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SUMMARY

Phosphonoformate and phosphonoacetate are effective antiviral agents, however they are
charged at physiological pH and as such penetration into cells and diffusion across the
blood-brain barrier is limited. In an attempt to increase the lipophilicity and improve the
transport properties of these molecules, prodrugs were synthesised and their stabilities
and reconversion to the parent compound subsequently investigated by the techniques of
31P nuclear magnetic resonance spectroscopy and high performance liquid
chromatography.

A series of 4-substituted dibenzyl (methoxycarbonyl)phosphonates were prepared and
found to be hydrolytically unstable giving predominantly the diesters, benzyl
(methoxycarbonyl)phosphonates. This instability arose from the electron-withdrawing
effect of the carbonyl group promoting nucleophilic attack at phosphorus. It was possible
to influence the mechanism and, to some extent, the rate of hydrolysis of the
phosphonoformate triesters to the diesters by varying the electronic nature of the
substituent in the 4-position of the aromatic ring. Strongly electron-withdrawing groups
increased the sensitivity of phosphorus to nucleophilic attack, thus promoting P-O bond
cleavage and rapid hydrolysis. Conversely, weakly electron-withdrawing substituents
encouraged C-O bond fission, presumably through resonance stabilisation of the benzyl
carbonium ion. The loss of the protecting group on phosphorus was in competition with
nucleophilic attack at the carbonyl group, resulting in P-C bond cleavage with dibenzyl
phosphite formation. The high instability and P-C bond fission make triesters unsuitable
prodrug forms of phosphonoformate.

A range of chemically stable triesters of phosphonoacetate were synthesised and their
bioactivation investigated. Di(benzoyloxymethyl) (methoxycarbonylmethyl)phosphonates
degraded to the relevant benzoyloxymethyl (methoxycarbonylmethyl)phosphonate in the
presence of esterase. The enzymatic activation was restricted to the removal of only one
protecting group from phosphorus, most likely due to the close proximity of the
benzoylogcy ester function to the anionic charge on the diester. However, in similar
systems di(4-alkanoyloxybenzyl) (methoxycarbonylmethyl)phosphonates degraded in the
presence of esterase with the loss of both protecting groups on phosphorus to give the
monoester, (methoxycarbonylmethyl)phosphonate, via the intermediacy of the unstable 4-
hydroxybenzyl esters. The methoxycarbonyl function remained intact. The rate of
enzymatic hydrolysis and subsequent removal of the protecting groups on phosphorus
was dependent on the nature of the alkanoyl group and was most rapid for the 4-n-
butanoyloxybenzyl and 4-iso-butanoyloxybenzyl esters of phosphonoacetate. This
provides a strategy for the design of a prodrug with sufficient stability in plasma to reach
the central nervous system in high concentration, wherein rapid metabolism to the active
drug by brain-associated enzymes occurs.
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CHAPTER 1 - INTRODUCTION

1.1. Viruses

Many life-threatening diseases such as rabies, acquired immune deficiency syndrome
(AIDS), hepatitis, influenza, gastroenteritis and herpes are all viral infections. Viruses are
obligate intracellular parasites sharing many of the nutritional requirements and synthetic
pathways with the host cells they infect.l: 2 Unlike microorganisms, they contain only a
single species of nucleic acid as their genetic material, which may be either
deoxyribonucleic acid (DNA, eg. herpesviruses) or ribonucleic acid (RNA, eg.
retroviruses), but not both. In different families of viruses the nucleic acid is single- (eg.
retroviruses) or double-stranded (eg. poxviruses), a single nucleotide strand or several,
and if a single strand, either linear (eg. poxviruses) or cyclic (eg. papoviruses). The
molecular weights of the DNAs of different animal viruses vary from 1.5
(hepadnaviruses) to 185 million (poxviruses); the range of molecular weights of viral
RNAs is much less, from just over 2.5 (picornaviruses) to 15 million (reoviruses). The
genomes of all DNA viruses consist of a single strand of nucleic acid, but the genomes of
many RNA viruses consist of several different strands.

Viruses again differ from cellular microorganisms in that they exist in two or sometimes
three physically and functionally different states. Firstly, they exist as viral particles, or
virions, which are the inert form that carries the viral genome from one host cell to
another, The second functional state is 'vegetative virus', in which the viral genome
undergoes replication, directs the formation of polypeptides, and controls the assembly
and often the release of progeny virions. In this state the virus is part of the host cell that
it infects. Finally, with a few families of viruses, including retroviruses, the viral genome
is at times integrated into the host cell DNA as a 'provirus'. In the case of retroviruses the
provirus is a DNA copy of the RNA genome of the virion.

The major constituent of the virion is protein, whose primary role is to provide the viral
nucleic acid with a protective coat known as a capsid (Fig 1.1). The morphological units
that form part of a capsid are called capsomers. It may be naked or enclosed within a
lipoprotein envelope (peplos) which is derived from cellular membranes as the virus
matures by budding. Units projecting from the envelope are called peplomers. Where the
capsids directly enclose the viral nucleic acid, as is usual with tubular capsids (eg.
filoviruses) but less common with isometric capsids (eg. herpesviruses), the complex is
called the nucleocapsid.
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Fig 1.1 - Schematic diagram of the structure of a simple non-enveloped(naked)
virion with an icosahedral capsid (A, eg. retroviruses) and an
enveloped virion with a tubular nucleocapsid with helical symmetry

(B, eg. paramyxoviruses)

Capsid

Nucleic acid }N”CIGOCflPSid

Membrane protein
Lipid }Envelope
Peplomer
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Apart from a few viruses, such as the arenaviridae family responsible for Lassa fever,
virions do not contain organelles and as such rely on the host cell to provide the systems
for synthesising the components that they themselves do not possess. This is the
underlying reason for its obligate intracellular parasitism and inability to multiply in any
other situation

1.1.1. Virus Replication and Potential Sites for Chemotherapy

The chemotherapy of viral infections is complicated by the close involvement of the host
cell during the virus replication cycle. Fig 1.2 gives a simplified version of this cycle. The
process begins with adsorption of the virion, via receptors, onto the host cell surface.
Different viruses use different cell surface molecules as receptors, hence the term, virus-
specific receptors.3 These virus receptors are normal cellular components with a
physiological function, therefore destruction, or even blocking of cellular virus receptors
may have harmful effects. On the other hand, ligands with specific affinity for the
receptor-binding proteins of the virion might inhibit virus replication efficiently. For
example, it is known that the HIV virion binds via an envelope glycoprotein, gp 120, to
CD4 receptors on the surface of susceptible cells (T4 lymphocytes and macrophages) 4 5
6 A soluble truncated form of CD4 produced by recombinant DNA technology is a
potent inhibitor of HIV-1 replication and HIV-1 induced cell fusion in vitro .7. 8 9. 10,11
However, because of the short half-life of the truncated CD4 in blood it has proved
difficult to build up adequate concentrations in the body. One approach to overcome this
has been to link CD4 with the immunoglobulin IgG, to form a class of compounds
known as immunoadhesins.!2 13, 14 This has the advantage of having a half-life of the
order of days, and by using a portion of the immunoglobulin molecule, the
immunoadhesins can act like antibodies. When these molecules bind to free virus or
infected cells they can initiate the same set of reactions as normal antibodies to rid the
body of invading 'pathogens.

After adsorption, the virus penetrates the cell, either by endocytosis of the virus into a
cytoplasmic vesicle or, for certain enveloped viruses, fusion of the viral membrane with
the cellular membrane and subsequent release of the virus nucleocapsid into the
cytoplasm.15 These are normal cellular events and as such it is difficult to attack the virus
specifically at this stage, although some monoclonal neutralizing antibodies have been
developed.16 Fusion of the virus with the cellular membrane via specific envelope
glycoproteins appears to be an essential early step in the replication of all enveloped
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Fig 1.2 — Life cycle of a virus and targets for antiviral chemotherapy

ENVELOPED DNA VIRUS

PM = Plasma membrane
NM = Nuclear membrane
N = Nucleus
CYT = Cytoplasm
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viruses. By inhibiting the post-translational modification of these envelope proteins, it is
possible to interfere with the penetration step indirectly,!7

Following penetration, the virus uncoats to reveal the virus genome available for virus-
specific synthetic processes (transcription and translation).!5 The uncoating process is
thought to occur through host cell activity and is therefore a poor site for antiviral action.
In spite of this, the influenza A drug, amantadine (1), is believed to act at this stage.

NH,

(D)

This basic compound inhibits the replication of certain viruses in vitro that require acid -
dependent fusion of virion protein to the vesicular membranes in the uncoating phase.!8:
19 However, it is still unclear whether this mechanism is responsible for the in vivo
activity against influenza A in man.20

When the genetic material of the virion is exposed it is integrated into the DNA of the host
cell. The genetic message which it carries must be transcribed and translated so that the
polypeptides of the virus may be synthesised on the host cell ribosomes. Different classes
of virus differ markedly in their replication processes, which results, in part, from
differences in the viral genome. The majority of virus families, with the possible
exception of parvo and papovaviruses, synthesise at least one polypeptide vital to the
enzyme complex responsible for viral nucleic acid replication.2! As a consequence, viral
nucleic acid synthesis is one of the prime targets for selective antiviral action.22 In the
treatment of HIV it is this stage that has received the most attention to date. HIV follows
the life cycle of a retrovirus,23 in which the normal flow of genetic information is
reversed. That is, the genome is encoded in RNA, which must be reverse transcribed into
DNA before replication can take place. First, DNA polymerase makes a single strand
DNA copy of the viral RNA, then a second enzyme, ribonuclease, destroys the original
RNA, and the polymerase makes a second DNA copy using the first as a template. The
polymerase and ribonuclease together are often referred to as reverse transcriptase. A
considerable number of anti-HIV agents under current investigation, such as
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azidothymidine?4 (AZT), 9-[2-(phosphonylmethoxy)ethyl] adenine24 (PMEA) and
phosphonoformate? (PFA) are reverse transcriptase inhibitors.

Once the viral nucleic acid has been integrated into the nucleus of the host cell, viral RNA
strands are generated by transcription, which act as messenger RNA for the translation
and synthesis of virus proteins using the host cell ribosomes. Synthetic antiviral agents
acting at this phase are not known, although interferons do appear to inhibit viral protein
synthesis in some systems.26 Alternatively, post-translational modification of viral
proteins may be a more promising target for antiviral action, as many proteins are
synthesised initially as large polypeptide precursors which are subsequently cleaved by
viral or host cell proteolytic enzymes.2” 28 For example, the HIV protease is responsible
for the hydrolysis of several very specific peptide bonds in the gag and gag-pol
polyproteins to produce the mature gag and pol encoded proteins.29 It is this activity that
causes the transition to the mature infectious form of the virus, hence the synthesis of
highly active and specific inhibitors of HIV protease is now a major research area in
AIDS chemotherapy.

Virus assembly is not known to require any virus specific enzymatic activity, however
there are substances which can be incorporated into maturing viruses which make them
non-infectious!? or susceptible to attack by particular agents.

The final stage, budding of virions from cellular membranes, may also be a potential
target for antiviral action. Indeed, it has been found that neuraminidases present in certain
enveloped viruses2! have a role in the budding process, therefore specific neuraminidase
inhibitors may halt viral replication.

1.2. Phosphonates as Antiviral Agents

Phosphonates are compounds containing a phosphorus-carbon bond.30 They have been
found in a variety of organisms in nature and several metabolic processes involving
phosphonates have been elucidated. Naturally occurring phosphonates were first
discovered in 1959 when 2-aminoethylphosphonic acid (2) was isolated from the
anemone.

HoNCH,CHP(0)(OH),
)
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Since that date other phosphonates, phosphonolipids.and phosphonopeptides have been
detected in living species. For example, 2-methylaminoethylphosphonic acid (3), 2-
amino-3-phosphonopropionic acid (4) and the antibiotic, phosphonomycin (5) have all
been isolated.

MeNHCH,CH,P(O)(OH)3 HyNCH(COOH)CH3P(O)(OH),
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A wide range of phosphonates have been found to possess antibacterial, antifungal and
antiviral activity. Their mode of action has been attributed to the chemically and
biologically inert nature of the P-C bond and to its stuctural similarity to the P-O bond of
phosphate esters. Consequently, there is much current interest in this topic and many
synthetic phosphonate analogues of biological phosphates are being prepared and
investigated for their possible biochemical activity. For example, Dixon and Sparkes®!
have synthesised analogues of dihydroxyacetone phosphate and 3-phosphoglycerate in
which the phosphate group, -O-PO;H, was replaced by the phosphonomethyl group, -
CH,-PO;H,, to give 4-hydroxy-3-oxobutylphosphonic acid (6) and 2-hydroxy-4-
phosphonobutyric acid (7) respectively. These isosteres act as substrates for glycolytic
enzymes.

H,0,P-CH,-CH,-CO-CH,0H H,0,P-CH,-CH,-CH(OH)CO,H
O] | 0

A given phosphonate should be more stable towards hydrolysis than its phosphate
analogue and should also be less acidic, hence the degree of dissociation under
physiological conditions will be different. In addition the phosphonate will have slightly
different dimensions and possess a different overall configuration than its phosphate
analogue. Two important antiviral phosphonates are phosphonoacetate (PAA, 8) and
phosphonoformate (PFA, 9), which are both analogues of inorganic pyrophosphate (10).
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1.2.1. Phosphonoacetate (8)

Phosphonoacetate (PAA, 8) inhibits the replication of herpes viruses,32 including herpes
simplex virus,33 cytomegalovirus,34 Epstein-Barr virus, pseudorabies virus, equine
abortion virus, Marek's disease virus33 and human herpesvirus-6,36 by inhibiting virus-
induced DNA polymerase activity. It is also effective against varicella zoster virus37 and it
has been used in the treatment of warts.3® Other DNA viruses, such as simian virus-40
and human adenovirus-12, and RNA viruses, such as polio, rhinovirus or measles, were
not inhibited.3? Likewise, PAA does not inhibit the reverse transcriptase activities of
HIV.25

PAA is partially triionic at physiological pH with pKa's of 2.30 (P-OH), 5.40 (COOH)
and 8.60 (P-OH),32 and therefore cellular penetration is restricted. For example, Bopp et
al40 showed that only 14% of a 10 mg kg! orally administered dose of PAA was
absorbed by the rat (tj2 5.8 h) and only 8% of a 20 mg kg-! dose absorbed by the
monkey (ti2 13.9 h). PAA does not appear to be metabolised to other compounds in
either herpes virus-infected cell cultures, in uninfected cell cultures, or in animals.3% 40
Most of the PAA that is administered orally to a rat is rapidly excreted in both urine and
faeces in unchanged form.32

At concentrations up to 200 pg ml-! of the disodium salt, PAA was neither cytotoxic nor
mutagenic to uninfected cells in culture, but it effectively blocked herpes virus replication.
Treatment of viruses or cells with PAA before infection had no effect on herpes simplex
virus replication.4! When given subcutaneously to mice, PAA has an LDsg of 1500 mg
kg-1.42 A deposition in bone has been reported for PAA.32 Toxic reactions to PAA have
been reported for rabbits given 300 mg kg-! day-! intravenously4? and monkeys given
500 - 1000 mg kg! day-1.42 PAA caused severe dermal degeneration in guinea pigs*4
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and was irritating when applied liberally in a 2-5% cream to herpetic skin lesions on the
genitalia of cebus monkeys.*s This local irritancy, dermal toxicity and also the existence
of PAA-resistant mutants*6 has suspended the clinical development of PAA.

PAA does not inhibit the adsorption, penetration or release of the virus, nor the synthesis
of RNA and early viral proteins,47 but it does affect the synthesis of DNA and the late
viral proteins.48 PAA selectively binds to and inhibits the herpes virus-induced DNA
polymerase39 at concentrations of 1-2 uM, which does not significantly reduce cellular
DNA synthesis. PAA inhibition of herpes virus-induced DNA polymerase is believed to
occur by competitive inhibition at the pyrophosphate binding site on the polymerase
enzyme.49 PAA forms a stable six-membered chelate ring with an essential zinc ion (11)
in DNA polymerase thereby blocking the site that should accept inorganic pyrophosphate,
thus preventing further chain elongation of DNA.50 Inactivation of RNA transcriptases
occur through the same mechanism.
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The anti-herpes activity of pyrophosphate analogues have highly specific structural
requirements.5! Neither the carboxylic nor the phosphono groups of PAA could be
replaced, by for example a sulpho group, and the distance between these two groups is
important. Increase of this distance by the addition of methylene groups caused complete
loss of activity. Indeed, phosphonopropionic acid (12) is limited to the formation of
energetically unfavourable seven-membered chelate rings and was found to be inactive.5!
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Addition of some substituents on the methylene carbon of PAA resulted in a reduction,
but not loss, of activity. Replacement of the two hydrogen atoms on the methylene group
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of PAA by two chlorine atoms caused a complete loss of activity. In contrast, a decrease
in the length of the carbon chain to phosphonoformate (9) retained anti-herpes activity.

1.2.2. Phosphonoformate (9)

The antiviral activity of phosphonoformate (PFA, 9) was discovered by screening
analogues of PAA against herpes simplex virus DNA polymerase. PFA was found to be
as effective as PAA in selectively inhibiting the DNA polymerase .52 33.54 PFA is also
active against the hepatitis B5S and vesicular stomatitis viruses.56 Influenza-virus RNA
polymerase is inhibited by PFAS3 to a greater extent than by PAA.57 This activity was
enhanced in the presence of magnesium (II) or manganese (II) ions. In cell culture, PFA
is active against herpes virus type 1 and 2, pseudorabies virus53 and herpes virus
sylvilagus.58 PFA is also effective against cutaneous herpes virus infections in the
guinea pig, but unlike PAA, it is not irritating to the skin.44 59 A 2% PFA topical cream
showed marked therapeutic activity when applied to herpes-infected human skin.60 PFA
inhibited HIV reverse transcriptase enzyme by 50% at a concentration of 0.1 pM and
totally inactivated the enzyme at 5§ pM.61. 6225 PFA has recently become licenced for the

treatment of cytomegalovirus (CMYV) infection in AIDS patients.63

Like PAA, PFA is triionic at physiological pH with pKa's of 0.49 (P-OH), 3.41 (COOH)
and 7.27 (P-OH) resulting in limited cellular penetration®4 65 and as such high dose
infusions are required to achieve therapeutic effects.66 Sjovall et al 67 found that oral
administration of 4g of PFA in solution every 6 h for 3 days to humans resulted in low
plasma levels of the drug, the extent of absorption ranging from 12 to 22%. PFA was
found to have three half-lives of 0.45, 3.3 and 18h and a mean plasma clearance of 0.1 to
3.1 ml kg-! min-1.67 PFA is mainly eliminated unchanged by the kidneys$4 and dosing
has to be adjusted in patients with impaired renal function. Using a 3% (w/w) PFA cream
containing 14C-labeled PFA, percutaneous absorption has been studied in .guinea pigs.%
The absorption of PFA through intact skin was measured at 2-4% and through stripped
skin at 60-75%. Some PFA (7-10%) remains in the skin 48h after administration.

Extensive toxicity, fertility and teratogenicity studies have been performed on PFA32
showing a good safety margin [LDsp 600 mg kg-! (intravenous); > 4000 mg kg-! (oral)]
and permitting human studies. However, intravenous infusion of PFA (200 mg kg-! day-
1) has been shown to cause reversible renal dysfunction, thrombophlebitis at the infusion
site, headaches, anaemia and genital ulceration.68. 69, 63 Like PAA, 10-28% of a
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cumulative intravenous dose of PFA was found to bind tightly, but reversibly, to the
inorganic matrix of bone with no apparent adverse effects.67

PAA-resistant DNA polymerase is also resistant to PFA,54 suggesting that PAA and PFA
have the same mode of action,”0 blocking the inorganic pyrophosphate binding site. PFA
binds to a metal ion (probably zinc) in a similar manner to PAA but forming a five-
membered chelate ring.”!

1.2.3. Phosphonylmethoxyalkyl Purine and Pyrimidine Analogues

Recently a new class of acyclic nucleotide analogues (13) and (14) have been identified as
potent and selective inhibitors of HIV.24.72
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(13, X=NHj, Y=H): 9-(2-phosphonylmethoxyethyl)adenine (PMEA)
(13, X=0H, Y=NH3): 9-(2-phosphonylmethoxyethyl)guanine (PMEG)
(14) (S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine (HPMPC)

These compounds have a broad range of antiviral activity encompassing not only HIV,
but also many herpes viruses, including herpes simplex virus, varicella-zoster viruses and
cytomegalovirus.24. 72

Existing licensed antiviral nucleoside analogues, such as acyclovir (15) and
azidothymidine (AZT, 16) require three phosphorylation steps involving viral and cellular
kinases to convert them into their active triphosphate forms, whereas only two
phosphorylation steps are needed for the phosphonylmethoxyalkyl derivatives (13) and
(14)
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The bisphosphate of PMEA has been shown to prevent viral DNA synthesis by the
inhibition of DNA polymerase,’3 ribonucleotide reductase’ and reverse transcriptase.’”
The fact that PMEA is effective against both herpes and retrovirus infections in the same
animal model’6 make it particularly attractive for the therapy of AIDS, since it could be
used in the treatment of opportunistic herpes virus infections as well as the underlying
retroviral disease.

An additional advantage of these phosphonylmethoxyalkyl derivatives (13) and (14) over
existing antiviral nucleosides such as AZT (16) is that their actions are prolonged:
HPMPC (14) is active against cytomegalovirus infection and PMEA (13) is active against
retrovirus infection for several days following a single dose.” This prolonged action
would allow perhaps weekly doses to be given - a practical option for cytomegalovirus
and HIV infections, which require long term treatment. This marked stability probably
arises through attachment of phosphorus directly to carbon, thereby imparting resistance
to enzymatic as well as chemical degradation.

In common with PAA and PFA, one of the major problems associated with PMEA, and
the nucleoside analogues in general, is their polar nature and hence their limited
absorption from the gastro-intestinal tract following oral administration.

1.3. The Blood-Brain Barrier

Highly charged compounds, such as PFA, PAA and PMEA, have only limited cellular
penetration and large intravenous doses of the drug are often required to achieve
therapeutic efficacy.56 An area where drug transport is a major problem is in the treatment
of viral infections of the brain and central nervous system (CNS) where entry of ionic
molecules by passive diffusion is prevented by the blood-brain barrier (BBB). Following
oral delivery PFA can utilise the inorganic phosphate active transport system to pass
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through the stomach wall,”” however autoradiography studies show that PFA barely
traverses the BBB and entry into the brain is minimal.52

There are two barrier sytems which a drug must cross to get into the brain, the BBB an;i
the bloéd-ccrcbrospinal fluid (CSF) barrier. The BBB resides largely in microvessel
endothelial cells and has a surface area that is S000-fold greater than that of the blood-
CSF barrier-and therefore the BBB is the principal diffusion barrier separating the brain
interstitial space and blood.’® The two morphological characteristics of the brain
capillaries which make up the BBB are the epithelial-like high resistance tight junctions
which cement all endothelia of brain capillaries together, and the scanty pinocytosis or
transendothelial channels, which are abundant in endothelia of peripheral organs.”

In general, hydrophilic drugs, for example phosphonates, which gain access to other
tissues are barred from entry into the brain because they are unable to traverse the BBB.
Substances circulating in the blood may gain access to brain interstitial space only via one

. of four mechanisms:-

I) lipid-mediation (passive diffusion), which allows for the free-diffusion of lipid-soluble
substances such as the steroid hormones through the BBB;20

IT) carrier-mediation (active transport), which allows for the transport of circulating
water-soluble nutrients (eg. D-glucose, L-lactate, L-arginine, adenine) through the BBB
via the action of nutrient-specific carrier systems (eg. monosaccharides, monocarboxylic
acids and amino acids) localized in the lumenal and antilumenal membranes of brain
capillaries;8!

IIT) pore-mediation, which allows for the transport of water through water-specific pores
in the BBB;82 and

IV) receptor-mediated transcytosis of circulating peptides (eg. insulin) via peptide-specific
receptor systems, localized on both the lumenal and antilumenal membranes of brain
capillaries.82

Viruses can spread from the blood to the brain cells by two primary routes.83. 84 Firstly,
hematogenous spread: Growth through the endothelium of small cerebral vessels has
been demonstrated in several systems, and there is evidence that virions may sometimes
be passively transferred across the vascular endothelium. The production of meningitis
rather than encephalitis by enteroviruses, and the ease with which these agents are
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recovered from the CSF, can be explained by postulating that the virus in the blood either
grows or passes through the choroid plexus. The second general mechanism of CNS
viral infection is neural spread: Diffusion from the periphery to the CNS is possible
without generalisation of viruses through the bloodstream, for the peripheral nerves and
the nerve fibres of the olfactory bulb offer potential direct pathways. The route of spread
‘ along peripheral nerves is usually by growth within the endoneural cells. Apart from
rabies and herpes B virus infections of man after monkey bites, no examples of neural
spread have been established in natural human infections. However, transmission in the
reverse direction from the dorsal root ganglia down the corresponding peripheral nerves,
appears to be the most likely mode of spread of virus in herpes zoster and recurrent
herpes simplex.

Serious viral infections of the CNS which could be controlled by phosphonates include
herpes simplex virus, in particular herpes encephalitis,85 human cytomegalovirus brain
infection8¢ and HIV-1. A common and important cause of morbidity in patients with
advanced stages of infection with HIV-1 is the AIDS dementia complex, a complicating
neurological syndrome characterised by abnormalities in cognition, motor performance
and behaviour®7, It is unclear whether HIV-1 enters the brain as free virus, within
infected monocytes and macrophages, or through primary infection of the choroid plexus
or meningeal cells. There is evidence that AIDS dementia complex is caused by direct
brain infection with HIV-1,87.88 however, it has also been suggested that the mechanism
of brain damage by HIV-1 could be indirect (eg. interference with neuroleukin).8 The
instrument of that damage may therefore be either a viral or host encoded gene product
released from infected macrophages causing impairment of neuronal function rather than
neuronal death. The virus frequently invades the CNS early in the course of systemic
infection, even in asymptomatic individuals.%0 Invasion of the CNS by HIV-1, coupled
with the possibility that it could create a reservoir of persistent infection even if peripheral
clearance were realized®! has led to the general agreement that an ideal chemotherapeutic
agent for HIV-1 should penetrate the BBB and be highly active in the CNS.90

1.4. Drug Delivery and Prodrug Design

A powerful pharmacological-based approach for drug delivery to the brain is via the
design of prodrugs. A prodrug is an inactive derivative of the parent drug molecule that
has improved delivery properties over the parent drug. The prodrug needs to undergo a
chemical or enzymatic transformation, within the target organ, to release the active
drug.92 For passive diffusion, prodrug design involves the conversion of an active
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hydrophilic drug into an inactive lipophilic molecule, thus promoting transport through
the membrane (BBB). The process for a bipartite prodrug consisting of a carrier moiety
attached to the parent drug is represented diagramatically in Fig 1.3.

In designing an effective prodrug93: 94.95 at least four criteria must be satisfied:-
I) The prodrug must be able to cross the BBB.
IT) The prodrug derivative must undergo reconversion to the drug in vivo.

III) The active drug must be generated at such a rate that the target organ receives an
effective concentration of the drug before systemic metabolism of the prodrug occurs.

IV) The prodrug, together with the generated carrier moiety must be both non-toxic and
inactive, or certainly less active, than the parent drug.

Bipartite prodrugs are susceptible to delivery problems. For example, an inherent
instability of the drug-carrier bond, resulting in degradation before the site of action has
been reached, or conversely, inhibition of enzymatic hydrolysis due to the steric or
electronic properties of the drug. Carl et al% proposed a tripartite prodrug in which the
carrier and drug are linked together by a special connector group (Fig 1.4). Here
enzymatic activation now proceeds through hydrolysis of the carrier-link bond rather than
the carrier-drug bond. To be successful the link should be designed in such a way that,
following enzymatic or chemical activation, the link-drug bond spontaneously cleaves to
release the active drug.
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Fig 1.3 — Bipartite prodrug system

BBB
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Fig 1.4 — Tripartite prodrug system

41



Before a brain-directed prodrug can reach its target it must be transported via the blood
and through the liver, both sites of high enzyme activity. Researchers have generally
relied on designing lipophilic ester prodrugs that are sufficiently stable in plasma and in
the liver to allow a therapeutic dose to reach the brain, wherein the prodrug should be
hydrolysed enzymatically or chemically and cleaved to give the parent drug. The substrate
specificity of esterases for prodrugs is dependent on the length and steric properties of the
groups on either side of the ester link.97 Therefore, if the rate of hydrolysis is too rapid,
for example, the ester function must be modified in such a way as to render the prodrug a
poorer substrate for the esterase. In general, this can be achieved by increasing the chain
length of the ester to more than six carbons or by adding bulky substituents to increase
the steric hindrance.

A further factor complicating the design of clinically useful prodrugs is finding an
appropriate animal model. This results from the abundance and varying substrate
specificity of esterases in different animal species.” Human plasma can be used to
determine the rate of hydrolysis of a prodrug by plasma esterases in vitro , however some
prodrugs are preferentially metabolised within the liver. In addition, brain studies require
the use of animal models which to some extent will have different characteristics to
human brain.

The majority of chemical manipulation approaches for making drugs more lipophilic
involve modifying the hydroxyl, carboxylic acid, amino and phosphate groups, examples
of which are given below.

1.4.1. Derivatisation of Hydroxyl Groups in Prodrug Design

The lipophilicity of drugs containing the hydroxyl group can be increased simply by
esterification or sometimes by etherification. A striking example of a hydroxy-linked
brain-directed bipartite prodrug is the conversion of the highly polar drug, morphine, to
diacetylmorphine (heroin), which has greater lipophilicity than the parent compound and
consequently diffuses through the BBB 100-fold faster.Once inside the brain it is rapidly
hydrolysed by the action of esterases to monoacetylmorphine and morphine, which are
responsible for its pharmacologic actions.98
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1.4.2. Derivatisation of Carboxylic Acid Groups in Prodrug Design

The development of carboxyl-linked prodrugs for brain delivery is a rapidly expanding
area of research. The lipophilicity of drugs containing carboxyl groups can be greatly
increased by their conversion to carboxylic esters. An example of this involves the
penicillin B - lactam antibiotics (17) which contain a thiazolidine carboxylic acid group

and are therefore ionised at both physiological and intestinal pH.

(17)
R=alkyl, aryl

In an attempt to increase the lipophilicity and oral absorption of penicillin, bipartite
prodrugs in the form of simple alkyl and aryl esters of the carboxylate group have been
synthesised. Although they are rapidly hydrolysed to the free penicillin acid in animals,
they proved far too stable in man to have any therapeutic potential.® This problem was
resolved by the synthesis of a series of double esters of penicillin (tripartite prodrugs),
incorporating an acyloxymethyl group into the molecule (18).100

I ]

X— C—0—CH,— 0—C—R

(18)
X =Remainder of drug

These acyloxymethyl esters (18) are rapidly hydrolysed in the blood and tissues of
humans to regenerate the active penicillin. The first step in the hydrolysis of the
acyloxymethyl esters is enzymatic cleavage of the terminal ester bond to give an unstable
hydroxymethyl ester (19) which rapidly dissociates to the parent penicillin and
formaldehyde (Fig 1.5).
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Fig 1.5 - Hydrolysis of acyloxymethyl esters

| ]
X—C—0—CH,—0—C—R
(18)
Enzymatic
Hydrolysis
o
X—(C—0—CHy—OH + RCOOH
(19)
Rapid

X-COOH + OCH,

This tripartite prodrug principle has been used successfully to improve oral bioavailability
of a number of penicillins.101, 102, 103 _

In the area of cancer chemotherapy much effort has focused on the development of brain-
directed anticancer prodrugs for the treatment of tumours of the CNS. Methotrexate (20,
R=H), is restricted from entering the brain by the presence of two amino and two
carboxylate residues, which are charged at physiological pH.
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Attempts have been made to increase the lipohilicity of this drug by masking its
carboxylate functions.!%4 One study to assess the brain uptake of the lipophilic 7 -

monobutyl ester (20, R=C4Hy) of methotrexate in the rhesus monkey revealed that 99%



of the compound became protein bound following intravenous administration..As a
consequence, the combined CSF levels of the ester and methotrexate were very similar to
those following an intravenous administration of equimolar methotrexate.

1.4.3. Derivatisation of the Amino Group in Prodrug Design

Many amine drugs are protonated at physiological pH and as such are not sufficiently
lipophilic to passively diffuse across the BBB. Considerable effort has been focused on
the synthesis of prodrugs of the central inhibitory neurotransmitter, y-aminobutyric acid
(GABA) (21).
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GABA is zwitterionic at physiological pH and as such penetration of the BBB is
minimal. Acylation of the amino group!%5. 106 does improve brain delivery quite
considerably, however, enzymatic cleavage of such amides has proved difficult in
humans.

One of the most novel approaches to site-specific and sustained release of amine drugs to
the brain, involving N-acylation, has been developed by Bodor and coworkers,107, 108,
109 By linking such drugs to a lipophilic dihydropyridine carrier through an amide
linkage, the dihydro derivative obtained (22) is distributed quickly throughout the body,
including the brain, following its administration. The dihydro form (22) is then rapidly
oxidised enzymatically to the quaternary salt (23), which because of its ionic character is
trapped within the brain. The slow enzymatic cleavage of the amide linkage of the
ammonium salt (23) then results in a sustained delivery of the active amino drug (24) to
the brain.

OH QI %
C-N-R C-N-R C—-O
| | — —_— + RNH,
N NG N%
CH, CHj CHj
(22) (23) (24)

45



This technique has been applied to the brain - directed delivery of phenethylamine and
dopaminel07 for the treatment of Parkinson's disease and also to 2', 3'
dideoxynucleosides!!? in an attempt to treat AIDS dementia.

Another study by Carl and coworkers® involved the synthesis of benzyl esters of
carbamates (25) as tripartite prodrugs for compounds containing the amino group. These
model prodrugs underwent rapid hydrolysis in the presence of trypsin to release the
model drug, 4-nitroaniline (28) (Fig 1.6). They proposed that enzymatic activation
resulted in conversion of the weakly electron-donating acyl-amido group of (25) to the
strongly electron-donating amino group of (26). The lone pair of electrons on the amino
group results in the 'cascade effect' whereby additional electron density is released into
the &t system, thus stabilising the development of the positive charge on the benzylic
carbon atom of (27). The benzyl carbonium ion (27) reacts with water to give 4-
aminobenzyl alcohol, whereas the carbamate product loses carbon dioxide to give the
model drug (28).
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Fig 1.6 - Enzymatic hydrolysis of benzyl carbamate prodrugs

OH H OH

" LU | ] |
R—C- —Q—Q-O—C-N—Q—Noz

H
(25)

l Trypsin

””?‘

(27)

HzN—Q—CHon + HZN—O—NOZ + C02

(28)
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1.4.4. Derivatisation of Phosphates in Prodrug Design

A vital step in the mode of action of purine and pyrimidine nucleosides against viral
diseases is their conversion into their 5'-mono, di or triphosphates (nucleotides) by
cellular or virus-induced kinases. The nucleoside form is most often administered because
of the ease with which it penetrates cells, however the necessary phosphorylation to the
active nucleotide form does not always follow. In addition, the nucleotides are not
directly applicable as chemotherapeutic agents because of their poor penetration of cell
membranes and rapid enzymatic dephosphorylation to the parent nucleosides. Since
masking of the ionised and hydrophilic phosphate group might be expected to increase the
penetrability of the nucleoside phosphates, the development of suitable biologically
reversible phdsphate protective groups constitutes an important task.

