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THE 5'-HYDROGEN PHOSPHONATE ANALOG AS A POTENTIAL
PRODRUG OF 3'-AZIDO-2',3'-DIDEOXYTHYMIDINE (AZT)*

Jila H. Boal,2 Radhakrishnan P. Iyer,b and William Egan
Biophysics Laboratory, Center for Biologics Evaluation and Research, 8800 Rockville
Pike, Bethesda, Maryland 20892, U.S.A.

Abstract. A novel synthesis of AZT-5'-H-phosphonate 2, involving decarboxylation of
the phosphonoformate intermediate 7, is reported herein. Studies of the metabolism of 2
in U937 cells indicate that 2 is readily converted to AZT-5"-monophosphate.

Nucleoside analogs that are selective inhibitors of reverse transcriptase (RT) of
human immunodeficiency virus (HIV-1) have attracted much attention as anti-HIV agents.
Amongst the most potent of these is 3'-azido-2',3"-dideoxy thymidine (1, AZT), a 2',3"-
dideoxynucleoside analog of thymidine.l It is now well recognized that both the in vitro
and in vivo RT inhibitory activity and anti-HIV activity of these nucleoside analogs is
essentially contingent upon their intracellular conversion to the corresponding 5'-
triphosphates.24 Specifically, the conversion of AZT to AZT-triphosphates (AZT-5'-TP)
is brought about by sequential catalysis involving cellular kinases. Thus, only in its
triphosphate form can AZT compete with deoxythymidine-5'-triphosphate (dT-5'-TP) for
the binding site of RT, thereby causing inhibition of DNA synthesis mediated by RT. This
imposes limitations on the efficacy of AZT and other analogs. Thus eg., AZT is ineffective
in blocking viral proliferation in human peripheral blood T cells and human monocyte-
derived macrophages which contain low levels of intracellular thymidine kinases.5 In
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addition, side effects such as bone-marrow toxicity and development of resistance to AZT
is presumably due to its conversion or lack thereof to AZT-5-TP.6-10 Asexpected, AZT-
5'-TP itself is poorly absorbed when administered externally and is readily
dephosphorylated in the extracellular environment. Potentially, these problems can be
circumvented using an analog of AZT that could serve as an intracellular slow-release depot
to the active AZT-5-TP. We considered the evaluation of AZT-5"-H-phosphonate 2 as a
potential prodrug analog of AZT-5'-TP. While our work was in progress, a report 11
appeared regarding the evaluation of AZT-5'-H-phosphonate as an anti-HIV agent. We
report here our results on the synthesis and intracellular metabolic fate of 2.

EXPERIMENTAL SECTION

Materials and Methods: Analytical grade reagents, solvents and chromatographic
media were obtained from commercial suppliers. Toluene, triethylamine, tetrahydrofuran
and acetonitrile were distilled from calcium hydride after first refluxing for several hours.
Pyridine was distilled from potassium hydroxide pellets following several hours reflux.
Anhydrous ether (Mallinckrodt Chemicals) was passed through a column of activated
alumina to remove peroxides. Methanol was dried by fractional distillation in the presence
of a small amount of sodium metal. Trimethylsilyl chloride was purified by distillation
over calcium hydride. Prior to their use in synthesis, the requisite chloroformates were
distilled under atmospheric pressure or in vacuo as the case warranted.

Melting points (uncorrected) were determined on a Buchi 510 melting point
apparatus. Analytical thin-layer chromatography (TLC) was carried out using silica gel 60
F254 pre-coated sheets (layer thickness, 0.2 mm). Materials were visualized on TLC plates
by either ultraviolet light, iodine vapors, HCI fumes or charring following treatment with
sulfuric acid.

Nuclear magnetic resonance (NMR) spectra were obtained on either JEOL GSX-
500 or General Electric GN-300 spectrometers. Proton- and Carbon-NMR spectra are
reported in parts per million (ppm) relative to tetramethylsilane (TMS) for organic solutions
and sodium trimethylsilyl-2,2,3,3-d4 propionate (TSP) for aqueous solutions. 31P-NMR
are reported in ppm relative to external trimethyl phosphate.

