with all the spectra being run at 82 MHz with referencing to external phosphoric acid and using
D,0 as solvent). A comparison of the t.l.c. properties of the hydrolysis product with those of araA
(more lipophilic) and adenosine-5 “-monophosphate (AMP) (less lipophilic), appear to rule out
araA and araAMP as possible identities of this compound. The most likely explanation is that
araA-5”-bis(2,2,2-trifluoroethyl) phosphate (42) undergoes chemical hydrolysis of only one of the
2,2,2-trifluoroethoxy moieties to give the diester, araA-5"-(2,2,2-trifluoroethyl) phosphate (89)
(equation 37).

The C n.m.r. and 'H n.m.. spectra of the hydrolysis product provided further evidence for

the diester (89) as the identity of this compound. The “C n.m.r. spectrum was assigned by
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comparison with the spectra of araA'®® and 2,2,2-trifluoroethanol'®, rather than the corresponding
spectrum of (42), since the latter had unfortunately not been recorded. Doublets were observed for
C4” and C5° due to phosphorus coupling, indicating the retention of the 5°-phosphate in the
hydrolysis product. It is of interest to note that the shift of 8 61.13 ppm for C5” is comparable
with that of 8 61.0 ppm for C5° of araA'®®, rather than appearing significantly downfield of this
value as found for some 5°-phosphate triesters of araA'**'*, The spectrum of (89) displayed a
downfield shift for the C4” resonance relative to the C1” resonance, contrasting with the former
being observed upfield of the latter as reported for some 5°-phosphate triesters of araA'*'*, The
CF,CH,OP and CF,CH,OP resonances both appeared as a quartet of doublets, due to the coupling
of each carbon atom with three equivalent fluorine atoms (giving a quartet) and a phosphorus atom
(splitting each signal of the quartet into a doublet). The CF,CH,OP resonance showed a large one
bond fluorine-carbon coupling constant of 277 Hz, while a smaller two bond coupling constant
of 36.4 Hz was observed for the CF,CH,OP resonance. These coupling constants were of the
expected magnitude for their respective types of coupling'®. It is also of interest to note that the
three bond phosphorus-carbon coupling constant of 9.8 Hz for the CF,CH,OP resonance was larger
than the two bond coupling constant of 4.7 Hz for the CF,CH,OP resonance.

The 'H n.m.r. spectrum of the hydrolysis product was similar to that of the starting material
(42), showing single peaks for the base protons H2 and H8, and a doublet for H1” due to coupling
with H2”. However, the unresolved multiplet assigned to the H2”, H3”, H4°, H5" and CH,OP
resonances integrated for seven protons in the spectrum of the hydrolysis product, as opposed to
nine protons for the corresponding signal in the spectrum of (42). This was consistent with (89)
as the identity of the hydrolysis product. The F.A.B. mass spectrum of the hydrolysis product
further confirmed the structural assignment of this compound, with a peak observed for the
molecular ion of (89) at m/e 429. Prominent peaks appeared at m/e 250 and m/e 136 due to
(MH" - (CF,CH,0)(HO)PO,H) and protonated adenine respectively, while minor peaks of interest
included those assigned to CF,CH," and CF;". Finally, reverse phase analytical H.P.L.C. revealed

that the product (89) had been isolated in a pure state, with no contaminating araA.
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The chemical hydrolysis of araA-5 “-bis(2,2,2-trichloroethyl) phosphate (43) was subsequently
investigated under more vigorous conditions than those employed in the analogous reaction
involving (42), due to the previously reported stability of (43) in water at 37°C over a week'.
Thus, (43) was dissolved in deionized water, stirred at reflux, and the course of the reaction
followed by t.l.c. After 93 hours stirring at reflux, t.l.c. indicated that the reaction had proceeded
to completion with all of the araA-57-bis(2,2,2-trichloroethyl) phosphate (43) having been
converted to a much less lipophilic major component. A minor component, less lipophilic than
(43), was also observed and identified as araA. An aqueous/organic extraction was carried out to
remove any impurities of the by-product 2,2,2-trichloroethanol, and solvent was removed from the
aqueous layer by lyophilization to give a white solid. The *'P n.m.r. spectrum of the hydrolysis
product showed a single peak at & -2.24 ppm, appearing downfield of the value of & -3.83 ppm
for the starting material (43) (with both spectra being run at 82 MHz with referencing to external
phosphoric acid and using CH,OD as solvent). A comparison of the t.l.c. properties of the
hydrolysis product with those of araA (more lipophilic) and AMP (less lipophilic), appear to rule
out araA and araAMP as possible identities of this compound. The most likely explanation is that
araA-5°-bis(2,2,2-trichloroethyl) phosphate (43) undergoes chemical hydrolysis of only one of the
2,2,2-trichloroethoxy moieites to give the diester, araA-5”-(2,2,2-trichloroethyl) phosphate (91)
(equation 38).

Recrystallization of a sample of the crude hydrolysis product was ineffective in removing the
trace of araA shown to be present by t.l.c. analysis. Reverse phase preparative H.P.L.C. also
proved unsuccessful in purifying a second sample of the crude hydrolysis product, with the latter
appearing to be unstable under the eluent conditions employed. Unfortunately, time did not allow
for the resynthesis of araA-5°-bis(2,2,2-trichloroethyl) phosphate (43) and a further attempt to
isolate and characterize the product resulting from the subsequent chemical hydrolysis of this
compound under aqueous conditions at reflux.

An appropriate conclusion to this series of studies was an investigation into the chemical

hydrolysis of araA-5"-butyl (2,2,2-trichloroethyl) phosphate (80). Thus, (80) was subjected to
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chemical hydrolysis in an analogous manner to (43), except that the reaction mixture was stirred
at reflux for a longer period of time. After 118 hours stirring at reflux, t.l.c. indicated that the
reaction had proceeded to completion with all of the araA-5”-butyl (2,2,2-trichloroethyl) phosphate
(80) having been converted to a much less lipophilic major component. A minor component, less
lipophilic than (80), was also observed and identified as araA. Following an aqueous/organic
extraction, solvent was removed from the aqueous layer by lyophilization to give a white solid.
The 3P n.m.r. spectrum of the hydrolysis product showed a major peak at 8 -0.074 ppm and a
minor peak at -0.723 ppm, both appearing downfield of the value of & -1.99 ppm for the starting
material (80) (with both spectra being run at 82 MHz with referencing to external phosphoric acid
and using D,0 as solvent). A comparison of the t.l.c. properties of the hydrolysis product with
those of araA (more lipophilic) and AMP (less lipophilic), appear to rule out araA and araAMP
as possible identities of this compound. A consideration of the resistance to chemical hydrolysis
previously noted for 5°-dialkyl phosphates of araA in water at 37°C over several months'* and
the present investigations involving araA-5”-bis(2,2,2-trichloroethyl) phosphate (43), suggest that
(80) probably undergoes chemical hydrolysis of only the more labile 2,2,2-trichloroethoxy moiety
to give the diester, araA-5"-butyl phosphate (92) (equation 39a).

Attempted purification of a sample of the crude hydrolysis product by recrystallization proved
ineffective in removing the trace of araA shown to be present by t.l.c. analysis. However, a second
sample of the crude hydrolysis product was successfully purified by reverse phase preparative
H.P.L.C., yielding a white solid. The *'P n.m.r. spectra of the hydrolysis product now showed a
single peak at & -0.649 ppm. A comparison of this spectrum (run at 164 MHz) with that of the
crude hydrolysis product (run at 82 MHz) suggested that the minor product might have been
isolated rather than the major product. However, this was believed to be inconclusive due to the
referencing of only the spectrum of the crude hydrolysis product to extemal phosphoric acid and
the use of different spectrometers. Furthermore, analytical H.P.L.C. data identified the isolated
product as the major component of the crude product, the former showing a comparable retention

time to the major peak of the latter under the same conditions.
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The *C n.m.r. and 'H n.m.r. spectra of the hydrolysis product were not consistent with (92)
as the proposed structure for this compound. The *C n.m.r. spectrum of the hydrolysis product
unexpectedly revealed the presence of phosphorus-coupled doublets for the CCl, and CC1,CH,OP
resonances in addition to peaks for the nucleosidic carbon atoms, while no resonances were
observed for the BuOP moiety. Phosphorus-coupled doublets were observed for C5° and C4°,
indicating the retention of the 5°-phosphate. The shift of the C5” doublet at & 66.88 ppm was
significantly downfield of the shift of & 61.0 ppm for the C5° resonance of araA'®, also
suggesting the presence of 5°-phosphorylation. The 'H n.m.r spectrum of the hydrolysis product
similarly showed peaks due to the CCl,CH,OP moiety in addition to the nucleosidic protons, and
the absence of peaks for the BuOP moiety. These data suggest that the identity of the compound
isolated from the crude product obtained on chemical hydrolysis of araA-5’-butyl (2,2,2-
trichloroethyl) phosphate (80) was the diester, araA-57-(2,2,2-trichloroethyl) phosphate (91)
(equation 39b).

