
Introduction

The phosphonate nucleosides are widely used thera-
peutic agents known to have a broad spectrum of antivi-
ral activity and a few have been reported to have antitu-
mor activity as well. In 1989, De Clercq and Holy reported
that (S)-9-(3-hydroxy-2-phosphonomethoxypropyl)ade-
nine [(S)-HPMPA] had potent and selective activity
against a broad spectrum of DNA viruses, including her-
pes simplex virus types 1 and 2 (HSV-1 and HSV-2), vari-
cella-zoster virus (VZV), thymidine kinase-deficient
(TK�) mutants of HSV and VZV, and human
cytomegalovirus (HCMV) (1). Subsequently, extensive
studies on this molecule, its mode of action, antiviral
effects, analogue synthesis and utility as an antiviral
agent have been conducted.

The phosphonate nucleosides can be regarded as
nucleosides possessing a phosphonate moiety which is
equivalent to a phosphate group of the nucleoside
monophosphate. Nucleoside antiviral agents must be
triphosphorylated intracellularly by viral or cellular kin-
ases to exhibit their antiviral effects. Therefore, the intra-
cellular concentrations of their mono-, di- and triphos-
phates may be related to their inhibitory effect against
viral replication. For example, as the rate of esterase
hydrolysis of the nucleoside monophosphates to nucleo-
sides is increased, their antiviral activities would be
reduced. The phosphonate nucleosides have a strong
covalent bond between the phosphorus atom and the car-
bon atom, resulting in resistance to hydrolysis by esteras-
es. Furthermore, the nucleoside phosphonates bypass
the monophosphorylation step, which may be a critical
step in conversion of nucleoside agents to their active
metabolites, triphosphates, by viral or host cellular
kinases. 

A number of new chemical entities have been
designed and synthesized in the search for new antiviral
agents, of which cidofovir, tenofovir disoproxil fumarate
and adefovir dipivoxil have been introduced for the thera-
py of HCMV, HIV and hepatitis B virus (HBV) infection,
respectively.

This review briefly describes mechanistic aspect of
the phosphonate nucleosides as antiviral agents, the syn-
thesis of important chemical entities, and prodrug
approaches to overcome low permeability and poor oral
bioavailability. In addition, two promising compounds dis-
closed recently, MCC-478 and LB80380, which are in
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Abstract

The phosphonate nucleosides have been exten-
sively studied as potent antiviral agents since (S)-
HPMPA was discovered to exhibit a broad spectrum of
antiviral activity against DNA viruses, such as herpes
simplex virus (HSV), varicella-zoster virus (VZV),
human cytomegalovirus (HCMV) and TK� mutants of
HSV and VZV. The phosphonate nucleosides inhibit
viral replication via a different mode of action from
nucleoside agents such as zidovudine (AZT), lamivu-
dine (3TC), didanosine (ddI), aciclovir (ACV) and pen-
ciclovir. In contrast to nucleoside agents, the phos-
phonate nucleosides are intracellularly metabolized to
active forms. Their diphosphates, which are incorpo-
rated into viral DNA or RNA during DNA or RNA elon-
gation, result in termination of polymerization.
Although the phosphonate nucleosides exhibit a broad
spectrum of antiviral activity, they have low cellular
permeability and low oral bioavailability due to the
negative charges of the phosphonate functionality.
Therefore, prodrug approaches to masking the nega-
tive charges were essential. Three compounds, cido-
fovir ([S]-HPMPC), tenofovir (PMPA) disoproxil
fumarate and adefovir (PMEA) dipivoxil, are currently
marketed for the therapy of HCMV infection in HIV
patients, HIV and hepatitis B virus (HBV), respective-
ly. In addition, MCC-478 (Mitsubishi, Lilly) and LB-
80380 (LG Life Sciences) are currently undergoing
clinical trials evaluating their anti-HBV efficacy.



isomeric compound 8. After separation, 7 and 8 were
subjected to intramolecular cyclization, followed by alka-
line hydrolysis, to produce (S)-HPMPA (3) and the
3�-isomer (11), respectively. The isomeric compound
11 was much less active against various viruses than
(S)-HPMPA. The optimal process for the synthesis of (S)-
HPMPA and (S)-HPMPC (cidofovir, 5) was established
later by Martin et al. (9a, 9b).

In the next phase, the hydroxymethyl moiety at the
2�-carbon of (S)-HPMPA (3) was replaced by a proton to
give 9-(2-phosphonomethoxyethyl)adenine (PMEA,
adefovir, 4) (Fig. 1). The related 9-(2-phosphono-
methoxyethyl)guanine (PMEG) and PME base analogues
were reported by Holy and Rosenberg (5a, 5b). PMEA
and PMEG have antiviral activities against DNA viruses,
as well as retroviruses and hepadnaviruses (6, 7). 

