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Abstract—Prodrugs of phosphonoformic acid (PFA), an anti-viral agent used clinically as the trisodium salt (foscarnet), are of
interest due to the low bioavailability of the parent drug, which severely limits its utility. Neutral PFA triesters are known to be
susceptible to P–C bond cleavage under hydrolytic de-esterification conditions, and it was previously found that P,C-dimethyl PFA
P–N conjugates with amino acid ethyl esters did not release PFA at pH 7, and could not be fully deprotected under either acid or
basic conditions, which led, respectively, to premature cleavage of the P–N linkage (with incomplete deprotection of the PFA ester
moiety), or to P–C cleavage. Here we report that novel, fully deprotected PFA-amino acid P–N conjugates 4 can be prepared via
coupling of C-methyl PFA dianion 2 with C-ethyl-protected amino acids using aqueous EDC, which gives a stable monoanionic
intermediate 3 that resists P–C cleavage during subsequent alkaline deprotection of the two carboxylate ester groups. At 37 �C, the
resulting new PFA-amino acid (Val, Leu, Phe) conjugates (4a–c) undergo P–N cleavage near neutral pH, cleanly releasing PFA.
A kinetic investigation of 4a hydrolysis at pH values 6.7, 7.2, and 8.5 showed that PFA release was first-order in [4a] with respective
t1/2 values of 1.4, 3.8, and 10.6 h.
# 2004 Elsevier Ltd. All rights reserved.
Foscarnet, the trisodium salt of phosphonoformic acid
(PFA), has been used as an antiviral agent1�4 to treat
AIDS-related cytomegalovirus infection, and also exerts
an inhibitory action against HIV.5 The antiviral effect
of PFA is attributed to inhibition of viral nucleic acid
polymerases.6,7 Because of its multiple negative charges
at physiological pH, PFA has low oral bioavailability;
this poor ability to penetrate cell membranes has long
been a major impediment to its overall effectiveness as
an anti-viral drug.8,9 Past efforts to address this short-
coming by prodrug strategies have included partial
esterification of PFA,8�13 including its incorporation
into cyclic esters,11 and the replacement of an oxygen
atom in PFA by a sulfur atom.14�16 It has been shown
that all three acidic groups of PFA must be available for
maximal nucleic acid polymerase inhibition activity, and
thus the ultimate antiviral activity of PFA prodrugs
wherein one or more of these groups has been deriva-
tized by esterification (or amidation) is likely to depend
on a hydrolytic activation process in vivo to release the
active drug.8 Thus, PFA–amino acid conjugates might
be useful as prodrugs of foscarnet, provided that such
compounds are synthetically accessible and facile clea-
vage of the PFA–amino acid linkage occurs in vivo. It
was recently reported that a fully alkyl-protected, neu-
tral P–N linked PFA–amino acid phosphoramide
produced by coupling (MeO)(Cl)P(O)CO2Me with an
l-amino acid Et ester, decomposed with P–C cleavage
under basic deprotection conditions.17�19 The same
workers found that acidic conditions applied to the
same protected conjugate hydrolyzed its P–N linkage
instead of dealkylating the PFA diester.17 This perplex-
ing result is not unanticipated, given that the P–C bond
in PFA esters is known to be highly activated due to
juxtaposition of the carbonyl and phosphoryl groups,
and is highly susceptible to cleavage under hydrolytic
conditions to produce a phosphate or phosphite,
depending on whether the water nucleophile attacks at
carbon or phosphorus.20�24 We reasoned that an inter-
mediate product from condensation between C-methyl
PFA and a C-alkyl-protected amino acid should be sta-
bilized to unwanted P–C bond cleavage at high pH by
virtue of its retention of one negative charge on the
phosphonate group, thereby permitting alkaline depro-
tection of both carboxylate esters.

We report here successful application of this simple
strategy to synthesis of the first examples of PFA–
amino acid conjugates (4), and describe the surprisingly
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facile release of PFA from these isolable prodrugs at
physiological pH and temperature.

To circumvent the decomposition observed previously
in attempted hydrolytic deprotection of a neutral l-
amino acid C-ester-PFA P-diester P–N conjugate,17 we
investigated coupling of a dianionic PFA C-monoester
such as 2 with a C-blocked amino acid. The single
negative charge remaining on the phosphoryl group in
the product (3) was expected to impede P–C bond clea-
vage during subsequent alkaline hydrolysis of the pro-
tecting alkyl groups. To form the P-N linkage, we chose
EDC-promoted coupling of 2 with C-ethyl protected
l-amino acids (Val, Leu, or Phe) in aqueous solution
under neutral to slightly alkaline conditions.25 The
intermediate 2 was obtained by quantitative and regio-
selective silyldealkylation of the P,P-dimethyl groups of
trimethyl PFA with bromotrimethylsilane (BTMS).26,27