If (91) was indeed the identity of the hydrolysis product, the *'P n.m.r. spectrum of this
compound would be expected to show a comparable shift to that of the crude product resulting
from the chemical hydrolysis of araA-5"-bis(2,2,2-trichloroethyl) phosphate (43) and believed to
be the diester (91). However, the shift of 8(D,0) -0.64 ppm (run at 164 MHz) of the product
resulting from the hydrolysis of (80) is significantly downfield of the shift of (CH,0D) -2.24 ppm
(run at 82 MHz) of the product resulting from the chemical hydrolysis of (43). This disagreement
in shifts was believed to be due to the use of different n.m.r. solvents and spectrometers for
recording the two spectra and the referencing of only the latter spectrum (run at 82 MHz) to
external phosphoric acid, so it would be inappropriate to draw any conclusions from such a
comparison.

Further evidence for the diester (91) as the identity of the hydrolysis product was provided by
the F.A.B. mass spectrum of this compound, with a cluster of minor peaks being observed for the
molecular ion of (91). The isotopic pattemn for these peaks and other chlorine containing fragments

was characteristic of three chlorine atoms in the intact molecule. A prominent peak appeared at
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m/e 136 due to protonated adenine, while minor peaks of interest included those assigned to
CCl,CH,0PO,H*, CCI,CH,0POH* and CCI,CH,". Finally, reverse phase analytical H.P.L.C.
revealed that the hydrolysis product had been isolated in a pure state, with no contaminating araA.
Additionally, the hydrolysis product was found to have an identical retention time to the major
component of the crude product resulting from the chemical hydrolysis of araA-5”-bis(2,2,2-
trichloroethyl) phosphate (43) and believed to be the diester (91). It was clearly unexpected that
araA-5"-(2,2,2-trichloroethyl) phosphate (91) should be identified as the product obtained on
chemical hydrolysis of araA-5"-butyl (2,2,2-trichloroethyl) phosphate (80) under aqueous
conditions at reflux. Unfortunately, time did not allow for a repeat of the experiment to fully
establish the course of this reaction.

The above experiments have concentrated on the isolation and characterization of the products
resulting from the chemical hydrolysis of araA-5’-bis(2,2,2-trifluoroethyl) phosphate (42), araA-
57-bis(2,2,2-trichloroethyl) phosphate (43), and araA-5 “-butyl (2,2,2-trichloroethyl) phosphate (80).
However, it would also have been of interest to carry out some kinetic studies investigating the
stability of compounds (42), (43) and (80) under conditions of varying pH (using buffer solutions)
and in human plasma. Additionally, it would have been worthwhile to determine the stability of
the 57 -phosphate diesters of araA in human plasma and the susceptibility of these derivatives to
the enzyme phosphodiesterase. Unfortunately, their was insufficient time to carry out these

investigations but they may lead to scope for future research.

The biological activities of the 5”-alkyl (2,2,2-trichloroethyl) phosphates of araA (80), (83)
and (86), and the diester araA-5"-(2,2,2-trichloroethyl) phosphate (91) were evaluated by
determining the ability of these compounds to inhibit the synthesis of cellular DNA
using the in vitro tritiated thymidine incorporation assay developed by Riley and co-workers'®,
in an entirely analogous manner to the procedure employed for the testing of some 5 “-phosphate
triesters of araA and their 5°-phosphinate ester counterparts'’*> (discussed earlier in chapter 2).

Each experiment was carried out at least twice on cells of different passage number and
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the mean % inhibition of DNA synthesis (relative to the distilled water control) and standard error
of the mean (SEM) were calculated for each set of % inhibition values (tables 3, 5, biological
testing section). A two-tail student’s t-test was used to determine the degree of significant
difference between the mean % inhibition values of two compounds at a given concentration. This
data was subsequently used to determine the probability of this difference being statistically
significant (tables 4, 6, biological testing section).

Firstly, the in vitro biological activities of the 5”-alkyl (2,2,2-trichloroethyl) phosphates of
araA, araA-5’-ethyl (2,2,2-trichloroethyl) phosphate (86), araA-5”-propyl (2,2,2-trichloroethyl)
phosphate (83) and araA-5 “-butyl (2,2,2-trichloroethyl) phosphate (80), were evaluated along with
their respective 5 -dialkyl analogues, araA-5 “-diethyl phosphate (38), araA-5 *-dipropyl phosphate
(39) and araA-5’-dibutyl phosphate (40). The latter three compounds have been previously
synthesized and biologically evaluated in this Department'*>. However, it was felt that the inclusion
of (38), (39) and (40) in the same experiment as (86), (83) and (80) would allow for a fairer
comparison between the biological activities of these two sets of compounds.

The results of the assay are presented as a bar chart (figure 26), in which the mean %
inhibition of DNA synthesis (relative to the distilled water control) is plotted against compound
at final concentrations of 0.03 mM and 0.003 mM. This graph clearly illustrates the relationship
between the compounds and their biological activity. Each of the compounds tested displays an
inhibitory effect on DNA synthesis in vitro, and in every case a dose-response is evident.
Considering the higher concentration of 0.03 mM, the 5”-alkyl (2,2,2-trichloroethyl) phosphate
triesters of araA (86), (83) and (80) show an increasing biological activity with increasing chain
length of their constituent alkyl group, as observed in previous work'® (as well as in the present
study) for the 5”-dialkyl phosphate triesters of araA. However, a comparison of the biological
activities of the 57 -alkyl (2,2,2-trichloroethyl) phosphate triesters of araA (86), (83) and (80) with
their respective 5”-dialkyl counterparts (38), (39) and (40), reveals that replacing an alkyl chain
by a 2,2,2-trichloroethyl moiety enhances the biological activity of the former over the latter.

Indeed, a two-tail student’s t-test (table 4, biological testing section) indicates that these

102



4 E

5555%555

8)=":

8) (:



differences are significant (i.e. P < 5%) for (86) vs. (38), (83) vs. (39), and (80) vs. (40). It is also
of interest to note that compounds (86) and (83) display biological activities which do not differ
significantly from that of araA, while compound (80) shows a biological activity significantly
greater than araA. However at the lower concentration of 0.003 mM, the 5”-alkyl (2,2,2-
trichloroethyl) phosphates of araA (86), (83) and (80) display comparable biological activities to
their respective 5°—dialkyl analogues (38), (39) and (40), probably reflecting the weaker effects
at lower concentrations of compound. The two-tail student’s t-test indicates that these differences
in biological activities are not significant (i.e. P > 5%). Additionally, compounds (86) and (83)
show biological activites significantly lower than araA, while compound (80) displays a biological
activity which does not differ significantly from araA.

The biological activity of the diester araA-5"-(2,2,2-trichloroethyl) phosphate (91) was
subsequently evaluated along with araA-5"-butyl (2,2,2-trichloroethyl) phosphate (80) (from which
it was derived) and araA-5°-bis(2,2,2-trichloroethyl) phosphate (43). It would be of interest to
discover whether (extracellular) hydrolysis adversely or beneficially affected the activity of the
parent compound (80) and the related compound (43). The results of the assay are presented in
a bar chart (figure 27), in which the mean % inhibition of DNA synthesis (relative to the distilled
water control) is plotted against compound at final concentrations of 0.03 mM and 0.003 mM.
Considering the higher concentration of 0.03 mM, compounds (91) and (80) are equi-active. The
5°-diester (91) also displays a slightly greater biological activity than araA and a greater biological
activity than (43), with the inhibition value of the latter being lower than the corresponding value
for araA. A two-tail student’s t-test (table 6, biological testing section) indicates that these
differences in biological activities are significant (i.e. P < 5%). However at the lower concentration
of 0.003 mM, comparable biological activities are observed for araA, (91), (80) and (43), probably
reflecting the weaker effects at lower concentration of compound. These results contrast with those
reported in previous work'*®, where the diester araA-5”-(2,2,2-trifluoroethyl) phosphate (89)
resulting from the chemical hydrolysis of araA-5-bis(2,2,2-trifluoroethyl) phosphate (42) (but not

isolated or fully characterized prior to its inclusion in the biological assay) showed a much lower
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biological activity than (42). A possible explanation for this may lie in the greater lipophilicity of
the chlorine atoms relative to the fluorine atoms in the 2,2,2-trihaloethyl moieties of these diesters,
(91) and (89) respectively.