PMEA was prepared by a straightforward route from
readily available 2-acetoxyethoxymethyl chloride (12), as
shown in Scheme 2. The key intermediate, diethyl 2-bro-
moethylmethoxyphosphonate (15), was coupled with
adenine in the presence of sodium hydride, followed by
hydrolysis to afford PMEA (4). 

As shown in Table I, (S)-HPMPA and (S)-HPMPC
show a similarly broad spectrum of antiviral activity
against DNA viruses, including herpesviruses, adeno-
viruses, hepadnaviruses and papovaviruses. In addition,
they exhibit notable antiviral effects against TK� HSV, with
equal efficacy compared to against wild-type HSV-1.
However, they do not inhibit the replication of human
immunodeficiency virus (HIV). (S)-HPMPC (cidofovir;
Gilead), marketed for the treatment of HCMV infection in
HIV patients, exhibits excellent antiviral effects against
wild-type HCMV (EC50 = 0.7 µM), ganciclovir-resistant
(EC50 = 0.94 µM against UL mutants, EC50 = 7.3 µM 

the clinical stage of development for the treatment of HBV
infection, are discussed.

The discovery of the phosphonate
nucleoside (S)-HPMPC

(S)-9-(2�,3�-Dihydroxypropyl)adenine [(S)-DHPA, 1 in
Fig. 1] is an aliphatic acyclic nucleoside analogue that
exhibits a broad spectrum of antiviral activity against DNA
and RNA viruses (vaccinia, herpes simplex, vesicular
stomatitis and measles virus) (2). However, (S)-DHPA
monophosphoric ester (2) has no significant biological
activity in vivo due to its dephosphorylation to (S)-DHPA
(3a).

(S)-9-(3-Hydroxy-2-phosphonomethoxypropyl)ade-
nine [(S)-HPMPA, 3 in Fig. 1] is the first phosphonate
nucleoside and was designed and synthesized to prevent
it from intracellular dephosphorylation by esterases. The
weak phosphoric acid ester bond (�CH2-O-P(O)(OH)2) in
(S)-DHPA monophosphate is replaced by the strong
phosphonomethyl ether bond (�O-CH2-P(O)(OH)2) in (S)-
HPMPA (3a). (S)-HPMPA has potent and selective
inhibitory activities against DNA viruses such as HSV-1
and HSV-2 (EC50 = 1-3 µg/ml), VZV (EC50 = 0.002 µg/ml),
HCMV (EC50 = 0.15 µg/ml) and TK� mutants of HSV-1
(EC50 = 0.7 µg/ ml). However, (S)-HPMPA shows no effect
on normal host cell metabolism at up to > 100 µg/ml (1, 4). 

The first synthesis of (S)-HPMPA was achieved with
(S)-DHPA as a starting material, as shown in Scheme 1
(3a-3d). The phosphonomethyl ether bond on 2�-OH of
(S)-HPMPA was introduced by intramolecular cyclization
of its chloromethanephosphonyl ester (7). 

N6-Protected (S)-DHPA (6) was esterified with
ClCH2P(O)Cl2, followed by hydrolysis with ammonia, to
afford compound 7 as the major product, along with the
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fovir dipivoxil, 17, Fig. 2) has been investigated in clinical
studies in patients with HIV and HBV infection as an oral
prodrug of PMEA. It significantly reduced HIV viral load at
120 mg once daily for 6 months but it was associated
with nephrotoxicity (elevated serum creatinine level,
hypophosphatemia) upon longer periods of treatment
(12). In 2002, adefovir dipivoxil (Hepsera®; Gilead) was

against other mutants) and forscarnet-resistant HCMV
(EC50 = 0.6 µM) (11).

In contrast to (S)-HPMPA and (S)-HPMPC, PMEA
shows excellent antiviral activity against HIV and HBV
(EC50 = 0.2-2.0 µM), but mild to weak activity against
HSV-1, HSV-2, human herpesvirus type 6 (HHV-6),
HCMV and adenoviruses (7, 8, 10). PMEA dipivoxil (ade-
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Table I: Biological activity of PMEA, (S)-HPMPA and (S)-HPMPC.

EC50 (uM) EC50 (uM)

Virus PMEA (S)-HPMPA (S)-HPMPC Virus PMEA (S)-HPMPA (S)-HPMPC

Retrovirus Hepadnavirus
HIV-1 0.2-2.0 > 125 Human HBV 0.2-2.0 1.5 14
Herpesvirus Duck HBV 0.14
HSV-1 26 6.6 7.2 Poxvirus
TK� HSV-1 26 6.6 7.2 Vaccinia >500 2.3 14
HSV-2 26 13 36 Papovavirus
VZV 27 0.14 0.6 Human polyomavirus >180 15 17
EBV 1.1 0.08 0.03 Iridovirus
HHV-6 30 10 14 African swine fever virus 18 0.03 3.6
Adenovirus
Human Ad5 > 400 0.17 0.54
Human Ad8 > 400 0.08 0.06
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lularly to their triphosphate forms, active metabolites. The
triphosphates are incorporated into viral DNA or RNA
during DNA or RNA elongation and terminate the synthe-
sis of DNA or RNA, resulting in inhibition of viral replica-
tion (13).