A number of bipartite and tripartite prodrug derivatives for the phosphate group of
nucleotides have been investigated. For example, the ionic phosphate moiety can be
converted to an ester function to obtain less ionic character and better cellular
penetrability. Once inside the cell, enzymatic hydrolysis to the active nucleotide would be
expected to occur. A series of lipophilic 5'-alkyl phosphate esters of Ara-C (29) have
been synthesised,%! however these proved too unstable in plasma to be of any thcrapchtic

potential.
NH,
]
O
RO-P- oaT
OH H
OH
A (29)
R=alkyl

A more successful approach has been to synthesise cyclic 3',5'-phosphates of Ara-C (30)
which exhibited a higher degree of stability in the host circulation.
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O=P
/
OH \o
(30)

A series of cyclic phosphotriester derivatives of 2'-deoxy-5-fluorouridine (31) have been
prepared in an attempt to increase the lipophilicity and membrane permeability of the
nucleotide.92 Variations in the degree of stability was again a feature of these compounds.

OH

(31)
=alkyl

A tripartite prodrug system applicable to phosphates is the acyloxyalkyl group, analogous
to the acyloxyalkyl esters of carboxylic acid in section 1.4.2. Farquhar and co-
workers!11 112 have prepared a number of lipophilic di(alkanoyloxymethyl) esters of
phosphoric acid and model benzyl and phenyl phosphates (32) and studied their
degradation in aqueous buffer solutions, mice plasma and in the presence of hog liver
esterase. The rate of enzymatic hydrolysis of the various derivatives was dependent on
the nature of the acyl group, the more sterically hindered groups undergoing only slow
hydrolysis. The mechanism of chemical and enzymatic hydrolysis is shown in Fig 1.7.
The hydroxymethyl derivatives (33) formed have only transitory existence and
spontaneously eliminate formaldehyde via a cascade process, initiated by electron
donation from the hydroxyl function.
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Fig 1.7 - Hydrolysis of di(alkanoyloxybenzyl) phosphates

R-C-0-CH, R-C-0-CHy
% Enzymatic 0
=YP- y S ———— S T '
0 ll3 e Activation O"I;) OR
.9 0
R-C-0-CH, HO- CH,
Fast | - CHO
i
R—C-O—CIIHz
9- Slow 9 i
O=P-OR' ~ —~— O=P-OR
I o"
(0]

R,R'=H, alkyl, aryl

1.4.5. Derivatisation of Phosphonates in Prodrug Design

Simple alkyl and aryl esters of PFA have been prepared!!3 in an attempt to increase
lipophilicity and improve cell penetration of the drug. All three acidic groups of PFA need
to be free for antiviral activity, however, only certain P,P-aryl esters of PFA can be
biotransformed to PFA within cells.

The synthesis and evaluation of PFA and PAA linked to nucleosides has also received
considerable attention. Such compounds could act as combined prodrugs in which the
lipophilicity of each component is enhanced, thereby improving cellular penetration.
Metabolic activation might then generate the nucleoside and the pyrophosphate analogue,
which could exert their antiviral effects in a synergistic manner. Vaghefi et al!14 prepared
a series of PFA derivatives which were attached through the phosphonate group to the 5'-
hydroxyl of a nucleoside, in the hope of providing the required specificity of an inhibitor
of reverse transcriptase which would not inhibit normal cellular RNA or DNA
polymerase.!!3 The 2'-deoxyadenosine 5'-(hydroxycarbonyl) phosphonate analogue (34)
was the most active, possessing a similar EDsg value to PFA itself. It is unclear whether
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whether this compound exerts its antiviral effect directly or via intracellular

biotransformation to PFA.
(o]
N
N
Q. 0, ¢ ﬂ
CP-0 o "N

OH

NH,

(34)

In another study PFA and PAA derivatives of 5'-substituted 2'-deoxyuridines (35) have
been synthesised and their antiherpes activity evaluated.!16

o)
HNH
Q o 02\ N
C— (CH,),—P-
RO’ (')RO_@'
OH

(35)
R=H, alkyl, aryl

The activity of these molecules was related to the ease with which they were hydrolysed
and the parent compound released. It was found however, that the activities of the parent

compounds were greater than those of the prodrugs, and no synergistic effect was

demonstrated. The lack of synergism was surprising as this effect had previously been

demonstrated against HSV-1 when PFA was combined with acyclovir in vitro 117 and in

vivo 118 ‘

A similar study involved the synthesis and antiherpes evaluation of PAA and PFA esters
of S-bromo-2'-deoxyuridine and related pyrimidine nucleosides and
acyclonucleosides.!19 Of these compounds only phosphonate esters in the 2'-
deoxyuridine series showed significant activity against HSV-2, with the PFA (36, n=0)
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and PAA (36, n=1) derivatives found to be more active than the parent nucleoside against
HSV-2.

(0]
Br
HNJT
Q o o
C— (CHy),—P-
HO” ’ OH 0
OH
(36)

The active cofnpounds may exert their effects by extracellular or intracellular hydrolysis to
the corresponding antiviral agents, although an intrinsic component of antiviral activity
may also be involved. .

In an attempt to provide an effective inhibitor of HIV-1 reverse transcriptase, PFA has
recently been coupled with AZT to form an AZT-PFA conjugate (37).120

()
CH,
HN |
00 OJ\N
RO—C—IP- o)
NH, O
Nj
(37)

A synergistic effect has been reported when AZT and excess PFA were given in
combination to intact cells,!2! however the ammonium salt of the combined prodrug, 3'-
azido-5'-(ethoxycarbonylphosphinyl)-3'-deoxythymidine (37, R=CH3CH,) was found
to inhibit HIV-1 reverse transcriptase activity to a lesser extent than AZT. The lower
potency of the conjugate may be due to a slower uptake of the molecule than the parent
nucleoside, as well as slow metabolism to the active components. Although it possessed
lower anti-HIV activity than AZT, the conjugate was also less cytotoxic
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1.5. Aims of Research -

The aim of this project is to design prodrugs of antiviral phosphonates with sufficient
lipophilicity to permit passive diffusion through the BBB into the brain and CNS,
wherein metabolic reconversion to the hydrophilic parent drug can occur. The ideas
developed could also be extended to the delivery of nucleotides and bisphosphonates used
in the treatment of bone cancer.!12

Based on the tripartite prodrug cascade approach developed by Carl et al the present
studies will investigate the synthesis and metabolic activation of a series of di(4-
substituted-benzyl) esters of phosphonoformate (38) and phosphonoacetate (39). The
substituent in the 4-position of the benzene ring (X) should be electron-withdrawing but
also able to undergo metabolic conversion to an electron-donating substituent (Y). For
example, in the presence of esterases, an alkanoyloxy group (X) may be hydrolysed to
give the hydroxy group (Y), or alternatively an azide substituent (X) could be converted
to an electron rich amino group (Y) by reduction.  These triesters (38, 39) may be
sufficiently lipophilic to passively diffuse into the brain, where the electron-deficient X
group could be metabolically converted to an electron-donating function Y (40), thus
promoting decomposition of the molecule via the cascade effect to form the benzyl diester
(41) and a resonance stabilised benzyl carbonium ion (42) (Fig 1.8). This process should
be repeated with the loss of the second benzyl group to form the monoester (43) which
itself could undergo enzymatic hydrolysis to the active drug.

The synthesis and metabolic activation of benzoyloxymethyl triesters of PAA (44) will
also be investigated. This series of compounds is based on the alkanoyloxymethyl
phosphate esters developed by Srivastva and Farquhar,111. 112 In common with the di(4-
substituted-benzyl) phosphonate esters (38, 39) it is hoped that these molecules will be
able to traverse the BBB. Once inside the CNS, esterase action may hydrolyse the
benzoyl group and the resulting hydroxymethyl intermediate (45) could degrade to PAA
(8) with the loss of formaldehyde (Fig 1.9)
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Fig 1.8 - Proposed metabolic activation of dibenzyl triesters
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Fig 1.9 - Proposed metabolic degradation of di(benzoyloxymethyl) triesters
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RESULTS AND DISCUSSION
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CHAPTER 2 - ESTERS OF PHOSPHONOFORMATE

2.1. Synthesis of Dibenzyl (Methoxycarbonyl)phosphonates (38)

Two methods were used to prepare the dibenzyl triesters of PFA (38). The first method is
outlined in Fig 2.1 and involves the synthesis of (methoxycarbonyl)phosphonic
dichloride (50). Reaction of two equivalents of the appropriate benzyl alcohol (51) with
(50) in the presence of two equivalents of triethylamine to remove the hydrochloric acid
released, yielded a series of 4 - substituted dibenzyl triesters of phosphonoformate (38,
X=H, N3, CH3, CH3COO, (CH3);CCOO, Cl, CF3).

Fig 2.1 - First method for the synthesis of dibenzyl (methoxycarbonyl)phosphonates(38)

CH,0

P
(CH;0P + CH0C0)01 —=  Ommp— C{
- (46) - @7) | OCH,4
CH,;0
(48)
l 2 (CH3)3SiBl'
o (CHy)38i0
o 0
b c< 2PCs O=p — c<
L oo (CH;); Si OCH;3
(50) . - @9)
2 X—O—CHZ—-OH /EtN
(1)
X—O—CHZ—-—- 0
: )
| 7/
O—II) — C\
X—Q—CHZ-——O OCHs
(38)

Initially the (methoxycarbonyl)phosphonic dichloride (50) proved difficult to prepare.
The key step in the first attempted route involved an Arbusov reaction!23.124.30 o form a -
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P-C bond between methyl chloroformate and tris(trimethylsilyl) phosphite to form
di(trimethylsilyl) (methoxycarbonyl)phosphonate (49).125 The reaction gave a very low
yield of (49), perhaps as a result of the extremely moisture sensitive nature of the silylated
substrate and product. The more successful approach to the synthesis of the dichloride
(50) (Fig 2.1) involved first the preparation of dimethyl (mcthoxycarbonyl)pﬁos:phonatc
(48). This route also required an Arbusov reaction123, 124,30 to form the phosphonate
(48), but here the substrate, trimethyl phosphite (46), was less moisture sensitive than
tris(trimethylsilyl) phosphite. The reaction was straightforward and gave an 80% yield of
dimethyl (methoxycarbonyl)phosphonate (48). This compound is also commercially
available. Based on the method of McKenna and coworkers!?7 for the dealkylation of
phosphonic acid dialkyl esters with bromotrimethylsilane, dimethyl
(methoxycarbonyl)phosphonate (48) was reacted with 2.5 molar equivalents of
bromotrimethylsilane at room temperature to give di(trimethylsilyl)
(methoxycarbonyl)phosphonate (49) in 60% yield. This reaction probably occurs via
attack on silicon by the phosphoryl oxygen of dimethyl (methoxycarbonyl)phosphonate
(48) to give the intermediate (52), followed by substitution of the displaced halide ion to
give the methyl trimethylsilyl (methoxycarbonyl)phosphonate (53). A second cycle of the
same reaction sequence would give di(trimethylsilyl) (methoxycarbonyl)phosphonate (49)
(Fig 2.2).128 The phosphonate (49) was then reacted with PCls to give a 72% yield of
(methoxycarbonyl)phosphonic dichloride (50).129

Fig 2.2 - Mechanism for the formation of di(trimethylsilyl) (mcthoxyc‘arbonyl)-
phosphonate (49)

CBf CH0 o CH—O
I + /7 °
(CH; );,sUP—C\ —>  (CH3);Si0—p —c\
OCH, OCH;
CH, /-CH:;;'" :
2
= CH3BI' -+
(CH;3)3Si0 o
(CH,)5SiBr
(49) O==p — C\
- CH3Br b OCHj
CHj
(53)
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The benzyl alcohols required for coupling with the phosphonic dichloride (50) were either
commercially available or readily prepared. 4-Azidobenzyl alcohol (51, X=N3) was
prepared by the diazotisation of 4-aminobenzyl alcohol and subsequent nucleophilic
substitution with sodium azide.130 The alkanoyloxybenzyl alcohols (51, X..CH;;COO,
(CH;);»,CCOO) were prepared by the reaction between 4-hydroxybenzyl alcohol and the
appropriate anhydride.13!

The second method for the synthesis of dibenzyl (methoxycarbonyl)phosphonates (38) is
given in Fig 2.3. This route involves the passage of di(trimethylsilyl)
(methoxycarbonyl)phosphonate (49) down an ion-exchange column to give disodium
(methoxycarbonyl)phosphonate (54), which is converted to the corresponding disilver
salt (55) by reaction with silver nitrate. A nucleophilic substitution reaction between
disilver (methoxycarbonyl)phosphonate (55) and the appropriate benzyl iodide (56) gave
the desired phosphonate triester (38).113

Fig 2.3 - Second method for the synthesis of dibenzyl (methoxycarbonyl)phosphonates

(CH;3)38i0 O Na*O~ o
/ H,0 /
0—113— C ocH Tor— O=P— C\
(CH3)35i0 3 Exchange Na* !)- OCH;4
49) (54)
l 2 AgNO;,
+
Ag C]) fo
Qme=p — C‘\
. J) OCHj
Ag
(55)
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This method was only used for the synthesis of bis(4-nitrobenzyl)
(methoxycarbonyl)phosphonate (38, X=NO,), but is likely to be applicable to all
analogues. 4-Nitrobenzyl iodide (56, X=NO;) was obtained from the reaction of 4-
nitrobenzyl chloride with potassium iodide.132

The triesters (38, X=H, NO;, CH3, CH3C0O0, (CH3);CCOO, Cl) were purified by
flash column chromatography.!33 The 4-azido analogue (38, X=N3), however, was
found to be unstable on silica and was used without further purification. The 4-nitro
analogue (38, X=NO,) was a colourless solid at room temperature (mp 58 - 62°C) and
was further purified by recrystallisation from toluene/petroleum ether. 4-
trifluoromethylbenzyl alcohol (51, X=CF;) was removed from di(4-
trifluoromethylbenzyl) (methoxycarbonyl)phosphonate (38, X=CF3) by Kugel
distillation rather than flash column chromatography due to very poor chromatographic
separation between the triester (38, X=CF3) and the alcohol.

All of the triesters were fully characterised by elemental analysis, high resolution fast
atom bombardment (FAB) or chemical ionisation (CI) mass spectrometry, high resolution
1H, 31P and 13C nuclear magnetic resonance (NMR) spectroscopy and infra-red
spectroscopy. The mass spectra of most triesters showed the most abundant peak with an
mlz corresponding to the appropriate 4-substituted benzyl fragments. The exception was
the nitrobenzyl triester (38, X=NO3) which showed the most abundant peak at m/z 428
corresponding to the molecular ion plus an NHa* cation. The 1H NMR spectra (CDCl3)
of all triesters (38) showed a characteristic doublet (Jpyy ~8 Hz) in the region of 8y 5 ppm,
which integrated for 4 H, confirming that the benzyloxy groups were attached to
phosphorus, The 3!P (1H coupled) NMR spectra were characterised by a pentet of
quartets (Jpy ~8, 1 Hz) in the region of dp -5 ppm, arising from coupling of the 4
benzylic protons with phosphorus, together with long range interaction between the
methoxycarbonyl function and phosphorus. Fig 2.4 gives the 'H and 3!P (H coupled)

'NMR spectra for a typical phosphonoformate triester, dibenzyl
(methoxycarbonyl)phosphonate (38, X=H).

The synthesis of di(4-methoxybenzyl) (methoxycarbonyl)phosphonate (38, X=CH30)
was attempted via both routes shown in Figs 2.1 and 2.3, but was unsuccessful. The
only compound recovered from each reaction mixture was di(4-methoxybenzyl) ether
(57). This result supports the present rationale for prodrug design outlined in section 1.5,
suggesting that the triester (38, X=CH30), or an intermediate towards its synthesis, is
unstable owing to the electron-donating mesomeric effect of the methoxy group causing
degradation via a cascade effect (Fig 2.5). The highly electrophilic 4-methoxybenzyl
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carbonium ion (58) generated from this breakdown probably reacts with the 4-
methoxybenzyl alcohol in the reaction mixture to form the ether (57). The highly reactive
nature of the 4-methoxybenzyl carbonium ion (58) has been observed in a seperate study
by Amyes and Richard.!34

Fig 2.5 - General scheme for the degradation of methoxybenzyl phosphonates

CH;@-@lCHZ—Q—B

+ + -
CH3O —<:>—CH2 ——— CH3O —D—CHz -+ O—B

(58)

lHO—CHrO—OCH3
CH;0 —O—'CHZ—O—CHZ—O—OCH;,

(57)

It was, however, possible to synthesise the 3-substituted derivative, di(3-méthoxybcnzyl)
(methoxycarbonyl)phosphonate (59) in good yield from the reaction of 3-methoxybenzyl
alcohol with (methoxycarbonyl)phosphonic dichloride (50).

CH,
2 Y—CH,— 0
2 I 0

o—T—- c{
Q— R | OCH,4
CH,0
(59)
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As anticipated this suggests that the cascade effect only operates for electron-donating
substituents in the 4-position of the benzene ring. A similar effect has been observed by
Higuchi and Schroeter!35 who studied the abnormally high reactivity of drugs containing
the 2- or 4-hydroxybenzyl structure. In a survey of reactions of several drugs (eg.
epinephrine) with bisulphites, a.2- or 4-hydroxyl or amino group was essential for
reaction and subsequent formation of substituted benzyl sulphonic acids. 3-substituted
isomers were unreactive with sulphite under the experimental conditions. This Suggcsts
the formation of a quinone methide (60) by reversible dehydration, followed by a rapid
reaction with bisulphite to form the sulphonate product. In another study, Bogardus and
Higuchil36 proposed the involvement of a quinone methide intermediate in the hydrolysis
of quaternary ammonium derivatives of tertiary amines.

0—<:>—CH2

(60)
2.2. Synthesis of Sodium Benzyl (Methoxycarbonyl)phosphonates (61)

It was anticipated that hydrolysis of the triesters (38) would give the corresponding
benzyl (methoxycarbonyl) phosphonate diesters (61). Hence, the sodium salts of the
diesters were prepared by the reaction of sodium iodide with the appropriate dibenzyl
phosphonate triester (38) in dry acetone, either heating under reflux or at room
temperature (Fig 2.6).137

Fig 2.6 - Synthesis of sodium benzyl (methoxycarbonyl)phosphonates (61)

X—O—CHZ— 0 X—O—cnz-—o
_ |

/0
Q=P o (‘\ —_— Q==p — C
] OCH, Nal I \O CH
X—G——CHz—- 0 | Na* 0" 3
(38) (61)
+

x—{_Y—cmi1
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In this reaction the strongly nucleophilic character of the iodide ion!38 was used to
selectively remove one phosphonate-bound benzyl group to give the diesters (61), which
were precipitated as colourless solids. The precipitates are usually almost pure and
repeated washing with acetone ensured complete removal of the benzyl iodide generated
in the reaction. The salts were further purified by precipitation following the addition of
acetone to an aqueous solution of the diester. Yields varied from 17% (61, X=H) to 91%
(61, X=ClI) and could be increased by minimising the volume of solvent used, indicating
a degree of solubility of the sodium salts in acetone.

The diester salts were fully characterised by elemental analysis, high resolution FAB
mass spectrometry, high resolution 1H, 31P and 13C NMR spectroscopy and infra-red
spectroscopy. The FAB mass spectra of all diesters revealed the most abundant peak with
an m/z corresponding to the molecular ion plus a sodium cation. The 'H NMR spectra
(D,0) of these salts showed a characteristic doublet (Jpy ~8 Hz) in the region of 6y 5
ppm, which integrated for 2 H, confirming that one benzyloxy group was attached to
phosphorus. The 31P (!H coupled) NMR spectra (D20) showed a triplet of quartets (Jpy
~8, 1 Hz) at approximately dp -3 ppm arising through coupling of the 2 benzylic protons
with phosphorus and long range interaction with the methoxycarbonyl function.

2.3. Antiviral Properties

The protective activity and toxicity of potential anti-HIV compounds is measured in one
experiment using a colorimetric assay (MTT method) which determines the ability of
viable cells to reduce a tetrazolium compound to a blue formazan product which can be
measured at 540 nm. Formazan results are confirmed by examining syncytia formation
and measuring antigen p24 by Elisa. The phosphonoformates tested for anti-HIV activity
by Dr Derek Kinchington of St Mary's Hospital (.ondon) were:

Di(4-azidobenzyl) (methoxycarbonyl)phosphonate (38, X=N3)

Di(4-nitrobenzyl) (methoxycarbonyl)phosphonate (38, X=NO;)

Sodium 4-azidobenzyl(methoxycarbonyl)phosphonate (61, X=N3)

Disodium (methoxycarbonyl)phosphonate (54)

Trisodium phosphonoformate (9)



The compounds were compared with AZT and Table 2.1 gives the results of anti-HIV
testing expressed as the concentration of drug which reduces the antigen p24 by 50% in

infected cell cultures (ECsp).

Table 2.1 - Concentration of drug which reduces the antigen p24 by 50% in infected cell
cultures (ECs)

Compound . ECs(pM)
38, X=N, inactive
38, X=NO, inactive
61, X=N, | inactive
54 200
9 20
AZT 0.016

The assay indicates that the triesters (38, X=N3, NO;) and diester (61, X=N,) were
inactive at the highest concentration tested (200 puM). Disodium
(methoxycarbonyl)phosphonate (54) was found to be active at 200 UM, with trisodium
phosphonoformate (9) being the most active with an ECs, of ~20 pM.

The inactivity of the triesters, diesters and monoesters of phosphonoformate in an in
vitro assay was not altogether unexpected. The molecules were designed as prodrugs and
as such are inactive until metabolism to the parent drug has taken place, The cell line used
has little metabolising capacity, hence the only true test of their anti-HIV activity is either
an in vivo study or incubation in the presence of metabolising enzymes which will assess
their ability to degrade to the active drug, phosphonoformate (9).

2.4. Hydrolysis Studies of Dibenzyl (Methoxycarbonyl)phosphonate (38, X=H)"

2.4.1. Rate of Hydrolysis by HPLC

The triester (38) (100 or 400 pug ml!) was subjected to hydrolysis in a phosphate buffer
(pH 7.4, 0.1 M) - acetonitrile mixture (1:1, v/v) at 37°C and the reaction was monitored
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by ion-pair reversed-phase high performance liquid chromatography (HPLC). Samples
were injected directly onto a C-18 endcapped column and eluted for 20 min with a linear
or convex gradient of acetonitrile - 10 mM tetrabutylammonium chloride in water, initial
conditions, 35:65 (v/v); final conditions, 90:10 (v/v) at a flow rate of 1 ml min-1. An ion-
pairing agent was used to ensure that the charged hydrolysis products did not elute with
the solvent front. As a consequence, the disappearance of the highly lipophilic. triester
(38, retention time = 15.2 min) as well as the appearance of any charged species could be
followed simultaneously throughout the hydrolysis. The reaction was observed to follow
first order kinetics and the half-life (t;;) was calculated as 24.9 min (standard deviation

2.9) from Eqn 2.1. -
tiz=In2/k Eqn 2.1
where k is the rate constant 'fml' the disappearance of lricstér.

The high degree of chemical instability was surprising especially when compared to the
much greater stabilities of a range of phosphate diesters and triesters.!39 For example, the
half-life for the hydrolysis of dimethyl phosphate at pH 7.4 is too slow to be measured,
even at high temperatures. Further to this Hudson and Harper!40 measured a half-life of
11 min for dibenzyl methylphosphonate (62) at 100°C. However, very recent
observations by Iyer and coworkers!4! on the synthesis and stability of P,P-
di(alkanoyloxymethyl) esters of phosphonoformate (PFA), together with studies by Krol
et al 142 on the hydrolysis of a series of alkyl and aryl PFA esters also suggest a high rate
of degradation associated with triesters of PFA. In an attempt to understand the reason for
the high reactivity of dibenzyl (methoxycarbonyl)phosphonate (38) the mechanism of
hydrolysis for the triester was investigated in detail.

2.4.2. Identification of Products
It was anticipated that the hydrolysis of fhe triester (38) would be straightforward, the

only expected products being the diester, benzyl (methoxycarbonyl)phosphonate (61),
and benzyl alcohol (Fig 2.7).

* In section 2.4 structures (38) and (61) possess X=H in Fig 2.6.
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Fig 2.7 - Expected hydrolysis of dibenzyl (methoxycarbonyl)phosphonate (38)
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A typical HPLC chromatogram (Fig 2.8) revealed that benzyl alcohol and the diester (61)
were indeed the major products eluting at 4.6 and 5.4 min respectively, however there
were also four unexpected products (63), (64), (65) and (66) having retention times of
14.1, 4.3, 11.8 and 10.1 min respectively.

In an attempt to characterise these four degradation products the hydrolysis experiment
was repeated and monitored by 3P NMR spectroscopy. After 90 min there were 3 main
phosphorus containing compounds present, the triester (38, dp -3.70 ppm), the diester
(61, 3p -4.71 ppm) and an unknown peak at 6p 10.82 ppm. When the 3!P NMR
spectrum was recorded again with 'H coupling, the unknown peak at 8 10.82 ppm gave
rise to a doublet of pentets with cbupling constants of 719 and 9.6 Hz. The very large
coupling to phosphorus, which is consistent only with a P-H group, together with the
pentet pattern suggested the formation of dibenzyl phosphite (63). This was supported by
the work of Noren and coworkers!13 who observed some phosphite formation following
the hydrolysis of trialkyl esters of phosphonoformate. For example, the di-iso-propyl
(methoxycarbonyl)- and di-n-butyl (methoxycarbonyl)phosphonates were observed to
hydrolyse to their corresponding phosphites under slightly alkaline conditions. Further
evidence for phosphite formation can be derived from the study by Warren and
Williams!43 on the acid catalysed decarboxylation of PFA to give phosphorous acid (Fig
2.9).
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Fig 2.9 - The acid-catalysed decarboxylation of phosphonoformate

HO HO
L |
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l
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The formation of dibenzyl phosphite (63) from the triester (38) was confirmed following,
isolation of the compound on a solid phase extraction column, and subsequent
spectroscopic and chromatographic comparison with an authentic sample of the phosphite
(63)0

The 31P NMR spectrum of the hydrolysis of the triester (38) was recorded again after a
further 2 weeks at 37°C (Fig 2.10A) and both the triester (38) and dibenzyl phosphite
(63) had completely degraded, with the generation of a new peak at 3p 5.90 ppm. When
the 31P NMR spectrum was recorded with 'H coupling (Fig 2.10B) this peak was split
into a doublet of triplets, with coupling constants of 625 and 8.3 Hz. From the large
coupling constant, together with the triplet pattern, this peak was assigned as monobenzyl
phosphite (64). Its identity was confirmed by spectroscopic and chromatographic
comparison with an authentic sample of the phosphite prepared by the reaction of
dibenzyl phosphite with sodium iodide.

O Orenmsg

O==p—H o—tll:-—H
O—CH2—0 Na* O~
(63 | (64)

Characterisation of the minor products (65) and (66) was not so straightforward. The first
question to be answered was whether these compounds were charged species. To
establish this, the HPLC analysis was repeated in the absence of ion-pairing agent
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Fig2.10 — 3P NMR (*H decoupled and coupled) spectra for the hydrolysis of
dibenzyl (methoxycarbonyl)phosphonate
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causing the elution of any charged Spécics at the solvent front. The triester (38), dibenzyl
phosphite (63) and benzyl alcohol eluted at their usual retention times, whereas the diester
(61) and benzyl phosphite (64), together with the unknown compounds (65) and (66)
now eluted with the solvent front. This implied that the unknown compounds were
indeed charged species, and were probably monoanionic as they possessed relatively long
retention times in the presence of ion-pairing reagent. The 3!P NMR (1H decoupled)
spectrum (Fig 2.10A) also revealed the formation of two minor phosphorus-containing
compounds with shifts of p -4.97 ppm and 1.07 ppm. When the spectrum was run with
TH coupling (Fig 2.10B), the peak at dp -4.97 ppm gave rise to a triplet (Jpy 6.7 Hz),
suggesting the attachment of one benzyloxy group to phosphorus, whereas the other
unknown gave a pentet (Jpy 6.7 Hz), indicative of 2 benzyloxy groups attatched to
phosphorus. The possibility of transesterification with benzyl alcohol was considered,
therefore a sample of sodium benzyl (benzyloxycarbonyl)phosphonate (65) was prepared
by the reaction of dibenzyl (benzyloxycarbonyl)phosphonate (67) with Nal (Fig 2.11)
and found to elute at the same retention time (11.75 min) as unknown (65).

Fig 2.11 - Synthcsis of sodium benzyl (benzyloxycarbonyl)phosphonatc (65)

O

O——Z_C<
_ O—CH
Qo oo O
| Nal
s
Na* !) \O—CHTO * Q_CHZI
(65)

Isolation of (65) from the hydrolysis mixture by solid phase extraction, followed by 'H
coupled 31P NMR spectroscopy gave rise to a triplet at -4.79 ppm (Jpy 7.3 Hz), the size
of which was enhanced by the addition of an authentic sample of sodium benzyl
(benzyloxycarbonyl)phosphonate (65). The chemical shift and coupling constant were
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slightly different from those observed in the original hydrolysis experiment, probably
because of a variation in solvent composition or pH.

The unknown compound (66) was found to coelute with dibenzyl phosphate, which was
also isolated by solid phase extraction. 3!P (!H coupled) NMR spectroscopy gave rise to
a pentet at 1.06 ppm (Jpy 7.2 Hz) which was enhanced by the addition of an authentic
sample of dibenzyl phosphate (66).

2.4.3. Kinetic Profile by 3IP NMR Spectroscopy

Once the identity of all the products had been established, the reaction was monitored
over 6 h by 31P (1H decoupled) NMR spectroscopy. A control experiment was
performed to evaluate the 31P NMR response of each component type. Known quantities
(~ 10 pmol) of the hydrolytically stable diester (61), monobenzyl phosphite (64) and
dibenzyl phosphate (66) were dissolved in CD3CN - D,0 phosphate buffer (pH 7.4, 0.1
M) (1:1, v/v). The assumption was made that monobenzyl phosphite (64) and dibenzyl
phosphite (63) have identical responses, as do the triester (38) and the diesters (61, 65).
1H NMR spectroscopy confirmed the ratios from the weights, however, under identical
spectrometer conditions to the kinetics experiment, the 31P NMR spectrum showed that
monobenzyl phosphite (64) had an area response 1.55 times greater than the diester (61),
and dibenzyl phosphate (66) had an area response 1.1 times grcaier than the diester (61).
This probably results from differences in the rates of relaxation of nuclei. These factors
were applied to the data and the time course for the disappearance of the triester and
appearance of the products is given by Fig 2.12.
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The hydrolysis of dibenzyl (méthoxycarbonyl)phosphonatc (38) is represented by Fig
2.13 where k;-ks are first order rate constants for each reaction.

Fig 2.13 - Hydrolysis of dibenzyl (methoxycarbonyl)phosphonate (38)

‘D—CH’“O o
ofi_'((om: ) O—c:uzou

(61)
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k3 l l
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Y% Oan—b o Yo
(65) (38) (66)

D—C“z —0 O—CH; -0

oid —_ 5 omid —n
O —b &
(63) (64)

The kinetic equations associated with this scheme are as follows:-

d[38]
—_— = - (k1 + ka2 + k3 + kyg) [38]
dt

d[61]
dt

k1[38]

d[63]
e k2[38] - ks[63]
t .

d[64]
—— = ks[63]
dt | '
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dt

d[66]

—_—= kq[38]
dt .

If these expressions are integrated between initial (t=0) and current (t=t) time limits the
concentration, [ ], of the individual species at any time (t) can be calculated from the
following equations (2.2-2.7):

381y = [38]o . exp(-k.t) Eqn. 2.2
[61]y = [38]o-k1
. [1 - exp(-k.t)] Eqn. 2.3
[63]: = [38]0 . k2 '
. [exp(-ks.t) - exp(-k.t)] Eqn.24
k-ks

1 exp(-ks.t) exp(-k.t)

[64]t = [38]o . k2 . ks - - Eqn. 2.5
ks.k ks.(k-ks) k.(ks-k)
[65]t = [38]o . k3 i
" -[1 - exp(-k.t)] Eqn. 2.6
[66]t = [38]0 . k4
" - [1 - exp(-k.t)] Eqn. 2.7

wherek=k;+ka+ ks + k4

The time-concentration data were fitted to equations 2.2 - 2.7 by means of non-linear
least squares regression using program NONREG!44 which was extended to deal with
the 6 simultaneous functions required in this analysis. The rate constants obtained with
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their standard deviations (SD) are given in Table 2.2, and the fit of these theoretical rate
constants to the data points is shown by the solid lines in Fig 2.12.

Table 2.2 - Rate constants for the hydrolysis of dibenzyl (methoxycarbonyl)phosphonate
(38)

k Rate constant (min-1) SD

T 5.56 x 103  007x107
ka , 3.55 x 10-3 0.06 x 10-3
k3 3.59 x 10-4 0.45 x 104
ky 424x104 0.45 x 104
ks 9.04 x 104 | 0.29 x 104

The reliability of the rate constants is indicated by the close agreement between the
experimental half-life (t,,) of 60 min for the triester (38) with the value of 64 min
calculated from Eqn. 2.8

tip=_06932 Eqn. 2.8
(ky +ky + k3 + ki)

These half-lives from 3P NMR spectroscopy differ from the value obtained from HPLC
studies (t;, = 24.9 min) and are probably more reliable. Inaccuracies associated with the
HPLC analysis may arise from the inability to quench the hydrolysis reaction on injection
onto the HPLC column, therefore degradation of the triester (38) continues during
passage through the instrument. The reasonable degree of correspondance between
experimental NMR data from peak area measurements and theoretical profiles calculated
from these rate constants using equations 2.2 - 2.7 are shown in fig 2.12. The correlation
coefficients (r) for the fit are as shown in Table 2.3.
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Table 2.3 - Correlation coefficients for tl;e hydrolysis of dibenzyl
(methoxycarbonyl)phosphonate (38)

Component r
Triester (38) 0.9974
Diester (61) ._ , 0.9966
Dibenzyl phosphite (63) 0.9948
Monobenzyl phosphite (64) 0.9907
Diester (65) | 0.94452
Dibenzyl phosphate (66) - 0.97432

a) The values for (65) and (6'6) are somewhat poor due to the low levels of mesc‘éc;mpbunds and the

consequently higher errors involved in measuring concentrations.

