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Abstract. New phosphate derivatives of the anti-HIV nucleoside analogue d4T were prepared as
potential membrane-soluble pro-drugs of the bio-active free nucleotide. Some of the derivatives
appear to have enhanced antiviral efficacy relative to the parent nucleoside analogue. Moreover, the
derivatives appear to by-pass the dependence of the nucleoside on thymidine kinase-mediated
activation, retaining full activity in thymidine kinase-deficient cells. The new analogues show
particular promise for further pre-clinical development. Copyright © 1996 Eisevier Science Ltd

Recently, there has been much interest in 2',3'-dideoxynucleosides as inhibitors of HIV-1, the
causative agent of AIDS.1 The 2',3'-dideoxy-2',3'-didehydro analogue of thymidine (d4T) (1) has
been noted to be a very potent inhibitor of HIV.2 It exhibits a similar selective anti-HIV activity in vitro
to that of the established anti-retrovirus agent 3'-azido-3'-deoxythymidine (AZT) (3) and in certain
cells (e.g. bone marrow progenitor cells) displays lower cytotoxicity.3 These, and other nucleoside
analogues suffer from an absolute dependence on (host cell) kinase-mediated activation, a
dependence which can lead to poor activity and /or the emergence of resistance.4 In an effort to
circumvent this dependence, we, and others® have suggested the use of masked phosphate pro-
drugs of the bio-active nucleotide forms of several chemotherapeutic nucleoside analogues. We now
report the preparation and biological evaluation of two particularly efficacious phosphate derivatives
of d4T, designed to act as an intracellular source of the free d4T 5'-monophosphate (d4TMP). It is
known that the kinetics of the three phosphorylation steps from the nucleoside analogue to the (bio-
active) 5'-triphosphate differ in the case of d4T, by comparison to AZT and other 3'-modified
nucleoside analogues. In particular, the rate-limiting step for AZT appears to be the conversion of
mono- to di-phosphate, whereas the conversion of nucleoside to monophosphate may well be rate-
limiting for d4T.6 it could follow that the intracellular delivery of pre-formed d4TMP may be more
useful than the delivery of AZTMP.

We have recently noted that simple dialkyl phosphate triesters of d4T are inactive as anti-viral
agents, whereas bis(trihaloethyl) phosphates are active.” We have previously noted the anti-HIV

activity of phosphoramidate derivatives of AZT8 and of the 3'-fluoro analogue (FLT). 9 Thus, we were
interested to apply the phosphoramidate technology to d4T.

D4T was prepared from thymidine essentially by the method of Horwitz, 10 noting the later comments
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of Mansuri.’1 Then, phenyl methoxyalaninyl phosphorochioridate 12 was allowed to react with d4T
using THF / N-methylimidazole, to give compound (2a) in good vield (88%). As anticipated,8 this
material displayed two closely spaced signals in the 31p NMR (dp ca. 3.5), 13 corresponding to the
presence of diastereoisomers, resulting from mixed stereochemistry at the phosphate centre. Similar
diastereomeric splitting, and phosphorus coupling where appropriate, were also noted in the H-
decoupled 13¢ spectrum. 14 The presence of diastereoisomers was also apparent from TH NMR
.spectroscopy, and analytical HPLC studies on (2a).

Since we have also recently noted the importance of the carboxyl ester terminus for the activity of
analogous phosphoramidate derivatives of AZT1° we prepared a further d4T phosphoramidate with
a benzyl ester terminus rather than the methyl; in the AZT case this was found to be the most
efficacious ester group. Thus, phenyl benzylalaninyl phosphorochloridate was allowed to react with
d4T as above, to give compound (2b) in good yield; this displayed spectroscopic and analytical data
fully confirming the structure and purity, and closely resembling that of (2a).