Thus, some interesting relationships were observed between the structures of the compounds
tested and their ability to inhibit the synthesis of DNA in vitro. These may lead to scope for
future research and development. The effect of introducing a 2,2,2-trichloroethyl moiety into a
5’-phosphate derivative of araA is particularly noteworthy, and in the case of araA-5"-butyl
(2,2,2-trichloroethyl) phosphate (80) appears to cause a slight but significant enhancement in the

biological activity of the parent drug araA.
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Chapter 4: 5°-Aryl phosphate triesters of araA

Recent research (chapter 3) has revealed that mixed, unsymmetrical 5°-phosphate triesters
of araA containing only one 2,2,2-trichloroethyl group at the 5°-phosphate site, i.e. the series of
57-alkyl (2,2,2-trichloroethyl) derivatives, show an enhanced biological activity over their simple
5°-dialkyl counterparts. It would be of interest to extend this study to include 5 -aryl phosphate
triesters of araA, especially in view of the fact that araA-5”-diphenyl phosphate (61) was reported
to be equi-active with araA, when evaluating the biological activity of some 5 -phosphate triesters
of araA in comparison with their analogous 5 -phosphinate esters to elucidate the mechanism of
action of the former type of compound'”%. Thus, an investigation was carried out into the synthesis
and biological evaluation of the mixed, unsymmetrical 5°-phosphate triester of araA containing
one simple aryl group and one simple alkyl group, namely araA-5°-ethyl phenyl phosphate (94),
and subsequently the corresponding derivative containing one simple aryl group and one

substituted alkyl group, namely araA-5°-(2,2,2-trichloroethyl) phenyl phosphate (97) (figure 28).

Figure 28
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Additionally, it would be of interest to discover the effect of changing the para-substituent of the
aryl group of some 5”-aryl (2,2,2-trichloroethyl) phosphate triesters of araA on the biological

activity of these compounds.
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The preparation of araA-5"-ethyl phenyl phosphate and some 5”-aryl (2,2,2-trichloroethyl)
phosphate triesters of araA generally involved the synthesis of the appropriate phosphorylating
agent, in this case ethyl phenyl phosphorochloridate and a number of aryl 2,2,2-trichloroethyl
phosphorochloridates, and its subsequent reaction with unprotected araA. Two altenative routes
were employed for the synthesis of the required phosphorochloridates. Firstly, ethyl phenyl
phosphorochloridate and the majority of the aryl 2,2,2-trichloroethyl phosphorochloridates were
prepared via ethyl phosphorodichloridate!'®** and 2,2,2-trichloroethyl phosphorodichloridate'**%*
respectively, and their subsequent reaction with the required aryl alcohol. Several alternative
methods are available for the synthesis of phosphorodichloridates'’ (as discussed in chapter 3).
The method of choice involved the reaction of phosphoryl chloride with one molar equivalent of
both the appropriate alcohol and triethylamine in diethyl ether solvent at reduced temperature
(equation 40). This procedure was analogous to the one employed in the earlier preparation of a
series of alkyl phosphorodichloridates (chapter 3). The tertiary base triethylamine was again
present in the reaction mixture to remove the hydrogen halide by-product by precipitation as
triethylamine hydrochloride.

Ethyl phosphorodichloridate and 2,2,2-trichloroethyl phosphorodichloridate were subsequently
reacted with one molar equivalent of both the appropriate aryl alcohol and triethylamine at reduced
temperature, using diethyl ether as the solvent, to give ethyl phenyl phosphorochloridate and the
required aryl 2,2,2-trichloroethyl phosphorochloridates respectively (equation 41). This reaction
of a primary phosphorodichloridate with an alcohol to give a secondary phosphorchloridate may
take place in the absence or presence of base'®, The use of the tertiary organic base triethylamine
was again favoured for the removal of the hydrogen chloride by-product, rather than carrying out
the reaction under reduced pressure or the bubbling of an inert gas through the reaction mixture'*,
since the reaction is more controllable under the former conditions.

An alternative route to a few of the aryl 2,2,2-trichloroethyl phosphorochloridates was
employed in cases where the required commercial aryl phosphorodichloridate was available. The

method then involved the reaction of the appropriate aryl phosphorodichloridate with one molar
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Equation 40

Et,O
POCl; + ROH + Ex3N - ROPOCl, + ENHCI
-78°C to RT
(R = alkyl or 2,2,2-trihaloethyl)
Equation 41
Et,0
ROPOCl, + ArOH + EuN »  (ArO)(RO)POC1 + Et;NHCI
-78°C to RT

(Ar=aryl,
R = alkyl or 2,2,2-trihaloethyl)

Equation 42

ArOPOCl, + CCLCH,0H + EiN

(Ar = aryl)

Equation 43

N

(ArO)(RO)POC1 + HO 0

HO
OH

(Ar = aryl,
R = alkyl or 2,2,2-trihaloethyl)

NH,
Y
| A\
'\\N N

Et,O
» (ArO)(CCL,CH,0)POCI + Ef;NHCI
-78°C to RT
NH,
-z N
X
N
pyridine 0 N N
]
—_— ArQO— IID —0 0
0°CtoRT RO HO
OH
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equivalent of both 2,2,2-trichloroethanol and triethylamine in diethyl ether solvent at reduced
temperature (equation 42), in an analogous manner to the procedure involved in the earlier
synthesis of a series of alkyl 2,2,2-trichloroethyl phosphorochloridates (chapter 3), except for the
use of an aryl phosphorodichloridate rather than an alkyl phosphorodichloridate.

These mixed, unsymmetrical aryl phosphorochloridates, obtained by one of the two routes
outlined above (equations 40 and 41, or equation 42), were subsequently reacted with
unprotected araA in pyridine at reduced temperature to give araA-5”-ethyl phenyl phosphate and
the required 5°-aryl (2,2,2-trichloroethyl) phosphate triesters of araA (equation 43). This
methodology had been successfully employed in the earlier synthesis of a series of mixed,

unsymmetrical 5" -alkyl (2,2,2-trichloroethyl) phosphate triesters of araA (chapter 3).

The synthesis of the first target compound, araA-5’-ethyl phenyl phosphate (94), proceeded
via the route outlined above involving the preparation of the required alkyl aryl
phosphorochloridate from ethyl phosphorodichloridate (84). Ethyl phenyl phosphorochloridate (93)

has been previously synthesized by several alternative methods'®®, some examples include:

(1) The reaction of phenyl phosphorodichloridate with one molar equivalent of ethanol, while
removing the hydrogen chloride by-product by passing a stream of carbon dioxide through the

reaction mixture and then under reduced pressure'?’.

PhOPOCl, + EtOH —— (PhO)(EtO)POCl + HCl

(2) The reaction of ethyl phenyl phosphite (prepared from phenyl dichlorophosphite and ethanol)
with sulphuryl chloride in carbon tetrachloride solvent, while removing the volatile by-products

and solvent by passing dry air through the reaction mixture under reduced pressure'*®,

(PhO)EtO)PHO + SO,ClL, ——=  (PhO)EIO)POCI + SO, + HCl
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The present synthesis of ethyl phenyl phosphorochloridate (93) involved the reaction of ethyl
phosphorodichloridate (84), prepared earlier (as discussed in chapter 3), with one molar equivalent
of both phenol and triethylamine in diethyl ether solvent at -78°C (equation 44). Possible
impurities resulting from this reaction include unreacted ethyl phosphorodichloridate, ethyl
diphenyl phosphate, and hydrolyzed material. It was hoped to minimize the formation of these
by-products by the scrupulous drying of the reagents prior to the reaction, the slow addition of the
reagents at reduced temperature under an atmosphere of nitrogen, and using an excess of solvent
to dilute the reaction mixture.

After allowing the reaction mixture to warm to ambient temperature with stirring overnight,
followed by a further 50 hours stirring at this temperature, the precipitated tricthylamine
hydrochloride was filtered off and solvent removed under reduced pressure. The resulting cloudy
oil was extracted with hexane to give the product (93) as a colourless oil in 100% yield. The *'P
n.m.r. spectrum of (93) showed a single peak at § -2.34 ppm, comparing with the values of d 2.8
ppm for diethyl phosphorochloridate'***® and § -6.2 ppm for diphenyl phosphorochloridate'*®. The
C n.m.r. and 'H n.m.r. spectra of (93) were consistent with the structure of the product, showing
signals due to both the EtOP and PhOP moieties. These spectra were assigned by comparison with
the corresponding spectra of phenol'®'®® and ethanol'®*'®, The *C n.m.r. spectrum showed
phosphorus-coupled doublets for the ipso-Ph, ortho-Ph, methylene and methyl resonances. Other
signals in the spectrum, due to carbon atoms further than three bonds away from the phosphorus
atom, appeared as singlets with no phosphorus coupling. The 'H n.m.r. spectrum consisted of
multiplets at & 7.19 - 7.40 ppm (the PhOP resonance), & 4.37 ppm (the CH,OP resonance) and
d 1.43 ppm (the CH, resonance). The E.I. mass spectrum of (93) (figure 29) further confirmed
the structural assignment of this phosphorylating agent, showing a cluster of peaks due to the
molecular ion. The isotopic pattern for these peaks and other chlorine containing fragments was
characteristic of one chlorine atom in the intact molecule. The base peak was observed at m/e 94
due to CqH;OH* and other prominent peaks included those assigned to (MH* - Etf) and CJH,".