Synthesis of sodium salt of AZT-5'-ethoxycarbonylphosphonate (6):

The pyridinium salt 5 prepared from 3, as reported previously!2 was rendered
anhydrous by repeated evaporation in vacuo from pyridine. The salt thus obtained (270
mg, 1.16 mmol) was taken up in anhydrous pyridine (75 mL) and cooled to ambient
temperature in a water bath. AZT (309 mg, 1.16 mmol) was then added followed by 1,3-
dicyclohexylcarbodimide (DCC) (478 mg, 2.32 mmol) and stirred under anhydrous
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conditions at ambient temperature in an atmosphere of argon. The reaction was periodically
monitored (TLC, silica gel, CHCl3:MeOH, 75:25). After about 26 hours, the reaction was
kept at 5°C for an hour and the precipitated dicyclohexyl urea filtered and washed with
pyridine. The combined filtrate and washings were evaporated to dryness in vacuo. The
residue was taken up in minimum pyridine:water (80:20) and loaded on AG 50-MP1(Cl"
form) column. The column was eluted with water (100 mL), followed by NaCl (0.15 M)
The fractions containing the AZT ester 6, detected by TLC (silica gel, CHCl3:MeOH,
75:25, Rf = 0.2) were combined and evaporated to dryness in vacuo. The resulting solid
was repeatedly triturated with 98% ethanol (100 mL) filtered to remove NaCl and the
ethanolic filtrate concentrated in vacuo and dried to give the sodium salt 6 (502 mg, 89%
yield) as a white hygroscopic solid.

31P-NMR (D20): 8 -7.8 ppm

IH-NMR (D20): 8 1.3 (td,3H, 3Ty =8 Hz, 3Jy.p = 2.5 Hz), 1.9 (s, 3H), 2.5 (m, 2H),
4.1-4.35 (m, 6H), 6.3 (¢, 1H, J = 7 Hz), 7.7 (s, 1H) ppm.

Synthesis of 3'-azido-2',3'-dideoxy thymidine-5'-H-phosphonate (2):

The ester 6 (298 mg, 0.62 mmol) was taken up in distilled water (12 mL) and
aqueous NaOH solution (1M, 1 mL) was then added and the contents stirred. The
progress of the hydrolysis was monitored by 31P-NMR and TLC. After 15 minutes of
reaction, pH of the solution was adjusted to 7 using aqueous NH4Cl (IN). The solution
was concentrated in vacuo to give the residue A, At this stage, a portion of the residue was
used for isolating the acid 7 as below:

The residue was dissolved in minimum water and loaded on C-18 SEP-PAK
cartridges (Millipore). Elution was done with distilled water and the UV-absorbing
fractions (A254) were combined and lyophilized to yield the white crystalline ammonium
salt of 7. The corresponding sodium salt was obtained by ion-exchange chromatography
on AG 50-WX8 (Nat form) and characterized as below:

3IP.NMR (D20): 8 -2 (t, ] =5 Hz) ppm.

IH-NMR (D20): 8 1.9 (s, 3H), 2.5 (m, 2H), 4.1-4.2(m, 3H), 4.5-4.7 (m, 1H), 6.3 (1,
1H, J =7 Hz), 7.8 (s, 1H) ppm.

13C.NMR (D,0): & 8.8, 33.5, 58.0, 61.6(d, J = 5 Hz), 80.4 (d, J = 7 Hz), 82.1, 108.9,
134.6, 148.8, 163.7, 174.1 (d, J = 230 Hz) ppm.

To obtain the H-phosphonate 2, the residue A, obtained as above, was dissolved in
water (10 mL) and HC1 (2 mL, 1% v/v) and stirred at ambient temperature. The
conversion of the acid 7 to the H-phosphonate 2 was best monitored by 31P-NMR (7 at -2
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ppm and 2 at + 3.3 ppm). After about 2 hours, the solution was carefully adjusted to pH
7, using dilute NaOH solution (0.5% w/v), concentrated in vacuo and loaded on C-18
SEP-PAK cartridges. The UV absorbing fractions (A254) were combined and concentrated
in vacuo and passed through an ion-exchange column AG 50W-X8 (Nat form).
Concentration of the eluent in vacuo and drying of the residue gave the sodium salt of the
H-phosphonate 2 in overall yields of about 70% from 6.

31P-NMR (D70): 8 +3.3 (dt, 1] p.yy = 629 Hz, 3Jp.y = 6 Hz) ppm

IH-NMR (D70): 8 1.95 (s, 3H), 2.5 (m, 2H), 4.1-4.3 (m, 3H), 4.45-4.6 (m, 1H), 6.25
(t, 1H,J =7 Hz), 6.8 (d, 1H, J = 629 Hz), 7.7 (s, 1H) ppm.

I3C.NMR (D20): § 8.6, 33.2, 57.4, 59.9 (d, J = 3 Hz), 79.8 (d, ) = 8 Hz), 81.8, 108.5,
134.1, 148.5, 163.3 ppm.