These rate constants confirm that the major hydrolysis pathway involves the formation of
benzyl (methoxycarbonyl)phosphonate (61, k;) and dibenzyl phosphite (63, kz), which
degrades to monobenzyl phosphite (64, ks) at about one fifth of the rate of its formation.
The competing rearrangements to benzyl (benzyloxycarbonyl)phosphonate (65, k3) and
dibenzyl phosphate (66, k4) are approximately 10-fold slower.

The triester (38), with a half-life of 60 min at 37°C, was considerably less stable to
hydrolysis than expected, especially when under identical reaction conditions dibenzyl
(methoxycarbonylmethyl)phosphonate (39, X=H) and dibenzyl methylphosphonate (62)
were found to be completely stable over 48 h. Reports in the literature also support the
stability of benzyl esters of the phospho group, for example dibenzyl methylphosphonate
(62) was found to have a half-life of 11 min in water at 100°C40 and tetrabenzyl
pyrophosphate (68) has a half-life of 4.1 h in propan-1-ol at 50°C.145
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2.4.4. Mechanism of Hydrﬂlysis to give Benzyl (methoxycarbonyl)phosphonate
(61) and Benzyl (Benzyloxycarbonyl)phosphonate (65)

There are two mechanisms by which the triester (38) can degrade to the diester (61). The
first route involves the loss of a benzyl group by C-O bond fission to generate the benzyl
carbonium ion and the diester (61). This C-O bond cleavage mechanism has been
observed previously for the hydrolysis of dibenzyl methylphosphonate (62).140
Altem”ativcly, the triester (38) could undergo direct nucleophilic attack by water to
displace the benzyl group by P-O bond cleavage. This type of mechanism has been
observed for the alkaline hydrolysis of alkyl and aryl phosphate triesters.!39 In an attempt
to establish the mechanisms of hydrolysis of the triester (38) the 31P NMR experiment
was repeated in an 80% enriched 180-labelled water-acetonitrile mixture (1:1, v/v) at pH
7.4. If the triester degrades by C-O bond fission (Fig 2.14, A), then the 120 label will be
incorporated into the benzyl alcohol and not the diester. Conversely , P-O bond fission
(Fig 2.14, B) would result in incorporation of the 1*O label in to the diester and not the
benzyl alcohol.
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Fig 2.14 - Two possible mechanisms of hydrolysis of dibenzyl (mctho:'cycarbonyl)-
phosphonate (A - C-O bond fission; B - P-O bond fission) to form benzyl
(methoxycarbonyl)phosphonate
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After 24 h the reaction mixture was analysed by 3!P (*H decoupled) NMR spectroscopy
(Fig 2.15). This technique relies on a small upfield shift in resonance when an 80 atom,
rather than 160, is attached directly to phosphorus.146 As can be seen, the diester (61)
gave 2 peaks at -4.635 (160, 27.5%) and -4.668 (180, 72.5%) ppm showing that an 180
label was attached directly to phosphorus in this molecule. The reaction mixture was also
analysed by 13C NMR spectroscopy as an 180 atom exerts a similar effect in carbon
resonance.147 The presence of a singlet at 64.4 ppm suggested that the methylene group
of benzyl alcohol did not contain an 130 label. In a similar experiment, the reaction
mixture was extracted with dichloromethane and concentration of the aqueous layer gave
- a mixture of the diesters (61) and (65). This mixture was subsequently analysed for 180
incorporation by fast atom bombardment (FAB) mass spectrometry. There were peaks at
ml/z 275 (160, 30%) and 277 (180, 70%) corresponding to sodium benzyl
(methoxycarbonyl)phosphonate (61) plus a sodium cation. However, there was no
evidence for the incorporation of two 180 labels into the molecule which rules out
exchange into the carbonyl group.
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These results are consistent with the hydrolysis of the triester (38) to the diester (61)
proceeding by nucleophilic attack of water at phosphorus resulting in P-O bond cleavage,
probably via the pentacoordinate intermediate (69) (Fig 2.16)

Fig 2.16 - Mechanism of formation of benzyl (methoxycarbonyl)phosphonate (61) from
the hydrolysis of dibenzyl (methoxycarbonyl)phosphonate (38)
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Hydrolysis of the triester (38) with P-O bond cleavage was surprising as both dibenzyl
methylphosphonate (62)140 and tetrabenzyl pyrophosphate (68)145 have been shown to
lose a benzyl group via C-O bond cleavage. The high reactivity and change in mechanism
of hydrolysis for the phosphonoformate triester (38) must therefore be attributed to the
electron-withdrawing effect of the methoxycarbonyl group increasing the susceptibility of
phosphorus towards nucleophilic attack.

The 31P NMR spectrum from the 1*0 experiment (Fig 2.15) shows that benzyl
(benzyloxycarbonyl)phosphonate (65) also contains an 180 label attatched directly to
phosphorus. This was supported by FAB mass spectrometry with peaks at m/z 350 (160,
30%) and 352 (180, 70%) corresponding to sodium benzyl
(bénzyioxycarbonyl)phosphonate (65) plus a sodium cation. The mechanism of formation
of this diester was initially thought to arise from the hydrolysis of the triester, dibenzyl
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(benzyloxycarbonyl)phosphonate (67), which could be formed from the
transesterification of the triester (38) with benzyl alcohol (Fig 2.17).

Fig 217 - The transesterification of the triester (38) to form the diester (65)

Orensh Y0
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CH:): E_ 0
1T Nocsey
(65)

This was shown to be the incorrect mechanism as the triester (67) was not detected at all
by HPLC throughout the course of the reaction (standard elutes at 16.7 min using convex
gradient 5, with which triester (38) elutes at 13.6 min), even when a 10-fold molar excess
of benzyl alcohol was added to the reaction mixture. Furthermore, the ratio of the diesters
(61):(65) was constant at 17 +/- 2 during the course of the reaction, confirming that
benzyl alcohol does not contribute to the formation of diester (65). A possible mechanism
again involves the pentacoordinate intermediate (69), which instead of losing benzyl
alcohol to give the diester (61), could undergo a 1,2-shift of the benzyloxy group from
phosphorus to carbon to give (71), proceeding via the intermediate (70) (Fig 2.18). The
diester (65) is then formed by loss of methanol from (71).
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Fig 2.18 - Mechanism of formation of diester (65) from the hydrolysis of dibenzyl
(methoxycarbonyl)phosphonate (38)
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The above mechanism may also contribute to the formation of the diester (38) if the
intermediate (71) were to lose benzyl alcohol rather than methanol.
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2.4.5. Mechanism of Hyd(olysis to give Dibenzyl Phosphite (63) and Monobenzyl
Phosphite (64)

Kluger and coworkers!48 found that dimethyl acetylphosphonate (72) was rapidly
cleaved in water (pH 7) to form acetate (73) and dimethyl phosphite (74). The rapid
hydrolysis of the phosphonate (72) was believed to result from the energetically
favourable formation of the carbonyl hydrate (75) due to the electronic effect of the
phosphonate diester.14? Carbonyl groups next to phosphoryl groups are very
electrophilic. For example, a.-ketophosphine oxides are virtually impossible to prepare
since nucleophiles add so easily to the carbonyl group.130 This effect also promotes
ionisation of the hydrate!5! resulting in P-C bond cleavage to achieve the overall rapid
hydrolysis (Fig 2.19). The reaction was first order with respect to hydroxide ion and
substrate concentration.

Fig 2.19 - Mechanism of hydrolysis of dimethyl acetylphosphonate (72)
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(74) (75)

On the basis of the above mechanism (Fig 2.19) the formation of dibenzyl phosphite (63)
is likely to proceed via a carbonyl hydrate (76), which is most likely formed by
nucleophilic attack at the carbony! function (Fig 2.20, pathway A) or possibly by a
hydroxy group migration from the pentacoordinate intermediate (69) proceeding via the
epoxide (77) (Fig 2.20, pathway B).
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Fig 2.20 - Formation of carbonyl hydrate (76) from the hydrolysis of dibenzyl
(methoxycarbonyl)phosphonate (38)
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Surprisingly, the mass spectra revealed a lack of incorporation of 130-label from H!80
into the carbonyls of the diesters (61) and (65), suggesting that the formation of the
hydrate (76) is not reversible. In common with the formation of other carbonyl
hydrates148 the formation of (76) should be base-catalysed. In support of this, the
hydrolysis of the triester (38) was found to be very rapid at pH 9.0, with complete
reaction after 35 min, whereas at pH 4, the triester (38) was considerably more stable
with a half-life of approximately 90 h at 37°C. The carbonyl hydrate (76) could give
dibenzyl phosphite (63) by two mechanisms. Either, the P-C bond of the carbonyl
hydrate (76) could cleave to give dibenzyl phosphite (63) and methyl carbonate (78),
which could undergo decarboxylation to form methanol and carbon dioxide (Fig 2.21,
pathway A). Alternatively, methanol could be lost from the hydrate (76) to give the
carboxylic acid (79), which, by an intramolecular 5-membered ring proton transfer, can
decarboxylate to give dibenzyl phosphite (63) (Fig 2.21, pathway B). A similar
intramolecular 5-membered ring proton transfer has been suggested by Narayanan and
co-workers!32 for the hydrolysis of diethyl benzoylphosphonate.
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Fig 2.21 - Mechanism of formation of dibenzyl phosphite (63) from the carbonyl hydrate
(76)
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In an attempt to distinguish between mechanisms A and B in Fig 2.21, the triester (38)
was incubated with porcine liver carboxylesterase at pH 5.0 and 37°C, HPLC analysis
revealed that after 10 min the triester had completely degraded to give only dibenzyl
phosphite (63). Although this result could be consistent with either pathway, catalysis of
P-C bond cleavage by an esterase has never been reported and, thus, initial formation of
the carboxylic acid (79) is expected under these conditions. Recently, Walker of our
laboratory has examined the hydrolysis of dimethyl (phenoxycarbonyl)phosphonate
(80)113 (pH 7.4, 37°C) by 31P NMR spectroscopy. The triester (80), with a better
carboxyl leaving group than dibenzyl (methoxycarbonyl)phosphonate (38), was found to
hydrolyse instantly to give dimethyl phosphite (81) [5p (*H coupled) 14.6 ppm, d sept,
Jpu 718, 12 Hz). This reaction probably proceeds through the carboxylic acid (82)
formed spontaneously due to the presence of the good carboxyl leaving group (Fig 2.22).
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Fig 2.22 - Hydrolysis of dimethyl (phenoxycarbonyl)phosphonate (80) -
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Thus formation of dibenzyl phosphite (63) probably occurs through P-C bond cleavage
of the carboxylic acid (79) proceeding via the carbonyl hydrate (76) (Fig 2.21, pathway
B). Further studies have supported this mechanism: Krol and co-workers!42 observed a
reactive carboxylic acid intermediate (83) during the hydrolysis of diethyl (p-
nitrophenoxycarbonyl)phosphonate (84) which decarboxylated to give diethyl phosphite
(85) (Fig 2.23). '

Fig 2.23 - Hydrolysis of diethyl (p-nitrophenoxycarbonyl)phosphonate (84)
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In addition Warren and co-workers!33 have shown that carbon dioxide can act as a
leaving group when phosphinoyl formate esters (86) are dealkylated by iodide ions (Fig
2.24). In this reaction, the carboxylic acid is generated without the intermediacy of the
carbonyl hydrate supporting further the formation of the carboxylic acid (79) from the
hydrolysis of the triester (38).

Fig 2.24 - Dealkylation of phosphinoyl formate esters (86) by iodide ions
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Benzyl phosphite (64) was formed from the hydrolysis of dibenzyl phosphite (63). The
reaction in H,180 showed that benzyl phosphite (64) contained an 180 label attached
directly to phosphorus (130, 76.5%, Fig 2.15), therefore the reaction must proceed via
nucleophilic attack at phosphorus followed by P-O bond cleavage (Fig 2.25). This
mechanism is consistent with that observed for dimethyl phosphite (81),154

Fig 2.25 - Mechanism of formation of monobenzyl phosphite (64)
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2.4.6. Mechanism of Hydrolysis to give Dibenzyl Phosphate (66)

Initially it was thought that dibenzyl phosphate (66) could be formed by the oxidation of
dibenzyl phosphite (63), however three observations showed that this did not occur.
First, from the time course (Fig 2.12), the formation of the phosphate (66) did not
increase with the degradation of the phosphite (63). Second, a control experiment was
performed in which the phosphite (63) was incubated under the reaction conditions for 24
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h and monitored by 3!P NMR spectroscopy: Dibenzyl phosphate (66) was not detected.
Third, when the triester (38) was incubated in 80% 180 enriched water dibenzyl
phosphate (66) contained an 180 label attached directly to phosphorus (180, 75%, Fig
2.15). This suggested that the phosphate (66) is a primary product, and its formation
must involve nucleophilic attack of water directly at phosphorus. A probable mechanism
again involves rearrangement of the pentacoordinate intermediate (69) to form an epoxide
(77). This then undergoes P-C bond cleavage to form intermediate (87) which degrades
by C-O bond cleavage to dibenzyl phosphate (66) (Fig 2.26).

Fig 2.26 - Mechanism of formation of dibenzyl phosphate (66) from the hydrolysis of
dibenzyl (methoxycarbonyl)phosphonate (38)
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24.7. Sumfﬁa::y

The hydrolysis of dibenzyl (methoxycarbonyl)phosphonate (38) was more rapid and
considerably more complicated than expected. The high degree of instability of this
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compound is attributed to the electron-withdrawing effect on phosphorus of the
methoxycarbonyl group, which is absent in the more hydrolytically stable phosphonates,
such as dibenzyl methylphosphonate (62). The complexity of the reaction results from
competition between initial nucleophilic substitution at phosphorus and at the carbonyl
carbon. In support of the present study, Krol and co-workers!42 have also recently
reported the rapid hydrolysis of phosphonoformate triesters to mixtures of hydrogen
phosphonate, phosphonoformate esters and free acids. It was considered that both the
reactivity and the product distribution of the dibenzyl (methoxycarbonyl)phosphonates
could be altered by the incorporation of 4-substituents into the P-benzyl groups.

2.5. Hydrolysis Studies of Di(4-substituted-benzyl) (Methoxycarbonyl)-

2.5.1. Half-lives by HPLC

The triesters were subjected to hydrolysis in an identical manner to dibenzyl
(methoxycarbonyl)phosphonate (38, X=H) and monitored by HPLC using the same
conditions (section 2.4.1.). All triesters were observed to dcgi'adc rapidly and their
hydrolysis half-lives (t;z) are given in Table 2.4.

Table 2.4 - HPLC hydrolysis half-lives for phosphonoformate triesters (38)

X Retention Time(min) Half-life(min)?3

H 16.2 249 +/- 2.9

N3 15.2 <3b

NO, - 162 <3b

CH 15.4 18.5 +/- 0.3
CH3C00 15.0 15.6 +/- 3.7¢
(CH3);CCOO 17.3 17.3 +/- 0.8
cl 167 9.9 +/- 0.8
CF3 17.3 . 4.5 +/- 0.2
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a) mean +/- SD, n=3 unless otherwise stated
b) hydrolysis too rapid to allow accurate determination of half-life

¢) mean +/- SD, n=35.

Careful inspection of the chromatograms revealed that all the triesters appeared to degrade
in a similar manner to the hydrolysis of dibenzyl (methoxycarbonyl)phosphonate (38,
X=H). This can be represented by the general scheme shown in Fig 2.27, where k; - ks
are the first order rate constants.

Fig 2.27 - Hydrolysis of phosphonoformate triesters (38)

! X —0 X—O—cu,--o
O—il-.-H —k-’-——-—— O—ii—n
X_< >._q — .
: (88) (89)

2.5.2. Product and Kinetic Profile and Mechanisms of Hydrolysis by 3P "NMR
Spectroscopy ' :

In an attempt to determine the influence of the X substituent on the rates and mechanisms
of individual product formation, the hydrolyses of 3 triesters (38, X=N3, NO3, CF3)
were followed by 31P NMR spectroscopy at 37°C and pH 7.4. In common with the
hydrolysis of the triester (38, X=H) the peak areas were corrected to account for the
different 31P NMR responses of the individual components and the same mathematical
treatment applied to the results.144 The rate constants (k / min-1) for individual product
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formation from the hydrolyses of the four triesters (38, X=H, N3, NO;, CF3) together
with their NMR hydrolysis half-lives (t;) are given in Table 2.5.

Table 2.5 - Rate constants (min-!) and half-lives by 3P NMR for the hydrolysis of
triesters (38, X=H, N3, NO,, CF3)

X ki k2 k3 k4 ks t1/2
min-1 min! min-! min! mint min

H 6.56x10-3 .  3.55x10°3 3.59x104 4.24x104 9.04x10-4 64

N3 0.27 3.14x10-3 3.21x10-3 3.49x10-3 1.00x10-3 2.5

NO; 0.10 1.44x10-2 4.85x10-3 1.33x10-3 1.53x10-2 5.6
CF3  3.38x102 . 8.74x10°3 2.64x10-3 1.33x10-3 5.66x10-3 15.0

The results for the azidobenzyl (38, X=N3) and nitrobenzyl (38, X=NO,) triesters must
be treated with caution owing to their very rapid hydrolyses and consequently limited
number of time points, however it can be seen that k; is the most sensitive parameter
towards the nature of the 4-substituent (X).

4-Azidobenzyl (methoxycarbonyl)phosphonate [61, X=N3, 8p -4.78 ppm (t q, Jpy 7.3,
0.9 Hz, H coupled), k1=0.27 min-!] was the major product detected from the hydrolysis
of the azidobenzyl triester [38, X=N3, &, -3.70 ppm (pent q, Jpy 8.7, 1.1 Hz, 'H
coupled)] . This pathway was so fast, the triester having a half-life of 2.5 min, that
competitive nucleophilic attack at the carbonyl group was minimal and thus P-C bond
cleavage only occurred to a small extent to form di(4-azidobenzyl) phosphite [88, X=N,
8p 10.94 ppm (d pent, Jpy 730, 10.1 Hz, 'H coupled), k2=3.14x10-3 min-!] and 4-
azidobenzyl phosphite [89, X=Nj, 3, 5.85 ppm (d t, Jpy 620, 8.4 Hz, 1H coupled),
ks=1.00x10-3 min-1]. Other very minor products of hydrolysis were 4-azidobenzy! (4-
azidobenzyloxycarbonyl)phosphonate [90, X=N3, &p -5.09 ppm, k3=3.21x10-3 min-!]
and di(4-azidobenzyl) phosphate [91, X=N3, 8p 2.23 ppm (pent, Jpy 5.1 Hz, 1H
coupled), ky=3.49x103 min-1]. . ‘
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The increased rate of formation of the diester (61, X=N3) from triester (38, X=N3),
when compared to the unsubstituted analogue (38, X=H), suggested that the azidobenzyl
triester (38, X=N3) may react by a different pathway, therefore its mechanism of
hydrolysis was investigated further using 180 labelled water. In this experiment the
triester was incubated at 37°C, pH 7.4 in an 80% enriched H,!80 sodium phosphate-
‘buffered water - acetonitrile mixture (1:1, v/v). The sodium salt of the diester (61,
X=N3) was isolated from the reaction mixture and analysed by FAB mass spectrometry
to reveal peaks at m/z 294 (160, 94%) and 296 (180, 6%) indicating that there was
minimal incorporation of 180 label into the salt, as an authentic sample of the diester also
shows a 4% peak at 294. In contrast, mass spectrometry (EI) of the 4-azidobenzyl
alcohol (51, X=N3) from the reaction mixture revealed peaks at m/z 149 (160, 26%) and
151 (180, 74%) confirming incorporation of an 180 label into the molecule. These results
were contrary to those observed for the dibenzyl triester (38, X=H) suggesting that the
azidobenzyl group must be lost by C-O bond cleavage (Fig 2.28).

Fig 2.28 - Mechanism of formation of 4-azidobenzyl diester (61) from the hydrolysis of
di(4-azidobenzyl) (methoxycarbonyl)phosphonate (38, X=N3)

@{y—maf, o
O==p — C/

N;—-O—CHz—J) “oca,

(38, X=N; )

The electronic nature of the azido group may account for the observed change in
mechanism. The electronic properties (o) of a substituent can be derived from the
Hammet equation,!33
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where Ky is the ionisation constant for benzoic acid in water at 25°C and K is the
ionisation constant for a meta or para derivative under the same experimental conditions.
Positive values of ¢ represent electron-withdrawal from the aromatic ring by the
substitutent; negative ¢ values indicate electron-release to the ring. In effect, the Hammet
equation states that the electronic effect of substituents on the ionisation of benzoic acids

can be used as a model for the effect of substituents on other reaction centres attached to
aromatic systems. Sigma constants are position-dependent; that is, o for a given

substituent in the meta position (G) is different from that in the para position (op). After
the definition of the Hammet equation, it was soon observed that certain groups require
the use of special sigma values which include the effect of direct resonance interaction
between the substituent and the site of reaction. An example of this effect is the
stabilisation of the phenolate ion by the para-nitro group (Fig 2.29).

Fig 2.29 - Resonance stabilisation of the 4-nitrophenolate ion

o

o-_<3—§(: ~— o)

g

Therefore different sets of sigma values are used when there is direct resonance
interaction between the substituent and the reaction centre. For reactions in which a
positive centre is generated adjacent to the ring, Gp* values are used for para-
substituents, such as -OCHj3, which can donate electrons to the positive site by direct
resonance interaction. Conversely, for reactions in which a negative centre is generated
Op" values are used for resonance electron-withdrawing substituents, such as NO,. Table
2.6 gives the sigma constants (o) of the benzyl substituents involved in the
phosphonoformate triester (38) series.
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Table 2.6 - Hammet substituent constants (G) of some common functional groups!36

Substituent Om Op op*
Hydrogen 0.00 - 0.00 0.00
Nitro | 0.71 0.78 0.79
Trifluoromethyl 0.43 0.54 0.61
Acetoz;:f 0.38 0.50 0.57 |
Chloro 0.37 0.23 0.11
Azido 0.37 0.08 -0.54
Methoxy 0.12 027 -0.78
Hydroxy 0.12 ‘-0.37 -1.00
Methyl -0.07 -0.17 - -0.31
Amino -0.66

-0.16

-1.30

The electron-withdrawing effect (G) of the azido substituent in the meta position is
similar to that of the halogens. The small positive value calculated for o indicates that the
azido group is inductively electron-withdrawing (-I) but at the same time mesomerically
electron-releasing (+M, op*) in the para position. The electron-donating mesomeric

effect of the azido group outweighs the electron-withdrawing inductive effect (+M > -I),
consequently, this resonance effect will serve to stabilise the 4-azidobenzyl carbonium ion
(92) (Fig 2.30) favouring degradation of the triester (38, X=N3) via C-O bond cleavage.

Fig 2.30 - Resonance stabilisation of the 4-azidobenzyl carbonium ion (92)

QDR

CH2 = N===

-_ (92)
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This resonance stabilisation effect is further supported by the work of Hoz and co-
workers!57 who calculated that the azido group has the ability to stabilise an a-carbonium

ion (Fig 2.31), the value between that of an OH and an NHj substituent. .

Fig 2.31 - Resonance stabilisation of an azido a-carbonium ion

1'\11115—61%1—1':1{2

Noms N— N=CH,

Elec&on-donaﬁng substituents in the 4-position of the aromatic ring serve to destabilise
the dibenzyl phosphonoformate triesters (38). In an attempt to find more stable dibenzyl
phosphonoformate triesters, analogues with strongly electron-withdrawing groups in the
4-position were considered. From Table 2.6 the nitro group certainly fits this criteria,
however it has already been shown that bis(4-nitrobenzyl)
(methoxycarbonyl)phosphonate [38, X=NO3, 8p -3.54 ppm (pent q, Jpy 8.6, 1.1 Hz,
1H coupled)] is also hydrolysed rapidly (tj;2 5.4 min). Although 4-nitrobenzyl
(methoxycarbonyl)phosphonate [61, X=NO3, §p -4.75 ppm (t q, Jpy 7.3, 0.9 Hz, 'H
coupled), k;=0.10 min-1] was again the major product of hydrolysis, the reaction was
slower than the azidobenzyl triester (38, X=N3) and compcting nucleophilic attack by
water at the carbonyl group was more significant, to give di(4-nitrobenzyl) phosphite [88,
X=NO,, 8p 11.53 ppm (d pent, Jpy 733, 10.0 Hz, 1H coupled), k2=1.44x10-2 min-!]
and 4-nitrobenzyl phosphite [89, X=NO3, 6p 5.94 ppm (d t, Jpy 629, 8.4 Hz, 'H
coupled), ks=1.53x10-2 min-1]. The other minor hydrolysis products were 4-nitrobenzyl
(4-nitrobenzyloxycarbonyl)phosphonate [90, X=NO,, &p -5.27 ppm (t, Jpy 7.9 Hz, 'H
coupled), k3=4.85x10-3 min-!) and di(4-nitrobenzyl) phosphate [91, X=NO,, &p 0.82
ppm, k,=1.33x10-3].

The mechanism of hydrolysis of the triester (38, X=NO;) was investigated using 80%
180 enriched water. The sodium salt of the diester (61, X=NO,) was isolated from the
reaction mixture and analysed by FAB mass spectrometry. By comparison with the
unlabelled material, the mass spectrum showed peaks at m/z 298 (160, 30%) and 300
(180, 70%) indicating the incorporation of an 180 label into the molecule. This was
confirmed from the 31P NMR spectrum of the diester (61, X=NO;) which gave peaks at
-2.79 (160, 20%) and -2.93 (130, 80%) ppm showing that the molecule contained an 180
label attached directly to phosphorus. In addition the CI mass spectrum of 4-nitrobenzyl
alcohol (51, X=NO,) recovered from the reaction mixture showed a molecular ion at m/z
171 (160 + NH4*) consistent with the absence of an 180 label in this molecule.
Therefore, contrary to the hydrolysis of the 4-azidobenzyl triester (38, X=N3), but
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consistent with that observed for the benzyl triester (38, X=H), bis(4-nitrobenzyl)
(methoxycarbonyl)phosphonate (38, X=NO;) undergoes hydrolysis with the loss of 4-
nitrobenzyl alcohol (51, X=NO3) via P-O cleavage, presumably by a mechanism similar
to that outlined for (38, X=H) (Fig 2.16, section 2.4.4.). The marked hydrolytic
instability of the 4-nitrobenzyl triester (38, X=NOz) must be due to the very strong
electron-withdrawing properties of the nitro group (o 0.78) increasing the susceptibility
of phosphorus to attack by nucleophiles.

The 4-trifluoromethylbenzyl triester (38, X=CF3) was found to have a half-life in water
of 15 min by 3!P NMR spectroscopy. The rate of hydrolysis was therefore slower than
either the azidobenzyl (38, X=N3) or the nitrobenzyl (38, X=NO3) triesters and as a
result the degree of competitive nucleophilic attack by water at the carboxyl carbon was
greater. Hence, although the diester, 4-trifluoromethylbenzyl
(methoxycarbonyl)phosphonate [61, X=CF3, 8p 4.78 ppm (t q, Jpy 7.2, 0.9 Hz, 'H
coupled), k;=3.38x10-2 min-!] was still the major product, more di(4-
trifluoromethylbenzyl) phosphite {88, X=CFj3, 6p 11.37 ppm (d pent, Jpy 728, 9.9 Hz,
1H coupled), ky=8.74x10-3 min-!] and 4-trifluoromethylbenzyl phosphite [89, X=CFs,
3p 5.93 ppm (d t, Jpu 627, 8.2 Hz, 'H coupled), ks=5.66x10-3 min-1] was formed,
together with the minor products 4-trifluoromethylbenzyl (4-
trifluoromethylbenzyloxycarbonyl)phosphonate [90, X=CF3, dp -5.22 ppm (t, Jpy 7.0
Hz, 'H coupled), k3=2.64x10-3 min-!] and di(4-trifluoromethylbenzyl) phosphate [91,
X=CF3, dp 0.96 ppm (pent, Jpy 7.7 Hz, 'H coupled), k4=1.33x10-3 min-1], This is
demonstrated by comparison of the 3P (*H coupled) NMR spectra (Figs 2.32, 2.33,
2.34) for the hydrolysis of the three triesters (38, X=N3, NO3, CF3).

The mechanism of hydrolysis of the 4-trifluoromethylbenzyl triester (38, X=CF3) was
not investigated further. However, based on the o, value (0.54), the trifluoromethyl
group is moderately electron-withdrawing and as such may promote hydrolysis via P-O
bond cleavage proceeding by a mechanism similar to that described for the benzyl (38,
X=H) and 4-nitrobenzyl (38, X=NO3) triesters.
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2.5.3. Molecular Orbital Calculations on the Triesters (38)

To further explore the reasons for different mechanisms and rates of hydrolysis of the
para-substituted dibenzyl (methoxycarbonyl)phosphonates (38), semi-empirical
molecular orbital calculations were performed in an attempt to investigate the influence of
the para substituent on the electron density at phosphorus, and hence its sensitivity to
nucleophilic attack.

The co-ordinates of the crystal structure of trisodium phosphonoformate hexahydrate
obtained from the Cambridge Crystallographic Database!58 were used as the basis for
building the para-substituted dibenzyl triesters of phosphonoformate (38). This basic
structure was modified using the Chem X molecular modelling package!s® and the
resulting structures were optimised using the semi-empirical molecular orbital program,
MOPAC, running on a VAX 8650 computer. The optimisation was achieved within this
program using the Self-Consistent Field (SCF) method, Modified Neglect of Differential
Overlap (MNDO). An SCF calculation involves an iterative procedure in which the
energy of the molecule is minimised and the difference between consecutive electron
density matrices should approach zero. The SCF is produced by considering electron-
electron repulsion from the interaction between a given electron and the mean field of
other electrons in the molecule. The simplest SCF method is CNDO (Complete Neglect of
Differential Overlap), which assumes the atomic orbitals to be spherically symmetrical
and not overlapping when evaluating electron repulsion integrals. MNDO, parameterised
for s and p orbitals only, accounts for a certain amount of orbital overlap and considers
the directionality of the atomic orbitals in calculating the repulsion integrals. A
comprehensive review of semi-empirical molecular orbital methods is available!<,

Table 2.7 gives the atomic charges at phosphorus (charge on the electron) and the carbon

of the benzylic methylene group from MNDO calculations together with the 3P NMR
shifts for a series of 4-substituted dibenzyl (methoxycarbonyl)phosphonates (38).
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Table 2.7 - Atomic charges at P and CH, (mean) and 3P NMR chemical shifts for
triesters (38) : ;

para substituent (X) ChargeonP Charge on CH; Op
H 1.253 0.268 -3.75
No, 1234 0254 -3.90
NH, 1.253. 0.273 -
N 1253 0269 -4.78
a 1.263 0.271 -4.80
CH, 1.255 0.260 -5.02
CH,000 1253 0269 -4.92

From these results the nature of the substituent in the 4-position of the benzene ring does
not appear to influence the atomic charges at either P or CH,. For example, the charge on
the electron at phosphorus for the hypothetical 4-aminobenzyl triester (38, X=NH,)
(1.253) is identical to that calculated for the unsubstituted triester (38, X=H), suggesting
that both molecules should exhibit comparable stabilities. However, it has already been
shown that strongly electron-donating substituents, such as NH, (g, -0.66) or CH,0 (o, -
0.27), in the 4-position of the benzene ring greatly destabilise the molecule and, triesters
(38, X=NH,, CH,0) cannot be synthesised. By contrast, the unsubstituted triester (38,
X=H), although susceptible to hydrolysis (t;» = 60 min), can be synthesised with
comparative ease. In addition, the atomic charges on both P and CH; for the 4-nitrobenzy!
triester (38, X=NO,) were calculated to be slightly lower than those for the unsubstituted
analogue, suggesting that the highly electron-withdrawing nitro group (o, 0.78) has
actually donated negative charge to the systeni. This is not consistent with the 3P NMR
data in which the nitrobenzyl triester (38, X=NO,) has a higher chemical shift (5, -3.90
ppm), and thus lower electron density at phosphorus, than the methyl analogue (38, -
X=CHjs, 3, -5.03), the only triester synthesised with an electron-donating substituent
attached to the aromatic ring (0, -0.17). Therefore the results obtained from the molecular
orbital calculations must be considered as unreliable. This is exemplified by a complete
lack of correlation between the calculated charges at P (Table 2.7) and their
corresponding substituent Hammett values (o,, Table 2.6) (Fig 2.35).
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Fig 2.35 - Plot of the MNDO calculated charges on phosphorus for the dibenzyl
(methoxycarbonyl)phosphonates against their corresponding substituent Hammett values

1.23 1.24 1.25 1.26 1.27
Chargeon P

gor

The dibenzyl (methoxycarbonyl)phosphonates (38) are not suitable for MNDO
calculations. This may be due to MNDO using only s and p orbitals, hence hypervalent
molecules, for example phosphonates, are likely to generate unreliable. results. This
problem could be overcome by using the PM3!¢t method (Parametric Method) rather than
MNDO. PM3 is a relatively new semi-empirical technique which has been parameterised
more thoroughly than MNDO and can effectively handle phosphorus. Indeed, preliminary
work by Dr B. Denny of the Pharmaceutical Sciences Institute, Aston University,
concerning the application of PM3 calculations to the dibenzyl
"(methoxycarbonyl)phosphonates (38) has established a good correlation between the
charge at P, the Hammett values for a range of substituents and the *P NMR data, thus
providing a basis for any future modelling studies involving these and similar molecules.

2.5.4. Summary

The phosphonoformate triesters (38, X=H, Ni;, NO;, CH3, CH3COO,
(CH3)3;CCOO, Cl, CF3) are inherently unstable due to the electron-withdrawing effect
of the carboxyl group promoting nucleophilic attack at phosphorus. Despite this
instability it is still possible to influence the mechanism and to some extent the rate of
hydrolysis of these triesters by varying the electronic nature of the substituent in the 4-
position of the aromatic ring. Strongly electron-withdrawing substituents, such as the
nitro group (op 0.78) and, to a lesser extent, the ethanoyloxy group (o, 0.50), are likely
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to increase the susceptibility of phosphorus to nucleophilic attack, thus promoting P-O
bond cleavage and rapid hydrolysis. On the other hand, weakly electron-withdrawing
groups, such as the azido group (op 0.08, o+ -0.54) and perhaps the chloro group (op
0.23, opt 0.11), may in fact mesomerically donate electrons to the ring promoting rapid
hydrolysis through stabilisation of the benzyl carbonium ion and subsequent C-O bond
cleavage. This may explain why dibenzyl (methoxycarbonyl)phosphonate (38, X=H),
which contains a neutral H atom in the 4-position, is the most stable triester of the series.
The high degree of P-C bond cleavage and phosphite formation in the hydrolysis of the
dibenzyl triesters (38), together with their low chemical stability, makes them unsuitable
as prodrug forms of phosphonoformate.

