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A series of novel oxazaphosphorine prodrugs of 9-(2-phosphonomethoxyethyl)adenine (PMEA, adefovir)
were synthesized and their anti-hepatitis B virus (HBV) activity was evaluated in HepG2 2.2.15 cells, with
adefovir dipivoxil as a reference drug. In the cell assays, compounds 7b and 7d exhibited anti-HBV activ-
ity comparable to that of adefovir dipivoxil, while compound 7c, with an IC50 value of 0.12 lM, was found
to be three times more potent than the reference compound. In vitro stability studies showed that (SP,S)-
7c, the diastereomer of compound 7c, was stable in human blood plasma but underwent rapid metabo-
lism to release the parent drug PMEA in liver microsomes. The possible metabolic pathway of (SP,S)-7c in
human liver microsomes was described. These findings suggest that compound (SP,S)-7c is a promising
anti-HBV drug candidate for further development.

� 2009 Elsevier Ltd. All rights reserved.
Hepatitis B virus (HBV) infection is a major global health prob-
lem. Over 350 million people worldwide are infected chronically
with HBV and are therefore at risk of various liver diseases, which
results in 0.5–1.2 million deaths each year (the tenth leading cause
of death worldwide).1 Although interferon a and several nucleo-
side and nucleotide analogues currently are available for the treat-
ment of HBV, they are associated with a low cure rate, viral
resistance, cytotoxicity and other limitations.2 New drugs with
better therapeutic profiles are still urgently needed.

Among current anti-HBV agents,3 nucleotide analog 9-(2-phos-
phonomethoxyethyl)adenine (PMEA) (1, Fig. 1) has shown impres-
sive activity against a broad spectrum of DNA viruses including
HBV, and more importantly, it is associated with a low rate of viral
resistance. However, the negative charge of the phosphonate moi-
ety significantly impairs its cellular uptake and leads to poor oral
bioavailability.4 One potential strategy for overcoming these limi-
tations is to use prodrugs.5 One of the best examples is the prodrug
adefovir dipivoxil (2, Fig. 1), which has been approved by the US
FDA for HBV therapy. Adefovir dipivoxil can be converted rapidly
into the parent drug PMEA in vivo and suppress replication of
HBV that is resistant to other anti-HBV drugs such as lamivudine,
emtricitabine and famciclovir.6 However, the dose-limiting neph-
rotoxicity of adefovir and its potential to release the carcinogen
formaldehyde and toxic pivalic acid have limited its clinical use.7

To circumvent these therapeutic limitations, several new classes
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of PMEA prodrugs including acyloxyalkyl esters, S-acyl-2-thioethyl
(SATE) esters8 and phosphoramidates9 have been developed.
Although promising, these prodrugs are cleaved by esterases,
which results in their rapid breakdown in the blood, and a lack
of sustained therapeutic effects. In this Letter, we report our efforts
to develop a series of oxazaphosphorine prodrugs of PMEA 7a–i
(Fig. 1) with more potent anti-HBV activity, lower cytotoxicity
and better plasma stability.

Synthesis of oxazaphosphorine prodrugs of PMEA 7a–i is out-
lined in Scheme 1. N-(3-Hydroxypropyl)-amino acid esters 4a–i
were prepared from various commercially available amino acids
in 25–34% yields in five steps, according to a previously described
method, with minor modifications.10 N-Protected PMEA dichloride
3 was obtained by treating PMEA with oxalyl chloride in the pres-
ence of N,N-diethylformamide in refluxing CH2Cl2, followed by
activation with two equivalents of pyridine at 0 �C in CH2Cl2.11

Cyclization of 4a–i with phosphonyl dichlorides 3 at �78 �C, fol-
lowed by removal of the imine protecting group with acetic acid
yielded cyclized oxazaphosphorines 6a–i as oils. Treatment of
6a–i with one equivalent of fumaric acid in refluxing acetonitrile
for 2 h provided the final products 7a–i as crystalline salt, with
yields of 15–33% for all four steps.12

To investigate stereochemistry effects of the phosphine groups
on anti-HBV activity, four diastereomerically pure analogs were
prepared. As shown in Scheme 2, chromatographic resolution of
5g afforded diastereomers (SP,S)-5g and (RP,S)-5g. (SP,S)-7g and
(RP,S)-7g were prepared in two steps from (SP,S)-5g and (RP,S)-5g,
respectively. Using 5i as the starting material, (RP,R)-7i and
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Scheme 1. Reagents and conditions: (a) (i) Et2NCHO, (COCl)2, CH2Cl2, reflux, 3 h, (ii) Py, 0 �C, 20 min; (b) TEA, CH2Cl2, �78 �C; (c) AcOH, reflux, 2 h; (d) fumaric acid, MeCN,
reflux, 1 h.