The intracellular conversion of AZT-5'-H-phosphonate (2) to AZT-5'-MP:

The origin and growth characteristics of human U937 cell line is well described and
documented elsewhere.13 Cells were cultured in RPMI-1640 (BIOFLUIDS) supplemented
with penicillin and streptomycin (1%, BIOFLUIDS) and 10% fetal calf serum
(HYCLONE). Cell cultures were split one day before drug treatment. The U937 cells
(plated at 3 X 105 cells/mL) were incubated with AZT (200 pM) and AZT-5'-H-
phosphonate (200 uM) for 8 and 16 hours. AZT metabolism by these cells was included
as a control in our assay and also for comparing levels of AZT-5-MP resulting from
metabolism of AZT and AZT-5'-H-phosphonate. At the end of the incubation period, the
cell viability was checked by trypan blue exclusion and the cell count determined. Cells
were harvested by centrifugation, washed twice with Hank's balanced salt solution
(without Ca** and Mg** and phenol red) (BIOFLUIDS) and the metabolites extracted with
aqueous methanol (5 mL, 60%) at -20°C, over a period of 10 hours. The extract was
subjected to centrifugation to remove cell debris and the supernatant lyophilized. The
resulting dried extract was reconstituted in 500 pL deionized water. Samples were stored
frozen at -80°C before use.

To determine if enzymatic conversion of AZT-H-phosphonate to AZT occurs, 2
(0.7 umol) was dissolved in 20 pl sterile water, and 20 pl of 5'-nucleotidase (225
units/mL) (from Crotalus adamanteus venom, SIGMA), in Tris-HCI buffer (0.1 M, 0.01
mM MgCl3, pH 9.0) was added and the reaction mixture was incubated at 37°C for 3, 8
and 24 hours. Aliquots were stored frozen at -70°C until ready for HPLC analysis (vide
infra). Adenosine-5-monophosphate (SIGMA) was used as the positive control.

HPLC analysis was done on a Hewlett-Packard 1050 with an HPLC integrator, UV
detector set at 254 nm. The extracts were loaded on a SAX column (Whatman Partsil 4.6
X 250 mm, 10 p) and eluted with a linear gradient of ammonium phosphate (10 mM, pH
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3.5) in 7% ethanol to 700 mM of the same buffer over 60 min. AZT-5-MP was
synthesized according to published procedurel4 and had a retention time of 10.7 minutes
under the above conditions.

RESULTS
Synthesis of the H-phosphonate 2:

The apparent simplicity of the target phosphonate 2 prompted us to undertake a
rather direct synthetic route to it. However attempted coupling of AZT with phosphorous
acid in pyridine in presence of excess 1,3-dicyclohexylcarbodimide (DCC) gave a complex
mixture from which isolation and purification of the desired 2 proved quite tedious. Direct
phosphitylation of the 5'-OH group of AZT, using B-cyanoethyl N,N-
diisopropylchlorophosphoramidite, followed by its conversion to H-phosphonate
(tetrazole/H20) also gave disappointing results. Quite clearly, the presence of the 3'-azido
group in AZT contributed to a variety of side reactions and therefore direct and easy access
to H-phosphonate was not feasible at least in our hands.

Our synthetic strategy (Scheme I) for 2 takes advantage of the known propensity of
ethoxycarbonyl phosphonates to undergo decarbethoxylation when subjected to sequential
base and acid hydrolytic conditions.15.16 We had ready access to bis(trimethylsilyl)ethoxy
carbonyl phosphonate 3 as the starting material.12 The silyl phosphonate 3 was converted
to the dianilinium salt 4 and subsequently to the monopyridinium salt 5 by ion-exchange
chromatography over AG-50 W-X8 (pyridinium form). The reaction of § with AZT
(pyridine-DCC) gave the ester salt 6 in isolated yields greater than 90%.

The conversion of 6 to the H-phosphonate 2 was done by brief exposure to IN
NaOH followed by reaction with 2% HCI. The reaction was carefully monitored by 31P-
NMR, and was found to proceed by initial conversion to the carboxylic acid 7. The
sodium salt of 7 was isolated and characterized. The carboxylic acid salt 7, upon treatment
with dil. HCl, gave the H-phosphonate 2 in overall yields of 70% from 6.