2.6. The Chemical Activation - of Sodium d-Azidobenzyl
(Methoxycarbonyl)phosphonate (61, X=N3)

- The inherent instability of the dibenzyl triesters of phosphonoformate (38) towards
chemical hydrolysis meant that it was impossible to examine the activation of these
molecules. Instead the chemical activation of the hydrolytically stable diester, sodium 4-
azidobenzyl (methoxycarbonyl)phosphonate (61, X=N3) was studied in an attempt to
" observe the ‘cascade’ effect and thus further justify the present rationale for prodrug
design. '

The azido substituent has been likened to the chloro group with respect to both
lipophilicity and electronic characteristics!62 and it has been shown that aryl azides may
be reduced, enzymatically or via circulating thiols, to the corresponding aryl amines.163
Thiols, such as dithiothreitol (DTT) and the endogenous substance, glutathione, reduce
aryl azides at physiological pH and temperature.164, 165, 166 The DTT reduction is
thought to proceed via nucleophilic attack of the dithiol on either the o or ¥ nitrogen atom
of the azide group followed by intramolecular cyclisation and liberation of nitrogen to
produce the cyclic disulphide and aryl amine!67 (Fig 2.36).

104



Fig 2.36 - DTT reduction of aryl azides

In the activation experiment, sodium 4-azidobenzyl (methoxycarbonyl)phosphonate (61,
X=Nj3) was incubated with a 10 molar excess of DTT at 37°C, pH 7.4 and the reaction
was monitored by 3!P NMR spectroscopy. The diester [61, X=N3, 8p -4.56 ppm (t q,
Jpu 7.5, 1.1 Hz, 'H coupled)] degraded quickly (t;2=13.5 min) to give a peak at -2.59
ppm, which on 'H coupling gave a quartet with a coupling constant of 0.9 Hz, consistent
with the formation of (methoxycarbonyl)phosphonate (54). Although the amino
intermediate (61, X=NH3) was not detected the reaction almost certainly proceeds via
reduction of the azido group to give the diester (61, X=NH3), which then cascades via C-
O bond cleavage to form the monoester (54), owing to the ability of the electron-rich
amino group (p -0.66) to stabilise the 4-aminobenzyl carbonium ion (Fig 2.37).

This experiment clearly demonstrates the effectiveness of the benzylic cascade approach
to prodrug design. The next stage must be to explore this rationale with other
phosphonate triesters which are both stable towards chemical hydrolysis and sufficiently
lipophilic to promote membrane permeation.
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Fig 2.37 - Degradation of sodium 4-azidobenzyl (methoxycarbonyl)phosphonate (61,
X=N3) in the presence of DTT

7
O==p — C\
Na* J) - OCH,
(61, X=N; )
HZWCHz—CB o
| 7
O—rlf—— C.\
Na* Q- OCH;
(61, X=NH, )
Na O. 0 l N |
| 7/ i
Q===p — C\ + 2 CHZ
et OCH3 .
(54)
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CHAPTER 3 - ESTERS OF PHOSPHONOACETATE

The instability of the triesters of phosphonoformate (38) towards chemical hydrolysis
requires that prodrugs of other antiviral phosphonates should be evaluated. The instability
of the phosphonoformate triesters (38) was thought to arise from the electron-
withdrawing effect on phosphorus of the adjacent methoxycarbonyl group. Therefore, it
was considered that distancing this group further away from phosphorus would stabilise
the molecule. The compound chosen for investigation was the antiviral drug,
phosphonoacetate (PAA) (8), in which the phosphorus atom and the carboxyl function
are separated by a methylene group.

0 5

/7
SR
8)

A series of di(benzoyloxymethyl) triesters (44), dibenzyl triesters (39) and
di(alkanoyloxybenzyl) triesters (93) of PAA were synthesised and their chemical and
enzymatic hydrolyses investigated. The electron density on phosphorus for the triesters of
PAA (44, 39, 93) is increased relative to the triesters of PFA (38), hence the PAA triesters
should be less sensitive towards nucleophilic attack at phosphori:s than the corresponding
PFA analogues.

-0

Ar—C—0—CH,—0 °
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NocH,

o O==P — CH,—C

| Ar—-i—o—- CH,—O
(44)

_CH, CH;
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: (93)
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3.1. Synthesis of Di(benzoyloxymethyl) (Methoxycarbonylmethyl)phosphonates
(44)

Using a method similar to that described by Srivastvall? for the synthesis of
alkanoyloxymethyl phosphate esters, the di(benzoyloxymethyl) triesters (44) were
synthesised by the reaction of the appropriate iodomethyl benzoate (98) with disilver
(methoxycarbonyl)phosphonate (97). The disilver salt was obtained from the reaction of
disodium (methoxycarbonylmethyl)phosphonate (96) with silver nitrate (Fig 3.1). Three
di(benzoyloxymethyl) triesters were prepared, 44, Ar=CgHs; 44, Ar=2-CH3C¢Hg;
44, Ar=2,4,6-(CH3)3C¢H,. All 3 triesters were purified by flash column
chromatography in approximately 40% yields.

The iodomethyl benzoates (98) were prepared from the reaction of the appropriate
benzoy! chloride (99) with paraformaldehyde at 90°C in the presence of a catalytic
amount of zinc chloride!68 (Fig 3.2). Treatment of the product, chloromethyl benzoate
(100) with sodium iodide, followed by purification by flash column chromatography
gave an approximate 70% yield of the iodomethyl benzoates (98).169
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Fig 3.1'- Synthesis of di(benzoyloxymethyl) (methoxycarbonylmethyl)phosphonates (44)

(CH3);8i—0

CH—O ;
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_ 0=P_—-CH2——C\ | | 0=P"'"C_Hz"'C\_
| OCH,4 (CHg);8i— e
7 S T 9
Ton
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O=P—CH;—C{_ -~ o=r—cu—c{
At L OCH; - !) OCH;
on | (96)
2 ArC(O)OCH, 1
(98)
i
Ar—C—0—CH,—0 o
9 omt—anc{
AI’—C—O—CHZ— CH3

(44)
Fig 3.2 - Synthesis of iodomethyl benzoates (98)

ZnCl
ACO)Cl + (CHp,0 ——2= ArC(0)OCH,CI
(99) (100)

Nal

ArC(O)OCH,I + NaCl
(98)
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The triesters (44) were characterised by high resolution FAB mass spectrometry, high
resolution !H, 31P and 13C NMR spectroscopy and infra-red spectroscopy. The 'H
NMR spectra includes a doublet (Jpy ~21 Hz) at approximately 3 ppm resulting from
coupling between the P-methylene group and phosphorus. When using CDClj3 as
solvent, the 1H and 31P NMR spectra revealed the O-CH,-O protons to be non-equivalent
(Fig 3.3). The 1H NMR spectra showed 2 sets of doublets of doublets at approximately 5
ppm (Jgem ~12 Hz, Jpy ~8 Hz), each proton being split by the geminal proton and the
phosphorus atom. The 3!P (*H coupled) NMR spectra showed a very complicated 27 line
pattern at ~20 ppm consistent with a triplet of triplets of triplets from coupling of
phosphorus with H,, Hs and Hc. Overlapping signals prevented the measurement of any
coupling constants.

Fig 3.3 - The non-equivalence of the O-CH,-O protons in the di(benzoyloxymethyl)
triesters (44) : :

Hp Hp
I .
} 7
1 o _f_c\o
Ar—C-—O—C—(!) 3 CH
Hy, Hp

The synthesis of the bé;llzoyloxymethyl diesters (101) was attempted from the triester (44)
and sodium iodide. The reaction was unsuccessful and only starting material was
isolated, suggesting that the O-CH;-O group is not susceptible to nucleophilic attack by
iodide. - _

0 .

I
Ar— C—O0—CH,—0 o

Omb — CH,—C”
: NocH,

(101)
. CHy

CH;
ae= () ch{g:
» ] H3
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3.2. Synthesis of Dibenzyl (Methoxycarbonylmethyl)phosphonates (39) and Di(4-
Alkanoyloxybenzyl) (Methoxycarbonylmethyl)phosphonates (93)

Triesters (39) and (93) were prepared in a similar manner to the PFA triesters (38) (Fig
2.1) from the reaction between the appropriate benzyl alcohol (51) and
(methoxycarbonylmethyl)phosphonic dichloride (103) (Fig 3.4). Rather than proceeding
through the bis(trimethylsilyl)- derivative, required for the :preparation ' of
(methoxycarbonyl)phosphonic dichloride (50), (methoxycarbonylmethyl)phosphonic
dichloride (103) was prepared in 79% yield from the direct reaction between dimethyl
(methoxycarbonylmethyl)phosphonate (102) and phosphorus pentachloride at 70°C for 3
h.170 Dimethy] (methoxycarbonylmethyl)phosphonate (102) is commercially available,
however it can be prepared from the reaction of dimethyl phosphite and chloroacetic acid
in methanol, in the presence of sodium methoxide.!7! The 4-alkanoyloxybenzyl alcohols
were prepared as previously described (Section 2.1.)

Fig 3.4 - Synthesis of Dibenzyl (Methoxycarbonylmethyl)phosphonates (39) and Di(4-
alkanoyloxybenzyl) (Methoxycarbonylmethyl)phosphonates (93)

CH—O s @

Cl
O 2pcl | 0
OCH3 (I-:l 0CH3
CH—O
(102) (103)
2 X @CH:OH 2 EyN

; [REOG] (51)

x—< >—CH —0
[RCOO] : o

Oonb oo
[RCOQ]
(39) [(93)]
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A series of 4-substituted benzyl triesters (39, X=H, NO;) and di(alkanoyloxybenzyl)
triesters (93, R=CHj;, CH;CH3, CH3(CH;);, CH3(CH3)3, CH3(CH3)s,
(CH3),CH, (CH3)3C) were prepared in this manner. All triesters were purified by flash
column chromatography in yields ranging from 5 to 34%.

The triesters (39, 93) were fully characterised by elemental analysis, high resolution FAB
mass spectrometry, high resolution 1H, 31P and 13C NMR spectroscopy and infra-red
spectroscopy. In common with the di(benzoyloxymethyl) triesters (44), 'H and 31P
NMR spectra revealed prochirality of the benzylic protons. As can be seen in Fig 3.5 The
1H NMR spectra showed 2 sets of doublets of doublets (Jgem ~12 Hz, Jpy ~9 Hz) at ~5
ppm and the 31P (*H coupled) NMR spectra showed a multiplet consistent with a triplet
of triplets of triplets (27 lines) at ~20 ppm. The H NMR spectra also showed a doublet
(Jpu ~21 Hz) at ~3 ppm characteristic of a methylene group attached directly to
phosphorus. Interestingly when the spectra were recorded using D,0 as solvent, the
benzylic protons appeared equivalent. In this case the 3!P ('H coupled) NMR spectra
revealed a triplet of pentets (Jpy ~21, 9 Hz) and the TH NMR spectra revealed a doublet
(Jpu ~8 Hz) at ~5 ppm. ‘

The synthesis of di(4-methoxybenzyl) (methoxycarbonylmethyl)phosphonate (39,
X=CH30) attempted via the route shown in Fig 3.4 was unsuccessful. Similar to the
attempted synthesis. of the corresponding triester of PFA (38, X=CH30), the only
compound recovered from the reaction mixture was di(4-methoxybenzyl) ether (57).

33 Synthesis of Lithium 4-Alkanoyloxybenzyl
(Methoxycarbonylmethyl)phosphonates (104)

Lithium salts of the diesters (104) were prepared by the action of lithium iodide on the
appropriate di(4-alkanoyloxybenzyl) triester (93) in the minimum volume of a mixture of
dry diethyl ether and acetone (6:4) at room temperature (Fig 3.6). Yields were in the
range of 35 - 81%. The syntheses were initially attempted using sodium iodide, however
yields were very low, possibly due to the greater solubility of sodium salts over the
corresponding lithium phospho salts.
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Fig 3.6 - Synthesis of Lithium 4-Alkanoyloxybenzyl (Methoxycarbonylmethyl)-
phosphonates (104)

]
R-—C—O—O—CH;—(I) 5

0 0—=p—cH,—c?

R— (I:-—O—D—CHZ_J)( o \oCH:;

Lil
ether/acetone (6:4)

— -—O—Q—CH —
R—C 2—0 0

LitO" CII3
(104)
+

RC(O)O—O— CH, I

The diesters (104) were characterised by high resolution FAB mass spectrometry, high
resolution 'H, 13C and 3!P NMR spectroscopy and infra-red spectroscopy. By 'H and
31P NMR spectroscopy the benzylic protons appeared equivalent. The !H NMR (D;0)
spectrum (Fig 3.7) were characterised by two doublets, one at ~3 ppm (Jpy ~21 Hz) for
the PCH; group, and the other at ~5 ppm (Jpy ~8 Hz) for the equivalent benzylic protons.
The 3!P (1H coupled) NMR spectra confirmed this equivalence, revealing a triplet of
triplets (Jpy ~21, 8 Hz) at ~15 ppm. It was difficult to obtain good elemental analysis
data, probably resulting from hydration of the salt or incomplete removal of lithium iodide
from the samples.
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3.4. Antiviral Properties

Two di(alkanoyloxybenzyl) triesters (93, R=CH,, (CH;),C) were tested by Dr Naheed

Mahmood and Dr Alan Hay at the Medical Research Council Laboratories (London). The

compounds were incubated with HIV-1 infected C8166 cells at 37°C and their activities

and toxicities measured by MTT and p24 antigen assays. The results are given in Table
3.1.

Table 3.1 - Anti-HIV activities and cytotoxicities of alkanoyloxybenzyl triesters (93)

R - Max COIIC(},IM) EC;. TC S0
CH, 0.08 inactive 0.008
(CH,),C 1 : inactive 0.4

ECs, represénts the concentration of drug which reduces the antigen p24 by 50% in
infected cell cultures. '
TCs, represents the concentration of drug which reduces cell growth by 50%.

Both compounds were found to be inactive and also highly toxic to cells. These results
were confirmed by Dr Abraham Karpas at the MRC centre, Cambridge University. The
fact that phosphonoacetate is known to be only a weak inhibitor of HIV reverse
transcriptase and considering the lack of metabolising enzymes under the test conditions,
the inactivity was not too surprising.

3.5. Hydrolysis Studies of Triesters (44) and (39)

The triesters (44, 39, 400 pg mi-1) were subjected to hydrolysis in a phosphate buffer
(pH 7.4, 0.1 M)-acetonitrile mixture (1:1, v/v) at 37°C and the reactions monitored by
ion-pair reversed-phase HPLC. The samples were injected directly onto a C-18
endcapped column and eluted for 20 min with a convex gradient of acetonitrile-10 mM
tetrabutylammonium hydroxide in water, initial conditions, 35:65 (v/v); final conditions,
90:10 (v/v) at a flow rate of 1 ml min-1, Each reaction was performed in duplicate and the
triesters were found to be hydrolytically stable over 24 h. The individual retention times
are given in Table 3.2.
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Table 3.2 - Retention times of di(benzoyloxymethyl) (44) and dibenzyl
(methoxycarbonylmethyl)phosphonates (39)

Compound - .- - Retention Time‘(min)
44, Ar=CeHs - 1318
44, Ar=2-CH3CgH4 15.07
44, Ar=2,4,6-(CHz)3C¢Ha 19.17
39, X=H 14.45
39, X=NO, 11.37

The chemical stability of both the di(benzoyloxymethyl) (methoxycarbonylmethyl)-
phosphonates (44: R=CgHg4, R=2-CH3C¢H4, R=2,4,6-(CH3)3CsH3) and dibenzyl
(methoxycarbonylmethyl)phosphonates (39, X=H, NO3) confirm that the instability of
.the PFA triesters (38) was due to the electron-withdrawing effect of the methoxycarbonyl
group. Perhaps more importantly a chemically stable system had been developed with
which the cascade process at the triester level could be investigated.

3.6. Hydrolysis Studies of Triesters (93) and Diesters (104)

The triesters (93, 1tmol ml-!) and diesters (104, 5 pmol ml-!) were subjected to
hydrolysis in a D;0 phosphate buffer (pD 8.0, 0.1. M)-acetonitrile mixture (9:1, v/v) at
37°C and the reactions monitored by !H NMR spectroscopy. A lower concentration of
the triester was used due to its pobr solubility and for the same reason, the half-lives of
the triesters must be treated with a certain amount of caution. Tables 3.3 and 3.4 give the
appropriate chemical shifts and the half-lives of hydrolysis for the triesters (93) and
diesters (104) respectively.
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Table 3.3 - Chemical shifts of triesters and products (diester or carboxylic acid?) and
half-lives (t;2) for the chemical hydrolysis of di(4-alkanoyloxybenzyl) triesters (93)

"R Oy(triester) Sy (product)? ti2(h)
CH;  5.00(d, Jpu 9.8 Hz, 4.87 (d, Jpu69 Hz, 23
CH;3;CH; " 5.00 d, Jpy 9.8 Hz, 4.86 (d, Jpy 7.7 Hz, 25
, .~ 2x CH,OP) ; CH,0P)
CH3(CHjy); 4.99 (d, Jpu 9.5 Hz, 487 (d,Jpy7.5Hz, 29
» 2 x CH,0P) CH,0P)
' (CH3)2CH 499 (d, Jpy 109 Hz 4.86 (d, Jpy 7.3 Hz, 45
2 x CH,0P) CH,0P) _.
’ (C'H3)3Ca 1.01 (s, 2 x (CH3)3) 1.27 (s, (CH3)3C) 85

a) when R=(CH3)3C the CH20P signal for the diester product is obscured by the HOD peak, hence the
intensities of the (CH3)3C peaks for the triester and generated carboxylic acid were used to calculate the

half-lives.

Table 3.4 - Chemical shifts of diester and generated carboxylic acid? and half-lives (t;72)
for hydrolysis of lithium 4-alkanoyloxybenzyl diesters (104)

R Oy (triester) Oy (product) tyz (h)
CH; 1.94 (s, CH3) 1.81 (s, CH;COOH) 105
CH;CH, 1.11 (t, Jyy 7.5 Hz, 0.95 (t, Jyy 7.7 Hz, 200
CHj) CHj) '
CH3(CHj), 0.92 (t, Jyy 7.5 Hz, 0.80 (t, Jyy 7.4 Hz, 230
CH;) CH;)
(CH3),CH 1.22 (d, Jyy 7.0 Hz, 0.98 (d, Jyx 7.0 Hz, 449
(CHa3)2) (CH3)2)
(CH3);C 1.28 (s, (CH3)3) _ 1.02 (s, (CH3)3) ~2000

a) the generated carboxylic acid peaks were used to calculate half-lives rather than the respective PCH2

intensities as slow deuterium exchange into the acidic methylene protons of the monoester occurred

throughout the hydrolyses.

118



It is apparent from Tables 3.3 and 3.4 that both the triesters (93) and diesters (104)
undergo slow hydrolysis to the appropriate alkanoyloxybenzyl diester (104) and
monoester [(105), 8y 2.59 (2 H,‘ d, Jpy 19.6 Hz, PCH3), and 3.58 ppm (3 H, s, OCH3);
dp 11.70 ppm (s), (t, Jpu 18.5 Hz, 'H coupled)] respectively. The triesters are
approximately ten times more reactive than the diesters, thus if the triester hydrolyses had
been monitored for a sufficient length of time degradation to the monoester (105) would
also have been observed. Together with the 4-alkanoyloxybenzyl diesters (104) and
monoester (105), 4-hydroxybenzyl alcohol was also formed [6y 7.19 (2 H, d, Jyy 8.5
Hz, Ar), 6.79 (2 H, d, Jyy 8.6 Hz, Ar) and 4.44 ppm (2 H, s, CH,)]. 4-
Alkanoyloxybenzyl alcohols were not formed suggesting that the reactions proceed by
hydrolysis of the alkanoyloxybenzyl group to give the 4-hydroxybenzyl intermediates
(106) and (107), which were not detected. As a result of the electron-donating ability of
the hydroxy! group (6; -0.37) these intermediates have only transitory existence and are
rapidly degraded to the diester (104) and monoester (105) via C-O bond cleavage. The
highly reactive benzyl carbonium ion reacts with water to give 4-hydroxybenzyl alcohol
(Fig 3.8).
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Fig 3.8 - Mechanism of hydrolysis of 4-alkanoyloxybenzyl triesters (93) and diesters

(104)
(I) |
R—-'C—O—O-—CHZ—O o
| /
cl) O—P—CHg—C\
R— C-CO—O—CHz—J) OCH;
| ( R (93)
H,0
l Y
R——C—O—O—CHz-o
/o
| O—P—CHz—c\ + RCOO
) /0 OCH,
HO—-<: >—CH —
S
(106)
(ﬂ) : H,0
R— —O—<:>—CH2—-0

H@—@—CHz—/—}l) l s "0 &
- Ol CHy—f v 0—1L—CH2——C<
OCH, _(L OCH,

(107) (105)

The presence of a doublet at 4.76 ppm (Jpy 8.9 Hz) integrating for 2 H, together with
unassigned peaks at 7.32 (2 H, d, Jyu 8.5 Hz) and 6.85 ppm (2 H, d, Jyy 8.4 Hz)
suggest that some of the 4-hydroxybenzyl carbonium ion is also trapped by inorganic
phosphate to give 4-hydroxybenzyl phosphate (108) (Fig 3.9). This will be considered in
more detail in section 3.8.
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Fig 3.9 - Fate of the 4-hydroxybenzyl carbonium ion

/i

HO—Q—CHF'? =, HO—Q—CHon

O=p—0O0

o)
(108)

The rates of hydrolysis are an order of magnitude slower for the alkanoyloxybenzyl
diesters (104) than the corresponding triesters (93). This is presumably due to the
negative charge on the diester reducing the molecules susceptibility to nucleophilic attack
by water. This relatively small difference in the rates of hydrolysis provides additional
evidence for reaction occuring at C=0 rather than at phosphorus. The difference in the
rates of hydrolysis of phosphorus triesters and diesters via nucleophilic attack at
phosphorus is normally very high, for example the rate constants (k) for the hydrolyses
of dimethyl phosphate and trimethyl phosphate have been measured as 0.3 st (25°C) and
- 36.5x 108 s (100°C) respectively. From Tables 3.3 and 3.4 the reactivity trend is the
same throughout each series. That is, an increase in both the length of the alkyl chain and
methyl substitution of the a-carbon results in a more stable molecule. This effect is
clearly demonstrated by the diester (104) series (Table 3.4) in which the half-life of
hydrolysis increased from 105 h (104, R=CHj3) to approximately 2000 h (104,
R=(CHy3)3).

The relationship between steric size and reaction rates can be investigated further by
correlating triester (93) and diester (104) hydrolysis half-lives with the Taft steric
parameters (Es)!72. 173 calculated for the corresponding R groups. Taft derived the first
generally successful numerical definition of steric effects in organic reactions, the steric
constant, Es as

Es = log(kr/ko)a
where kg and ko refer to the rate constants for acid hydrolysis (denoted by A) of the

substituted and standard esters, RCOOR', respectively. The size of both R and R' will
affect attainment of the transition state of ester hydrolysis. This definition assumes that
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the electronic effects of R can be neglected on attainment of the transition state, therefore
when R=CHj3, Es=0. Consequently, bulkier R groups than CHj3 will have Es<0,
retarding the hydrolysis reaction. Taft Es values cannot be measured for many
substituents because of the nature of the model reaction upon which it is based. As a way
around this problem Charton!74 and Kutler and Hansch!7 suggested that for spherically
symmetrical groups one may use the radius as a measure of steric bulk. The good
correlation between Es and radius confirm the reliability of Es. The Taft Es values!72 173
for the alkyl groups employed in the 4-alkanoyloxybenzy! triester (93) and diester (104)
series are given in Table 3.5.

Table 3.5 - Taft Es values for alkyl groups

R Es
CH; 0
CH3CH; -0.07
CH3(CHj); -0.36

* CH3(CHy)s -0.39
CH3(CH,),4 -0.40
(CH;3),CH -0.47
(CH3)3C -1.54

Figs 3.10 and 3.11 show the triester (93) and diester (104) hydrolysis half-lives (t12)
plotted against the Es values for the R groups.
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Fig 3.10 - Plot of half-lives of hydrolysis of di(alkanoyloxybenzyl) triesters (93) (Table
3.3) against R group Es values (Table 3.5)
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Fig 3.11 - Plot of half-lives of hydrolysis of alkanoyloxybenzyl diesters (104) (Table
3.4) against R group Es values (Table 3.5)

3000

half-life (h)

123



From Figs 3.10 and 3.11 the experimental observations agree with Taft's theoretical
hypothesis: The rate of hydrolyses of both the alkanoyloxybenzyl triesters (93) and
diesters (104) decrease as the Taft Es values decrease. As expected increasing the size of
the alkanoyloxy group decreases the rate of nucleophilic attack by water at the carboxyl
function, thus slowing the rate of hydrolysis of the esters. This suggests that the rate-
limiting step for the hydrolysis of the triesters (93) and diesters (104) is the formation of
the 4-hydroxybenzyl intermediates (106, 107). A similar steric effect was observed by
Srivastva and Farquhar!12 for the hydrolysis of a series of di(alkanoyloxymethyl) phenyl
phosphates (108). Their study concluded that steric crowding adjacent to the carbonyl
carbon was directly related to the stability of the phosphotriesters (108); the larger the
alkyl group, the slower the rate of hydrolysis.

o)
R—C—0—CH,—0

0 o—i—-o—@

R = CHj, (CH3)2CH, (CH;)3 C

When compared with the triesters of PFA (38), the triesters of PAA (44, 93) are
considerably more stable towards chemical hydrolysis, therefore investigation into the
enzymatic bioactivation of these compounds is possible.

3.7. Activation Studies of Di(benzoyloxymethyl) (Méthoxycarbdnylmethyl)-
phosphonates (44) '

In a study on the enzyrnzftic activation of di(alkanoyloxymethyl) phenyl phosphates (108),
Srivastva and Farquhar!12 found that incubation of these compounds with hog liver
esterase and mouse planna resulted in hydrolysis at the alkanoyl group to give the
hydroxymethyl intermediate (109), which readily loses formaldehyde to give the diester
(110). By a similar pathway, diester (110) then degrades to phenyl phosphate (111) (Fig
3.12).
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Fig 3.12 - Enzymatic activation of di(alkanoyloxymethyl) phenyl phosphates (108)
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The main limitation with the use of the alkanoyloxymethyl group is the hydrolytic
instability of these compounds in the absence of esterase. For example, the
ethanoyloxymethyl analogue (108, R=CHj3) has a half-life of 193 min at pH 7.4, 37°C.
In the light of this it is important to investigate the bioactivation of the considerably more
stable benzoyloxymethy! triesters (44) and alkanoyloxybenzyl triesters (93) and diesters
(104) with carboxylesterases and plasma.

3.7.1. Bioactivation of Triesters (44) with Carboxylesterase

Carboxylesterases catalyse the hydrolysis of a large number of uncharged carboxylic
esters, usually restricted to short chain fatty acid esters. Carboxylesterases function via
the nucleophilic attack of a serine residue at the active site of the enzyme on the carbonyl
group of the substrate to form the enzyme-acetyl intermediate (112). Hydrolysis of (112)
gives the carboxylic acid and the free enzyme (Fig 3.13):176
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Fig 3.13 - Carboxylesterase-mediated hydrolysis of carboxylic esters

E—OH + R;COOR,

R,CO0E + R,OH
(112)

Hzo\i

E—OH + R;COOH

Esterases are widely distributed in tissues and blood serum of vertebrates.!7? In
mammals the highest activities are found in the liver, kidney, duodenum and brain.178

The triesters (44, Ar=Cg¢Hs, 2-CH3C¢Hg4, 2,4,6-(CII3)3CH32, 200 pg ml!) were
incubated with porcine and rabbit liver carboxylesterases (37 units*) and the reactions
analysed by ion-pair reversed-phase HPLC using the same conditions as described for the
chemical hydrolyses of these compounds. Unfortunately, the low solubility of these
triesters, together with the lack of standards (the corresponding diesters were not
prepared) meant that accurate rate data were not obtained. However, analysis of the
chromatograms produced by the different triesters (Figs 3.14, 3.15) indicates a change in
product distribution on increasing the methyl substitution on the phenyl ring.

* One unit of porcine liver carboxylesterase will hydrolyse 1pmol of ethyl butyrate to
butyric acid and ethanol per min at pH 8.0 at 25°C.

* One unit of rabbit liver carboxylesterase will hydrolyse 1 pmol of o-nitrophenyl
butyrate to butyric acid and o-nitrophenol per min at pH 7.5 at 25°C.
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Fig 3.14 — Chromatograms obtained from the incubation of di(benzoyloxymethyl)
triesters of phosphonoacetate with porcine liver carboxylesterase
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Fig 3.15 — Chromatograms obtained from the incubation of di(benzoyloxymethyl)
triesters of phosphonoacetate with rabbit liver carboxylesterase
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It is apparent from Figs 3.14 and 3.15 that the pa.rcht triesters ‘('peak 4) degraded to
several products in the presence of carboxylesterase. The retention times (min) for the
substrates and hydrolysis products for di(benzoyloxymethyl) triesters (44) are given in
Table 3.6.

Table 3.6 - Retention times for substrates and enzymatic hydrolysis products for the
di(benzoyloxymethyl) triesters (44)

Ar Peak 1 Peak 2 Peak 3 Peak 4
(min) (min) (min) (min)
CeHs 4 6 | 10 13
2-CH3Cg¢Hy 4 T = 11 15
2,4,6-(CH3)3CsH> 5 - 13 19

Peak 1 was assigned as the appropriate benzoic acid, RCOO-, confirmed by comparison
of the retention times on HPLC with authentic samples. Based on chromatographic
properties peak 2 was assigned as the monoanionic benzoyloxymethyl diester (101) and
peak 3 was thought to be the monoanionic di(benzoyloxymethyl) diester (113).

Ar—C—0—CH
2—0 0

O=— —CHz—C/

. CH;
(0] (101)
Ar—-él:—rO—CHz—O
/O
: é \O'
Ar—C—0O—CH;—
(113)

CH, H;

| C
ar= () H_,,C—C&
1] ? H3
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The assignment of structure (113) was supported by treatment of the enzyme incubation
mixture of the di(2,4,6-trimethylbenzoyloxymethyl) triester (44, Ar=2,4,6-
(CH3)3CgH3) with the methylating agent, diazomethane. A simultaneous reduction in
the size of peak 3 together with a proportionate increase in the size of peak 4 strongly
suggested methylation of the free carboxyl group of (113) had taken place to regenerate
the parent triester (Fig 3.16).

Fig 3.16 - The methylation of di(2,4,6-trimethylbenzoyloxymethyl) diester (113) by
diazomethane

0
. Ar—C—0—CH,—0
fo
<") O—P—-CHZ——C\
" A Qom0 CH s o
(113)
CH;N;
0
AI'—'—C'—"O—"CHz"—"O
fo
<|) QP — CH,—C + N,
At—C—0—CHj— OCH,
(44)
CH,
Ar = H3C
H,

Figs 3.14 and 3.15 suggest that as methyl substitution on the phenyl ring is increased,
carboxylesterase cleavage is directed away from the benzoyl ester towards the
carboxymethyl ester. Therefore, the di(2,4,6-trimethylbenzoyloxymethyl) triester (44,
Ar=2,4,6-(CH3)3CgH3) degraded almost exclusively to the corresponding di(2,4,6-
trimethylbenzoyloxymethyl) diester (113, Ar=2,4,6-(CH3)3CgH>) on incubation with
both porcine and rabbit liver carboxylesterase. This is presumably a result of the bulky
nature of the trisubstituted phenyl ring restricting access to the active site of the enzyme
and consequently favouring attack at the carboxymethyl function.
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Incubation of the unsubstituted di(benzoyloxymethyl) triester (44, Ar=CgH3) with rabbit
liver carboxylesterase resulted mainly in cleavage of the benzoyl ester, whereas
incubation with porcine liver carboxylesterase resulted in cleavage of both the benzoyl
and carboxymethyl esters. This suggests a different substrate specificity for esterases
from pigs and rabbits and highlights the problems associated with the prediction of
human response from animal data.

The 'detection of the benzoic acids in the esterase incubations is consistent with the
formation of the benzoyloxymethyl diesters (101) via a cascade process. Enzymatic
hydrolysis of the benzoyl ester is thought to yield the unstable hydroxymethyl
intermediate (45), which spontaneously eliminates one molecule of formaldehyde to form
the diester (101) (Fig 3.17)

Fig 3.17 - Enzymatic hydrolysis of di(benzoyloxymethyl) triesters of PAA (44)

@)
/0
Ar—cfo_ CH,— OCH;
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(45)
|
Ar—C—0—CH,—0 0
Q=P o CHZ—C / e 0CH2
B oct
(101)
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~ There was no evidence to suggest that any of the monoanionic benzoyloxymethyl
diesters (101) degrade further to form either the monoester (105).or phosphonoacetate(8).
It is known that charged compounds are poor substrates for enzymes!7? and it is
probably the close proximity of the anionic charge to the benzoyloxymethyl group on the
diesters (101) that prevent them being substrates for the esterase. Indeed, Srivastva and
Farquhar!!12 also experienced difficulties in the removal of the second acyloxymethyl
group during the enzymatic hydrolysis of di(alkanoyloxymethyl) phenyl phosphates
(108). In a separate study, Levy and Ocken!80 showed that the pig liver carboxylesterase
hydrolysis of carboxylate diesters, such as diethyl malonate, was restricted to the loss of
one ester group. They suggested that this was due to like-charge repulsion between the
monoanionic ester and the esterase, predicting the presence of negatively charged groups
at or near the active site of the enzyme.

3.7.2. Bioactivation of Triésters (44) with Plasma

Human plasma is derived from blood following removal of the red blood cells by
centrifugation. It is a rich source of a wide variety of enzymes including lactate
dehydrogenase, histaminase, amylase and esterases,17%: 18! therefore the probability of
enzyme-induced modification of a molecule in plasma is quite high. Ideally a prodrug
should be sufficiently stable in plasma to ensure that it reaches the site of action in high
concentration.

The di(benzoyloxymethyl) triesters (44) were incubated with human plasma and the
reactions analysed by ion-pair reversed-phase HPLC. As for the esterase studies,
solubility problems coupled with the lack of standards meant that accurate rate data could
not be obtained. However, it can be seen from Fig 3.18 that the metabolic profiles in
plasma show some similarities to those observed with carboxylesterase.

132



Fig 3.18 — Chromatograms obtained from the incubation of di(benzoylokymethyl)
~ triesters of phosphonoacetate with human plasma (t = 10 min)

min
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After 10 min, the'unsubstituted di(benzoyloxymethyl) triester (44, Ar=CgHs) was
almost -completely metabolised to benzoic acid and benzoyloxymethyl
(methoxycarbonylmethyl)phosphonate (101, Ar=CgHs). An unknown compound with a
retention time of 9.7 min appeared in the same chromatogram. This could be the 4-
hydroxymethyl intermediate (45), however later time points were not taken and as such
this can not be confirmed. As methyl groups were introduced into the phenyl ring the
triesters (44) exhibited a greater degree of stability in plasma. This was most clearly
demonstrated by the di(2,4,6-trimethylbenzoyloxymethyl) triester (44, Ar=2,4,6-
(CH,;);C¢H2) which showed little reaction after 10 min incubation with human plasma.
This effect must be due to the steric bulk of this triester, which presumably cannot gain
access -to the active site of the enzyme and therefore cannot form the 2,4,6-
trimethylbenzoyloxy-enzyme complex. A similar steric effect was observed by Srivastva
and Farquhar!12 when di(alkanoyloxymethyl) phenyl phosphates (108) were incubated
with mouse plasma. Contrary to the results with pig and rabbit liver carboxylesterase, the
methoxycarbonyl function of the bis(2,4,6-trimethylbenzoyloxymethyl) triester (44,
Ar=2,4,6-(CH,);C¢H;) remained intact. This indicates that the carboxylesterases found
in human plasma are distinct from those isolated from the livers of pigs and rabbits, and
as such the triester (44, Ar=2,4,6-(CH,),CgH;) is a poor substrate for human plasma
carboxylesterase.