Satisfactory microanalysis data were also obtained on (93), indicating the purity of the product.
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Equation 44
Et,0
EtOPOCl, + PhOH + EN —  (PhO)}EtO)POC1 + ENHCI

-78°Cto RT
(84) 93)

Figure 29: E.I. mass spectrum of (93)
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Equation 45
NH, NH,
NZ N N? N
k\)j': 9 Oy
N~ °N pyridine o N->N
[
(PhO)(EtO)POCI + HO o ~  P0—F—0 )
HO 0°C to RT EtO HO
OH -
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The synthesis of araA-5-ethyl phenyl phosphate (94) involved the subsequent reaction of two
molar equivalents of ethyl phenyl phosphorochloridate (93) with araA in pyridine at 0°C
(equation 45). The reaction employed two molar equivalents of phosphorochloridate since this
amount of phosphorylating agent had been required to drive some analogous reactions to
completion in the earlier synthesis of a series of 5 -alkyl (2,2,2-trichloroethyl) phosphate triesters
of araA (chapter 3). After stirring initially at 0°C for an hour, the reaction mixture was allowed
to warm to ambient temperature and stirred at this temperature for a further 21 hours. T.l.c.
indicated that the reaction had proceeded to completion, with all of the araA having reacted to give
a more lipophilic major component assumed to be due to the required product araA-5"-ethyl
phenyl phosphate (94). Two even more lipophilic minor components were also observed. The
reaction mixture was quenched with deionized water to remove any excess phosphorylating agent.
Pyridine was removed and the resulting residue was purified by column chromatography using a
methanol-chloroform eluent. The product, although appearing pure by t.l.c. analysis, was shown
to be slightly impure by *P n.m.r. spectroscopy. After further purification by column
chromatography, employing a slower methanol-ethyl acetate eluent, the product (94) was isolated
as a white solid in 40% yield.

The *'P n.m.r. spectrum of (94) (figure 30) showed two closely spaced singlets of similar
intensity at & -5.89 ppm and 3 -6.01 ppm, corresponding to the presence of an approximately equal
mixture of the two possible diastereoisomers of (94) (figure 31) in the product. This isomerism
arises from the asymmetry at the chiral phosphorus centre. The shift of these peaks compares with
the values of 8 -0.70 ppm for araA-5” -diethyl phosphate™® and & -11.25 ppm for araA-5* -diphenyl
phosphate'”>. The ®C n.m.r. and 'H n.m.r. spectra of (94), assigned by comparison with the
corresponding spectra of araA-5’-diethyl phosphate'® and araA-5’-diphenyl phosphate'™, further
confirmed the identity of the product and its diastercomeric nature. The latter was evident in both
spectra by the duplication of many of the peaks in the same ratio (i.e. 1:1) as observed in the
*IP n.m.r. spectrum. The multiplicity of these signals indicates the non-equivalence of the carbon

atoms and protons in the two diastereoisomers of the product. The *C n.m.r. spectrum, for
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Figure 30: 3P namer. spectrum of (94)
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Figure 31: Diastereoisomers of (94)
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example, showed diastereomeric splitting for all nucleosidic carbon atoms except for C6, C5, and
C27 or C3”. Further splitting due to phosphorus-carbon coupling was observed for the resonances
of some of the carbon atoms within three bonds of the phosphorus atom, with the appearance of
two doublets for C4°, and multiplets for C5° and CH,OP due to the overlap of these splittings.
Only phosphorus coupling was observed for the doublets assigned to the ipso-Ph and methyl
groups. Evidence that (94) was the product of 5°-phosphorylation and not 2°- or 3°-
phosphorylation was provided by the multiplet for C5° at & 69.03 ppm appearing significantly
downfield compared with the value of 61.0 ppm for C5” of araA!®, The 'H n.m.r. spectrum also
showed diastereomeric splitting for a number of peaks in the spectrum, e.g. two distinct signals
were observed for the base proton H2. The H1” resonance appeared as two doublets due to both
proton-proton coupling and diastereomeric splitting. The spectrum also featured separate multiplets
for the PhOP, H2“, H3” and methyl resonances, while the signals due to H4“, H5* and CH,OP
comprised an unresolved multiplet.

The F.A.B. mass spectrum of (94) further confirmed the structural assignment of this
compound, showing a prominent peak due to the protonated molecular ion and a minor peak due
to the molecular ion plus sodium from the matrix. The base peak was observed at m/e 136 due
to protonated adenine. A minor peak at m/e 203 was assigned to (PhO)(EtO)P(OH),", while other
peaks indicative of a phenyl moiety included those at m/e 175 and m/e 94 due to PhOP(OH),* and
C¢H;OH" respectively. Finally, microanalysis data and reverse phase analytical H.P.L.C. revealed
that the product (94) had been isolated in a pure state. The latter technique displayed only one
signal rather than the two expected for the diastereomeric product (94), presumably due to the
coincidence of these peaks under the conditions employed, and also indicated the absence of

contaminating araA.

An investigation into the synthesis of araA-5°-(2,2,2-trichloroethyl) phenyl phosphate (97)
and araA-5"-(2,2,2-trichloroethyl) p-nitrophenyl phosphate (100) was subsequently carried out. The

proposed route to these compounds, by contrast to that employed in the synthesis of
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araA-5"-ethyl phenyl phosphate (94), involved the preparation of the required aryl 2,2,2-
trichloroethyl phosphorochloridate from the appropriate commercial aryl phosphorodichloridate.
Thus, 2,2,2-trichloroethyl phenyl phosphorochloridate (96) and 2,2,2-trichloroethyl p-nitrophenyl
phosphorochloridate (99) were prepared by the reaction of the appropriate aryl
phosphorodichloridate with one molar equivalent of both 2,2,2-trichlorethanol and triethylamine
in diethyl ether solvent at -78°C (equation 46). Possible impurities resulting from these reactions
include unreacted aryl phosphorodichloridate, aryl bis(2,2,2-trichloroethyl) phosphate, and
hydrolyzed material. It was hoped to minimize the formation of these by-products by the usual
procedure involving the scrupulous drying of the reagents prior to the reaction, the slow addition
of the reagents at reduced temperature under an atmosphere of nitrogen, and using an excess of
solvent to dilute the reaction mixture.

Firstly, 2,2,2-trichloroethyl phenyl phosphorochloridate (96) was prepared by the addition of
one molar equivalent of both 2,2,2-trichloroethanol and triethylamine to commercial phenyl
phosphorodichloridate (95) at -78°C, using diethyl ether as the solvent (equation 46). After
allowing the reaction mixture to warm to ambient temperature with stirring overnight, followed
by a further 30 hours stirring at this temperature, the precipitated triethylamine hydrochloride was
filtered off and solvent removed under reduced pressure. The *'P n.m.r. spectrum of the product,
obtained after extraction with hexane, showed a major peak at & -2.55 ppm due to 2,2,2-
trichloroethyl phenyl phosphorochloridate. The chemical shift of this peak compares with the value
of & -2.34 ppm for (93), and is approximately intermediate between the values of § 1.30 ppm for
bis(2,2,2-trichloroethyl) phosphorochloridate'®® and 8 -6.2 ppm for diphenyl phosphorochloridate!™,
A minor peak was also observed at 8 -11.17 ppm, probably due to phenyl bis(2,2,2-trichloroethyl)
phosphate and comparing with a value of § -12.0 ppm for ethyl diphenyl phosphate'®,

Although not entirely pure, additional spectra were obtained on (96), further confirming the
structural assignment of this phosphorylating agent. The °C n.m.r. and 'H n.m.r. spectra, assigned
by comparison with the corresponding spectra of 2,2,2-trichloroethanol and phenol'*2!%, showed

signals due to both the CC,CH,0OP and PhOP moieties. The *C n.m.r. spectrum of (96) was
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Equation 46
Et,O

ATOPOCl, + CCLCH,0H + EttN —— =  (ArO)(CCL,CH,0)POCl + ENHCI

-78°Cto RT
(95) R=Ph (96) R =Ph
(98) R = p-NO,Ph (99) R = p-NO,Ph
Figure 32: E.I. mass spectrum of (96)
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Equation 47
NH, NH,
NZNN NN
X Y
N N pyridine 0 N N
l
(ArO)(CC1,CH,O)POCl + HO 0 —_— ArQ—P—0 0
|
HO 0°Cto RT CCI;CH-0 HO
OH OH
(96) R =Ph (Y7) R=Ph
(99) R = p-NO-Ph (100) R = p-NO,Ph
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similar to the spectrum of (93), with phosphorus-coupled doublets observed for all the carbon
atoms within three bonds of the phosphorus atom. However, the doublet assigned to the
CCI1,CH,OP moiety of (96) appeared further downfield than the corresponding resonance for the
CH,CH,OP moiety of (93), probably due to the deshielding effect of the chlorine atoms.
The 'H n.m.r. spectrum of (96) consisted of multiplets at & 7.23-7.43 ppm (the PhOP resonance)
and § 4.74 ppm (the CCl,CH,OP resonance). An E.I. mass spectrum was also obtained on (96)
(figure 32), showing a cluster of peaks for the molecular ion. The isotopic pattem for these peaks
and other chlorine containing fragments was characteristic of four chlorine atoms in the intact
molecule. The base peak was observed at m/e 94 due to C;H;OH" and other prominent peaks
included those due to (MH* - CCl,CH,) and C,H,".