The amidation reaction was followed by 31P NMR,
which revealed replacement over several hours of the
singlet resonance of 2 by a doublet due to CH–N–P
coupling. The condensation reaction went to comple-
tion without detectable formation of double condensa-
tion by-product, even with excess EDC and amino acid.
The intermediate reaction mixture was processed to
remove unreacted amino acid and NaCl, and the inter-
mediate product (3a–c) was then hydrolyzed with
NaOH to yield the target PFA conjugates (4a–c). Grat-
ifyingly, 3 was deprotected under these conditions
without any trace of P–C or P–N bond cleavage. Care-
ful control of pH, and appropriate choice of washing/
extraction solvents were important for success. Specifi-
cally, the coupling reaction was done within a pH range
of 7.0–7.5; excess amino acid and NaCl were removed
from the reaction mixture by extraction with EtOAc
and acetone, successively, after adjustment of the pH to
9.5; dealkylation of 3a–c was optimized at pH �12.5;
and purification of the final products 4a–c was accom-
plished by removal of remaining EDC/by-products with
acetone, followed by washing with MeOH or EtOH to
remove excess NaOH. The structural integrity of the
conjugate during work up and purification was mon-
itored by the CH–N–P 31P NMR doublet (dP 3–4,
3JPH=�8.5 Hz) (Scheme 1).

The structure and purity of the products were confirmed
by NMR (1H, 13C, and 31P), combustion microanalysis
and HRMS.28 The compounds were stable at room
temperature in the solid state.

The potential of the conjugates 4 as prodrugs depends
on their ability to release the active drug PFA under
mild conditions. Interestingly, they all cleanly released
PFA and amino acid at physiological pH and temper-
ature, with no P–C bond cleavage observed. The kinetics
of pH-dependent release of PFA from 4a was studied at
several pH values near neutrality (6.7, 7.4, 8.5; all at
37 �C) by 31P NMR. P–N bond cleavage liberating PFA
was exclusively observed in a process characterized by
pseudo-first order kinetics, with t1/2 values of 1.4, 3.8
and 10.6 h, respectively (Fig. 1 and Scheme 2). The
other two analogues (4b–c) also cleanly released the
parent drug within this pH range (data not shown). All
conjugates were found to be unstable at low pH; at pH
Scheme 1.
Figure 1.
Scheme 2. Hydrolytic pathways of the conjugates at different pH values.
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5.5 they underwent competitive P–C and P–N bond
cleavage producing phosphate along with PFA.29

In conclusion, we have elaborated a practical method
for synthesis and isolation of deprotected P–N linked
PFA–amino acid conjugates. These phosphonopeptide
analogues are good candidates for evaluation as pro-
drugs of PFA because they release the drug quantita-
tively under physiological conditions, even in the
absence of amidases. These conjugates or related com-
pounds might also be susceptible to active transport by
membrane peptide transporters.30�33
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overnight at room temperature; conversion to coupled
product 3a was quantitative by 31P NMR. The reaction
mixture pH was readjusted to 9.5 (1N NaOH) then
extracted with EtOAc (3�50 mL) to remove excess amino
acid. The aqueous phase was then evaporated to dryness
by rotary evaporation, and the conjugate separated from
NaCl by extraction with acetone. The acetone phase was
evaporated to dryness and the residue dissolved in 7 mL
H2O, then hydrolyzed by adding 5N NaOH until the pH
was 12.5. Reaction was complete at room temperature
within 1/2 h. The reaction mixture was then evaporated to
dryness and washed repeatedly with acetone and MeOH
successively until a constant pH was attained (pH 9.5),
then washed once again with acetone to leave 4a as a
white powder (139 mg, 38% yield from 1). NMR: dH
(D2O): 3.17 (1H, dd, J=9.3, 5.1 Hz), 1.63 (1H, m), 0.73
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carbonyl)hydroxyphosphinyl]-l-Leucine, Trisodium Salt,
4b: Using the procedure described for 4a, 150 mg (0.82
mmol) of 2 produced 89 mg of 4b (31% yield from 1).
NMR: dH (D2O): 3.37 (1H, m), 1.39 (1H, m), 1.21 (2H,
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24.70, H 4.11, N 4.04. Synthesis of N-[(hydroxycarbonyl)-
hydroxyphosphinyl]-l-phenylalanine, Trisodium Salt, 4c:
Using the procedure described for 4a, except coupling was
done at pH 7.0, and purification steps were modified as
specified below. Unlike 4a and 4b, this compound was
partially soluble in MeOH, therefore washing with this
solvent to remove excess base could not be applied. The
product was instead washed repeatedly with acetone fol-
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