Scheme 2. Reagents: (a) chromatographic resolution; (b) AcOH, reflux, 2 h; (c) fumaric acid, MeCN, reflux, 1 h.

Figure 1. Structures of PMEA (1), adefovir dipivoxil (2) and compounds 7a–i.
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(SP,R)-7i were obtained using a similar method to that described
for compound 7g. The spectroscopic data of 1H and 31P NMR were
used to assign the configuration of the four diastereomers of 7g
and 7i.13 The results are summarized in Table 1.

The target compounds were evaluated for their inhibitory ef-
fects on the replication of HBV in HepG2 2.2.15 cells, as described
previously.14 Viral DNA recovered from the secreted particles in
culture medium was analyzed by real-time PCR using Icycler
(Bio-Rad). Amplification primers were HBVFP: 50-TGT CCT GGT
TAT CGC TGG-30 and HBVRP: 50-CAA ACG GGC AAC ATA CCT T-30.
The TaqMan probe was FAM-50-TGT GTC TGC GGC GTT TTA TCA
T-30-TAMRA. The data was analyzed using Icycler IQ 3.0. IC50,



Table 1
Analytical data of diastereomers of compounds 7g and 7i

Compound MS NMR d (ppm)

1H (C-10 , CH3)b 1H (C-20 , CH3)b 31Pc

(SP,S)-7g 463.1824a 0.94 0.86 21.77
(RP,S)-7g 463.1838a 0.82 0.65 22.02
(RP,R)-7i 463.1834a 0.94 0.86 21.76
(SP,R)-7i 463.1815a 0.82 0.65 21.95

a HRMS (FAB), m/z calcd for C18H29N6O5P [M+Na]+ 463.1835.
b 1H chemical shift was recorded at 300 MHz with a Varian Gemini spectrometer

using tetramethylsilane as an internal standard.
C 31P chemical shift was recorded at 121 MHz using 85% H3PO4 in a coaxial insert

as an external standard.

Table 2
Anti-HBV activity of prodrugs 7a–i

Compound R1 R2 IC50
a (lM) CC50

b (lM) SIc

7a H (rac) Me 0.88 602 683
(SP,S)-7b Me Me 0.51 650 1270
(RP,S)-7b Me Me 0.91 590 649
7c i-Pr (S) Me 0.12 577 4800
7d i-Bu (S) Me 0.32 222 694
7e s-Bu (S) Me 2.21 648 293
7f Bn (S) Me 2.62 726 277
(SP,S)-7g i-Pr (S) Et 3.00 560 187
(RP,S)-7g i-Pr (S) Et 50 468 9
7h i-Pr (S) i-Pr 5.76 592 103
(RP,R)-7i i-Pr (R) Et 50 439 9
(SP,R)-7i i-Pr (R) Et 50 400 8
Adefovir dipivoxil 0.33 555 1680

a IC50 (Concentrations of compounds achieving 50% inhibition of cytoplasmic
HBV-DNA synthesis).

b CC50 (Concentrations of compounds required for 50% extinction of HepG2 2.2.15
cells).

c SI (selectivity index) = CC50/IC50.
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CC50 and SI of these compounds are listed in Table 2. Adefovir dip-
ivoxil was used as a positive control.