2,2,2-Trichloroethyl p-nitrophenyl phosphorochloridate (99) was prepared in an entirely
analogous manner to (96). A colourless oil was obtained, following work-up of the reaction
mixture and extraction of the resulting cloudy oil with hexane. The *'P n.m.r. spectrum of the
product showed a major peak at & -3.16 ppm due to 2,2,2-trichloroethyl p-nitrophenyl
phosphorochloridate, comparing with the value of 8 -2.55 ppm for (96). A minor peak was also
observed at & 11.87 ppm, probably due to bis(2,2,2-trichloroethyl) p-nitrophenyl phosphate and
comparing with the value of -12.0 ppm for ethyl diphenyl phosphate!*®. Despite the presence of
a minor impurity, additional spectra were obtained on (99), further confirming the identity of this
phosphorylating agent. The *C n.m.r. and 'H n.m.r. spectra of (99) were consistent with the
structure of the product, showing signals due to both the CCl,CH,OP and p-NO,C,H,OP moieties.
These spectra were assigned by comparison with the corresponding spectra of (96) and
p-nitrophenol'®?®, The C n.m.r. spectrum of (99) was similar to the spectrum of (96), except
for the influence of the nitro substituent on the chemical shift of the resonances for the phenyl
carbon atoms. The 'H n.m.r. spectrum of (99) consisted of two distinct signals for the phenyl
protons with a doublet at & 8.31 ppm (the meta-Ph resonance) and a multiplet at & 7.48 ppm (the
ortho-Ph resonance), in contrast to the spectrum of (96) where an unresolved multiplet was

observed for the phenyl protons. A multiplet was again observed for the CCl;CH,OP group. The
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E.I. mass spectrum of (99) showed a cluster of peaks due to the molecular ion with an isotopic
pattern for this, and other chlorine containing fragments, characteristic of four chlorine atoms in
the intact molecule. A similar fragmentation pattern was observed in this spectrum to that in the
spectrum of (96), with peaks of moderate intensity associated with the loss of the CCl; and
CCl,CH, moieties from the parent ion. Peaks indicative of the presence of an aryl moiety in the
intact molecule included those assigned to C;H;OH* and C,H,".

Further purification of the 2,2,2-trichloroethyl phenyl phosphorochloridate (96) and 2,2,2-
trichloroethyl p-nitrophenyl phosphorochloridate (99) by vacuum distillation was not attempted
since a consideration of the boiling point of the related phosphorylating agent, ethyl phenyl
phosphorochloridate'® (93), suggested that the boiling points of (96) and (99) might be so high
that decomposition of these compounds would occur before they could be distilled. The only
impurities present in compounds (96) and (99) were probably due to traces of the appropriate aryl
bis(2,2,2-trichloeroethyl) phosphate, which were not expected to be reactive towards nucleosides.
Consequently, it was possible to use these aryl 2,2,2-trichloroethyl phosphorochloridates in the
next stage of the synthesis.

The synthesis of araA-57-(2,2,2-trichloroethyl) phenyl phosphate (97) and attempted
preparation of araA-57-(2,2,2-trichloroethyl) p-nitrophenyl phosphate (100) involved the
subsequent reaction of the appropriate aryl 2,2,2-trichloroethyl phosphorochloridate with
unprotected araA in pyridine at 0°C (equation 47). Firstly, araA-5"-(2,2,2-trichloroethyl) phenyl
phosphate (97) was prepared in a similar manner to (94), except for the use of more of the
appropriate phosphorylating agent (96) (initially 2.0 molar equivalents with a further 1.0 molar
equivalents added during the course of the reaction) and a longer reaction time. These conditions
were employed to enable the present reaction to proceed to completion. Purification of the crude
product (97) differed slightly to the procedure employed for (94). Following column
chromatography, using a methanol-ethyl acetate eluent, a white solid was obtained which was
shown to be impure by t.l.c. analysis and *'P n.m.r. spectroscopy. Attempted recrystallizations of

the product from ethyl acetate and ethanol/hexane proved ineffective in removing the impurities.
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The product was finally purified by reverse phase preparative HP.L.C., allowing (97) to be
isolated as a white solid in 25% yield. The *'P n.m.r. spectrum of the product now showed two
closely spaced singlets at & -7.63 ppm and & -7.76 ppm in a 1:1 ratio, indicating that (97) had
been isolated as an approximately equal mixture of the two possible diastereoisomers. This
isomerism again results from the mixed stereochemistry at the phosphorus centre. The chemical
shifts of these peaks compare with the values of § -5.89 ppm and -6.01 ppm for (94), and the
values of & -6.99 ppm and & -7.11 ppm for the corresponding 5°-(2,2,2-trichloroethyl) phenyl
phosphate triester of the anti-HIV drug AZT'%, and are also approximately intermediate between
the values of 8 -3.83 ppm for araA-5°-bis(2,2,2-trichloroethyl) phosphate'®® and & -11.25 ppm for
araA-5’-diphenyl phosphate'””.

The C n.m.r. and 'H n.m.r. spectra of (97), assigned by comparison with the spectra of
araA-5-bis(2,2,2-trichloroethyl) phosphate'* and araA-5’-diphenyl phosphate'”?, were consistent
with the structure of the product. Signals were observed for both the CCl,CH,OP and PhOP
moieties in addition to the nucleosidic resonances. These spectra further confirmed the
diastereomeric nature of the product, with many signals split in the same ratio (i.e. 1:1) as
observed for the peaks in the *'P n.m.r. spectrum. A comparison of the *C n.m.r. spectrum of (97)
with the spectrum of (94) revealed few differences between these spectra, apart from those
associated with the presence of a CCl,CH,OP moiety rather than a CH,CH,OP moiety. Phosphorus
coupling was again observed for all carbon atoms within three bonds of the phosphorus atom. The
'H n.m.r. spectrum of (97) was similar to the spectrum of (94), with the main exception being the
slight downfield shift observed for the CH,OP resonance in the former due to the deshielding
effect of the chlorine atoms.

The F.A.B. mass spectrum of (97) showed a cluster of peaks due to the protonated molecular
ion with an isotopic pattern characteristic of three chlorine atoms in the intact molecule. The base
peak was observed at m/e 136 due to protonated adenine. A prominent peak appeared at m/e 77
due to C,H;*, while minor peaks of interest included those assigned to C4H;OH* and the ionized

sugar fragments C;H,0,*, C;H;0,* and C;HO". Finally, reverse phase analytical H.P.L.C. revealed
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that the product (97) had been isolated in a pure state, with no contaminating araA. It is of interest
to note that the H.P.L.C. spectrum of (97) showed two distinct signals for the diastereomeric
product in a 1:1 ratio, contrasting with that for (94) where coincidence of the two expected peaks
occurred.

The synthesis of araA-5"-(2,2,2-trichloroethyl) p-nitrophenyl phosphate (100) was attempted
by an analogous procedure to the one employed in the preparation of (94), except that the reaction
was stirred at ambient temperature for a longer period of time to encourage it to proceed to
completion. After 65 hours stirring at ambient temperature (following an initial hour at 0°C), t.1.c.
indicated that the all of the araA had reacted to give two more lipophilic major components of
approximately equal intensity and two even more lipophilic minor components. The two major
components were close running and assumed to due to the two possible diastereisomers of (100),
although the diastereomeric nature of (94) and (97) had not been similarly visualized by t.l.c.
under ultra violet (uv) light.

The *P n.m.r. spectrum of the crude product, following work-up of the reaction mixture,
showed a major peak composed of two closely spaced singlets of approximately equal intensity
at 8 -7.47 ppm and & -7.71 ppm. These peaks were assumed to be due to the two possible
diastereoisomers of the required product (100), by comparison with the values of 6 -7.63 ppm and
d -7.76 ppm for (97). Several minor peaks were also observed in the spectrum. Attempted
purification of the crude product by column chromatography, using a methanol-chloroform eluent,
proved unsuccessful. T.l.c. analysis and *'P n.m.r. spectroscopy of fractions collected from the
column indicated that decomposition of the product had occurred. Unfortunately, time did not

allow for the resynthesis of araA-5"-(2,2,2-trichloroethyl) p-nitrophenyl phosphate (100).

An investigation into the synthesis of araA-5“-(2,2,2-trichloroethyl) p-cyanophenyl phosphate
(103), araA-5"-(2,2,2-trichloroethyl) p-isopropylphenyl phosphate (105), araA-5” -biphenyl (2,2,2-
trichloroethyl) phosphate (107), araA-5-(2,2,2-trichloroethyl) p-chlorophenyl phosphate (109) and

araA-5-(2,2,2-trichloroethyl) p-methoxyphenyl phosphate (111) was subsequently carried out. The
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proposed route to these compounds, in contrast to that employed in the synthesis of araA-5’-
(2,2,2-trichloroethyl) phenyl phosphate (97), involved the preparation of the required aryl 2,2,2-
trichloroethyl phosphorochloridates from 2,2,2-trichloroethyl phosphorodichloridate. A prerequisite
for these reactions was the synthesis of the phosphorylating agent 2,2,2-trichloroethyl
phosphorodichloridate'**'** (101).