While our work was in progress, a report appeared where a direct synthesis of the
H-phosponate 2 was claimed using AZT and PCI3 in presence of imidazole.17 It is
pertinent to mention here that our synthetic methodology can be applied for the preparation
of 5'-H-phosphonates of various 2'-deoxy nucleosides, eg. 5'-fluoro-deoxyuridine,
without protection of the free 3'-OH group.18 Additionally, our approach also provides
synthetic access to the phosphonic carboxylic acids, such as 7, which represent novel
structures incorporating both a nucleosidic type and a non-nucleosidic type RT inhibitor.
Although not evaluated in the present study, 7 could have a potential synergistic anti-HIV
effect of AZT and foscarnet. Recently it has been reported that AZT H-phosphonate 2,
though less active as an anti-HIV agent as compared to AZT, was nevertheless much less
toxic than AZT itself.11
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Scheme I

Metabolic fate of the H-phosphonate 2:

In order to check whether the H-phosphonate 2 can undergo intracellular
conversion to the corresponding monophosphate, we incubated human U937 cell lines in
presence of 2. At the end of the incubation period (8 and 16 hours), the resulting
metabolites were extracted and analyzed by HPLC (FIG.1). As is evident, 2 undergoes
facile conversion to the corresponding monophosphate. The presence of AZT-5-MP in
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Figure 1. HPLC profile of the metabolism of AZT-5"-H-phosphonate in U937 cells.
Methanolic extract of U937 cells (control) (panel A); following incubation with 200 mM
AZT for 8 hours at 37°C (panel B); following incubation with 200 mM AZT-5'-H-
phosphonate for 8 hours at 379C (panel C); Retention times (min): AZT (4.35), AZT-5'-
monophosphate (10.7) AZT-5'-H-phosphonate (12.6 ), Adenosine-5'-diphosphate (13.6),
Adenosine-5'-triphosphate (21.9).
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TABLE 1

Intracellular concentration of AZT-5'-MP, derived from HPLC analysis of cell extracts of
U937 cells, after treatment with 200 pM AZT or AZT-5'-H-phosphonate at various

incubation times.

Compound Incubation time (h) AZT-5'-MP (pmol/106 cells)
AZT 16 4900

2 16 3350
AZT 8 5300

2 8 1700

extracts of AZT- and AZT H-phosphonate-treated cells were confirmed by co-
chromatographic comparison using authentic AZT-5-MP in the same eluent buffer.

The presence of AZT could not be detected in the extract of the AZT-5-H-
phosphonate-treated cells. This observation rules out the possiblity of prior conversion of
2 to AZT followed by conversion of the latter to AZT-5'-MP (vide infra). TABLE 1
shows the relative concentrations of the intracellular AZT-5-MP in U937 cells after
incubations of 8 and 16 hours. AZT 5'-H-phosphonate metabolism in these cells produced
AZT-5'-MP ca. three times less than that from metabolism of AZT during 8 hours of
incubation, but after 16 hours, the level of AZT-5'-MP was comparable to that produced by
AZT.

The possiblity existed that the observed formation of AZT-5-MP from metabolism
of 2, was due to initial facile conversion of the H-phosphonate 2 to AZT by cellular 5'-
nucleotidases, followed by its phosphorylation by thymidine kinase to AZT-5'-MP.
Alternatively, one could also conceive of a possible non-enzymatic conversion of 2 to AZT
and subsequent intracellular formation of AZT-5'-MP.19:20 We present the following
preliminary evidence to demonstrate the intracellular formation of AZT-5'-MP by a process
involving oxidation of intact 2:

(a) the H-phosphonate 2 was found to be stable and intact upon its incubation in
cell culture medium (RPMI-1640) as evidenced by HPLC studies (data not shown). (b)
Additionally, no conversion of 2 to AZT was observed by prolonged incubation of 2 with
5"-nucleotidase, a ubiquitous plasma membrane-bound enzyme, involved in the hydrolysis
of ribonucleotides/deoxyribonucleotides (data not shown). (¢) Finally, under the conditions
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of our assay, where the formation of AZT-5'-MP from 2 was observed, the intermediate
formation of AZT was not observed (FIG. 1).

DISCUSSION:

In conclusion, our preliminary studies lead us to postulate that (a) the cellular
metabolism of AZT-5'"-H-phosphonate to AZT-5'-MP does occur in U937 cells and (b) the
conversion of AZT-5'-H-phosphonate to AZT by S'-nucleotidase or by other enzymatic
processes does not occur. Additional studies are required to elucidate the metabolic
pathway involved in the conversion of AZT-H-phosphonate to AZT-5-MP.

These results demonstrate the possibility of using the hydrogen-phosphonate as a
surrogate phosphate group in the design of new antiviral nucleosides. Moreover, in
situations where the virus-infected cells lack the presence of essential enzymes, required for
the first phosphorylation of the nucleoside analogs such as DDI, DDC and AZT, one could
consider the corresponding 5'-H-phosphonate analogs as potential prodrug derivatives.
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