3.7.3. Summary

Triester (44) incubations with carboxylesterases and plasma revealed that the cascade
effect can operate in biological systems. However, bioactivation was restricted to the
removal of only one protecting group from phosphorus to form the benzoyloxymethyl
diesters (101). The methoxycarbonyl group may also be removed if esterase attack can be
directed away from the benzoyloxymethyl function via steric crowding. The enzymatic
removal of the second protecting group from phosphorus was presumably prevented by
the close proximity of the benzoyloxy ester function to the anionic charge on the diester.
This suggested that removal of the second group may be possible by increasing the
distance of the esterase sensitive moiety from the anion, therefore attention was turned to
the di(4-alkanoyloxybenzyl) (methoxycarbonylmethyl)phosphonates (93).
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3.8. Activation Studies of Di(4-Alkanoyloxybenzyl) (Methoxycarbonylmethyl)-
phosphonates (93) and Lithium 4-Alkanoyloxybenzyl (Methoxycarbonylmethyl)-
phosphonates (104)

In the preceeding section (section 3.7) bioactivation of the di(benzoyloxymethyl) triesters
(44) was restricted to the removal of only one protecting group from phosphorus to give
the benzoyloxymethyl diester (101). To promote the removal of the second phosphorus
ester, it seems likely that the distance between the negative charge and the site of esterase
attack in the diester (101) needs to be increased. Consequently, the activation of the 4-
alkanoyloxybenzyl triesters (93) and diesters (104) were investigated. In this case the
charge on the diester (104) is now nine bonds removed from the site of esterase attack, an
increase of ~2.7A, or the length of an aromatic ring, over the benzoyloxymethyl analogue
(101). .

3.8.1. Bioactivation of Triesters (93) with Carboxylesterase

The triesters (93, R=CHj3, CH3CH,, CH3(CH3);, (CH3);,CH, CH3(CH,)3,
(CH3)3C, CH3(CH3)4, 1mM) were incubated with porcine liver carboxylesterase [0.5
units (R=CH3,), 0.05 units (all other triesters)] in a 0.1 M phosphate-buffered water -
acetonitrile mixture (9:1, v/v, total volume 1 ml). The reactions were monitored by ion-
pair reversed-phase HPLC, eluting with a gradient of acetonitrile-10 mM
tetrabutylammonium hydroxide in water. As for the benzoyloxymethyl triesters (44),
solubility problems were encountered with the triesters (93) and, since the reaction rates
were determined from the disappearance of the triesters, the results must be treated with
some caution. Table 3.7 gives the mobile phase compositions, retention times and
calculated half-lives (tjz) for the alkanoyloxybenzyl triesters (93). From Table 3.7 the
rate of enzymatic hydrolysis reaches an optimum when the R group contains 3 carbon
atoms. The reasons for this will be examined later.

The products from the esterase hydrolysis of the triesters (93) eluted with the solvent
front. In an attempt to determine the degradation mechanism, di(4-ethanoyloxybenzyl)
(methoxycarbonylmethyl)phosphonate (93, R=CHj3), the most water soluble triester,
was incubated with pig liver carboxylesterase (5 units) and the reaction studied by 'H and
31P NMR spectroscopy. The triester was observed to degrade to the 4-ethanoyloxybenzyl
diester [(104, R=CH3), 6y 2.26 (s, CHj3), 3.58 (s, OCH3), 4.86 (d, Jpu 7.3 Hz,
CH,0P), 7.08 (d, Jyu 8.4 Hz, Ar) and 7.40 ppm (d, Jyy 8.4 Hz, Ar); &p 15.34 ppm (s)]
and 4-hydroxybenzy! alcohol [8y 4.45 (s, CH>), 6.81 (d, Jyy 8.6 Hz, Ar) and 7.19 ppm
(d, Juu 8.4 Hz, Ar)]. 4-Ethanoyloxybenzyl alcohol was not detected, therefore, in
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common with the proposed mechanism of chemical hydrolysis (Fig 3.8), this suggests
that the triesters (93) react with esterase to give thcﬁ-hydroxybcnzyl intermediate (106),
which spontaneously degrades to generate 4-hydroxybenzyl alcohol and the appropriate
alkanoyloxybenzyl diester (103). The monoester (105) would probably have been
observed if the reactions had been monitored for a sufficient length of time.

Table 3.7 - Mobile phase compositions, retention times (Rt) and half-lives (t;2) for
alkanoyloxybenzyl triesters (93) incubated with pig liver carboxylesterase

R % MeCN % H,0 Rt (min) t1/2 (min)2
CHj3 70 30 3.63 223b
CH3CH2 70 30 5.32 10.5
CH3(CHa)2 70 30 8.78 59
CH3(CH»)3 85 15 6.72 61.8
CH3(CH2)4 90 10 7.15 72.8
(CH3)2CH 80 20 5.50 6.3
(CH3)3C 85 15 6.51 614
a) mean, n=2

b) extrapolated to account for 10 fold increase in esterase concentration compared to data for other triesters.

3.8.2 Bioactivation of Diesters (104) with Carboxylesterase

The diesters (104, R=CHj3;, CH3CH,, CH3(CH3)2, (CH3);CH, CH3(CH3)3,
(CH3)3C, 5 mM) were incubated with porcine liver carboxylesterase (10 units) in a
phosphate-buffered 0.1 M D,0 - acetonitrile mixture (9:1, v/v, total volume 1 ml) and the
reactions were monitored by H and 31P NMR spectroscopy. No solubility problems
were encountered with the diesters (104), therefore it was possible to obtain reliable rate
data. The diesters were found to degrade in the presence of carboxylesterase to give 4-
hydroxybenzyl alcohol [dy 4.45 (s, CH3), 6.80 (d, Jyn ~8 Hz, Ar) and 7.20 ppm (d, Juu
~8 Hz, Ar)] and the monoester [(105), 8y 2.59 (d, Jpy 19.6 Hz, PCH;) and 3.58 ppm (s,
OCHs); 8p 11.70 ppm (s), (t, Jpy 18.5 Hz, 'H coupled)] . In contrast to the chemical
hydrolysis reactions, small quantities of the 4-hydroxybenzyl intermediate [(107), 0y
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2.75 (d, Tpy 20.5 Hz, PCHy), 3.58 (s, OCH3), 4.75 (d, Jpy 7.1 Hz, CH,0P), 6.78 (d,
Jun ~8 Hz, Ar) and 7.23 ppm (d, Jyy ~8 Hz, Ar); dp 15.07 ppm (s)] were detected. This
confirms the formation of the monoester (105) via the proposed cascade effect (Fig 3.19).
Addition of phosphonoacetic acid [8y 2.52 ppm (d, Jpy 20.1 Hz, PCH3); 8p 17.41 ppm

(s)] to the t=infinity sample of the diester (104, R=(CH3);C) incubations confirmed that
the reactions stop at the monoester (105).

Fig 3.19 - Carboxylesterase h);dmlysis of alkanoyloxybenzyl diesters (104)
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(105)

Fig 3.20 shows the reaction proﬁle' for the enzymatic hydrolysis of lithium (4-
pivaloyloxybenzyl) (methoxycarbonylmethyl)phosphonate (104, R=(CH3);) followed
by 31P NMR spectroscopy. This profile shows the disappearance of diester (104), the
formation and subsequent degradation of the hydroxybenzyl diester (107) and the
appearance of the monoester (105).
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Fig 3.20 - Reaction profile for the carboxylesterase hydrolysis of lithium 4-
pivaloyloxybenzyl (methoxycarbonylmethyl)phosphonate (104, R=(CHj;),C)
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At early time points, 4-hydroxybenzyl alcohol accounted for less than half of the total
number of carbonium ions presumably generated from the diesters (104).This may result
from interaction of the highly reactive 4-hydroxybenzyl carbonium ion with a nucleophile
other than water, such as products of hydrolysis, a serine on the enzyme or the buffer. In
the solvolysis of diphenyl benzyl phosphate in phenol, Kenner and Mather!82 observed
an electrophilic aromatic substitution reaction which trapped the generated benzyl
carbonium ion as 2- and 4-benzyl phenol. An analogous reaction of the 4-hydroxybenzyl
carbonium ion with 4-hydroxybenzyl alcohol in the enzymatic hydrolysis of the triesters
(93) and diesters (104) would give 3'-(4-hydroxybenzyl)-4'-hydroxybenzyl alcohol,
however this was not formed as the 1H NMR spectra of the diester hydrolyses suggested
only 1,4-disubstituted products. The reaction profile for the carboxylesterase hydrolysis
of di(4-ethanoyloxybenzyl) methyl phosphonate (114)!83 was similar to that observed for
the monoester, ethanoyloxybenzyl methylphosphonate (115). The two equivalents of the
4-hydroxybenzyl carbonium ion generated from the diester (114) did not lower catalytic
efficiency when compared to the monoester (115), suggesting that there was no
interaction between the active site of the enzyme and the carbonium ion.
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In an attempt to investigate the role of the phosphate buffer in the enzyme hydrolysis
reactions, the carboxylesterase hydrolysis of the diester (114) was repeated, this time
using a ten-fold dilution (0.01 M) of the original phosphate buffer, In contrast to the
small amount of 4-hydroxybenzyl alcohol formed with 0.1 M buffer, here more than 90%
of the carbonium ion was trapped as 4-hydroxybenzyl alcohol throughout the course of
the reaction. This result suggests that in the carboxylesterase hydrolysis of the
alkanoyloxybenzyl triesters (93) and diesters (104) the inorganic phosphate buffer
competes with water to trap the 4-hydroxybenzyl carbonium ion. Indeed, unassigned
peaks in the NMR spectra of the diester (104) reactions at 6p 3.88 ppm and 8y 4.64 (2 H,
d, Jpy 6.0 Hz), 6.76 (2 H, d, Jyu ~8 Hz) and 7.20 ppm (2 H, d, Jyy ~8 Hz) are
consistent with the formation of 4'-hydroxybenzyl phosphate (108). The monoanion of
benzyl phosphate is reported to hydrolyse via P-O cleavage with a half-life of 86 h at
75.6°C and pH 7.184. 185 I the reaction mixture, the hydrolysis of 4-hydroxybenzyl
phosphate to 4-hydroxybenzyl alcohol was found to have a half-life of ~1 h at 37°C, pH
7.4. The higher reactivity of this compound suggests a change in mechanism with the
electron-donating hydroxy group promoting hydrolysis via C-O bond cleavage. |

From the integration of the peaks in the 3'P NMR and 'H NMR spectra for the 4-
alkanoyloxybenzyl diester (104), 4-hydroxybenzyl diester (107) and monoester (105) the
half-lives (tyz2) for the hydrolysis of different alkanoyloxybenzyl diesters (104) by pig
liver carboxylesterase were calculated and are given in Table 3.8.
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Table 3.8 - Half-lives for the carboxylesterase hydrolysis of 4-alkanoyloxybenzyl
diesters (104)

R ~ ty2 (min) t1/2 (min) t12 (min)
I1H NMR 3Ip NMR mean
CHj 71.4 86.12 78.8
CH3CH, 9.1 9.6 9.4
CH;(CHp), 34 4.4 3.9
CH3(CH»)3 6.2 6.5 6.3
(CH3),CH 39 39 3.9
(CH;3)3C . 16.3 16.9 16.6
a) mean, n=3.

These data parallel the trend observed for the enzyme incubations of the di(4-
alkanoyloxybenzyl) triesters (93) (Table 3.7), in which the rate of reaction rapidly
increases as the length of the alkyl chain increases. The optimum number of carbon atoms
in the alkyl group was three (R=CHj3(CH3);, (CH3);CH), and anymore than this
caused the reaction rate to decrease. In an attempt to account for the observed trend, three
parameters, steric, electronic and hydrophobic, will be considered for each alkyl group
with respect to the alkanoyloxybenzyl diesters (104). Considering the steric influence,
Fig 3.21 shows a plot of the half-lives for the enzyme hydrolysis of the
alkanoyloxybenzyl diesters (104) (Table 3.8) against their alkyl substituent taft steric
parameters, Es (Table 3.5). Under conditions of chemical hydrolysis these compounds
display a linear relationship between steric size and reaction rate. That is, the rate of
hydrolysis decreases as the taft steric parameter decreases (ie. steric size increases) (Fig
3.11). However, in the carboxylesterase incubations the rate of hydrolysis of the diesters
(104) increases as the value of Es decreases to -0.4, corresponding to a 3 carbon alkyl
group. A reduction in Es below this optimum value causes the reaction rate to fall.
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Fig 3.21 - Plot of the half-lives for the enzyme hydrolysis of alkanoyloxybenzyl diesters
(104) (Table 3.8) against their alkyl substituent Es values (Table 3.5)
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The electronic properties (G) of a substituent can be derived from the Hammett
equation155. 186 (Eqn. 2.9) as previously described in section 2.5.2. The electronic
nature of the alkyl group in the 4-alkanoyloxy substituent will have minimal effect on the
g, value, therefore it is likely that the observed trend in enzyme hydrolysis rates is largely
independent of intermolecular electronic variations.

The final parameter to be considered is the substituent partition, or hydrophobic,
parameter (%).!37 Meyer!88 showed that the narcotic activity of many simple organic
compounds paralleled their oil/water partition coefficients (P) and initiated the use of such
measurements as a means of defining relative lipophilicity (hydrophobicity) of
biologically active organic compounds. P is defined as the equilibrium concentration of
the monomeric species of a compound in the non-aqueous phase (usually octanol), [D],,
divided by that of the neutral form in the aqueous phase, [D],

P =[D]y/[D]a
Log P gives a measure of the hydrophobicity of the whole molecule, however knowing
the relative lipophilicity of the various substituents (wx) is sufficient for correlation

analysis. 7t has been defined as

nx = log Px - log Py
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where Py is the partition coefficient of a derivative and Py that of the parent compound. A
positive value for mx means that, relative to the parent compound, the substituent X
favours the octanol phase (lipophilic), whereas a negative mtx value favours the water
phase (hydrophilic) rela}ive to the parent compound. Table 3.9 gives nx values for

different alkyl substituents (R).187

Table 3.9 - 7t values for alkyl groups

R X
CH; 0.56
CH3CH; 1.02
*CH3(CH3), 1.55
CH3(CH3)3 2.13
(CH3)CH . 1.53
(CH3)5C 1.98

Fig 3.22 - Plot of the half-lives for the enzyme hydrolysis of 4-a1kanoylokybcnzyl
diesters (104) (Table 3.8) against their alkyl substituent  values (Table 3.9) |
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Fig 3.22 suggests that as the lipophilicity of the molecule is increased to an optimal ,
value of 1.5, corresponding to a 3 carbon alkyl group, the rate of enzymatic hydrolysis
increases very rapidly. However, beyond this optimum value increasing the lipophilicity
of the molecule decreases the rate of reaction. g

From the above analysis it would appear that the main contributory factors determining
the rate of carboxylesterase hydrolysis of alkanoyloxybenzyl triesters (93) and diesters
(104) are the length and shape of the alkyl group attached to the ester link. The molecules
are very similar in terms of electronic properties and as such this does not appear to
influence the reaction rate. The observed trend probably arises from variations in the ease
of binding of the alkyl chain of the acyl residue into the hydrophobic region at the active
site of the enzyme. For pig liver carboxylesterase the acyl affinity site appears to
optimally accommodate a three carbon alkyl group, hence the degree of enzyme-substrate
binding, and therefore the rate of hydrolysis, is maximised for the n-butanoyl and iso-
butanoyloxybenzyl triesters (93, R=CH3(CH3);, (CH3)2CH) and diesters (104,
R=CH3(CH3);, (CH3)2CH). Any deviation from this optimum size will reduce the
binding of the substrate to the active site of the enzyme and hence reduce the reaction rate.
The slower rate of hydrolysis observed for the pivaloyloxybenzyl esters (93 and 104,
R=(CH3);C) compared to the corresponding straight chain analogues (93 and 104,
R=CH3(CH;)3) presumably results from the bulky nature of the pivaloyl group
reducing binding of the substrate to the enzyme active site. However, pig liver
carboxylesterase is thought to contain more than one active site,179. 180 therefore the rate
of hydrolysis could increase again if the alkyl chain was of sufficient size such that the
secondary acyl affinity site is also occupied.

Webb!76 observed a similar trend in the enzymatic hydrolysis of a wide range of aliphatic
and aromatic esters, RyCOORj, incubated with horse liver carboxylesterase. The effects
of change in the acyl (R1) and alkyl (R3) parts of the substrate molecule were largely
independent. Considering the acyl group (Ry) first, the reactivity of the esters was found
to increase up to a chain length of 4 to 5 carbon atoms; addition of a further 2 carbon
atoms had little effect, but a further increase in chain length, up to 10 carbon atoms,
caused a fall in reactivity. In the case of the alkyl group (R2) there was a similar increase
in reactivity to a maximium of 4 to 6 carbon atoms and any further increase in chain
length produced a fall in the rate of reaction. Branching in the chains resulted in reduced
reactivity with esterases.

Similar effects of chain length have been shown by other workers. Hofstee!89 found that
the reactivity of straight chain fatty acid esters of 3-hydroxybenzoate increased with the
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length of the alkyl chain up to 12 carbon atoms. With a purified carboxylesterase from
goat intestinal mucosa, Malhotra and Philip!? found an optimum of 4 carbon atoms in
the alkyl group for the hydrolysis of 4-nitrophenyl alkanoates. Esters with a chain length
of 12 or more carbon atoms were not hydrolysed. The extent of the hydrophobic region at
the active centre of the enzyme has also been suggested to account for these observations.

3.8.3. Stability of Triesters (93) and Diesters (104) in Plasma

The alkanoyloxybenzyl triesters (93, R=CHj, CH3(CH3)3, (CH3)3C) and diesters
(104, R=CHj, CH3(CH3);, (CH3)3C) were incubated with human plasma under
physiological conditions (pH 7.4, 37°C) and the reactions monitored by HPLC and 31P
NMR spectroscopy respectively. Solubility problems were again encountered with the
triesters, however degradation to the diesters (104) was observed and approximate half-
lives were calculated from the disappearance of the triester peak (Table 3.10). The
alkanoyloxybenzyl diesters (104) were also observed to degrade in plasma to give
(methoxycarbonylmethyl)phosphonate (105), the reaction proceeding through the 4-
hydroxybenzyl intermediate (107) (Fig 3.19). Half-lives for this degradation were
derived from the integrals of the diester (104) and monoester (105) peaks (Table 3.10).

Table 3.10 - Half-lives for alkanoyloxybenzyl triesters and diesters in human plasma

R Triester ty/;? Diester ty/;b
‘ (min) | (h)

CH3 5.9 9.2

CH3(CHy), 9.8 | 107

(CH;3)3C 24 h 163.2

a) mean, n=2; min unless otherwise stated

b) one measurement.

Although the reaction rates are faster for the triesters (93) than the diesters (104) a
comparable trend is observed. As for the much slower chemical hydrolyses (Tables 3.3
and 3.4) the rate of hydrolysis increases with increasing steric bulk of the alkyl group.
These results are in contrast to those observed with pig liver carboxylesterase (Tables 3.7
and 3.8) in which the 4-ethanoyloxybenzyl diester (104, R=CH3) was much more stable
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than the propanoyloxy derivative (104, R=CH3(CH3),). This strongly suggests that
human plasma carboxylesterases have different substrate specificities from those derived
from pig liver. In common with the results obtained with pig liver carboxylesterase, the
methoxycarbonyl group was unaffected by human plasma. This was confirmed by the
observed stability of an authentic sample of disodium
(methoxycarbonylmethyl)phosphonate incubated with plasma under identical reaction
conditions to the diesters.

3.8.4. Stability of Diesters (104) with Porcine Brain

Like plasma, the brain is a rich source of a wide variety of enzymes. These include
carboxylesterase, cholinesterase, monoamine oxidase, arylsulphatase and tyrosine
hydroxylase,179. 191 therefore bioactivation of alkanoyloxybenzyl phosphonates within
the brain would be expected. To investigate this effect the diesters (104, R=CHj,
CH3(CH3);, (CH3)3C) were incubated with the S9 fraction of porcine brain and the
reactions monitored by 3!P NMR spectroscopy. The S9 fraction was obtained as the
supernatant. following centrifugation of the total brain homogenate at 10,000 g for 20
min. This fraction contains all components of the brain with the exception of large pieces
of cellular membrane and nuclei. The diesters (104) were found to degrade to
(methoxycarbonylmethyl)phosphonate (105), presumably via the 4-hydroxybenzyl
intermediate (107) (Fig 3.19). The half-lives for these reactions are given in Table 3.11.

Table 3.11 - Half-lives for alkanoyloxybenzyl diesters (104) incubated with porcine brain
S9 fraction

R ti2 (h)
CHj 19
CH3(CHj)2 4.1
(CH3)3C 50

Itis apparént from Tables 3.10 and 3.11 that the porcine brain-mediated bioactivation of
the diesters follow a similar trend to that observed with human plasma. That is, the
greater the steric bulk of the alkanoyl group (R) the slower the rate of reaction. In
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common with the carboxylesterase and plasma studies, the diesters (104) degraded only
as far as the monoester (105), the methoxycarbonyl function remaining unaffected.

3.8.5. Summary

In the presence of porcine liver carboxylesterase, human plasma and pig brain S9 fraction
the reasonably hydrolytically stable di(alkanoyloxybenzyl) triesters (93) were degraded to
the corresponding alkanoyloxybenzyl diesters (104), which were in turn degraded further
to the monoester, (methoxycarbonylmethyl)phosphonate (105). The degradation of these
compounds occurred through enzymatic hydrolysis of the alkanoyloxy group to form the
4-hydroxybenzyl derivatives (106, 107), which underwent rapid C-O bond fission to
form the resonance-stabilised 4-hydroxybenzyl carbonium ion and the appropriate
phosphonate esters (Fig 3.8).

The rate of enzymatic hydrolysis was dependent on the structural nature of the alkanoyl
group. Incubations of the triesters (93) and diesters (104) in both human plasma and the
S9 fraction of pig brain revealed a linear relationship between steric bulk of the alkanoyl
group and rate of hydrolysis, with the ethanoyloxybenzyl substrate (R=CH3) being the
most reactive. However, when the same compounds were incubated with porcine liver
carboxylesterase, hydrolysis was most rapid when a 3 carbon alkyl group
(R=CH3(CHy3)2, (CH3),CH) was attached to the carboxyl ester function. Presumably
this results from differences in specificity of the carboxylesterases derived from different
sources. Degradation did not proceed beyond the monoester (105) in any system and
phosphonoacetate was not observed.

3.9. Conclusions

The high chemical stability observed for the phosphonoacetate triesters (44, 93)
confirmed that the electron-withdrawing effect of the methoxycarbonyl grdup was
responsible for the inherent instability of the phosphonoformate triesters (38) towards
nucleophilic attack at phosphorus. The hydrolysis of (38) also includes some C-P bond
cleavage with the formation of a phosphite. As a consequence, triesters of
phosphonoformate are not suitable prodrug forms.

Previous studies on the enzymatic bioactivation of phosphate triester prodrugs!12

revealed difficulties in the removal of the second protecting group from phosphorus. The
first alkanoyloxybenzyl group was removed readily by carboxylesterase to give a diester,
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however the second alkanoyloxymethyl group on the diester was released much more
slowly. This suggests that to achieve rapid bioactivation to the monoester (105), the
phospho anion on the diester must be well separated from the site of esterase activity.
This rationale led to the development of a di(4-alkanoyloxybenzyl) phosphonate prodrug
system in which both phospho protecting groups can be removed in the presence of
esterase via the intermediacy of the 4-hydroxybenzyl esters, which readily degrade to the
phospho anion and a benzyl carbonium ion. The rate of enzymatic hydrolysis, and
subsequent removal of the protecting group, can be influenced by the structural nature of
the alkanoyl group. Consequently, it may now be possible to design a prodrug which has
sufficient stability in plasma to reach the CNS in high concentration, wherein rapid
metabolism by brain-associated enzymes occurs.

Complete bioactivation of triesters of phosphonoacetate to the parent drug has yet to be
achieved and only the methyl ester (105) has been isolated. The methoxycarbonyl group
exhibits a high degree of stability towards chemical and enzymatic hydrolysis, and as
such further studies are required for the removal of this carboxylate ester, One possible
solution is the replacement of the methoxy group with a better leaving group, such as
phenoxy. Alternatively, a more controlled release of the free acid may be possible with
the synthesis of a phosphonoacetate triester in which all three negative charges are
masked by 4-alkanoyloxybenzyl groups (116).

RCOO—D—CHz—cl) o

0P —CH,—C?

N\ Q ;
RCOO—O—CHz—J) O—CH, OOCR

(116)

Similar to the enzymatic removal of the two protecting groups on phosphorus the rate of
generation of the free carboxylate would almost certainly be dependent on the nature of
the alkyl group (R"), therefore complete degradation to phosphonoacetate should be
possible in a controlled manner. Similarly, the carboxyl function could be masked by a
simple biodegradable acyloxymethyl group.

One of the major problems associated with the 4-alkanoyloxybenzyl prodrug approach is
the release of the highly reactive 4-hydroxybenzyl carbonium ion which may interact with
cellular nucleophiles (eg. DNA,glutathione) and cause toxicity.96 Indeed, when tested for
antiviral properties (section 3.4), the 4-ethanoyloxybenzyl- and 4-pivaloyloxybenzyl
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triesters of PAA (104, R=CHj;, (CH,),;C) exhibited acute toxicity, possibly due to the
generation of the carbonium ion. For this reason methods to trap this intermediate
internally should be investigated. One possibility could be to introduce a nucleophilic
group, such as a hydroxymethyl substituent, into the ortho position of the benzene ring
(117). Theoretically, this could interact intramolecularly with the carbonium ion to give
an overall neutral ether (118) and harmlessly trap the potentially toxic intermediate (Fig
3.23)

Fig 3.23 - Internal trapping of the 4-hydroxybenzyl carbonium ion

H

O:

o, 0
HO CH, HO

(117) (118)

At this stage in the development of a prodrug system it is important to determine the
extent to which di(4-alkanoyloxybenzyl) triesters of PAA (93) are transported across the
BBB into the brain. Information on the probability of success could be achieved by
measurement of their octanol/water partition coefficients or Log P values.192 Indeed,
there is a linear relationship between the cerebrovascular permeability of a compound and
its lipophilicity.193. 194, 195 Hansch et al'96 have determined a log P of 2.0 (ie. partition
of 100:1, octanol-water) for optimal brain uptake, lipophilicity in excess of this resulting
in interaction of the molecule with plasma proteins and hence reduced transport into the
brain. Further information on the extent of BBB permeation of these triesters (93) could
be gained by the synthesis of a radiolabelled triester and subsequent monitoring of its
transport across a model of the BBB. An appropriate model based on porcine brain
endothelial cells!97 198 is currently being developed within the Pharmaceutical Sciences
Institute at Aston University. For the most promising triesters, brain uptake could be
measured directly by HPLC analysis of homogenised rat brain following intravenous
administration of the prodrug.

Providing that these studies are successful the 4-alkanoyloxybenzyl prodrug system can
be developed as an effective means of delivering a wide range of antiviral agents,
including the potent anti-HIV drugs, PMEA and AZT, to the brain.
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1H NMR spectra were recorded on a Varian EM-360 60 MHz spectrometer with
tetramethylsilane (Me,4Si) as the reference; high resolution !H (300 and 250.1 MHz), 31P
(121,5 and 101.3 MHz) and 13C (75.5 and 62.9 MHz) NMR were recorded on Bruker
AC spectrometers. 31P and 13C spectra were referenced to 85% H3POj4 and ethylbenzene
respectively and all are 'H decoupled (composite pulse decoupling) unless otherwise
stated: positive chemical shifts are downfield from the reference. Mass spectra were
recorded on a V.G. Micromass 12 instrument at 70ev and a source temperature of 300°C;
accurate mass data were recorded by the SERC mass spectrometry service at Swansea
University on a V.G. 7070E instrument under EI, CI, and positive ion FAB (thioglycerol
or nitrobenzyl alcohol matrix) techniques. IR spectra were recorded on a Perkin-Elmer
1310 Spectrophotometer. UV scans were recorded on a Unicam SP 800 ultraviolet
recording spectrophotometer. Melting points were measured on a Gallenkamp
Electrothermal Digital apparatus and are not corrected. Flash column chromatography!33
was performed using Sorbsil C60 silica gel. TLC was performed using plastic-backed
Kieselgel 60 silica gel plates containing a fluorescent indicator. Spots were visualised
under 254 nm UV light or with the aid of iodine. Elemental analyses were performed by
Butterworths Laboratories, Middlesex. The following solvents were dried by heating
under reflux followed by distillation over the appropriate drying reagent: dichloromethane
(P,05), acetone (4A molecular sieve), toluene (Na) and triethylamine (KOH). Chemicals
were obtained from Aldrich Chemical Company and porcine and rabbit. liver
carboxylesterases were obatined from Sigma Chemical Company. The phosphate buffer
(0.1 M, pH 7.4) was prepared by mixing aqueous solutions of disodium (or dipotassium)
hydrogen phosphate (0.2 M, 40.5 ml) and sodium (or potassium) dihydrogen phosphate
(0.2 M, 9.5 ml), and the volume was adjusted to 100 ml with water, The D,0 phosphate
buffer (0.1 M, pD 8.0) was prepared by dissolving a mixture of KH,PO4 (0.0572 g) and
K2HPO4 (0.2752g) in D20 (20 ml). The pH was measured and the pD calculated from
the following equation:199

pD = pH + (429/T) - 1.04
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CHAPTER 4 - SYNTHESIS
4.1, Preparation of Benzyl Alcohols

4-Aminobenzyl alcohol.130 (51, X=NH,) 4-nitrobenzy! alcohol (10g, 0.07 mol), ethanol
(10ml) and Adams platinum catalyst (1g) were shaken in hydrogen (5500cm3) at
atmospheric pressure. The solution was filtered through celite and the ethanol removed by
evaporation to leave a brown oil which solidified on cooling to 0-4°C for 24 h to give
(51, X=NH;) as a yellow solid (7.38g, 0.06 mol, 86%); mp 58-610C; Rf
(CHCl3:MeOH, 10:1) 0.25; v (Nujol) 3620 (N-H), 3460 cm-! (N-H); 8y (CDCl3, 60
MHz) 2 - 4 (3H, bs, NH;, OH, exchanges with D,0), 4.53 (2H, s, CHj), 6.67 (2H, d,
Juu 8 Hz, Ar), 7.42 ppm (2H, d, Jyu 8 Hz, Ar).

4-Azidobenzyl alcohol.}30 (51, X=N3) A solution of sodium nitrite (3.39 g, 0.049 mol)
in 30 ml water was added dropwise to a solution of 4-aminobenzyl alcohol (5.50g, 0.045
mol) in SM HCI (200ml) at 0-5°C and stirred for 30 min. The presence of excess
nitrosonium ion, NO*, was checked with starch-iodide paper. Sodium azide (11.70g,
0.18 mol) was added in portions over 30 min and stirring continued for a further 2 h. The
mixture was added to iced water (100ml), neutralised with 10 M NaOH (90m!) and
extracted with chloroform. The extracts were dried (Na;SO4) and the solvent evaporated
to give (51, X=Nj) as an orange-brown solid (5.09g, 0.03 mol, 74%); mp 26-28°C;
Amax (CHCl3) 251nm; Rf (CHCl3:CH30H, 3:1) 0.70; v (Nujol) 3305 (OH), 2100 cm-1
(N3); 8y (CDCl3, 60 MHz) 4.6 (2H, s, CH3), 6.8 (2H, d, Jyi 8 Hz, Ar), 7.15 (2H, d,
Jun 8 Hz, Ar); m/z (EI) 149 (M+, 42%), 122 (100), 91 (52), 28 (77).

4-Ethanoyloxybenzyl alcohol.131 (51, X=CH3COO) Acetic anhydride (5.10g, 50
mmol) was added dropwise to a stirred solution of 4-hydroxybenzyl alcohol (6.21;. 50
mmol) in 2.5 M NaOH (20 ml) at -5 to -100C, After 4 h the mixture was extracted with
ether (2 x 30 ml), then washed with 5% NaHCO; (2 x 30ml). The combined extracts
were dried (Na;SO4) and concentrated. Flash column chromatography!33
(EtOAc:Hexane, 60:40, Rf 0.70) gave (51, X=CH3COO)as a colourless solid (5.5g,
0.03 mol, 66%); v (Nujol) 3400 (OH), 1750 cm-! (C=0); &y (CDCl3, 60 MHz) 2.2 (3H,
s, CH3), 3.3 (1H, br s, OH, exchanges with D;0), 7.1 (2H, d, Jyy 8 Hz, Ar), 7.4 ppm
(2H, d, Juu 8 Hz, Ar); m/z (EI) 166 (M*, 73%), 123 (100), 106 (78), 95 (58), 77 (82).

The following compounds were prepared by the reaction between 4-hydroxybenzyl
alcohol and the appropriate anhydride using a method similar to that described for (51,
X=CH3;CO0O0).
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4-Propanoyloxybenzyl alcohol.13! (51, X=CH3CH,CO0O). 'Fl.ash column
chromatography (EtOAc : Hexane, 1:1, Rf 0.67) gave (51, X=CH3CH,COO) as a
brown oil (42%); 8y (CDCl3, 250.1 MHz) 1.20 (3H, t, Jyu 7.5 Hz, CH3), 2.53 (2H, q,
Juu 7.5 Hz, CHy), 3.7 (1H, br s, OH, exchanges with D;0), 4.45 (2H, s, CH;OH).
6.97 (2H, d, Jyu 8.3 Hz, Ar), 7.22 ppm (2H, d, Jyy 8.3 Hz, Ar).

4-n-Butanoyloxybenzyl alcohol.13! (51, X=CH3(CH2)2COO). Flash column
chromatography (Still) (EtOAc : Hexane, 1:1, Rf 0.60) gave (51, X=CH3(CH2),C0OO0)
as a brown oil (60%); 8y (CDCl3, 250.1 MHz) 0.99 (3H, t, Jyx 7.3 Hz, CH3), 1.65
(2H, sextet, Jyy 7.4 Hz, CHy), 2.44 (2H, t, Jyy 7.3 Hz, CHy), 3.75 (1H, br s, OH,
exchanges with D;0), 4.43 (2H, s, CHy), 6.93 (2H, d, Jun 8.4 Hz), 7.19 ppm (2H, d,
Juu 8.3 Hz, Ar); 8¢ (62.9 MHz) 13.20 (s, CH3), 18.03 (s, CHz), 36.10 (s, CH2),
63.64 (s, CH,OH), 121.06 (s, 2 x aromatic CH), 127.53 (s, 2 x aromatic CH), 138.40
(s, aromatic C), 149.47 (s, aromatic C), 172.01 ppm (s, C=0).