2,2,2-Trichloroethyl phosphorodichloridate (101) was prepared by an analogous method to that
employed in the earlier synthesis of a series of alkyl phosphorodichloridates (chapter 3). Thus, one
molar equivalent of both 2,2,2-trichloroethanol and triethylamine were added to phosphoryl
chloride at -78°C, using diethyl ether as the solvent (equation 48). After allowing the reaction
mixture to warm to ambient temperature with stirring overnight, the precipitated triethylamine
hydrochloride was filtered off and solvent removed under reduced pressure. The product (101) was
isolated as a colourless oil in 74% yield, following vacuum distillation. The *'P n.m.r. spectrum
of the distillate showed a single peak at § 6.43 ppm, which is in the region where compounds of
type (RO)POCI, are expected to resonate'®. Additional spectra were obtained on (101), further
confirming the identity and purity of this phosphorylating agent. The '*C n.m.r. spectrum showed
phosphorus-coupled doublets for the CCl, and CH,OP moieties, with the three bond coupling
constant for the former greater than the two bond coupling constant for the latter probably due to
the angular dependence of coupling constants'. The 'H n.m.r. spectrum consisted of a
phosphorus-coupled doublet for the methylene group. The F.A.B. mass spectrum of (101) showed
no peaks for the protonated molecular ion, but the cluster of peaks of highest m/e value were
assigned to (M* - CI). Other peaks of interest included those due to the loss of the CCl, and
CCl,CH,0O moieties from the parent compound. Finally, microanalysis data indicated that the
product (101) had been isolated in a pure state.

Several aryl 2,2,2-trichloroethyl phosphorochloridates were subsequently prepared by the
reaction of 2,2,2-trichloroethyl phosphorodichloridate (101) with one molar equivalent of both the
appropriate aryl alcohol and triethylamine in diethyl ether solvent at -78°C (equation 49).

Possible impurities resulting from these reactions include unreacted 2,2,2-trichloroethyl
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Equation 48

Et,0
POCl; + CCl3CH,0H + EiN » CCl,CH,0POCl, + EtNHCl1
-78°Cto RT
(101)
Equation 49
Et,0
CCL,CH,0POCl, + ArOH + EtzN  ———— = (ArO)(CCl;CH,0)POCl + Et3NHCI1
-78°C to RT
(101) (102) Ar = p-CNPh
(104) Ar = p-iPrPh
(106) Ar = p-PhPh
(108) Ar = p-CIPh
(110) Ar = p-MeOPh
Equation 50
NH2 NH2
z N z N
X X0
N N
N N pyridine 0 N N
]
(ArO)(CC13CH,0)POC1 + HO 0 —_— Ar0—1|> —0 0
HO 0°CtoRT CCL,CH,0O HO
OH OH
(102) Ar = p-CNPh (103) Ar = p-CNPh
(104) Ar = p-iPrPh (105) Ar = p-iPrPh
(106) Ar = p-PhPh (107) Ar = p-PhPh
(108) Ar = p-ClPh (109) Ar = p-CIPh
(110) Ar = p-MeOPh (111) Ar = p-MeOPh
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phosphorodichloridate, diaryl 2,2,2-trichloroethyl phosphate, and hydrolyzed material. It was hoped
to minimize the formation of these by-products by the usual procedure involving the scrupulous
drying of the reagents prior to the reaction, the slow addition of the reagents at reduced
temperature under an atmosphere of nitrogen, and using an excess of solvent to dilute the reaction
mixture.

Firstly, 2,2,2-trichloroethyl p-cyanophenyl phosphorochloridate (102) was synthesized from
2,2,2-trichloroethyl phosphorodichloridate (101) by the reaction of the latter with one molar
equivalent of p-cyanophenol in the presence of one molar equivalent of triethylamine at -78°C,
using diethyl ether as the solvent (equation 49). After allowing the reaction mixture to warm to
ambient temperature with stirring overnight, followed by a further 30 hours stirring at this
temperature, the precipitated triethylamine hydrochloride was filtered off. Solvent was removed
under reduced pressure to give the product (102) as a colourless oil in 100% yield. The *'P n.m.r.
spectrum of (102) showed a single peak at  -3.04 ppm, which compares with the value of § -2.55
ppm for 2,2,2-trichloroethyl phenyl phosphorochloridate (96). The *C n.m.r. and 'H n.m.r. spectra
of (102) were consistent with the structure of the product, further confirming the identity of this
phosphorylating agent. These spectra were assigned by comparison with the corresponding spectra
of (96), and also the °C n.m.r. spectra of benzonitrile and phenol'® and the 'H n.m.r. spectrum
of p-cyanophenol'®. The “C nm.r. spectrum of (102) was similar to that of (96), with
phosphorus-coupled doublets for carbon atoms within three bonds of the phosphorus atom.
However, an additional signal was observed in the spectrum of (102) due to the cyano substituent,
and the influence of the latter on the chemical shift of the phenyl carbon atoms was apparent. The
'H n.m.r. spectrum of (102) consisted of multiplets at § 7.38-7.74 ppm (the C4H,OP resonance)
and & 4.76 ppm (the CH,OP resonance). The E.I. mass spectrum of (102) showed a cluster of
peaks due to the molecular ion with an isotopic pattern for these peaks, and other chlorine
containing fragments, characteristic of four chlorine atoms in the intact molecule. The base peak
was observed at m/e 119 due to CNC,H,OH". Satisfactory microanalysis data were also obtained

on (102), indicating the purity of the product.

124



2,2,2-Trichloroethyl p-isopropylphenyl phosphorochloridate (104) was prepared in an entirely
analogous manner to (102), except that purification of the crude phosphorylating agent was
required. An impurity of unreacted starting material (101), shown to be present by *'P n.m.r.
spectroscopy, was successfully removed by stirring the crude product under reduced pressure at
60°C for several hours to give the product (104) as a pale yellow oil in 86% yield. The *'P n.m.r.
spectrum now showed a single peak at & -2.27 ppm due to 2,2,2-trichloroethyl p-isopropylphenyl
phosphorochloridate (104). The C n.m.r. and 'H n.m.r. of (104) were consistent with the structure
of the product, showing peaks due to both the CCL,CH,OP and p-iPrC,H,OP moieties. These
spectra were assigned by comparison with the corresponding spectra of (96) and also the *C n.m.r.
spectra of p-isopropylbenzene and phenol'®® and the 'H n.m.r. spectrum of p-isopropylphenol'®,
The *C n.m.r. spectrum of (104) was similar to that of (96), with the main exception being the
appearance of two singlets for the isopropyl substituent and the influence of the latter on the
chemical shifts of the phenyl carbon atoms in the spectrum of (104). The 'H n.m.r. spectrum of
(104) showed an unresolved multiplet for the phenyl protons, as similarly observed in the spectrum
of (96). The resonances for the isopropyl substituent appeared as a septet and a doublet for the
CH(CH,), and CH(CH,), moieties respectively, due to proton-proton coupling. An E.I. mass
spectrum was also obtained on (104), showing a cluster of peaks due to the molecular ion. The
isotopic pattern for these peaks and other chlorine containing fragments was characteristic of four
chlorine atoms in the intact molecule. The base peak was observed at m/e 121 due to
CH,CHC4H,OH" and to a minor extent (CCl,*, 2x*'Cl). Other prominent peaks included those
assigned to (M* - CH,), C;H,* and C¢H,". Finally, microanalysis data revealed that the product
(104) had been isolated in a pure state.

The synthesis of biphenyl 2,2,2-trichloroethyl phosphorochloridate (106) was carried out by
a similar method to (102), except that the reaction mixture was stirred at ambient temperature for
a longer period of time (100 hours). The latter was employed to encourage this reaction, involving
the more sterically hindered aryl alcohol p-phenylphenol, to proceed to completion. However, the

*'P n.m.r. spectrum of the crude phosphorylating agent revealed the presence of a minor impurity
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of unreacted starting material (101). The product was isolated as a white solid in 75% yield,
following extraction of the 2,2,2-trichloroethyl phosphorodichloridate with hexane. The *'P n.m.r.
spectrum of (106) now showed a single peak at § -2.28 ppm, which compares with the value of
& -2.55 ppm for 2,2,2-trichloroethyl phenyl phosphorochloridate (96). Additional spectra were
obtained on the product (106), further confirming the identity of this phosphorylating agent. The
3C n.m.r. spectrum, assigned by comparison with the spectra of (96), biphenyl®®! and phenol'® and
also by use of a correlation table to predict the chemical shift of phenyl carbon atoms'®', was
consistent with the structure of the product. Phosphorus-coupled doublets were observed for carbon
atoms within three bonds of the phosphorus atom. The 'H n.m.r. spectrum consisted of multiplets
at § 7.21-7.63 ppm (the C;H;C,H,OP resonance) and 6 4.79 ppm (the CH,OP resonance). The E.I.
mass spectrum of (106) showed a cluster of peaks due to the molecular ion with the isotopic
pattern for this, and other chlorine containing fragments, characteristic of four chlorine atoms in
the intact molecule. The base peak was observed at m/e 170 due to C;H;C,H,OH*. Other
prominent peaks included those attributed to C;H,C,H,OPO(OH)Cl*, C;H;C,H,0*, C,;H,;" and
C,H,*. Satisfactory microanalysis data were also obtained (106), indicating the purity of the
product.