Scheme
o]
{2a) R=Me
N () R = PhCH, ol Me HN Me
)\ I N-methylimidazole,
THF, 20°C, eh

) O @ U

~ e

o -c 0 =g (3)R=H
o, - (4) R = MeOC(O)CHMeNHP(O)OPh

The nucleoside analogues (1) and (3), and the phosphates (2a-b) were tested for their ability to
inhibit the replication of HIV, as previously described,  and the results obtained using HIV-1 or HIV-2
-infected CEM cells are displayed in the Table along with the data for the eariier AZT analogue (4).
The clinically used nucleoside analogue AZT was included as reference material, and tests were
also conducted in thymidine kinase-deficient CEM/TK" cells.

It is notable that the phosphate derivatives (2a-b) are approximately 2-5 fold more potent than d4T
itself, (2b) being somewhat more potent than (2a). It is notable that this is significantly different to the
case of AZT8 where we noted generally reduced potency for phosphate esters such as (4) in the
primary [TK+] assay. Moreover, it is particularly striking that, whereas d4T retains only very slight
activity in thymidine kinase-deficient cells, the phosphates (2a-b) retain virtually full activity; being ca.
300-500 fold more potent than d4T in these cells. Similarly, whilst AZT is inherently more potent than
either d4T or the d4T phosphate, in thymidine kinase-competent cells, the phosphate derivative (2b)
is ca. >1500 times more active than AZT in the kinase-deficient cell line.
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Table. Anti-HIV activity for compounds [1], [2a-b], [3] and [4]. All data are in yM and represent the
concentrations required to inhibit viral replication by 50% [ECg0)16 or the 50% cytotoxic
concentration [CCsq]2

Compound Structure EC50 HIV1 CEM | EC5q HIV2 CEM EC5q HIV2 CEM-TK Cs50 CEM
uM uM uM uM
1 a4t 0.16+0.09 0.27+0.20 25+7.1 2100
2a [PhMeAla]d4T | 0.085+0.025 | 0.102+0.023 0.075+0.007 >100
2b [PhBzAla]d4T | 0.022+0.007 | 0.039+0.036 0.0610.03 52%2.5
3 AZT 0.005+0.002 | 0.008+0.004 >100 >100
4 [PhMeAla]AZT | 0.055+0.021 0.070+0.0 12415 17241

a. Data represent the mean of at least 2 to 4 independent experiments.

Thus the anti-viral activity of the phosphoramidates (2a-b) is independent of thymidine kinase-
mediated phosphorylation. The most obvious mechanism of action consistent with this observation is
of intracellular delivery of the free nucleotide d4TMP by phosphoramidates (2a-b), and further
phosphorylation to generate the active metabolite d4TTP. Further experiments are underway in our
laboratories to confirm this hypothesis.

One concern regarding the phosphoramidates as potential drug candidates might be their acid
instability, with a view to oral dosing. Therefore, we conducted a preliminary experiment on
compound (2a). Storage of (2a) in the pH range 3-7 at 37 °C led to no change detectable by TLC
after 17 hours. At pH 2 there was ca. 10% decomposition after 17 hours, and at pH 1 ca. 10% after 3
hours and ca. 40% after 17 hours. Thus, the acid lability appears to be reasonably limited for these
materials. Moreover, the lipophilicity of the derivatives [2a, logP = 1.1; 2b, logP = 1.4] is also rather
increased, relative to d4T itself 17 indicating the possibility of enhanced membrane transport and / or
brain penetration for the pro-drugs.

Each of the pro-drugs herein described (2a-b) was tested as a mixture of two diastereoisomers,
resulting from the mixed stereochemistry at the phosphate centre; all compounds were fixed [L]
stereochemistry at the amino acid. The importance of the stereochemistry at each of these chiral
centres is the subject of current investigation in our laboratories.

In conclusion, the phosphate derivatives of d4T herein described show in vitro advantage over d4T
itself, particularly in thymidine kinase-deficient cells. This leads to enhanced anti-viral selectivity
relative to the parent drug. Such derivatives may be worthy of further study, if such in vitro
advantage can be extrapolated to the in vivo situation. The precise mechanism of action of these
materials remains unclear. Whilst the data in the Table clearly indicate a by-pass by (2a-b) of the
usual dependence of (1) on thymidine kinase, strongly indicating intracellular nucleotide delivery, the
enzymatic or chemical mechanism underiying this delivery remains to be elucidated.
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