4-iso-Butanoyloxybenzyl alcohol.}31 (51, X=(CH3);CHCOQO). Flash column
chromatography (EtOAc : Hexane, 1:1, Rf 0.55) gave (51, X=(CHj3);CHCOO) as a
light brown semi-solid (80%); &y (CDCls, 250.1 MHz) 1.22 (6H, d, Jun 6.9 Hz,
(CH3)9), 2.71 (1H, sept, Juu 6.9 Hz, CH), 4.30 (1H, br s, OH, exchanges with D;0),
4,39 (2H, s, CH,0H), 6.93 (2H, d, Jyy 8.4 Hz, Ar), 7.17 ppm (2H, d, Jyu 8.2 Hz,
Ar); 8¢ (62.9 MHz) 18.78 (s, (CH3)2), 34.02 (s, CH), 63.97 (s, CH,0H), 121.28 (s, 2
x aromatic CH), 127.87 (s, 2 x aromatic CH), 138.52 (s, aromatic C), 149.86 (s,
aromatic C) 175.90 ppm (s, C=0).

4-Hexanoyloxybenzyl alcohol.13! (51, X=CH3(CH2)4C0OO). Flash column
chromatography (EtOAc : Hexane, 1:1, Rf 0.51) gave (51, X=CH3(CH;)4C0O0) as a
colourless oil (4%); dy (CDCl3, 250.1 MHz) 0.92 (3H, t, Jyy 6.9 Hz, CH3), 1.39 (4H,
m, 2 x CHj), 1.75 (2H, pen, Jyny 7.2 Hz, CHy), 2.09 (1H, br s, OH, exchanges with
D,0), 2.54 (2H, t, Jyu 7.3 Hz, CH,COO), 4.87 (2H, s, CH,OH), 7.05 (2H, d, Jyu 8.5
Hz, Ar), 7.34 ppm (2H, d, Jyy 8.4 Hz, Ar).

4-Pivaloyloxybenzyl alcohol.13! (51, X=(CH3);CCOO). Method 1. This was prepared
in the same way as (51, X=CH3COO) except that trimethylacetyl chloride was used
instead of acetic anhydride. Flash column chromatography (EtOAc:Hexane, 1:1, Rf 0.52)
gave (51, X=(CH3)3CCOO) as a colourless semi-solid (17%); v (Nujol) 3300 (OH),
1740 cm-! (C=0); 8y (CDCl3, 250.1 MHz) 1.35 (9H, s, (CH3)3), 4.65 (2H, s, CHy),
7.02 (2H, d, Jyu 8.3 Hz, Ar), 7.35 ppm (2H, d, Jyy 8.2 Hz, Ar). ‘
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4-Pivaloyloxybenzyl alcohol. Method 2. 4-hydroxybenzyl alcohol (10g, 0.081 mol) in
1M NaOH (75 ml) was poured into a solution of trimethylacetyl chloride (11.67g, 0.097
mol) and tetrabutylammonium chloride (11.1 g, 0.040 mol) in CH,Cl; (75 ml) and left to
stir at room temperature for 4 hours. The CH,Cl; layer was washed with 5% NaHCO;3 (2
x 40 ml), dried (Na;S0O4) and concentrated. Flash column chromatography (EtOAc :
Hexane, 6:4, Rf 0.42) gave (51, X=(CH3);CCOQ) as a colourless semi-solid (6.36g,
0.031 mol, 38%). Data as for Method 1.

4.2, Preparation of 4-Nitrobenzyl Iodide

4-Nitrobenzyl iodide.}32 (56, X=NO3) A mixture of 4-nitrobenzyl chloride (5g, 0.03
mol) and potassium iodide (4.98g, 0.03 mol) was refluxed in ethanol (300ml) for one
hour. On cooling a white precipitate formed which was filtered-off and washed with
water. Recrystallisation from ethanol gave (56, X=NQO3) as yellow needles (5.26g, 0.02
mol, 67%), mp 124-127°C; Rf (EtOAc) 0.68; 8y (CDCl3, 300 MHz) 4.41 (2H, s, CHy),
7.95 (2H, d, Jyy 8.0 Hz, Ar), 8.10 (2H, d, Jyy 8.0 Hz, Ar).

LI |

4.3. Preparation of (Methoxycarbonyl)phosphonic Dichloride and Disilver
(Methoxycarbonyl)phosphonate

Dimethyl (methoxycarbonyl)phosphonate!!3 (48). Trimethyl phosphite (46) (50g, 0.40
mol) was heated to 120°C in a fume cupboard. Methy! chloroformate (47) (41.58g, 0.44
mol) was added dropwise over 30 mins. The mixture was heated at 120°C for a further
1.5 h. Vacuum distillation (86 - 90°C, 1 mmHg) gave (48) as a colourless liquid (55g,
0.32 mol, 80%); dy (CDCl3, 300 MHz) 3.72 (6H, d, Jpy 11.0 Hz, 2 x POCH3), 3.91
ppm (3H, s, COCH3); 8p (121.5 MHz) -3.04 ppm (s), (sept q, Jpy 9.1, 1.0 Hz, 'H
coupled).

Bis(trimethylsilyl) (methoxycarbonyl)phosphonatel?? (49). A mixture of dimethyl
(methoxycarbonyl)phosphonate (48) (10g, 0.06 mol) and trimethylsilyl bromide (19.8ml,
0.15 mol) was stirred at room temperature under argon for 3 h. The excess trimethylsilyl
bromide and methylbromide by-product were removed in vacuo (20 mmHg) to give (49)
as a colourless liquid (9.81g, 0.035 mol, 58%); du (CDCl3, 60 MHz) 0.5 (18H, s, 2 x
OSi(CHs3)3, 3.9 ppm (3H, s, OCHz3); 8p (121.5 MHz) 0.41 (s).
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(Methoxycarbonyl)phosphonic dichloride!?9 (50). Bis(trimethylsilyl)
(methoxycarbonyl)phosphonate (49) (10g, 0.035 mol) was added dropwise to a stirred
suspension of PCls (14.6g, 0.070 mol) in dichloromethane (20ml) at room temperature.
The reaction proceeded exothermically and was complete within 30 mins. Distillation
(105-1099C, 20 mmHg) gave (50) as a colourless liquid (4.42g, 0.025 mol, 72%); Oy
(CDCl3, 60 MHz) 4.05 ppm(3H, s, OCHj3); 8p (121.5 MHz) -2.94 ppm (s).

Disodium = (methoxycarbonyl)phosphonatel13 (54). Dimethyl
(methoxycarbonyl)phosphonate (48) (5g, 0.030 mol) and trimethylsilyl bromide (13.77g,
0.09 mol) were stirred at room temperature under argon for 3 h. Volatile components
were evaporated in vacuo (1 mmHg) and the residue added to 30g of Amberlite IRC 50
(Na+ form) in water (50 ml). After 1.5 h the cation exchange resin was filtered and
washed with water (50 ml). The combined aqueous portions were washed with diethyl
ether (2 x 50 ml), concentrated and the resulting residue triturated with ethanol (2 x 50
ml) to give (54) as a colourless solid (4.01g, 0.021 mol, 72%); mp >300°C; Amax (H20)
237 nm; 8y (D20, 300 MHz) 3.72 ppm (3H, s, OCH3); &p (121.5 MHz) -0.84 ppm (s).

Disilver (methoxycarbonyl)phosphonate!12 (55). Silver nitrate (5.44g, 0.032 mol) was
added to a stirred solution of disodium (methoxycarbonyl)phosphonate (54) (3g, 0.016
mol in 50 ml water) in the dark. A white precipitate of (55) formed immediately (5.26g,
0.014 mol, 91%); mp >300°C; 8 (D20, 300 MHz) 3.81 ppm (3H, s, OCHs); 8p (121.5
MHz) -0.84 ppm (s).

4.4. Preparation of Dibenzyl (Methoxycarbonyl)phosphonates

Dibenzyl (methoxycarbonyl)phosphonate (38, X=H). A solution of
(methoxycarbonyl)phosphonic dichloride (50) (2.00g, 11.2 mmol) in dichloromethane
(10 ml) was added dropwise over 20 minutes to a stirred solution of benzyl alcohol (51,
X=H) (2.43g, 22.5 mmol) and triethylamine (2.22g, 22.5 mmol) in dichloromethane (30
ml) at 0°C under argon. The mixture was stirred for 4 hours at room temperature. The
triethylammonium hydrochloride was removed by washing with saturated NaHCO; (2 x
30 ml). The dichloromethane layer was dried (Na,SO,), concentrated and purified by flash
column chromatography (EtOAc, Rf 0.59) to give (38, X=H) as a colourless oil (2.30 g,
7.2 mmol, 64%). (Found: C, 60.21; H, 5.53. C;¢H170sP requires C, 60.00; H, 5.35);
¥ (thin film) 1710 (C=0), 1280 cm"1(P=0); 8y (CDCl3, 250.1 MHz) 3.77(3 H, d, Jpy
1.1 Hz, OCH3), 5.18 (4 H, d, Jpy 8.3 Hz, 2 x CH3), 7.33 ppm (10 H, s, Ar); 8p (121.5
MHz) -4.94 ppm (s), (pent q, Jpy 8.5, 1.0 Hz, 1H coupled); 8¢ (62.9 MHz) 52.53 (d,
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Jpc 5.5 Hz, OCH3), 69.66 (d, Jpc 6.3 Hz, 2 x CH,), 128.20 (s, 4 x aromatic CH),
128.63 (s, 4 x aromatic CH), 128.80 (s, 2 x aromatic CH), 135.05 (d, Jpc 6.2 Hz, 2 x
aromatic C), 166.88 ppm (d, Jpc 272.1 Hz, C=0); m/z (FAB, thioglycerol matrix) 321
M + H+, 57%), 229 (10), 214 (13), 181 (100), 141 (17), 91 (87). Observed accurate
mass 321.0892 (M + H*); Cy¢H;30sP requires 321.0892.

The following triesters of phosphonoformate  were pfcparcd from
(methoxycarbonyl)phosphonic dichloride (50) and the appropriate alcohol (2 equivalents)
by methods similar to that described for (38, X=H).

Di(4-azidobenzyl) (methoxycarbonyl)phosphonate (38, X=N3). This was isolated
without flash column chromatogaphy as a brown solid (63%); m.p. 28-30 °C; (Found:
C, 47.52; H, 3.88; N, 20.72. Cy6H5NOsP requires C, 47.77; H, 3.76; N, 20.89);
Amax (CHCl3) 251, 212 nm; v (Nujol) 2100 (N3), 1700 (C=0), 1280 cm-1(P=0); 3y
(CDCl3, 300 MHz) 3.91 (3 H, s, OCHj3), 5.32 (4 H, d, Jpy 9.1 Hz, 2 x CHy), 6.90
(4H, d, Jyu 8.3 Hz, Ar), 7.05 ppm (4H, d, Jyy 8.5 Hz, Ar); dp (121.5 MHz) -4.78 ppm
(s), (pent, Jpy 8.6 Hz, 1H coupled); dc (62.9 MHz) 52.56 (d, Jpc 5.4 Hz, OCH3),
69.04 (d, Jpc 6.3 Hz, 2 x CHy), 118.92 (s, 4 x aromatic CH), 129.89 (s, 4 x aromatic
CH), 131.53 (d, Jpc 6.4 Hz, 2 x aromatic C), 140.64 (s, 2 X aromatic C), 166.60 ppm
(d, Jpc 272.2 Hz, C=0); m/z (CI) 420 (M + NH4+*, 13%), 375 (32), 149 (59), 132
(100). Observed accurate mass 420.1185 (M + NH4*); Ci6H15sNsOsP.NH4* requires
420.1187.

Di(4 -c:hlor"obenzyl) (merhoxycarbonyl)phos'phondre (38, X=Cl). Flash column
chromatography (EtOAc:Hexane, 1:1, Rf 0.28) gave (38, X=CIl) as a colourless oil
which solidified on standing at 4 °C (0.91g, 1 mmol, 33%); m.p. 30-33 °C; (Found: C,
49.66; H, 4.05. C1¢H1505PCl3 requires C, 49.38; H, 3.89); v (Nujol) 1720 (C=0),
1280 cm-! (P=0); 8y (CDCl3, 300 MHz) 3.81 (3 H, s, OCHj3), 5.16 (4 H, d, Jpy 8.2
Hz, 2 x CHy), 7.28 (4 H, d, Juy 9.4 Hz, A1), 7.33 ppm (4H, d, Jun 9.3 Hz, Ar); 5p
(121.5 MHz) -4.80 ppm (s), (pent, JPH 8.6 Hz, 1y coupled); 8¢ (75.5 MHz) 52.67 (d,
Jpc ~6 Hz, OCH3), 68.93 (d, Jpc 6.0 Hz, 2 x CH,), 128.89 (s, 4 x aromatic CH),
129.57 (s, 4 x aromatic CH), 133.43 (d, Jpc ~6 Hz, 2 x aromatic C), 134.99 ppm (s, 2 x
aromatic C), carbonyl not detected ; m/z (FAB, thioglycerol matrix) 389 (M + H+, 91%),
249 (36), 212 (28), 125 (100). Observed accurate mass 389.011 (M + H*);
Ci16H1605PCl; requires 389.011. The mass spectrum showed peaks at 389, 391 and 393
in the ratio 1:0.6:0.1 as expected for a molecule containing two chlorine atoms.
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Di(4-ethanoyloxybenzyl) (methoxycarbonyl)phosphonate (38, X=CH3CO0O). Flash
column chromatography (EtOAc : Hexane, 3:1, Rf 0.5) gave (38, X=CH3C00) as a
light brown oil .(0.9g, 2 mmol, 35%); v (Nujol) 1743 (C=0), 1275 cm! (P=0);
Su(CDCls, 300 MHz) 2.27 (6 H, s, 2 x CH3), 3.77 (3H, s, OCH3), 5.15 (4H, d, Jpy
8.8 Hz, 2 x CHy), 7.05 (4H, d, Juyy 8.4 Hz, Ar), 7.36 (4 H, d, Jyyu 8.7 Hz, Ar), 4.65
ppm (s, CH,0H, 2-3% of ethanoyloxybenzyl alcohol present); dp (121.5 MHz) -4.92
ppm (s), (pent, Jpu 8.0 Hz, 'H coupled); 8¢ (75.5 MHz) 21.06 (s, CH3), 52.57 (d, Jpc
~6 Hz, OCH3), 69.00 (d, Jpc 6.0 Hz, 2 x CH2), 121.58 (s, 4 x -aromatic CH), 128.78
(s, 4 x aromatic CH), 132.56 (d, Jpc 6.0 Hz, 2 x aromatic C), 150.97 (s, 2 x aromatic
C), 169.23 ppm (s, C=0), one carbonyl not observed; m/z (FAB, thioglycerol matrix)
437 (M + H+, 34%), 395 (11), 287 (16), 255 (47), 149 (100), 121 (21), 107 (100).
Observed accurate mass 437.1001 (M + H*); C20H22009P requires 437.1001.

Di(4-pivaloyloxybenzyl) (methoxycarbonyl)phosphonate (38, X=(CH3);CCOO). Flash
column chromatography (EtOAc : Hexane, 1:1; Rf 0.31) gave (38, X=(CHj3);CCOO)
as a light pink solid (30%); m.p. 27-29 °C; (Found: C, 60.24; H, 6.48. Cy¢H3304P
requires C, 60.00; H, 6.39); v (Nujol) 1740 (C=0), 1720 (C=0), 1280 cm-! (P=0); oy
(CDCl3, 300 MHz) 1.21 (18 H, s, 2 x (CH3)3), 3.76 (3H, s, OCH3), 5.10 (4 H, d, Jpy
8.8 Hz, 2 x CHy), 6.98 (4H, d, Jyy 8.2 Hz, Ar), 7.30 ppm (4H, d, Jyy 8.4 Hz, Ar); dp
(121.5 MHz) -4.95 ppm (s); ¢ (75.5 MHz) 27.06 (s, (CH3)3), 39.04 (s, (CH3)30),
52.56 (d, Jpc ~6 Hz, OCH3), 69.11 (d, Jpc 6.0 Hz, CH3), 121.77 (s, 4 x aromatic CH),
129.45 (s, 4 x aromatic CH), 132.32 (d, Jpc 6.0 Hz, 2 x aromatic C), 151.96 ppm (s, 2
x aromatic C), 176.84 ppm (s, C=0), one carbonyl not obseved; m/z (FAB, thioglycerol
matrix) 522 (M + 2H*, 8%), 437 (6), 329 (9), 191 (100), 107 (100), 85 (100), 57 (100).
Observed accurate mass 522.2019 (M + 2H*); C26H3509P requires 522.2019. .
Di(4-trifluoromethylbenzyl) (methoxycarbonyl)phosphonate (38, X=F3;C).
Concentration gave a colourless oil. Traces-of trifluoromethylbenzyl alcohol were
removed by Kugel distillation at 90°C, 1 mm Hg to give (38, X=F3C) (54%); (Found:
C, 47.28; H, 3.34. C13H;505PF¢ requires C, 47.39; H, 3.31); v (Nujol) 1750 (C=0),
1340 cm-! (P=0); 8y (CDCl3, 300 MHz) 3.81 (3 H, s, OCH3), 5.25 (4 H, d, Jpy 8.4
Hz, 2 x CHp), 7.45 (4 H, d, Juu 8.3 Hz, Ar), 7.58 ppm (4 H, d, Jyy 8.3 Hz, Ar); op
(121.5 MHz) -4.65 ppm (s), (pent, Jpy 8.0 Hz, !H coupled); 8¢ (75.5 MHz) 52.79 (d,
Jpc ~6 Hz, OCHj), 68.64 (d, Jpc 6.0 Hz, 2 x CHj), 125.65 (s, 4.x aromatic CH),
128.32 (s, 4 x aromatic CH), 131.00 (q, Jcr 34.0 Hz, 2 x aromatic C), 138.76 (d, Jpc
~6 Hz, 2 x aromatic C), carbonyl not observed; m/z (FAB, thioglycerol matrix) 457 (M +
H+, 40%), 297(6), 159 (100), 140 (17), 109 (10), 91 (4). Observed accurate mass
457.064 (M + Ht); C13H1605PFg requires 457.064. .
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Di(4-methylbenzyl) (methoxycarbonyl)phosphonate (38, X=CHj3). Flash column
chromatography (EtOAc : Hexane, '1:1', Rf 0.51) gave (38, X=CHj3) as a brown oil
(30%); v (thin film) 1720 (C=0), 1280 cm-! (P=0); &y (CDCls, 300 MHz) 2.35 (6 H, s,
2 x CHy), 3.78 3 H, s, OCH3), 5.15 (4 H, d, Jpy 8.2 Hz, 2 x CHy), 7.15 (4 H, d, Jyn
8.2Hz, Ar), 7.24 ppm (4 H, d, Jyu 8.2Hz, Ar) (2-3% of 4-methylbenzyl alcohol is
present); 8p (121.5 MHz) -5.02 ppm (s), (pent, Jpy 8.0 Hz, 'H coupled); 8¢ (75.5 MHz)
21.23 (s, 2 x CH3), 52.47 (d, Jpc 3.5 Hz, OCH3), 69.71 (d, Jpc 6.0 Hz, 2 x CH,),
128.25 (s, 4 x aromatic CH), 129.05 (s, 4 x aromatic CH), 132.09 (d, Jpc 6.0 Hz, 2 x
aromatic C), 138.74 (s, 2 x aromatic C), 165.14 ppm (d, Jpc 270 Hz, C=0); m/z (FAB,
thioglycerol matrix) 349 (M + H*, 44%), 226 (10), 122 (85), 105 (60). Observed
accurate mass 349.231 (M + H*); C,gH3;,05P requires 349.231.

Di(4-nitrobenzyl) (methoxycarbonyl)phosphonate (38, X=NO;). A solution of 4-
nitrobenzyl iodide (56, X=NO;) (0.38g, 1.44 mmol.) in toluene (25 ml) was added
dropwise over 30 min to a suspension of disilver (methoxycarbonyl)phosphonate (55)
(0.27g, 0.76 mmol) protected from light and under argon, and left to stir for 24 h. The
silver iodide precipitate was removed by filtration and the filtrate washed with water (2 x
30 ml), dried (Na2SO4) and concentrated. The residue was purified by flash column
chromatography (EtOAc : Hexane, 2:1, Rf 0.60). Recrystallisation from
toluene/petroleum ether gave (38, X=NO;) as a colourless solid (0.21g, 0.51 mmol,
67%); m.p. 58-62 °C; (Found: C, 47.05; H, 3.75; N, 6.75. CisH;5N20gP requires C,
46.83; H, 3.69; N, 6.83); v (Nujol) 1700 (C=0), 1520 (NOz, asymmetrical), 1340
(NO3, symmetrical), 1280 cm-! (P=0); dy (CDCl3, 300 MHz) 3.92 (3 H, s, OCH3),
5.47 (4 H, d, Jpu 9.1 Hz, 2 x CH3), 7.96 (4 H, d, Jun 8.3 Hz, Ar), 8.13 ppm (4 H, d,
Juy 8.3 Hz, Ar); 8p (101.3 MHz) -3.90 ppm (s), (pent q, Jpy 8.2, 1.0 Hz, !H coupled);
d¢ (62.9 MHz) 52.95 (d, Jpc 5.5 Hz, OCH3), 68.03 (d, Jpc 5.7 Hz, 2 x CHjy), 123.83
(s, 4 x aromatic CH), 128.17 (s, 4 x aromatic CH), 141.72 (d, Jpc 6.5 Hz, 2 x aromatic
C), 147.98 ppm (s, 2 x aromatic C), carbonyl not detected; mfz (CI) 428 (M + NH4+,
100%), 411 (3), 274 (6), 166 (98), 136 (50). '

Attempted synthesis of di(4-methoxybenzyl) (methoxycarbonyl)phosphonate (38,
X=CH30). The synthesis of (38, X=CH30) was attempted in a similar way to (38,
X=H) from 4-methoxybenzyl alcohol (51, 'X=CH30) and
(methoxycarbonyl)phosphonic dichloride (50). The triester could not be isolated and the
only characterised product was di(4-methoxybenzyl) ether (57) which was purified by
flash column chromatography (EtOAc : Hexane, 1:1, Rf 0.70) as a colourless oil (42%);
oy (CDCl3, 300 MHz) 3.79 (6 H, s, 2 x OCH3), 4.46 (4 H, s, CH?), 6.88 (4 H, d, Jun
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8.0 Hz, Ar), 7.29 ppm (4 H, d, Jyu 8.0Hz, Ar); 3¢ (75.5 MHz) 46.24 (s, 2 x CH,),
55.23 (s, 2 x CHj3), 113.72 (s, 4 x aromatic CH) 130.00 ppm (s, 4 x aromatic CH), 4
aromatic C not detected; m/z (EI) 258 (M*-, 80%), 228 (100), 197 (57), 137 (60), 121
(33), 107 (49), 91 (46)."

Ether formation was confirmed by comparison of the spectra with those from an authentic
sample of di-(4-methoxybenzyl) ether synthesised by the reaction of 4-mcthoxybenzyl
alcohol with 4-methoxybenzyl chloride.

The synthesis of (38, X=CH30) was also attempted in a similar way to (38, X=NO3)
from 4-methoxybenzyl iodide200 (56, X=CH30) and disilver
(methoxycarbonyl)phosphonate (55). Analysis of the products revealed that (38,
X=CH30) was not formed.

Di(3-methoxybenzyl) (methoxycarbonyl)phosphonate (59). This was prepared in a similar
way to (38, X=H) from 3-methoxybenzyl alcohol and (methoxycarbonyl)phosphonic
dichloride (50). Flash column chromatography (EtOAc:Hexane, 2:1, Rf 0.57) gave (59)
as a colourless oil. (Found: C, 56.33; H, 5.65. C3H2107P requires C, 56.84; H, 5.57);
v (thin film) 1720 (C=0), 1280 cm-! (P=0); 8y (CDCl3, 300 MHz) 3.78 (6H, s, 2 x
CH;30Ar), 3.80 (3H, d, Jpy 0.9 Hz, COCH3), 5.19 (4H, d, Jpy 8.3 Hz, 2 x CH3), 6.86
- 7.29 ppm (8H, m, Ar); dp (101.3.MHz) -6.36 ppm (s), (pent q, Jpy 8.2, 1.1 Hz, 1H
coupled); m/z (FAB, thioglycerol matrix) 380 (M + H+, 9%), 241 (100), 121 (100), 91
(42). Observed accurate mass 380.103 (M + H*); CygH2207P requires 380.103. ‘

Dibenzyl (benzyloxycarbonyl)phosphonate (67). This was prepared in a similar way to
(38, X=H) from benzyl alcohol and (benzyloxycarbonyl)phosphonic dichloride. Flash
column chromatography gave (67) as a yellow oil (34%); (Found: C, 65.28; H, 5.35;
C22H2105P requires C, 66.66; H, 5.34); v (thin film) 1720 (C=0), 1270 cm-! (P=0); &y
(CDCl3, 300 MHz), 5.16 (4H, d, Jpy 7.9 Hz, 2 x CH,0P), 5.21 (2H, s, COCHy), 7.30
- 7.39 ppm (15H, m, Ar); dp (121.5 MHz) - 5.08 ppm (s), (pent, Jpy 8.0 Hz, 1H
coupled); 8¢ (75.5 MHz) 67.65 (d, Jpc 4.1 Hz, COCH>), 69.72 (d, Jpc 5.8 Hz, 2 x
CH20P), 128.17 (s, aromatic CH), 128.60 (s, aromatic CH), 128.69 (s, 2 x aromatic
CH), 128.75 (s, aromatic CH), 134.33 (s, aromatic C), 135.05 ppm (d, Jpc 6.8 Hz, 2 x
aromatic C), 2 aromatic CH overlapping and carbonyl not detected; m/z (FAB,
nitrobenzyl alcohol matrix) 397 (M + H*, 23%),.181 (63), 107 (17), 91 (100), 77 (24).
. Observed accurate mass 397.1205 (M + H*); C22H2,05P requires 397.1205.
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4.5. Preparation of Sodium Benzyl (Methoxycarbonyl)phosphonates

Sodium benzyl (methoxycarbonyl)phosphonate (61, X=H). Using a method similar to
that described for other phosphonoformate diesters!37 a solution of sodium iodide
(1.03g, 6.88 mmol) in acetone (5 ml) was added to a solution of dibenzyl
(methoxycarbonyl)phosphonate (38, X=H) (2.00g, 6.25 mmol) in acetone ( 10 ml). The
reaction mixture was stirred and heated under reflux for one hour. The diester (61, X=H)
was precipitated as a colourless powder. After filtration the sample was dissolved in
water and re-precipitated by the addition of acetone (0.30g, 1.2 mmol, 17%); m.p. >210
°C; (Found: C, 42.52; H, 3.78. CoH0OsPNa requires C, 42.87; H, 4.00); v (Nujol)
1690 (C=0), 1265 cm! (P=0); dy (D20, 300 MHz) 3.48 (3 H, s, OCH3), 4.80 (2H, d,
Jpy 7.82 Hz, CHy), 7.21 ppm (5 H, s, Ar); dp (121.5 MHz) -2.65 ppm (s), (t, Jpy 8.5
Hz, 'H coupled); 8¢ (75.5 MHz) 54.56 (d, Jpc ~5 Hz, OCH3), 71.02 (d, Jpc 5.3 Hz,
CH,), 130.60 (s, 2 x aromatic CH), 131.12 (s, aromatic CH), 131.47 (s, 2 x aromatic
CH), 139.42 ppm (d, Jpc 5.3 Hz, aromatic C), carbonyl not detected; m/z (FAB,
thioglycerol matrix) 275 (M + Na*, 100), 253 (M + H+, 71), 185 (22), 177 (2), 115
(61), 91 (55). Observed accurate mass 253.0242 (M + Ht); CoH;05sPNa requires
253.0242. "o

The following compounds were prepared by the reaction of sodium iodide with the:
appropriate phosphonate triester using a method similar to that described above.

Sodium 4-azidobenzyl (methoxycarbonyl)phosphonate (61, X=N3) was obtained as a
colourless solid (58%); m.p. 154-156 °C; (Found: C, 36.73; H, 2.93; N, 14.39.
C9oHgN30sPNa requires C, 36.87; H, 3.09; N, 14.33); Amax (Water) 251, 207 (shoulder)
nm; v (Nujol) 2100 (N3), 1700 (C=0), 1280 cm-! (P=0); dy (D20, 300 MHz) 3.53 (3
H, s, OCH3), 4.88 (2 H, d, Jpy 9.6 Hz, CHy), 7.05 (2 H, d, Jyy 8.3 Hz, Ar), 7.39 ppm
(2 H, d, Jyu 8.6 Hz, Ar); dp (121.5 MHz) -2.93 ppm (s), (t q, Jpy 8.0, 0.8 Hz, 1H
coupled); &¢c (75.5 MHz) 44.67 (d, Jpc ~6 Hz, OCH3), 60.68 (d, Jpc ~6 Hz, CH,),
111.89 (s, 2 x aromatic CH), 122.56 (s, 2 x aromatic CH), 126.25 (d, Jpc ~6 Hz,
aromatic C), 132.74 (s, aromatic C), carbonyl not detected; m/z (FAB, thioglycerol
matrix) 316 (M + Nat, 100%), 294 (M + H+, 43), 245 (86), 185 (55), 125 (76), 104
(26). Observed accurate mass 294.0229 (M + H*); CoH;oN30sPNa requires 294.0229.

Sodium 4-chlorobenzyl (methoxycarbonyl)phosphonate (61, X=Cl). A solid was
precipitated after 2 h at room temperature. Purification gave (61, X=ClJ as a colourless
powder (91%); m.p. 175-179 °C; (Found: C, 37.91; H, 3.15. CgHgOsPCINa requires
C, 37.71; H, 3.17); v (Nujol) 1710 (C=0), 1260 cm-! (P=0); &y (D,0, 300 MHz) 3.50
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(3 H, s, OCH3), 4.81 (2 H, d, Jpy 8.8 Hz, CH;), 7.20 (2 H, d, Jyy 8.7 Hz, Ar), 7.24
ppm (2 H, d, Juu 8.7 Hz, Ar); dp (121.5 MHz) -2.93 ppm (s), (t, Jpy 8.0 Hz, 'H
coupled); 8¢ (75.5 MHz) 54.53 (d, Jpc ~6 Hz, OCH3), 70.24 (d, Jpc 5.3 Hz, CHy),
131.29 (s, 2 x aromatic CH), 132.26 (s, 2 x aromatic CH), 136.21 (s, aromatic C),
138.16 (d, Jpc ~6 Hz, aromatic C), carbonyl not detected; m/z (FAB, thioglycerol matrix)
595 2M + Nat, 21%), 309 (M + Nat, 100), 287 (M + H*, 22), 251 (3), 227 (9), 115
(71). Observed accurate mass 308.967 (M + Nat); CoHgOsPCINa; requires 308.967.
The mass spectrrum showed peaks at 287 and 289 in the ratio of 1:0.43 as expected for a
molecule containing one chlorine atom.

~ Sodium 4-trifluoromethylbenzyl (methoxycarbonyl)phosphonate (61, X=F3C). The
reaction mixture was stirred for 2 h at room temperature to give (61, X=F3C) as a
colourless solid (56%); m.p. >225 °C; v (Nujol) 1700 (C=0), 1270 cm*! (P=0); oy
(D,0, 300 MHz) 3.48 (3 H, s, OCH3), 4.88 (2 H, d, Jpy 8.31 Hz), 7.37 (2 H, d, Jyu
8.7 Hz, Ar), 7.53 ppm (2 H, d, Jyu 8.5 Hz, Ar); &p (121.5 MHz) -2.86 ppm (s), (t, Jpu
9.0 Hz, 'H coupled).

Sodium 4-methylbenzyl (methoxycarbonyl)phosphonate (61, X=CHj3) was obtained as a
colourless solid (89%); m.p. 155-157 °C; (Found: C, 44.74; H, 4.39, C1oH;20sPNa
requires C; 45.13; H, 4.54); v (Nujol) 1710 (C=0), 1260 cm"! (P=0); &y (D20, 300
MHz) 2.30 (3 H, s, CH3), 3.66 (3 H, s, OCH3), 4.96 (2 H, d, Jpy 8.6Hz, CHj), 7.24
(2 H, d, Jyu 8.0Hz, Ar), 7.31 ppm (2 H, d, Jyn 8.1 Hz, Ar); p (121.5 MHz) -2.91
ppm (s), (t, Jpu 8.2 Hz, 1H coupled); 8¢ (75.5 MHz) 22.92 (s, CH3), 54.49 (d, Jpc ~6
Hz, OCHj), 70.95 (d, Jpc 5.3 Hz, CH3), 130.94 (s, 2 x aromatic CH), 131.94 (s, 2 x
aromatic CH), 136.31 (d, Jpc 5.3 Hz, aromatic C), 141.51 ppm (s, aromatic C),
carbonyl not detected; m/z (FAB, thioglycerol matrix) 1087 (4M + Nat, 4%), 821 (3M +
Nat, 13), 555 (2M + Nat, 25), 289 (M + Na*, 100), 267 (M + H+, 16), 185 (10), 105
(33), 91 (6). Observed accurate mass 289.022 (M + Nat); CyoH;205sPNa; requires
289.022.

Sodium 4-nitrobenzyl (methoxycarbonyl)phosphonate (61, X=NO;) was obtained as a
colourless solid (73%); m.p. >300 °C; (Found: C, 36.71; H, 3.16; N, 4.48.
CoHgNO7PNa requires C, 36.55; H, 3.05; N, 4.70); v (Nujol) 1700 (C=0), 1260 cm-!
(P=0); oy (D20, 300 MHz) 3.62 (3 H, s, OCH3), 5.01 (2 H, d, Jpy 9.8Hz, CH3), 7.91
(2 H, d, Jyy 8.3 Hz, Ar), 8.07 ppm (2 H, d, Jyy 8.3 Hz, Ar); &p (121.5 MHz) -2.70
ppm (s), (t q, Jpx 8.7, 0.8 Hz, 1H coupled); 8¢ (75.5 MHz) 44.76 (s, OCH3), 59.60 (d,
Jpc ~6 Hz, CH3), 116.45 (s, 2 x aromatic CH), 120.59 (s, 2 x aromatic CH), 137.67 (d,
Jpc ~6 Hz, aromatic C), 140.08 ppm (s, aromatic C), carbonyl not detected; m/z (FAB,
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thioglycerol matrix) 298 (M + H*, 43%), 267 (4), 184 (84), 115 (100). Observed
accurate mass 298.009 (M + H+); CgH;oNO;PNa requires 298.009.