2,2,2-Trichloroethyl p-chlorophenyl phosphorochloridate (108) was subsequently prepared.
Although this phosphorylating agent (108) has not been reported in the literature, it is of interest
to note that the related 2,2,2-trichloroethyl o-chlorophenyl phosphorochloridate has been previously
synthesized by a similar method to (96), but involving the addition of triethylamine to a solution
of o-chlorophenyl phosphorodichloridate and 2,2,2-trichloroethanol in diethyl ether®. The present
synthesis of 2,2,2-trichloroethyl p-chloropheny! phosphorochloridate (108) was carried out in an
analogous manner to (102), except that the reaction was stirred for a longer period of time at
ambient temperature (74 hours) to allow it to proceed to completion. The product (108) was
isolated as a colourless oil in 97% yield. The *'P n.m.r. spectrum of (108) showed a single peak
at 8 -2.53 ppm, which compares with the value of 8 -2.55 ppm for 2,2,2-trichloroethyl pheny!

phosphorochloridate (96). The '*C n.m.r. and 'H n.m.r. spectra of (108) were consistent with the
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structure of the product, showing signals due to both the CCl,CH,OP and p-CIC,H,OP moieties.
These spectra were assigned by comparison with the corresponding spectra of (96) and
p-chlorophenol'®®*®, The *C n.m.r. spectra of (108) was similar to the spectrum of (96), with the
main exception being the influence of the chlorine substituent on the chemical shifts of the
resonances for the phenyl carbon atoms in the spectrum of (108). The 'H n.m.r. spectrum consisted
of multiplets for the p-CIC;H,OP and CCl,CH,OP moieties. The E.I. mass spectrum of (108)
further confirmed the structural assignment of this phosphorylating agent, showing a cluster of
peaks due to the protonated molecular ion. The isotopic pattemn for these peaks and other chlorine
containing fragments was characteristic of five chlorine atoms in the intact molecule. The base
peak was observed at m/e 230 due to CCL,CH,OPO(OH)CI", with a second prominent peak at m/e
232 and a third peak of lower intensity at m/e 234 due to the corresponding *’Cl and 2x*'Cl
fragments respectively. Finally, microanalysis data revealed that the product (108) had been
isolated in a pure state.

The synthesis of 2,2,2-trichloroethyl p-methoxyphenyl phosphorochloridate (110) was
performed by an identical method to (108). Following work-up of the reaction mixture, the product
(110) was isolated as a colourless oil in 100% yield. The *'P n.m.r. spectrum showed a single peak
at d -1.81 ppm due to 2,2,2-trichloroethyl p-methoxyphenyl phosphorochloridate (110). The
chemical shift of this peak lies in the region where compounds of type (RO),POCI are expected
to resonate'®. The C n.m.r. and 'H n.m.r. spectra were consistent with the structure of the
product, further confirming the identity of this phosphorylating agent. These spectra were assigned
by comparison with the corresponding spectra of (96) and p-methoxyphenol'®*®, The *C n.m.r.
spectrum of (110) was similar to that of (96), with the main difference being the appearance of
a singlet for the methoxy substituent and the influence of the latter on the chemical shifts of the
phenyl carbon atoms in the spectrum of (110). The 'H n.m.r. spectrum of (110) consisted of two
distinct signals for the phenyl protons with a multiplet at 6 7.19 ppm (the ortho-Ph resonance) and
a doublet at & 6.87 ppm (the meta-Ph resonance), contrasting with the unresolved multiplet for the

phenyl protons in the spectrum of (96). An additional singlet also appeared in the spectrum of
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(110) due to the methoxy group. The E.I. mass spectrum of (110) showed a cluster of peaks due
to the molecular ion with an isotopic pattern for this, and other chlorine containing fragments,
characteristic of four chlorine atoms in the intact molecule. The base peak was observed
at m/e 222 due to CH,0C4,H,OPO(OH)CI*, with another peak of lower intensity at m/e 224 due
to the corresponding *’Cl fragment. Other prominent peaks included those at m/e 123 and m/e 124
due to CH,0C4,H,OH* and CH,0C,H,O" respectively. Satisfactory microanalysis data were also
obtained on the product (110).

The aryl 2,2,2-trichloroethyl phosphorochloridates (102), (104), (106), (108) and (110),
successfully prepared above, were subsequently reacted with unprotected araA in pyridine at 0°C
to give the appropriate 5”-aryl (2,2,2-trichloroethyl) phosphate triesters of araA (equation 50).
Firstly, the synthesis of araA-57-(2,2,2-trichloroethyl) p-cyanopheny! phosphate (103) was
attempted in an analogous manner to the preparation of araA-5”-ethyl phenyl phosphate (94).
However, difficulties were encountered in the present experiment in isolating the required
product (103). Attempted purification of the crude product by column chromatography using a
methanol-chloroform eluent, followed by recrystallization from ethyl acetate, and then column
chromatography using a methanol-ethyl acetate eluent, gave a slightly impure white solid. The
P nm.r. spectrum (run at 82 MHz) showed two closely spaced singlets of similar intensity at
6 -7.58 ppm and & -7.70 ppm, these peaks being attributed to the two possible diasterecoisomers
of araA-5”-(2,2,2-trichloroethyl) p-cyanophenyl phosphate (103) by comparison with the values
of § -7.63 ppm and -7.76 ppm for araA-5°-(2,2,2-trichloroethyl) phenyl phosphate (97). However,
t.l.c. analysis revealed the presence of two minor components in addition to the major component
assumed to be due to (103). These minor impurities, if they were indeed phosphorus containing,
may have been masked in the above spectrum by the noisy baseline encountered due to the n.m.r.
sample being rather weak. A second *'P n.m.r. spectrum of the product (run at 164 MHz) showed
several minor peaks besides the major peak, the latter being composed of two closely spaced
singlets of approximately equal intensity at 6 -10.75 ppm and & -10.85 ppm. The difference in the

chemical shift of the major peak, attributed to the required product (103), in the two spectra was
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believed to be due to only the first spectrum (run at 82 MHz) being referenced to external
phosphoric acid and the use of different spectrometers. A final attempt to purify the product by
reverse phase preparative H.P.L.C. proved unsuccessful. Reverse phase analytical H.P.L.C. of the
appropriate fraction, immediately after its collection from the preparative column, indicated that
the purified product (103) was decomposing as it was eluted off the preparative column.
Unfortunately, time did not allow for a further attempt to synthesize araA-5-(2,2,2-trichloroethyl)
p-cyanophenyl phosphate (103).

AraA-5’-(2,2,2-trichloroethyl) p-isopropylphenyl phosphate (105) was prepared by a similar
procedure to (94), except that a longer reaction time (49 hours at ambient temperature, following
an initial hour at 0°C) was required for the reaction to proceed to completion. Purification of the
crude product also differed slightly from the procedure employed for (94), with (105) being
isolated as a white solid in 21% yield following column chromatography and recrystallization from
ethyl acetate. The *'P n.m.r. spectrum of the product (105) showed two closely spaced peaks of
approximately equal intensity at § -7.22 ppm and 8 -7.35 ppm. The multiplicity of these signals
corresponds to the presence of the two possible diastereoisomers of (105) in the product, with the
ratio of the isomers 1:1, and arises from the mixed stereochemistry at the chiral phosphorus centre.
The *C n.m.r. and 'H n.m.r. spectra of (105) were consistent with the structure of the product,
showing signals due to both the CCL,CH,OP and p-iPrC;H,OP moieties in addition to the
nucleosidic resonances. These spectra further confirmed the diastereomeric nature of the product,
with many signals split in the same ratio (i.e. 1:1) as observed for the peaks in the *'P n.m.r.
spectrum. A comparison of the >C n.m.r. and 'H n.m.r. spectra of (105) with the corresponding
spectra of (97) revealed that the main differences between these spectra were those associated with
the presence of the isopropy! substituent and its influence (in particular) on the chemical shift of
the phenyl carbon atoms in the spectrum of (105). Phosphorus-coupling, in cases where it could
be resolved, was observed for carbon atoms and protons within three bonds of the phosphorus
atom in the ®C n.m.r. and 'H n.m.r. spectra of (105) respectively. The F.A.B. mass spectrum of

(105) showed a cluster of peaks for the protonated molecular ion with an isotopic pattern for this,
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and other chlorine containing fragments, characteristic of three chlorine atoms in the intact
molecule. The base peak was observed at m/e 44 due to C,H,*. Minor peaks indicative of an aryl
moiety in the intact molecule included those assigned to C;H,*, C;H;" and CJH,". Other minor
peaks of interest appeared at m/e 136 due to protonated adenine or iPrC;H,OH" and m/e 81 due
to the ionized sugar fragment C;H;O". Finally, microanalysis data and reverse phase H.P.L.C.
revealed that the product (105) had been isolated in a pure state. The latter technique displayed
only one signal due to the coincidence of the two peaks expected for the diastereomeric product,
and also indicated the absence of contaminating araA.