In our previous Letter, we reported a series of L-amino acid ester
prodrugs of PMEA with enhanced antiviral activity.15 It is thought
that amino acid esters can be delivered efficiently by human pep-
tide transporter 1. To take advantage of the active transporting
mechanism of amino acids, various amino acid esters were incor-
Figure 2. Possible metaboli
porated into oxazaphosphorine prodrugs of PMEA 7a–i. In L-amino
acid series, all the compounds except 7d showed less cytotoxicity
than adefovir dipivoxil did (Table 2), which suggests that introduc-
tion of an L-amino acid ester moiety at the N-3 position reduces
cytotoxicity, probably because of production of relatively less toxic
metabolites. Incorporation of the unnatural amino acid D-valine led
to production of prodrug 7i, which was more toxic than adefovir
dipivoxil. L-valine prodrug 7c and L-leucine prodrug 7d exhibited
potent anti-HBV activity, with IC50 values of 0.12 and 0.32 lM,
respectively. The most potent compound 7c was nearly three
times more active than the reference compound adefovir dipivoxil.
D-valine prodrug 7i showed no inhibition of HBV replication.
From these results, it appeared that the contribution of amino acid
moieties to anti-HBV activity has the following order of magnitude:
L-valine > L-leucine > L-alanine > glycine > L-isoleucine > L-phenylala-
nine > > D-valine. The poor activity of D-valine prodrug 7i suggests
that the configuration of amino acid is an important determinant
of anti-HBV activity.

Since the L-valine methyl ester 7c emerged as the most active
compound, the effect of ester groups on anti-HBV activity was
examined further. As shown in Table 2, although ethyl ester 7g
and isopropyl ester 7h showed a similar CC50 value to that of the
methyl ester prodrug 7c, their potency as indicated by their IC50

values was diminished 25- and 48-fold, respectively. The de-
creased inhibitory activity was possibly caused by the increased
steric hindrance of the ester groups.

To explore the influence of stereochemistry on anti-HBV activ-
ity, six diastereomerically pure compounds were obtained by
successive applications of column chromatography and crystalliza-
tion. As shown in Table 2, D-valine (SP,S)-7i and (RP,S)-7i showed no
inhibition of HBV replication. For the L-alanine methyl ester ana-
logs, (SP,S)-7b (IC50 = 0.51 lM) and (RP,S)-7b (IC50 = 0.91 lM), there
was a modest preference for the S-phosphor diastereomer. The
same trend was observed for the L-valine ethyl ester 7g in that
(SP,S)-7g displayed more potent anti-HBV activity than (RP,S)-7g.
Based on the data in Table 2, L-valine prodrug 7c was chosen for
further profiling.

It has been reported that adefovir dipivoxil has poor in vitro sta-
bility in plasma, which causes rapid decomposition and decreased
therapeutic index.16 Thus, the in vitro stability of 7c in human
blood and liver microsomes was examined further. Both diastereo-
mers of 7c were stable in plasma (t1/2 >6 h), whereas adefovir
c pathway of (SP,S)-7c.
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dipivoxil displayed poor stability with a half-life of 45 min in hu-
man plasma and microsomes. Although (RP,S)-7c and (SP,S)-7c have
similar stability in plasma, the hydrolysis rate of isomer (SP,S)-7c
(t1/2 = 3.6 h) in human microsomes was faster than that of (RP,S)-
7c (t1/2 >6 h). Moreover, diastereomer (SP,S)-7c was more stable
than adefovir dipivoxil in human blood and liver microsomes.

The possible metabolic pathway for prodrug (SP,S)-7c was
investigated further in human microsomes (Fig. 2). Prodrug
(SP,S)-7c was incubated with human liver microsomes for 6 h and
the metabolites were identified with LC–MS. Oxidation of the car-
bon adjacent to the amide led to the intermediate 8 (LC–MS peak at
12.5 min with an observed mass of 443). Subsequent hydrolysis of
8 afforded the second intermediate 9, which underwent a facile
b-elimination to produce the third intermediate 11 (LC–MS peak
at 17.1 min with an observed mass of 387) and acrolein 10, a
known glutathione scavenger.17 Furthermore, 11 was hydrolyzed
to the parent compound PMEA, which underwent subsequent
phosphorylation to form triphosphate as an HBV polymerase
inhibitor.18 The parent compound PMEA appeared in LC–MS at
4.1 min, which was confirmed by comparison with the authentic
sample. Compound 11 was found to be the major metabolite in hu-
man microsomes.

In summary, we described the synthesis and structure–activity
relationships of a novel class of oxazaphosphorine prodrugs of
PMEA, as highly potent anti-HBV agents with excellent stability
in human plasma. The possible metabolic pathway in human
microsomes for the most potent prodrug 7c was described. The re-
sults suggest that oxazaphosphorine prodrugs of PMEA have signif-
icant potential for treatment of HBV infection. A further study of
the prodrug (SP,S)-7c is underway in our laboratory and will be re-
ported in due course.
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