Sodium benzyl (benzyloxycarbonyl)phosphonate (65). This was prepared in a similar way
to (61, X=H) from dibenzyl (benzyloxycarbonyl)phosphonate (67) and Nal to give (65)
as a colourless solid (64%); mp > 210°C; v (Nujol) 1680 (C=0), 1260 cm! (P=0); oy
(CDCl3, 300 MHz), 4.70 (2H, d, Jpy 7.7 Hz, CH,0P), 7.10 - 7.18 ppm (10H, m, Ar);
dp (121.5 MHz) - 3.04 ppm (s), (t, Jpy 8.0 Hz, 1H coupled); ¢ (75.5 MHz) 69.42 (d,
Jpc 3.2 Hz, COCH3), 70.95 (d, Jpc 5.2 Hz, CH,0P), 130.54 (s, aromatic CH), 131.03
(s, aromatic CH), 131.25 (s, aromatic CH), 131.33 (s, aromatic CH), 131.44 (s,
aromatic CH), 137.91 (s, aromatic C), 139.34 (d, Jpc 6.0 Hz, aromatic C), 175.45 ppm
(d, Jpc 241.9 Hz, C=0), one aromatic CH overlapping; m/z (FAB, nitrobenzyl alcohol
matrix) 351 (M + Nat, 58%), 329 (M + Ht, 50), 176 (100), 91 (33), 77 (12). Observed
accurate mass 351.0374 (M + Nat); CysH;405Na,P requires 351.0374.

4.6. Preparation of Dibenzyl Methylphosphonate

Dibenzyl methylphosphonatel40 (62). This was prepared in the same way as (38, X=H)
except that methyl phosphonic dichloride was used instead of

(methoxycarbonyl)phosphonic dichloride (50). Flash column chromatography (EtOAc,
Rf 0.33) gave (62) as a brown oil (40%); v 1240 cm-! (P=0); &y (CDCl3, 250.1 MHz)

1.50 3 H, d, Jpy 17.0 Hz, CH3), 5.01 (4 H, d, Jpy 8.2 Hz, 2 x CH3), 7.35 ppm (10 H,
s, Ar); &p (101.3 MHz) 31.38 ppm (s); m/z (EI) 277 (M*-, 3%), 185 (100), 155 (13),
107 (48), 91 (53), 77 (32).

4.7. Preparation of Sodium Benzyl Phosphite

Monobenzyl phosphite (64). Dibenzyl phosphite (63) (4.5g, 0.017 mol) and sodium
iodide (2.81g, 0.019 mol) were heated to reflux in acetone (50 ml) for 3 h. The title
compound precipitated as a colourless solid (2.30g, 0.012 mol, 71%); v (Nujol) 1210
cm-1 (P=0); 3y (D,0, 250.1 MHz) 4.86 (2H, d, Jpy 8.0 Hz, CH,), 6.75 (1H, d, Jpu
632.0 Hz, PH), 7.37 ppm (5H, s, Ar); dp (101.3 MHz) 6.91 ppm (s).
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4.8. Preparation of Di(benzoyloxymethyl) (Methoxycarbonylmethyl)phosphonates

Iodomethyl benzoatel®® (98, Ar=CgHs). Chloromethyl benzoate (10g, 0.059 mol) and
sodium iodide (10.7g, 0.071 mol) were stirred in dry acetone (75 ml) for 24 h. The
acetone was evaporated and ether was added to the residue. The resulting suspension was
filtered and the filtrate washed with sodium thiosulphate solution (3 x 40 ml) and water (2
x 30 ml). The ether layer was dried (MgSQy) and the solvent evaporated. Flash column
chromatography (EtOAc, Rf 0.71)gave (98, Ar=Cg¢Hs) as a brown semi-solid (11.3g,
0.043 mol, 73%); v (thin film) 1730 cm-! (C=0); dy4 (CDCl3;, 60 MHz) 6.1 (2 H, s,
CH3l), 7.2 - 8.2 ppm (5 H, m, Ar). |

Todomethyl 2-methylbenzoate'®® (98, Ar=2-CH3CgHy). This was prepared in a similar
way to (98, Ar=C¢Hs) from chloromethyl 2-methylbenzoate and Nal. Vacuum
distillation (88-91°C, 0.6 mm Hg) gave (98, Ar=2-CH3CgH,) as a brown semi-solid
(60%); v (thin film) 1740 cm-! (C=0); 8y (CDCl3, 60 MHz) 2.55 (3H, s, CH3). 6.05
(2H, s, CH;I), 7.10 - 7.90 ppm (4H, m, Ar).

lodomethyl 2,4,6-trimethylbenzoate'%® (98, Ar=2,4,6-(CH3);C¢H3). This was
prepared in a similar manner to (98, Ar=CgHs) from chloromethyl 2,4,6-
trimethylbenzoate and sodium iodide; 8y (CDCl3, 60 MHz) 2.35 (9 H, s, 3 x CH3), 6.10
2 H, s, CHl), 685 @ H, s, Ar). A

Di(benzoyloxymethyl) (methoxycarbonylmethyl)phosphonate (44, Ar=CgHs) was
prepared using a similar method to that described for (38, X=NO3) from iodomethyl
benzoate (98, Ar=Cg¢Hs) and disilver (methoxycarbonylmethyl)phosphonate (97),
prepared by the action of AgNO3 on disodium (methoxycarbonylmethyl)phosphonate
(96). Flash column chromatography (EtOAc, Rf 0.56) gave (44, Ar=CgHs) as a
colourless oil (40%); (Elemental analysis not correct. Found: C, 52.28; H, 4.43.
Ci19H1909P requires C, 54.04; H, 4.53); v (thin film) 1740 (C=0), 1270 cm’! (P=0); dy
(CDCl3, 250.1 MHz) 3.05 (2 H, d, Jpy 24.2 Hz, PCH3), 3.52 (3 H, s, OCH3), 5.89 (2
H, d d, Jgem 8.9 Hz, Jpy 5.3 Hz, CHAHRO), 5.96 (2 H, d d, Jgerm 8.8 Hz, Jpy 5.5 Hz,
CHAHgO), 7.20 - 7.80 ppm (10 H, m, Ar); 8p (101.3 MHz) 21.15 ppm (s), (m, 'H
coupled); 8¢ (62.5 MHz) 34.35 (d, Jpc 138.3 Hz, PCH,), 52.54 (s, OCH3), 82.19 (d,
Jpc 6.0 Hz, 2 x OCH;0), 128.08 (s, 6 x aromatic CH), 129.82 (s, 4 x aromatic CH),
133.81 (s, 2 x aromatic C), 164.71 (s, 2 x C=0), 169.20 ppm (s, C=0) (High resolution
spectra recorded after some decomposition had occurred); m/z (FAB, nitrobenzyl alcohol
matrix) 423 (M + H*, 10%), 393 (15), 363 (100), 137 (15), 105 (100), 77 (49).
Observed accurate mass 423.326 (M + H*); C9H20O9P requires 423.326.
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Di(2-methylbenzoyloxymethyl) (methoxycarbonylmethyl)phosphonate (44, Ar=2-
CH3C¢Hy). This was prepared in a similar manner to (44, Ar=CgHs) from iodomethyl
2-methylbenzoate (98, Ar=2-CH3C gH 4) and disilver
(methoxycarbonylmethyl)phosphonate (97). Flash column chromatography
(EtOAc:Hexane, 1:1, Rf 0.09 then EtOAc, Rf 0.92) gave (44, Ar=2-CH3CgHy4) as a
colourless oil (40%); (Found C, 55.71; H, 5.21. C31H2309P requires C, 56.01; H,
5.15); v (thin film) 1730 (C=0), 1240 cm-! (P=0); dy (CDCl3, 300 MHz) 2.59 (6 H, s,
2 x CHj3), 3.11 (2 H, d, Jpy 22.2 Hz, PCH)), 3.61 (3 H, s, OCH3), 5.89 (2 H, d d,
Jgem 12.1 Hz, Jpy 5.94 Hz, CHAHpO), 5.96 (2 H, d d, Jgem 13.1 Hz, Jpu 5.2 Hz,
CHAHgO), 7.60 ppm (8 H, m, Ar); dp (121.5 MHz) 20.05 ppm (s), (m, !H coupled); &¢c
(75.5 MHz) 21.81 (s, 2 x CH3), 34.62 (d, Jpc 149.2 Hz, PCHj), 52.70 (s, OCH3),
81.90 (d, Jpc 5.8 Hz, 2 x OCH;0), 125.86 (s, 2 x aromatic CH), 127.51 (s, 2 x
aromatic C), 131.07 (s, 2 x aromatic CH), 131.88 (s, 2 x aromatic CH), 132.96 (s, 2 x
aromatic CH), 141.52 (s, 2 x aromatic C), 165.23 ppm (s, 2 x C=0), other carbonyl not
observed; m/z (FAB, nitrobenzyl alcohol matrix) 451 (M + Ht, 6%), 421 (23), 391
(100), 137 (25), 119 (100). Observed accurate mass 451.1158 (M + Ht); C1H409P
requires 451.1158.

Di(2,4,6-trimethylbenzoyloxymethyl) (methoxycarbonylmethyl)phosphonate (44,
Ar=2,4,6-(CH3)3C¢H3) was prepared in a similar manner to (44, Ar=C¢Hs) from
iodomethyl 2,4,6-trimethylbenzoate (98, Ar=2,4,6-(CH3)3C¢H3) and disilver
(methoxycarbonylmethyl)phosphonate (97). Flash column chromatography
(EtOAc:Hexane, 1:3, Rf 0.02 then EtOAc, Rf 0.9) gave (44, Ar=2,4,6-(CH3)3C¢H3)
as a colourless oil (44%); v (thin film) 1740 (C=0), 1250 cm"! (P=0); 8y (CDClI3, 300
MHz) 2.26 - 2.28 (18 H, m, 6 x ArCH3), 3.15 (2 H, d, JpH 21.73 Hz, CH2), 3.76 (3
H, s, OCH3), 5.88 (2 H, d d, Jgem 12.0 Hz, JpH 5.4 Hz, CHAHpO0), 5.93 (2 H, d d,
Jgem 12.9 Hz, JpH 5.1 Hz, CHAH3O), 6.82 - 6.85 (4 H, m, Ar); 8p 19.83 (s), (m, IH
coupled); 3¢ (75.5 MHz) 19.88 (s, 2 x CH3), 20.18(s, 2 x CH3), 21.14 (s, 2 x CH3),
34.44 (d, Jpc 140.6 Hz, PCH?), 52.73 (s, OCH3), 82.05 (d, JpC 5.3 Hz, 2 x CH2),
128.64 (s, 4 x aromatic CH), 135.94 (s, 2 x aromatic C), 139.77 (s, 4 x aromatic C),
140.21 (s, 2 x aromatic C), 165.17 (s, 2 x C=0), 168.20 ppm (s, C=0); m/z (FAB,
nitrobenzyl alcohol matrix) 529 (M + Nat, 79%), 447 (46), 147 (100). Observed
accurate mass 529.1603 (M + Nat). C25H3109PNa requires 529.1603.
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4.9. Preparation of Dibenzyl (Methoxycarbonylmethyl)phosphonates

(Methoxycarbonylmethyl)phosphonic dichloride!7? (103). Dimethyl
(methoxycarbonylmethyl)phosphonate (102) (22.4 g, 0.12 mol) was heated to 60 - 70°C.
Solid PCls (51.30 g, 0.24 mol) was added at such a rate that the temperature of the
mixture was kept in the range 60 - 70°C. After addition the mixture was stirred at this
temperature for 2 h. High vacuum distillation (64 - 68°C, 0.05 mm Hg) gave (103) as a
colourless liquid (18.2 g, 0.095 mol, 79%); du (CDCl3, 300 MHz) 3.73 (2H, d, Jpyu
19.1 Hz, PCH3), 3.81 (3H, s, OCH3); dp (121.5 MHz) 23.03 ppm (s), (t, Jpy 19.1 Hz,
1H coupled); 8¢ (75.5 MHz) 48.33 (d, Jpc 100.4 Hz, PCHy), 53.46 (s, OCHj), 162.77

ppm (d, Jpc 6.2 Hz, C=0).

The following compounds were prepared from (methoxycarbonylmethyl)phosphonic
dichloride (103) and the appropriate alcohol (51) by a method similar to that described for
dibenzyl (methoxycarbonyl)phosphonate (38, X=H). :

Dibenzyl (methoxycarbonylmethyl)phosphonate (39, X=H). Flash column
chromatography (EtOAc : Hexane, 2:1, Rf 0.2) gave (39, X=H) as a yellow oil (34%);
(Elemental analysis not correct. Found: C, 58.70; H, 5.71. Cy7H90sP requires C,
61.08; H, 5.73); v (thin film) 1740 (C=0), 1275 cm'! (P=0); 8y (CDCl3, 300 MHz)
2,97 (2 H, d, Jpy 21.5 Hz, PCH,), 3.66 (3 H, s, OCH3), 5.03 (2 H, d d, Jgem 12 Hz,
Jpu 8.4 Hz, CHy\HRO), 5.10 (2 H, d d, Jgem 12 Hz, Jpy 9.4 Hz, CHAHgO), 7.33 ppm
(10 H, s, Ar); dp (121.5 MHz) 20.36 ppm (s), (m, 'H coupled); d¢ (75.5 MHz) 34.11
(d, Jpc 135.8 Hz, PCH3), 52.25 (s, OCH3), 67.76 (d, Jpc 6.0 Hz, CH3), 127.66 (s, 2 x
aromatic CH), 128.27 (s, 4 x aromatic CH), 128.21 (s, 4 x aromatic CH), 135.56 (d,
Jpc 6.0 Hz, 2 x aromatic C), 165.69 ppm (d, Jpc 6.0 Hz, C=0); m/z (FAB, nitrobenzyl
alcohol matrix) 669 (2M + H+t, 12.4%), 335 (M + H+*, 68), 181 (24), 91 (100).
Observed accurate mass 335.111 (M + H*); C17H200sP requires 335.111. '

Di(4-nitrobenzyl) (methoxycarbonylmethyl)phosphonate (39, X=NO3). Flash column
chromatography (EtOAc, Rf 0.29) gave (39, X=NO3) as a colourless solid (11%);
(Found: C, 48.53; H, 3.84; N, 5.96. C;7H17N209P requires C, 48.12; H, 4.04; N,
6.60); mp 76 - 78°C; &y (CDCl3, 300 MHz) 3.12 (2 H, d, Jpy 21.4 Hz, CH)), 3.74 (3
H, s, OCH3), 5.18 (2 H, d d, Jgem 12.2 Hz, Jpy 8.9 Hz, CHAHRO), 523 (2 H, d d,
Jgem 12.2 Hz, Jpy 8.9 Hz, CHAHRO), 8.20 (4 H, d, Juy 4.1 Hz, Ar), 8.23 ppm (4 H, d,
Jun 4.2 Hz, Ar); 8p (121.5 MHz) 21.52 ppm (s), (m, H coupled); 8¢ (75.5 MHz) 34.11
(d, Jpc 37.4 Hz, PCH,), 52.80 (s, OCH3), 66.60 (d, Jpc 6.7 Hz, 2 x CH3), 123.80 (s,
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4 x aromatic CH), 127.97 (s, 4 x aromatic CH), 142.60 (d, Jpc 6.6Hz, 2 x aromatic C),
147.86 (s, 2 x aromatic C), 165.53 (d, Jpc 5.7 Hz, C=0).

Attempted synthesis of bis(4-methoxybenzyl) (methoxycarbonylmethyl)phosphonate (39,
X=CH30). The synthesis of (39, X=CH30) was attempted in a similar way to (38,
X=CH30) from 4-methoxybenzyl alcohol and (methoxycarbonylmethyl)phosphonic
dichloride. However, (39, X=CH30) could not be isolated and the reaction gave di(4-
methoxybenzyl)ether (57) with data similar to that described for the attempted preparation
of (38, X=CH;30).

4.10. Preparation of Di(4-alkanoyloxybenzyl) (Methoxycarbonylmethyl)-
phosphonates

The following compounds were prepared from (methoxycarbonylmethyl)phosphonic
dichloride (103) and the appropriate alkanoyloxybenzyl alcohol (51) by a method similar
to that described for dibenzyl (methoxycarbonyl)phosphonate (38, X=H).

Di(4-ethanoyloxybenzyl) (methoxycarbonylmethyl)phosphonate (93, R=CHj). Flash
column chromatography (EtOAc, Rf = 0.33) gave (93, R=CH,;) as a colourless oil
(15%); (Elemental analysis not correct. Found: C, 54.15; H, 4.77. C3;H2309P requires
C, 55.95; H, 5.15); v (thin film) 1740 (C=0), 1200 cm"! (P=0); 8y (CDCls, 250.1.
MHz) 2.29 (6 H, s, 2 x CH3), 3.00 (2 H, d, Jpy 21.5 Hz, PCH;), 3.69 3 H, s,
OCH3), 5.02 (2 H, d d, Jgem 11.8, Jpy 9.6 Hz, CHAHBO), 5.09 2 H, d d, Jgem 11.8,
Jpy 9.6 Hz, CHAHBO), 7.08 (4 H, d, Jyy 9.2 Hz, Ar), 7.38 ppm (4 H, d, Jyy 9.2 Hz,
Ar); &p (101.3 MHz) 21.22 ppm (s), (m, 'H coupled); 8¢ (62.9 MHz) 14.08 (s, 2 x
CHs;), 27.38 (d, Jpc 136.4 Hz, PCH,), 45.61 (s, OCH3), 60.42 (d, Jpc 6.1 Hz, 2 x
CH;0), 114.79 (s, 4 x aromatic CH), 122.21 (s, 4 x aromatic CH), 126.38 (d, Jpc 6.2
Hz, 2 x aromatic C), 143.73 (s, 2 x aromatic C), 162.27 (s, C=0), 163.78 ppm (s,
C=0); m/z (FAB, nitrobenzyl alcohol matrix) 451 (M + H*, 22%), 345 (35), 303 (25),
149 (54), 136 (40), 107 (100). Observed accurate mass 451.1158 (M + H+); Ca;H2409P
requires 451.1158. '

Di(4-propanoyloxybenzyl)(methoxycarbonylmethyl)phosphonate (93, R=CH3CH2).
Flash column chromatography (EtOAc : Hexane, 1:1, Rf 0.30) gave (93, R=CH;CH3z)
as a colourless oil (18%); (Found: C, 57.50; H, 5.75. C23H2704P requires C, 57.75; H,
5.69); v (thin film) 1773 (C=0), 1211 cm-! (P=0); 6y (CDCls, 250.1 MHz) 1.24 (6 H,
t, Jun 7.5 Hz, 2 x CH3), 2.57 (4 H, q, Jun 7.6 Hz, 2 x CH,CO), 2.99 (2 H, d, Jpy 21.5
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Hz, CH,), 3.66 (3 H, s, OCH3), 5.01 (2H,dd, Jgem 11.8, Jpy 8.9 Hz, CHL,HpO),

5.06 (2H, dd, Jgem 11.8, Jpy 8.9 Hz, CHAHBO), 7.06 (4 H, d, Jyy 8.5 Hz, Ar), 7.34.
ppm (4 H, d, Jyx 8.5 Hz, Ar); dp (101.3 MHz) 21.19 ppm (s), (m, 'H coupled); 8¢

(62.9 MHz) 8.91 (s, 2 x CH3), 27.59 (s, 2 x CH3), 34.31 (d, Jpc 136.2 Hz, PCH,),

52.51 (s, OCH3), 67.37 (d, Jpc 6.2 Hz, 2 x CH,), 121.70 (s, 4 x aromatic CH), 129.11

(s, 4 x aromatic CH), 133.19 (d, Jpc 6.2 Hz, 2 x aromatic C), 150.78 (s, 2 x aromatic

C), 165.82 (d, Jpc 5.7 Hz, C=0), 172.65 ppm (s, 2 x C=0); m/z (FAB, nitrobenzyl

alcohol matrix) 479 (M + Ht, 26%), 317 (54), 163 (100), 135 (54). Observed accurate

mass 479.1471 (M + H*); Cp3Hag00P requires 479.1471.

Di(4-n-butanoyloxybenzyl) (methoxycarbonylmethyl)phosphonate (93, R=CH3(CH3)3).
Flash column chromatography (EtOAc : Hexane, 2:1, Rf 0.43) gave (93,
R=CH3(CH3;);) as a cream coloured solid (17%); (Found: C, 59.02; H, 5.97.
C25H3109P requires C, 59.30; H, 6.17); v (Nujol) 1767 (C=0), 1298 cm! (P=0); dy
(CDCl3, 250.1 MHz) 0.98 (6 H, t, Jyy 7.4 Hz, 2 x CH3), 1.70 (4 H, t q, Jyy 7.3 Hz, 2
x CHy), 247 (4 H, t, Iy 7.3 Hz, 2 x CH3), 2.94 (2 H, d, Jpy 21.5 Hz, PCH,), 3.61 (3
H, s, OCH3), 495 (2 H, d d, Jgem 11.8 Hz, Jpy 8.5 Hz, CHA,HpO), 5.03 (2 H, d d,
Jgem 11.8 Hz, Jpy 8.2 Hz, CHyHBO), 7.02 (4 H, d, Jyn 8.5 Hz, Ar), 7.29 ppm (4 H, d,
Juu 8.5 Hz, Ar); &p (101.3 MHz) 21.20 ppm (s), (m, H coupled); 8¢ (62.9 MHz) 13.45
(s, 2 x CH3), 18.22 (s, 2 x CH,), 34.18 (d, Jpc 136.0 Hz, PCH,), 35.95 (s, 2 x
CH;,CO), 52.41 (s, OCHj3), 67.30 (d, Jpc 6.1 Hz, 2 x CH;0), 121.68 (s, 4 x aromatic
CH), 129.06 (s, 4 x aromatic CH), 133.19 (d, Jpc 6.1 Hz, 2 x aromatic C), 150.70 (s, 2
x aromatic C), 165.77 (d, Jpc 5.7 Hz, C=0), 171.71 ppm (s, 2 x C=0); m/z (FAB,
nitrobenzyl alcohol matrix) 507 (M + H*, 9%), 437 (2), 331 (35), 225 (96), 177 (100).
Observed accurate mass 507.1784 (M + Ht+); C2sH3209P requires 507.1784.

Di(4-iso-bu:anoyloxybenzyl) (methoxycarbonylmethyl)phosphonate (93,
R=(CHj3),CH). Flash column chromatography (EtOAc : Hexane, 2:1, Rf=0.29) gave
(93, R=(CH3),CH) as a cream coloured solid (23%); (Found: C, 59.20; H, 6.15.
C25H3104P requires C, 59.30; H, 6.17); v (Nujol) 1760 (C=0), 1729 (C=0), 1267 cm"
1 (P=0); 8y (CDCl3, 250.1 MHz) 1.30 (12 H, d, Jyn 6.9 Hz, 2 x (CH3),), 2.70 (2 H,
septet, Jun 7.0 Hz, 2 x CH), 2.99 (2 H, d, Jpy 21.5 Hz, PCH)), 3.67 3 H, s, OCH3),
5.01 (2H,d d, Jgem 11.8 Hz, Jpy 8.6 Hz, CHAHBO), 5.08 (2 H, d d, Jgem 11.8 Hz, Jpy
8.6 Hz, CHAHpO), 7.04 (4 H, d, Juy 8.5 Hz, Ar), 7.34 ppm (4 H, d, Jyu 8.5 Hz, Ar);
op (101.3 MHz) 21.17 ppm (s), (m, 'H coupled); 8¢ (62.9 MHz) 18.78 (s, 2 x (CHa),),
34.02 (s, 2 x CH), 34.32 (d, Jpc 136.2 Hz, PCH,), 52.52 (s, OCHa), 67.39 (d, Jpc 6.2
Hz, 2 x CHz), 121.66 (s, 4 x aromatic CH), 129.11 (s, 4 x aromatic CH), 133.14 (d,
Jpc 6.2 Hz, 2 x aromatic C), 150.90 (s, 2 x aromatic C), 165.83 (d, Jpc 5.7 Hz, C=0),
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175.31 ppm (s, 2 x C=0); m/z (FAB, nitrobenzyl alcohol matrix) 507 (M + H*, 11%),
435 (3), 329 (21), 225 (80), 177 (100), 149 (78). Observed accurate mass 507.1784 (M
+ H+); C2sH3209P requires 507.1784.

Di(4-pivaloyloxybenzyl) (merhojtycarbonylmezhyl)phasphonate (93, R=(CH3)3C). Flash
column chromatography (EtOAc : Hexane, 1:1, Rf 0.61) gave (93, R=(CH3)3C as a
colourless solid which was recrystallised from toluene : hexane, 1:1 (19%); mp 91 - 92
°C; (Found: C, 60.94; H, 6.38. C27H3509P requires C, 60.65; H, 6.60); v (Nujol) 1754
(C=0), 1722 (C=0), 1248 cm-! (P=0); 6y (CDCl3, 250.1 MHz) 1,36 (18 H, 5, 2 x
(CH3)3), 3.00 (2 H, d, JpH 21.5 Hz, PCH,), 3.69 (3 H, s, OCHj3), 5.03 (2 H, d d,
Jgem 11.8 Hz, Jpy 8.3 Hz, CHAHpO), 5.11 (2 H, d d, Jgem 11.7 Hz, Jpy 8.4 Hz,
CHAHgO), 7.05 (4 H, d, Jyy 8.5 Hz, Ar), 7.36 ppm (4 H, d, Jyu 8.5 Hz, Ar); dp
(101.3 MHz) 21.18 ppm (s), (m, 'H coupled); &¢ (62.9 Hz) 27.00 (s, 2 x (CH3)3),
34.36 (d, Jpc 136.2 Hz, PCHj), 38.98 (s, 2 x (CH3)30), 52.55 (s, OCH3), 67.45 (d,
Jpc 6.2 Hz, 2 x CHj), 121.66 (s, 4 x aromatic CH), 129.11 (s, 4 x aromatic CH),
133.07 (d, Jpc 6.2 Hz, 2 x aromatic C), 151.15 (s, 2 x aromatic C), 165.85 (d, Jpc 5.8
Hz, C=0), 176.84 ppm (s, 2 x C=0); m/z (FAB, nitrobenzyl alcohol matrix) 535 (M +
H+, 6%), 343 (9), 207 (4), 191 (85), 155 (23), 107 (100), 85 (38), 57 (100). Observed
accurate mass 535.2100 (M + H*); C27H3509P requires 535.2100.

Di(4-pentanoyloxybenzyl) (methoxycarbonylmethyl)phosphonate (93, R=CH3(CH3)3).
Flash column chromatograpﬁy (EtOAc, Rf 0.83) gave (93, R=CH3(CH3)3) as a
colourless oil (19%); (Found: C, 60.78; H, 6.43. C27H3604P requires C, 60.65; H,
6.60); dy (CDCIl3, 250 MHz) 0.96 (6 H, t, Jyu 7.3 Hz, 2 x CH3), 1.43 (4 H, t q, Jun
7.6 Hz, 2 x CHjy), 1.73 (4 H, t t, Jyy 7.3 Hz, 2 x CHj), 2.55 (4 H, t, Jyy 7.6 Hz, 2 x
CHy), 2.99 (2 H, d, Jpc 21.5 Hz, PCH3), 3.67 (3 H, s, OCH3), 498 2 H,d d, Jgem
11.8 Hz, Jpy ~8 Hz, CHAHpO), 5.09 (2 H, d d, Jgem 11.8 Hz, Jpyy ~8 Hz, CHAHRO),
7.06 (4 H, d, Jyx 8.5 Hz, Ar), 7.34 ppm (4 H, d, Jyu 8.5 Hz, Ar); dp (101.3 MHz)
21.19 ppm (s), (m, 'H coupled); &¢c (62.9 MHz) 13.61 (s, 2 x CH3), 22.11 (s, 2 x
CH3), 26.84 (s, 2 x CHy), 33.96 (s, 2 x CH,CO), 34.22 (d, Jpc 136.8 Hz, PCH;),
52.58 (s, OCH3), 67.59 (d, Jpc 6.2 Hz, 2 x CH;0), 121.75 (s, 4 x aromatic CH),
128.94 (s, 4 x aromatic CH), 133.06 (d, Jpc 6.2 Hz, 2 x aromatic C), 150.80 (s, 2 x
aromatic C), 165.76 (d, Jpc 5.7 Hz, C=0), 172.15 ppm (s, 2 x C=0); m/z (FAB,
nitrobenzyl alcohol matrix) 535 (M + H+, 18%), 451 (8), 345 (54), 239 (100); Observed
accurate mass 535.2097 (M + Ht). C7H3704P requires 535.2097.

Di(4-hexanoyloxybenzyl) (methoxycarbonylmethyl)phosphonate (93, R=CH3(CH2)4).
Flash column chromatography (EtOAc : Hexane, 1:1, Rf 0.46) gave (93,
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R=CH3(CH,),) as a colourless oil (5%); (Insufficient sample for precise analysis.
Found: C, 61.1; H, 6.5. C29H39OgP requires C, 61.92; H, 6.99); v (thin film) 1735
(C=0), 1210 cm-! (P=0); &y (CDFI;, 250.1 MHz) 0.90 (6 H, t, Jyy 6.7 Hz, 2 x CH3),
1.35- 1.77 (12 H, m, 6 x CHy), 2.54 (4 H, t, Jyy 7.4 Hz, 2 x CHy), 2.98 (2 H, d, Jpy
21.5 Hz, PCHy), 3.67 (3 H, s, OCH3), 499 (2 H, d d, Jgem 11.7 Hz, Jpy ~8 Hz,
CHAHgO), 5.10 (2 H, d d, Jgem 11.7 Hz, Jpy ~8 Hz, CHyHRO), 7.06 (4 H, d, Jyn 8.4
Hz, Ar), 7.35 ppm (4 H, d, Juy 8.4 Hz, Ar); 8p (101.3 MHz) 21.17 ppm (s), (m, 'H
coupled); 8¢ (62.9 MHz) 13.81 (s, 2 x CH3), 22.21 (s, 2 x CH3), 24.48 (s, 2 x CH3),
31.15 (s, 2 x CHy), 34.24 (s, 2 x CHj), 34.53 (d, Jpc 136.2 Hz, PCH3), 52.56 (s,
OCH3), 67.41 (d, Jpc 6.2 Hz, 2 x CH,0), 121.75 (s, 4 x aromatic CH), 129.14 (s, 4 x
aromatic CH), 133.18 (d, Jpc 6.3 Hz, 2 x aromatic C), 150.78 (s, 2 x aromatic C),
172.07 ppm (s, 2 x C=0), other carbonyl not detected; m/z (FAB, nitrobenzyl alcohol
matrix) 563 (M + H*, 7%), 311 (9), 205 (60), 177 (28), 155 (67). Observed accurate
mass 563.2410 (M + Ht); Co9HyoOgP requires 563.2410.

4.11. Preparation of Lithium 4-Alkanoyloxybenzyl (Methoxycarbonylmethyl)-
phosphonates

Lithium 4-ethanoyloxybenzyl (methoxycarbonylmethyl)phosphonate (104, R=CH3).
Lithium iodide (0.054 g, 0.41 mmol) was added to a solution of di(4-ethanoyloxybenzyl)
(methoxycarbonylmethyl)phosphonate (93, R=CHj3) (0.18 g, 0.41 mmol) in ether :
acetone, 6:4 (2.0 ml) and the reaction mixture stirred for 72 hours at room temperature.
The resulting solid was purified by dissolution in water and precipitation by the addition
of ether to give (104, R=CH3) as a colourless solid (0.10g, 0.33 mmol, 81%); mp 204 -
206 °C; (Elemental analysis not correct. Found: C, 45.28; H, 4.25. C;3H;407PLi
requires C, 46.78; H, 4.58); v (Nujol) 1754 (C=0), 1211 cm1 (P=0); &y (D;0, 250.1
MHz) 2.25 (3 H, s, CH3), 2.79 (2 H, d, Jpy 20.4 Hz, PCH3), 3.58 (3 H, s, OCH3),
4.86 (2 H, d, Jpy 7.3 Hz, CH>), 7.08 (2 H, d, Jyx 8.5 Hz, Ar), 7.40 ppm (2 H, d, Jyu
8.5 Hz, Ar); dp (101.3 MHz) 15.27 ppm (s), (t t, Jpx 20.3, 7.3 Hz, H coupled); 8¢
(62.9 MHz) 23.41 (s, CH3), 38.12 (d, Jpc 120.8 Hz, PCH3), 55.58 (s, OCH3), 69.14
(d, Jpc 5.3 Hz, OCH;), 124.74 (s, 2 x aromatic CH), 132.04 (s, 2 x aromatic CH),
138.65 (d, Jpc 6.7 Hz, aromatic C), 152.81 (s, aromatic C), 173.87 (d, Jpc 6.3 Hz,
C=0), 176.50 ppm (s, C=0); m/z (FAB, nitrobenzyl alcohol matrix) 315 (M + Lit,
100%), 259 (10), 167 (50), 136 (16). Observed accurate mass 309.0715 (M + H*);
C12H1504PLi requires 309.07155.
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The following compounds were prepared as colourless solids by the reaction of lithium
iodide with the appropriate phosphonate triester using a method similar to that described
above:

Lithium 4-propanoyloxybenzyl (methoxycarbonylmethyl)phosphonate (104,
R=CH3CH3) (73%); mp 187 - 188 °C; (Elemental analysis not correct. Found: C,
44.94; H, 4.78; C13H1607PLi requires C, 48.47; H, 5.01); v (Nujol) 1760 (C=0), 1704
(C=0), 1205 cm-! (P=0); 6y (D20, 250.1 MHz) 1.19 (3H, t, Jyy 7.5 Hz, CH3), 2.66
(2H, q, Jyu 7.5 Hz, CHy), 2.88 (2H, d, Jpy 20.4 Hz, PCH3), 3.66 (3H, s, OCH3),
495 (2H, d, Jpy 7.5 Hz, CHy), 7.15 (2H, d, Jyu 8.4 Hz, Ar), 7.48 ppm (2H, d, Jyy
8.4 Hz, Ar); dp (101.3 MHz) 15.58 ppm (s), (t t, Jpu 20.4, 7.4 Hz, 'H coupled); ¢
(62.9 MHz) 11.17 (s, CH3), 30.34 (s, CH3), 38.12 (d, Jpc 120.8 Hz, PCH3), 55.58 (s,
OCHj3), 69.15 (d, Jpc 5.6 Hz, CH;), 124.74 (s, 2 x aromatic CH), 132.04 (s, 2 x
aromatic CH), 138.52 (s, aromatic C), 152.87 (s, aromatic C), 179.89 ppm (s, C=0),
other carbonyl not detected; m/z (FAB, nitrobenzyl alcohol matrix) 329 (M + Li*, 100%),
323 (M + Ht, 6), 259 (7), 167 (38), 136 (11). Observed accurate mass 323.0872 (M +
H+); Cy13H70,PLi requires 323.0872.