AraA-5’-biphenyl (2,2,2-trichloroethyl) phosphate (107) was prepared in an entirely analogous
manner to (94), except that the product (107) was isolated as a white solid in 19% yield following
column chromatography and recrystallization from ethyl acetate. The *'P n.m.r. spectrum of (107)
showed two closely spaced singlets of similar intensity at 8 -6.94 ppm and 8 -7.06 ppm, indicating
that the product had been isolated as a mixture of the two possible diastereoisomers. The
diastereomeric nature of the product (107) was also evident by the duplication of many signals in
the ®C n.m.r. and 'H n.m.r. spectra. These spectra further confirmed the structural assignment of
the product, displaying signals due to both the CCl,CH,OP and p-C,H,C,H,OP moieties in addition
to the nucleosidic resonances. A F.A.B. mass spectrum was also obtained on (107), showing a
cluster of peaks due to the protonated molecular ion. The isotopic pattem for these peaks and other
chiorine containing fragments was characteristic of three chlorine atoms in the intact molecule.
Prominent peaks appeared at m/e 91 and m/e 76 due to C;H,* and C,H,* respectively, while minor
peaks included those attributed to C;H;C¢H,O", protonated adenine and the ionized sugar fragment
C;H;0,". Finally, microanalysis data and reverse phase analytical H.P.L.C. revealed that the
product (107) had been isolated in a pure state. The latter technique showed coincident peaks for
the diastereomeric product, as similarly observed for (94) and (105), and also indicated the absence
of contaminating araA.

The synthesis of araA-5"-(2,2,2-trichloroethyl) p-chlorophenyl phosphate (109) was carried

out by a similar method to (94), except that the reaction mixture was stirred at ambient
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temperature for 27 hours after an initial hour at 0°C. Following work-up of the reaction mixture
and purification by column chromatography, the product (109) was isolated as a white solid in
23% yield. The *'P n.m.r. spectrum of (109) showed two closely spaced singlets of approximately
equal intensity at 6 -7.25 ppm and & -7.37 ppm, corresponding to the presence of the two possible
diastereoisomers of (109) in the product. This isomerism again arises from the asymmetry at the
chiral phosphorus centre. The *C n.m.r. and 'H n.m.r. spectra of (109) further confirmed the
identity of the product and its diastereomeric nature. The latter was evident by the presence of
many peaks split in the same ratio (i.e. 1:1) as observed for the peaks in the *'P n.m.r. spectrum,
reflecting the non-equivalence of the carbon atoms and protons in the two isomers. The F.A.B.
mass spectrum of (109) showed a cluster of peaks due to the protonated molecular ion with an
isotopic pattern for this, and other chlorine containing fragments, characteristic of four chlorines
in the intact molecule. The base peak appeared at m/e 136 due to protonated adenine, as similarly
observed in the spectra of (94) and (97). Minor peaks of interest included those assigned to C;H,*
and the ionized sugar fragments CsH,0," and CsH,O,*. Finally, microanalysis data and reverse
phase analytical H.P.L.C. revealed that the product (109) had been isolated in a pure state. The
latter technique again showed no resolution of the two peaks expected for the diastereomeric
product, and also indicated the absence of contaminating araA.

AraA-5"-(2,2,2-trichloroethyl) p-methoxyphenyl phosphate (111) was prepared in an analogous
manner to (94). Thus, the product (111) was isolated as a white solid in 34% yield following
column chromatography. The *'P n.m.r. spectrum of (111) showed two closely spaced signals of
similar intensity at & -6.63 ppm and & -6.79 ppm, indicating that the product was composed of an
approximately equal mixture of the two possible diastereoisomers. The diastereomeric nature of
the product was also evident by the duplication of many peaks in the *C n.m.r. and 'H n.m.r.
spectra of (111). These spectra were consistent with the structure of the product, showing signals
due to both the CCIL,CH,0P and p-CH,0CH,OP moieties in addition to the nucleosidic
resonances. The "°C n.m.r. and 'H n.m.r. spectra of (111) were similar to the corresponding spectra

of (97), with the main exception being the appearance of resonances for the methoxy group.
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Additionally, the influence of the methoxy substituent on the chemical shift of the phenyl carbon
atoms and protons was apparent in the spectra of (111). The 'H n.m.r. spectrum of (111), for
example, showed multiplets at & 7.15 ppm (the ortho-Ph resonance) and & 6.84 ppm (the meta-Ph
resonance) which contrasted with the unresolved multiplet observed for the PhOP moiety in the
spectrum of (97). The F.A.B. mass spectrum of (111) further confirmed the structural assignment
of the product, with a cluster of peaks observed for (M - H)Na*. The isotopic pattern for these
peaks was characteristic of three chlorine atoms in the intact molecule. Prominent peaks appeared
in the spectrum at m/e 136 and m/e 77 due to protonated adenine and C,H;* respectively. Minor
peaks of interest included those attributed to CH,OC,H,OH* and CH,OC¢H,O*. Finally,
microanalysis data and reverse phase analytical H.P.L.C. revealed that the product (111) had been
isolated in a pure state. It is of interest to note that the H.P.L.C. spectrum of (111) displayed two
distinct signals for the diastereomeric product in a 1:1 ratio, as similarly observed for (97), and

also indicated the absence of contaminating araA.

The biological activities of araA-5”-ethyl phenyl phosphate (94) and the 57-aryl (2,2,2-
trichloroethyl) phosphate triesters of araA (97), (105), (109) and (111) were evaluated by
determining the ability of these compounds to inhibit the synthesis of cellular DNA using the
in vitro tritiated thymidine incorporation assay developed by Riley and co-workers'®, in an entirely
analogous manner to the procedure employed earlier for the testing of some 5’-phosphate
derivatives of araA (chapters 2 and 3). AraA-5’-diphenyl phosphate (61), previously prepared and
biologically evaluated in this Department'’?, was also tested along with the above compounds. It
was felt that the inclusion of (61) in the same experiment as (94), (97), (105), (109) and (111)
would allow for a fairer comparison between the biological activities of these compounds. Each
experiment was carried out at least twice on cells of different passage number and the mean %
inhibition of DNA synthesis (relative to the distilled water control) and standard error of the mean
(SEM) were calculated for each set of % inhibition values (table 7, biological testing section). A

two-tail student’s t-test was used to determine the degree of significant difference between the
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mean % inhibition values of two compounds at a given concentration. This data was subsequently
used to determine the probability of this difference being statistically significant (table 8,
biological testing section).

The results of the assay are presented as a bar chart (figure 33) in which the mean %
inhibition of DNA synthesis (relative to the distilled water control) is plotted against compound
at final concentrations of 0.03 mM and 0.003 mM. This graph clearly illustrates that all of the
compounds tested display an inhibitory effect on DNA synthesis in vitro, and these effects are
dose dependent. Considering the higher concentration of 0.03 mM, araA-5 " -ethyl phenyl phosphate
(94) and araA-5"-(2,2,2-trichloroethyl) p-isopropylphenyl phosphate (105) are equi-active with
araA, while the 5 -aryl (2,2,2-trichloroethyl) phosphate triesters of araA (97), (109) and (111)
display a greater biological activity than araA. A two-tail student’s t-test reveals these differences
in biological activities to be significant (i.e. P < 5%) for all these compounds when compared with
araA, except for (94) vs. araA, and (105) vs. araA. A comparison of the biological activity of
araA-5"-(2,2,2-trichloroethyl) phenyl phosphate (97) with its 5 -ethyl phenyl analogue (94) reveals
that replacing a simple alkyl chain by a 2,2,2-trichloroethyl moiety enhances biological activity,
as similarly observed in recent research comparing the biological activities of some 5”-alkyl
(2,2,2-trichloroethyl) phosphate triesters of araA with their 5”-dialkyl counterparts (chapter 3). It
is also of interest to note that (94) is less active than araA-5“-diphenyl phosphate (61), while (97)
shows a comparable biological activity to (61). Indeed a two-tail student’s t-test indicates that
these differences in biological activities are significant (i.e. P < 5%) only for (94) vs. (97), and
(94) vs. (61). It would appear, in a simply additive sense, that the phenyl and 2,2,2-trichloroethyl
moieties are equally efficacious in their inhibitory effect on DNA synthesis in vitro, relative to
the simple alkyl groups. Similar observations have been made for the 5”-diphenyl and 5°-(2,2,2-
trichloroethyl) phenyl phosphate triesters of the anti-HIV drug AZT'®, Additionally, (109) and
(111) show biological activities which do not differ significantly from (97), while (105) displays
a biological activity significantly lower than (97). This suggests that changing the para-substituent

of the aryl group in these 57 -aryl (2,2,2-trichloroethyl) phosphate triesters of araA appears to have
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