Lithium 4-n-butanoyloxybenzyl (methoxycarbonylmethyl)phosphonate (104,
R=CH3(CH3;);) (68 %); mp 189 - 190°C; (Elemental analysis not correct. Found: C,
48.77; H, 5.33; C14H1307PLi requires C, 50.02; H, 5.40); v (Nujol) 1760 (C=0), 1697
(C=0), 1211 cm-! (P=0); dy (D20, 250.1 MHz) 1.00 (3H, t. Jyy 7.4 Hz, CH3), 1.74
(2H, t q, Jyy 7.3 Hz, CHy), 2.63 (2H, t, Jyy 7.3 Hz, CH3), 2.89 (2H, d, Jpy 20.4 Hz,
PCH3), 3.66 (3H, s, OCHj), 4.95 (2H, d, Jpy 7.5 Hz, CH3), 7.15 (2H, d, Jyy 8.4 Hz,
Ar), 7.49 ppm (2H, d, Jyn 8.4 Hz, Ar); dp (101.3 MHz) 15.80 ppm (s), (t t, Jpy 20.4,
7.5 Hz, 'H coupled); 8¢ (62.9 MHz) 15.76 (s, CH3), 20.90 (s, CHy), 38.11 (d, Jpc
120.6 Hz, PCHy), 38.66 (s, CH3), 55.57 (s, OCH3), 69.13 (d, Jpc 5.2 Hz, CHy),
124,74 (s, 2 x aromatic CH), 132.04 (s, 2 x aromatic CH), 138.61 (d, Jpc 6.3.Hz,
aromatic C), 152.80 (s, aromatic C), 179.08 ppm (s, C=0), other carbonyl not detected;
m/z (FAB, nitrobenzyl alcohol matrix) 343 (M + Li*, 100%), 337 (M + H*, 2), 309 (9),
259 (8), 167 (44), 136 (7). Observed accurate mass 337.1028 (M + H+); C14H1904PLi
requires 337.1028.

Lithium 4-iso-butanoyloxybenzyl (methoxycarbonylmethyl)phosphonate (104,
R=(CH3)2CH). (35%); mp 202 - 204°C; (Elemental analysis not correct. Found: C,
45.05; H, 5.51. C14H;807PLi requires C, 50.02; H, 5.40); 8y (D,0, 250.1 MHz) 1.28
(6 H, d, Jun 7.0 Hz, (CH3)y), 2.88 (1 H, sept, Jyy 7.0 Hz, CH), 2.88 (2 H, d, Jpy 20.4
Hz, PCHy), 3.66 (3 H, s, OCH3), 4.95 (2 H, d, Jpy 7.5 Hz, CH,0), 7.14 2 H, d, JuH
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8.5 Hz, Ar), 7.48 ppm (2 H, d, Jyy 8.5 Hz, Ar); &p (101.3 MHz) 15.57 ppm (s), (t t,
Jpu 20.5, 7.5 Hz, H coupled); &¢ (62.9 MHz) 21.05 (s, (CH3)7), 36.89 (s, CH), 38.12
(d, Jpé 121.0 Hz, PCHy), 55.57 (s, OCH3), 69.14 (d, Jpc 5.3 Hz, CH;0), 124.66 (s, 2
x aromatic CH), 132.05 (s, 2 x aromatic CH), 138.54 (s, aromatic C), 152.92 (s,
" aromatic C), 165.05 (s, C=0), 182.61 ppm (s, C=0); m/z (FAB, nitrobenzyl alcohol
matrix) 343 (M + Lit, 100%), 337 (M + H*, 2), 259 (15), 167 (74). Observed accurate
mass 337.1028 (M + H*); Cy4H;90,PLi requires 337.1028.

Lithium 4-pivaloyloxybenzyl (methoxycarbonylmethyl)phosphonate (104, R=(CH3);C).
(85%); mp 221 - 222°C; (Elemental analysis not correct. Found: C, 50.70; H, 5.62.
C1sH2007PLi requifcs C, 51.56; H, 5.77); v (Nujol) 1747 (C=0), 1704 (C=0), 1186
cm-! (P=0); éy (D20, 250.1 MHz) 1.27 (9 H, s, (CH3)3), 2.81 (2 H, d, Jpy 20.4 Hz,
PCH,), 3.58 (3 H, s, OCH3), 4.87 (2 H, d, Jpy 7.5 Hz, CH;0), 7.06 (2 H, d, Jyy 8.3
Hz, Ar), 7.41 ppm (2 H, d, Jyy 8.4 Hz, Ar); &p (101.3 MHz) 15.56 ppm (s), (t t, Jpy
20.3, 7.2 Hz, 'H coupled); 8¢ (62.9 MHz) 29.48 (s, (CH3)3), 38.13 (d, Jpc 120.8 Hz,
PCH3), 41.80 (s, (CH3)3Q), 55.59 (s, OCH3), 69.15 (d, Jpc 5.3 Hz, CH,), 124.64 (s,
2 x aromatic CH), 132.09 (s, 2 x aromatic CH), 138.55 (d, Jpc 6.9 Hz, aromatic C),
153.20 (s, aromatic C), 173.86 (d, Jpc 6.3 Hz, C=0), 184.08 ppm (s, C=0); m/z (FAB,
nitrobenzyl alcohol matrix) _357 (M + Li+, 100%), 337 (5), 309 (14), 209 (8), 149 (28).
Observed accurate mass 357.1267 (M + Li+); C;sH2007PLi3 requires 357.1267.

Lithium 4-pentanoyloxybenzyl (methoxycarbonylmethyl)phosphonate (104,
R=CH3(CH3)3). (46%); mp 177.0-179°C; dy (D20, 250.1 MHz) 0.92 (3 H, t, Jyy 7.2
Hz, CH3), 1.39 (2 H, sextet, Jyy 7.4 Hz, CH2), 1.70 (2 H, pent, Jyy 7.2 Hz, CHy),
2.65 (2 H, t, Jyy 7.4 Hz, CH,CO), 2.88 (2 H, d, Jpy 20.4 Hz, PCH3), 3.66 (3 H, s,
OCH3), 4.95 (2 H, d, Jpy 7.5 Hz, CH;0), 7.14 (2 H, d, Jyy 8.4 Hz, Ar), 7.48 ppm (2
H, d, Jyy 8.3 Hz, Ar); &p (101.3 MHz) 15.57 ppm (s), (t t, Jpy 20.5, 7.6 Hz, H
coupled); d¢ (62.9 MHz) 15.94 (s, CH3), 24.55 (s, CHj), 29.38 (s, CH3), 36.54 (s,
CHj), 38.12 (d, Jpc 121.1 Hz, PCH3), 55.58 (s, OCH3), 69.15 (d, Jpc 5.4 Hz, CH3),
124.75 (s, 2 x aromatic CH), 132.06 (s, 2 x aromatic CH), 138.62 (d, Jpc 6.7 Hz,
aromatic C), 152.83 (s, aromatic C), 173.92 (s, C=0), 179.37 ppm (s, C=0); m/z
(FAB, nitrobenzyl alcohol matrix) 357 (M + Lit, 100%), 309 (44), 259 (43), 167 (100),
136 (29). Observed accurate mass 357.1332 (M + Li+); C;5sH9007PLi; requires
357.1267.
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4.12. Preparation of Disodium (Methoxycarbonylmethyl)phosphonate

Disodium (methoxycarbonylmethyl)phosphonate (105). A solution of NaHCO;3 (3.02 g,
0.036 mol) in 75 ml H,O was added dropwise to a solution of bis(trimethylsilyl)
(methoxycarbonylmethyl)phosphonate (5.45 g, 0.018 mol) in acetone (75 ml) and left to
stir at room temperature for 48 h. The mixture was concentrated to give a cream-coloured
solid, which was re-dissolved in water and precipitated by the addition of diethyl ether to
give (105) as a colourless solid (2.8 g, 0.014 mol, 79%); 8y (CD3CN : D20, 1:1, 250.1
MHz) 2.52 (2 H, d, Jpy 19.3 Hz, PCH3,), 3.53 ppm (3 H, s, OCH3); &p (101.3 MHz)
11.35 ppm (s), (t, Jpy 19.3 Hz, 'H coupled); 8¢ (62.9 MHz) 40.78 (d, Jpc 108.6 Hz,
PCH,), 55.15 (s, OCH3), 176.77 ppm (d, Jpc 6.1 Hz, C=0).
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CHAPTER 5 - STABILITY AND ACTIVATION STUDIES
5.1. Hydrolysis of Triesters of Phosphonoformate (38) Monitored by HPLC

High pressure liquid chromatography (HPLC) was performed using a Waters 600E
gradient solvent delivery system fitted with a Merck reversed-phase C-18 endcapped
Lichrospher 100 column (parﬁcie size Spum; 250 x 4 mm), Lichrocart reverse phase C-18
endcapped guard column and monitored by UV at Anax 254 nm using a Waters 484
Tunable Absorbance Detector. Hydrolysis samples (20 pl) were injected directly via a
Waters 700 Satellite WISP and eluted with a linear or convex (Waters pre-programmed
gradient curves 4 and 5, as required) gradient of acetonitrile : 10 mM tetrabutylammonium
chloride in water (flow rate 1 ml min-1), initial conditions, 35 : 65 (v/v); final conditions,
90 : 10 (v/v); gradient time 20 min. Convex gradient type was selected to ensure elution
of the triester within the 20 minute gradient time. Chromatograms were recorded on a
Waters 745B integrator.

Hydrolyses were performed in glass screw-capped vials using a total volume of 1 ml and
a final concentration of triester of 100 ptg mi-! or 400 pg ml-!, A mixture of acetonitrile :
0.1 M phosphate buffer (pH 7.4) (1 : 1, v/v) was pre-incubated at 37°C for 10 min.
Hydrolysis was initiated by the addition of an acetonitrile solution of triester (50 pl) to
give the required final concentration and then incubated at 37°C in a shaking water bath.
At the appropriate time the incubation was removed from the water bath and the solution
was used directly for HPLC analysis. The HPLC analysis time (20 min) necessitated
individual hydrolysis experiments for each time point. Hydrolyses were monitored for
approximately 2-3 half-lives. Control experiments were performed in neat acetonitrile.

5.2. Hydrolysis of Dibenzyl (Methoxycarbonyl)phosphonate (38, X=H) Followed
by 31P NMR Spectroscopy

The triester (38, X=H) (6.0 mg, 18.75 pmol) was dissolved in CD3CN (0.5 ml) and its
31p NMR (101.3 MHz) spectrum recorded with the NMR probe at 36.4 °C [8p -3.75
pb:h (s)]. Phosphate buffer (0.1 M, pH 7.4, 0.5 ml, pre-incubated at 37°C) was added to
the triester solution. 3P NMR (101.3 MHz) spectra were recorded every 4.25 min for
the first 45 min, then at t=1, 1.25, 1.5, 2, 2.5, 3, 4, 5 and 6 h. The reaction mixture was
left to stand in the NMR tube for 2 'weeks at room temperature, after which time the
decoupled and H coupled spectra were recorded and the pH of the mixture measured to
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be 7.2. This reduction in pH was confirmed by a change in the chemical shift of the
inorganic phosphate buffer from 2.50 to 1.63 ppm.

To confirm the identity of the hydrolysis products, authentic samples of diester (61,
X=H), dibenzyl phosphite (63), sodium monobenzyl phosphite (64), sodium dibenzyl
diester (65) and dibenzyl phosphate (66) were added to the reaction mixture resulting in
an increase in size of the appropriate peak. Each FID was transformed with a line
broadening of 1 Hz and the area of each peak calculated from its width at half-height. To
evaluate the 3!P NMR response of each component type known quantities (~ 10 pmol) of
the hydrolytically stable diester (61, X=H), monobenzyl phosphite (64) and dibenzyl
phosphate (66) were dissolved in CD3CN - D,0 phosphate buffer (0.1 M, pH-7.4, pD
8.0) (1:1, v/v). The assumption was made that monobenzyl phosphite (64) and dibenzyl
phosphite (63) have identical responses, as do the triester (38, X=H) and the diesters (61,
X=H, 65). 1H NMR (250.1 MHz) spectroscopy confirmed the ratios from the weights,
however, under identical spectrometer conditions to the kinetics experiment, the 3!1P
NMR spectrum showed that monobenzyl phosphite (64) had an area response 1.55 times
greater than the diester (61, X=H) and dibenzyl phosphate (66) had an area response 1.1
times greater than the diester (61, X=H). These factors were applied to the data and the
percentage of the components present at each time point calculated.

The 31P NMR (101.3 MHz) chemical shifts of the hydrolysis products were constant
throughout the experiment: Triester (38, X=H) -3.70 ppm (s), (pent q, Jpx 8.5, 1.0 Hz,
1H coupled); Diester (61, X=H) -4.71 ppm (s), (t q, Jpu 7.2, 0.9 Hz, 'H coupled);
Dibenzyl phosphite (63) 10.82 ppm (s), (d pent, Jpy 719, 9.6 Hz, 1H coupled); Benzyl
phosphite (64) 5.90 ppm (s), (d t, Jpy 625, 8.3 Hz, 'H coupled); Diester (65) -4.97 ppm
(s), (t, Jpy 6.7 Hz, 'H coupled); Dibenzyl phosphate (66) 1.07 ppm (s), (pcnt Jpu 6.7
Hz, 1H coupled).

5.3. Control Reaction Between Benzyl Alcohol and the Triester (38, X=H)

Benzyl alcohol (1.35 mg, 12.5 pmol) was added to a sample vial containing MeCN -

phosphate buffer (0.1 M, pH 7.4) (0.95 ml, 1:1, v/v, pre-incubated at 37°C). An
acetonitrile solution (0.05 ml) of the triester (38, X=H) (0.4 mg, 1.25 pmol) was added

to this mixture and the reaction monitored by HPLC every 30 min for 4 h.
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5.4. Hydrolysis of Dibenzyl Phosphite (63)

Dibenzyl phosphite (63) (4.0 mg, 15.0 pmol) was added to a solution of CD3CN -
phosphate buffer (0.1 M, pH 7.4) (1.0 ml, 1:1, v/v) and the 31P NMR (101.3 MHz)
spectrum run, 6p 10.95 ppm (s). The mixture was incubated at 37°C for 24 h, after
which time the only product detected by 3!P NMR spectroscopy was monobenzyl
phosphite (64), dp 6.08 ppm (s). Dibenzyl phosphate (66) was not detected.

5.5. Large Scale Hydrolysis of the Triester (38, X=H): Isolation of Dibenzyl
Phosphite (63), Benzyl (Benzyloxycarbonyl)phosphonate (65) and Dibenzyl
Phosphate (66)

A solution of the triester (38, X=H) (0.3g, 0.94 mmol) in MeCN (10 ml) was added
dropwise to a mixture of MeCN - 0.1 M phosphate buffer (pH 7.4) (150 ml, 1:1, v/v,
pre-incubated at 37°C). The mixture was monitored by HPLC and after complete
hydrolysis of the triester, the volume was reduced to approximately 100 ml (contains ~
30% MeCN). A sample of this (30 ml) was applied to an activated 1g C-18 Bond-Elut
solid phase extraction column. The column was washed with water (3 x 3 ml) to elute the
charged components of the mixture. Elution with MeCN (2 x 2 ml), gave dibenzyl
phosphite, which was characterised by 3!P NMR spectroscopy, 8p 11.15 ppm, (s), (d
pent, Jpy 721, 9.6 Hz, H coupled). By HPLC, this coeluted with peak 4 (retention time
= 14.1 min).

All of the other components had eluted, either in the load or water eluates. These were
pooled (35 ml) and diluted with water (105 ml) to lower the concentration of the MeCN to
approximately 7%. This solution was applied to a new 1g C-18 Bond-Elut solid phase
e:étrac?tion column, which was then washed successively with water (3 x 3 ml), 15%
MeCN in water (2 x 2 ml) and 25% MeCN in water (2 x 2 ml). Each wash was analysed
by 31P NMR (101.3 MHz) spectroscopy and HPLC. The second 15% MeCN wash
contained dibenzyl phosphate (25%) [3p 1.06 ppm, (s), (pent, Jpy 7.2 Hz, 'H coupled)]
and benzyl (benzyloxycarbonyl)phosphonate (75%) [3p -4.68 ppm (s), (t, Jpy 7.8 Hz,
TH coupled)]. Addition of authentic samples of these compounds enhanced the intensity
of the appropriate peaks in 3P NMR and the sample gave peaks coeluting with (65) and
(66) by HPLC. The first 25% MeCN wash contained dibenzyl phosphate (66) (10%) and
benzyl (benzyloxycarbonyl)phosphonate (65) (90%), The second 25% MeCN wash
contained only the diester (65) [8p -4.79 ppm, (s), (t, Jpy 7.3 Hz, 1H coupled)].
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5.6. 130 Hydrolysis Studies with the Triesters of Phosphonoformate (38, X=H,
NO;, N3)

A solution of the triester (15 mg) in dry acetonitrile (1.0 ml) was added to 80% [180],
20% [160] water (1.0 ml) buffered with NaH,PO4/Na;HPO4 (0.00285 g/0.0138 g, 0.1
M, pH 7.4) and left to stand in the dark for 4 h. Following concentration to dryness the
alcohol was extracted into dichloromethane (3 ml) and the diester salt into water (3 ml).
The dichloromethane fraction was dried (Na;SO4) and the solvent removed by
evaporation to leave the alcohol. This was analysed for 180 incorporation by !3C NMR
(75.5 MHz) spectroscopy and FAB (thioglycerol matrix) mass spectrometry. The
aqueous fraction was concentrated on the freeze-drier to leave the diester salt as a
colourless solid. This was analysed by 31P NMR spectroscopy and FAB (thioglycerol
matrix) mass spectrometry.

The experiment was repeated for the triester (38, X=H). This time the total reaction
mixture was analysed by 3!P NMR (101.3 MHz) spectroscopy using a sweep width of
1309 Hz, a data block size of 32K, an acquisition time of 12.5 s, 3720 scans and 12.5
data points per Hz. The FID was transformed with a line broadening of 0.1 Hz. The
reaction mixture was also analysed by 13C NMR (62.9 MHz) spectroscopy.

5.7. Hydrolysis of the Triesters of Phosphonoformate (38, X=NO3, N3, CF3)
Followed by 31P NMR Spectroscopy

The triesters (~15 pmol) were dissolved in CD3CN (0.5 ml) and their 3!P NMR (101.3
MHz) spectra recorded with the NMR probe at 36.4°C [38, X=NO3, &p -3.54 ppm (s);
38, X=N3, &p -3.71 ppm (s); 38, X=CF3, dp -3.60 ppm (s)]. Phosphate buffer (0.1 M,
pH 7.4, 0.5 ml, pre-incubated at 37°C) was added to the triester solution and 3!P NMR
spectra were recorded at regular time intervals. A sweep width of 2702 Hz was used,
together with a data block size of 32 K, an acquisition time of 3.03 s, 80 scans and 3.3
data points per Hz. Each FID was transformed with a line broadening of 1.0 Hz and the
reaction rates, corrected for component type response (section 5.2.), determined from
peak heights. |
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5.8. 31P NMR Study of the Chemical Reduction of Sodium 4-Azidobenzyl
(Methoxycarbonyl)phosphonate (61, X=Nj3)

The diester (61, X=N3) (4.56 mg, 15.5 pmol) was dissolved in phosphate buffer (0.1
M, pH 7.4) - CH;CN (0.50 ml, 1:1, v/v, pre-incubated at 37°C). D,0O (0.2 ml) was
added as a lock and the 3!P NMR (101.3 MHz) spectrum run, 8p -4.56 ppm (s), with the
probe at 36.4°C. Dithiothreitol (24.0 mg, 155 pmol) in phosphate buffer (0.1 M, pH
7.4) - CH3CN (0.5 ml, 1:1, v/v, pre-incubated at 37°C) was added to the diester solution
and the reaction monitored for 12 h by 31P NMR (101.3 MHz) spectroscopy. A sweep
width of 6172 Hz was used together with a data block size of 32K, an acquisition time of
2.7 s, 80 scans and 3.3 data points per Hz. The FID was transformed with a line
broadening of 0.1 Hz.

5.9. Chemical Hydrolysis of Di(benzoyloxymethyl) Triesters of Phosphonoacetate
(44) Followed by HPLC : ,

These experiments were performed in an identical way to the hydrolysis of the dibenzyl
(methoxycarbonyl)phosphonates (38) (Section 5.1.). The composition of the mobile
phase changed from 35:65, MeCN - water (v/v) to 90:10, MeCN - water (v/v) over 20
min using Waters pre-programmed convex curve 5 resulting in retention times of 13.18,
15.07 and 19.17 min for the benzoyl (44, Ar=CgHs), 2-methylbenzoyl (44, Ar=2-
CH3;CgH4) and 2,4,6-trimethylbenzoyl (44, Ar=2,4,6-(CH3)3CgH3) triesters
respectively.

5.10. Incubation of Di(benzoyloxymethyl) Triesters of Phosphonoacetate (44) with
Esterase Followed by HPLC .

The HPLC conditions used were as in section 5.1. The incubations were performed in
glass screw-capped vials at 37°C with a total volume of 2ml and a final concentration of
triester of 200 pg ml-1. Hydrolysis was initiated by the addition of an acetonitrile solution
of the triester (20 pl, 400 pg) to a mixture of phosphate buffer (0.1 M, pH 7.4, 1.694
ml), MeCN (0.280 ml) and porcine liver carboxylesterase (suspension in 3.2 M
(NH4)2504 solution, pH 8, 11 mg protein ml-1, 230 units protein mg-1; 6 pl, 37 units),
pre-incubated at 37°C. The reaction was analysed by direct injection of samples (20 pl)
onto the column.
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The incubations were repeated using rabbit liver carboxylesterase (crystalline suspension
in 3.6 M (NH4)2SO4, 0.01 M Tris, pH 8.5, 1.9 mg protein ml-1, 95 units protein mg-1).
To initiate the reaction an MeCN solution of the triester (20 pl, 400 pg) was added to a
mixture of 0.1 M phosphate buffer (pH 7.4, 1.780 ml) and rabbit liver carboxylesterase
(200 pl, 37 units), pre-incubated at 37°C, Acetonitrile was not added as it resulted in

precipitation of the enzyme.

5§.11. Incubation of Di(2,4,6-Trimethylbenzoyloxymethyl)
(Methoxycarbonylmethyl)phosphonate (44, Ar=2,4,6-(CH3)3;C;H¢) with Porcine
Liver Carboxylesterase Followed by Reaction with Diazomethane

The HPLC conditions were as in section 5.1. The triester (44, Ar=2,4,6-(CH3)3C;Hg)
was incubated with esterase for several hours. The resulting single component (retention
time 13.11 min on HPLC) was isolated on a C-18 Bond-Elut solid phase extraction
column using 50% MeOH as the eluent. An ethereal solution of diazomethane was added
to the eluate until a yellow colouration persisted. The excess diazomethane was removed
by a stream of nitrogen to give a colourless solution. This was injected directly onto the
column (20 pl) to give a peak co-eluting with the parent triester (44, Ar=2,4,6-
(CH3)3C,Hg) at 19.17 min.

5.12. Incubation of Di(benzoyloxymethyl) Triesters of Phosphonoacetate (44) with
Human Plasma Followed by HPLC

The HPLC conditions used were as in section 5.1. The plasma was obtained as the
supernatant fraction following the centrifugation of human blood at 750 g for 10 min. The
incubations were performed in glass screw-capped vials at 37°C using a total volume of 1
ml and a final concentration of triester of 400 pg ml-1, The reaction was initiated by the
addition of an acetonitrile solution of the triester (44) (20 pl, 400 pg) to neat plasma (980
ul, pre-incubated at 37°C). Samples (300 pl) were taken at t=5 and 10 min and added to
centrifuge tubes containing chilled MeCN (300 pl), thereby stopping the reaction. This
was followed by centrifugation at 1500 g for 5 min and injection of the supernatant
directly onto the column for HPLC analysis. Negative control experiments were
performed whereby standard compounds were incubated with plasma.
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5.13. Rates of Hydrolysis of Di(4-alkanoyloxybenzyl) Triesters of
Phosphonoacetate (93)

A solution of the triester (93) in CD3CN (0.10 mi, 1.0 pmol) was added to an NMR tube
containing D,0 phosphate buffer (0.1 M, pD 8.0) (0.90 ml). The reaction mixtures were
incubated at 37°C and monitored by TH NMR (250.1 MHz) spectroscopy over several
weeks. A sweep width of 5000 Hz was used together with a data block size of 32 K, an
acquisition time of 3.3 s, 160 scans and 3.3 data points per Hz. Rates of hydrolysis were
calculated from the intensities of the CH,OP peaks for the triester and the diester.

5.14. Rates of Hydrolysis of 4-Alkanoyloxybenzyl Diesters of Phosphonoacetate
(104)

A solution of the diester (104) in D,O phosphate buffer (0.1 M, pD 8.0) (0.10 ml, 5
pmol) was added to an NMR tube containing D,O phosphate buffer (0.1 M, pD 8.0) -

CD3;CN (0.9 ml, 8:1, v/v). The reaction mixture was incubated at 37°C and monitored by
1H NMR (250.1 MHz) spectroscopy over several weeks. The spectrometer conditions
were identical to those used for the triesters (93) apart from the number of scans which
totalled 80. The rates of hydrolysis were calculated from the intensities of one of the
diester peaks and the acid product peak.

5.15. Hydrolysis of Di(4-alkanoyloxybenzyl) Triesters of Phosphonoacetate (93)
with Esterase Monitored by HPLC

HPLC conditions were similar to those reported in section 5.1. except that the samples
were eluted isocratically with mixtures of 10 mM tetrabutylammonium hydroxide (TBA)
in MeCN - 10 mM TBA in water. The composition of the mobile phase varied according
to the nature of R (Table 5.1). Chromatograms were displayed and stored on an NEC
Powermate SX Plus using Baseline control, collection and display software and printed
on an NEC Pinwriter P5300.
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Table 5.1 - Mobile phase compositions for di(alkanoyloxybenzyl) triesters

R % MeCN % water Retention Time (min)
CH; 70 30 363 -
CH;3CH; - 70 30 5.32

" CH3(CH2)2 70 30 8.78
(CH3)CH 80 20 5.50
CH3(CH2)3 85 15 6.72
(CH3)3CC 85 15 6.51
'CH3(CH24 90 10 7.15

Enzyme hydrolyses were performed in glass screw-capped vials incubated at 37°C ina
shaking water bath, using a total volume of 1 ml and a final concentration of triester of 1
pmol ml-1, Prior to hydrolysis a solution of porcine liver carboxyesterase (suspension in
3.2 M (NH,);SOy4 solution, pH 8, 11 mg protein ml-1, 230 units protein mg-1) was
prepared in phosphate buffer (0.1 M, pH 7.4) containing 50 units (93, R=CH3) or 5
units enzyme ml-! (all other triesters). A solution of the triester in acetonitrile (0.10 ml,
1pmol, pre-incubated at 37°C) was added to a vial containing phosphate buffer (0.89 ml,
pre-incubated at 37°C) and a sample removed for HPLC analysis (t=0). Enzyme
hydrolysis was initiated by addition of the esterase solution [0.01 ml, 0.5 units (93,
R=CH3), 0.05 units (all other triesters)] to the reaction vial at 37°C. At the appropriate
time, samples were removed from the reaction vessel for HPLC analysis. Where enzyme
hydrolysis was reasonably rapid (93, R=CH3CH;, CH3(CH;);, (CH3)2CH) a new
experiment had to be performed for each time point due to the HPLC analysis time.
Hydrolyseé were performed in duplicate and control experiments were carried out in the
absence of esterase.

5.16. Hydrolysis of 4-Alkanoyloxybenzyl Diesters of Phosphonoacetate (104) with
Esterase Followed by 1H and 3P NMR Spectroscopy

Enzyme hydrolyses were performed in Smm NMR tubes using a total volume of 1 ml and
a.final concentration of diester (104) of 5 umol ml-1. Immediately before incubation a

solution of porcine liver carboxylesterase was prepared in D20 phosphate buffer (0.1 M,
pD 8.0) containing 500 units of enzyme ml-!, A mixture of DO phosphate buffer (0.1
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M, pD 8.0, 0.78 ml) and CD3CN (0.10 ml) was incubated in an NMR tube at 37°C. A
D,0 phosphate buffered solution of the diester (0.1 ml, 5 pmol) was added to the NMR
tube and a 'H NMR (250.1 MHz) spectrum recorded (t=0) using a sweep width of 5000
Hz, a data block size of 32 K, an acquisition time of 3.3 s, 91 scans and 3.3 data points
per Hz. Each FID was transformed with a line broadening of 0.1 Hz and the temperature
of the probe was 36.4 °C. :

Enzyme hydrolysis was initiated by addition of the esterase solution (0.02 ml, 10 units)
followed by gentle mixing. The NMR tube was placed back in the spectrometer and the
reaction monitored by TH NMR spectroscopy every 5 - 10 min for several hours using
-the Bruker KINETICS programme. The rates of hydrolysis were determined from the
intensities of the P-CHj peaks for the diester (104), hydroxy-dicsti:r (107) and monoester
(105) at each time point. The data for the 2 diesters was confirmed from the heights of the
corresponding CH,0P peaks.

The experiments were repeated and this time the hydrolysis was followed by 31P NMR
(101.3 MHz) spectroscopy using a sweep width of 4386 Hz, a data block size of 32K, an
acquisition time of 3.7 s, 80 scans and 3.7 data points per Hz. Each FID was transformed
with a line broadening of 1.0 Hz. The rates of hydrolysis were calculated using the
integrals to determine the percentages of the 2 diesters and the monoester present at each
time point. Controls were performed in the absence of esterase. To evaluate the 3!P and
IH NMR response of each component type known weights (approx 5 pmol) of diester
(104, R=CH3) and monoester (105) were combined. Both 1H (peak heights and

integrals) and 3!P (integrals) NMR spectra confirmed the ratios from the weights.

5.17. Incubations of Di(4-alkanoyloxybenzyl) Triesters of Phosphonoacetate (93,
R=CHj, CH3(CH3);, (CH3)3C) with Human Plasma Followed by HPLC

HPLC conditions were similar to those reported in section 5.15, except that a Waters 510
gradient delivery system and a Shimadzu SPD-6A UV detector were used.
Chromatograms were displayed and stored on an NEC APC IV and printed on an
Amstrad DMP 3000. Human blood from two sources (30 ml) was centrifuged at 750 g
for 10 min to give plasma as the supernatant fraction. Plasma incubations were performed

in glass screw-capped vials, incubated at 37°C in a shaking water bath, using a total
volume of 1 ml and a final concentration of triester of 1 pmol ml-1,
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To initiate the reaction, plasma (0.5 ml, pre-incubated at 37°C) was added to a mixture of
0.1 M phosphate buffer (pH 7.4, 0.4 ml) and an MeCN solution of the triester (93) (0.1
ml, 1 pmol), pre-incubated at 37°C. Samples (200 pl) were removed from the incubation
vessel at different time points and immediately added to centrifuge tubes containing ice-
cold MeCN (200 pl), whereupon plasma proteins were precipitated and the reaction
stopped. The samples were centrifuged at 1000 g for 10 min and the supernatant analysed
by HPLC. Duplicate experiments were performed with a different preparation and control
experiments were carried out in the absence of plasma.

5.18. Incubation of 4-Alkanoyloxybenzyl Diesters of Phosphonoacetate (104,
R=CH,, CH3(CH3)2, (CH3)3C) with Human Plasma Followed by 31P NMR

spectroscopy

Incubations were performed in a Smm NMR tube at 36.4°C with a total volume of 1 ml
and a final concentration of the diester (104) of 5 umol ml-l, To initiate the reaction
plasma (0.5 ml, pre-incubated at 37°C) was added to a 0.1 M D,0 phosphate buffered
solution of the diester (0.5 ml, 5 pmol, pre-incubated at 37°C) and the reaction monitored
for several hours by 3!P NMR (101.3 MHz) spectroscopy using a sweep width of 4386
Hz, a data block size of 32K, an acquisition time of 3.7 s, 160 scans and 3.7 data points
per Hz. Each FID was transformed with a line broadening of 1.0 Hz and the rates of
hydrolysis calculated from integrals.

Negative control experiments were performed exactly as above on disodium
(methoxycarbonylmethyl)phosphonate and phosphonoacetic acid. Other negative controls
were performed in the absence of plasma.

¥ a

5.19. Incubation of 4-Alkanoyloxybenzyl Diesters of Phosphonoacetate (104,
R=CHj, CH3(CH3)2, (CH3)3C) with Porcine Brain - S9 Fraction

A section of porcine brain (5g) was washed thoroughly in phosphate buffer (0.1 M, pH
7.4). The brain was cut into small pieces and homogenised in 4 volumes of ice-cold
buffer (20 ml). The homogenate was transferred to an ultra-centrifuge tube and spun at
10,000 g for 20 min at 4°C. The supernatant (S9 fraction) was removed, stored on ice
and the pellet was discarded. A cofactors solution was prepared as follows:
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1)30.6 mg . NADP

2) 169.2 mg Glucose 6-phosphate (G-6-P)
3) 101.6 mg MgCl,.6H,0

4) 80 IU G-6-P Dehydrogenase enzyme

Components 1, 2 and 3 were dissolved in phosphate buffer (0.1 M, pH 7.4, 10 ml) and
stored on ice until required. Just prior to use, the G-6-P dehydrogenase enzyme was
added with gentle mixing.

The incubations were performed in a 5 mm NMR tube at 36.4°C with a total volume of
1.2 ml and a final concentration of diester (104) of 4.2 umol ml-l, To initiate the
incubation, the cofactors solution (0.2 ml), followed by the S9 fraction (0.50 ml) were
added to an NMR tube containing a D,0 phosphate buffer (0.1 M, pD 8.0) solution of
the diester (0.5 ml, 5 imol, pre-incubated at 37°C). The reaction was monitored by 31P

NMR (101.3 MHz) spectroscopy over several hours using a sweep width of 4386 Hz, a
data block size of 32 K, an acquisition time of 3.7 s, 160 scans and 3.7 data points per
Hz. The FID was transformed with a line broadening of 1.0 Hz and the rate of hydrolysis
calculated from the integrals. Negative control experiments were performed in the absence

of diester and S9.

5.20. Antiviral Testing

The anti-HIV testing protocol applied to phosphonoformates (38, X=N;, NO,, 61,
X=N;, 54 and 9) and phosphonoacetates (93, R=CH;, (CHj;);C) by the London and

Cambridge testing centres was as follows:

a) 10 TCID50 / 2x105 cells HIV were added to the total number of cells required (107 -
108) and absorbed to the cells for 90 min at 37°C.

b) Cells were washed three times in phosphate-buffered saline (PBS) to remove
unabsorbed virus and re-suspended in the required volume of growth medium.

¢) The infected cells were then cultured in 6 ml tubes with drugs at 2 concentrations (200
and 20 uM) for 72 h.

d) 200 pl of tissue culture supernatant from each sample was assayed for HIV antigen
using a commercial Elisa.
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e) Controls: infected cells without drug, and infected cells treated with AZT.
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