Acyclic nucleoside agents, such as aciclovir, ganci-
clovir and penciclovir, are active against DNA viruses,
HSV, VZV and HCMV. The first phosphorylation to their
monophosphate is achieved by the HSV/VZV-encoded
thymidine kinase or by the HCMV-encoded protein kin-
ases. Subsequent di- and triphosphorylations are com-
pleted by host cellular kinases to produce the active
forms, their triphosphates (Fig. 3a). In the case of retro-
viruses (HIV) and hepadnaviruses (HBV), all three steps

approved for the treatment of HBV infection, with 10 mg
taken orally once daily being the recommended dose.

Tenofovir (PMPA) disoproxil fumarate (tenofovir DF,
18, Fig. 2) is an oral prodrug of PMPA that is rapidly con-
verted to PMPA following absorption. Tenofovir DF was
approved in 2001 for the treatment of HIV-1 infection at a
dose of 300 mg taken orally once daily. PMPA has
demonstrated activity against both HIV and HBV.

Mechanistic aspects of phosphonate nucleosides

To exhibit antiviral effects, nucleoside agents, includ-
ing acyclic nucleosides, must be phosphorylated intracel-
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HSV and TK� HCMV. The mutants are unable to convert
acyclic nucleosides to their monophosphates due to the
lack of a specific viral thymidine kinase or protein kinase,
and they are therefore resistant to acyclic nucleoside
drugs (aciclovir, penciclovir, ganciclovir and prodrugs).

The mode of action of (S)-HPMPC slightly differs from
that of PMEA. Both compounds are metabolized to their
diphosphates and then incorporated into viral DNA. As
shown in Figure 4a, (S)-HPMPC is converted to (S)-
HPMPC-pp by pyrimidine nucleoside mono- and diphos-
phate kinases. (S)-HPMPC-pp is incorporated into viral
DNA and is also possibly converted to (S)-HPMPC-p-

of phosphorylation of AZT (anti-HIV drug) or 3TC (anti-HIV
and anti-HBV drug) are achieved by host cellular kinases
such as a nucleoside kinase, a nucleoside 5�-monophos-
phate kinase or a 5�-diphosphate kinase, since HIV and
HBV do not have viral-encoded kinases (Fig. 3b).

In contrast to nucleosides, the phosphonate nucleo-
sides bypass the first phosphorylation step and the final
two steps are accomplished by host cellular kinases to
form the diphosphates, which are equivalent to nucleo-
side triphosphates. With the advantage of skipping the
first phosphorylation, (S)-HPMPA shows equally potent
inhibitory activities against both wild-type and mutant TK�
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analogues ([R]-PMP analogues) exhibit excellent anti-
retroviral activity against HIV and HBV and a good toxici-
ty profile. (R)-PMPG (19) (Fig. 5) shows potent anti-HIV
activity (EC50 = 1.0 µM; CC50 > 350 µM) and also exhibits
moderate to weak activity against HCMV and HSV
(EC50 = 16 and 82 µM, respectively) (16b). (R)-9-(2-
Phosphonomethoxylpropyl)adenine ([R]-PMPA, 20)
exhibits excellent inhibition of HIV replication (EC50 =
0.04-5.9 µM depending on the cell line) and no significant
cytotoxicity (CC50 > 300 µM) (17). PMPA was transformed
to the oral prodrug tenofovir DF (18) (Fig. 2) by masking
the phosphoric dianionic charges with a lipophilic group.

Other typical 2�-substituted analogues having antiviral
activity are shown in Figure 5 (18). In general, the
(S)-enantiomers of 2�-modified analogues have relatively
weak antiviral activity compared to the (R)-enantiomers.
Enantioselective synthesis of 2�-substituted analogues
was mainly achieved by using known enantiomeric-
enriched chemicals as starting materials (16b).

The chemically interesting 2�,2�-dimethyl-PMEG (24)
was prepared by a different route (Scheme 3). Reaction
of isobutene and diisopropyl phosphonylmethanol in the
presence of IBr as an electrophile afforded the phospho-
nate, which was converted to the desired 9-[2-methyl-2-
(phosphonomethoxy)propyl]guanine (16a). Compound
24 shows a comparable anti-HBV effect (EC50 = 2.6 µM)
to (R)-PMPG (19) but no activity against HCMV and
HSV-2 at concentrations below 300 µM.

Isosteres of (S)-HPMPC and PMEA

Kim and other groups have worked extensively on
isosteres of (S)-HPMPC and PMEA to identify the struc-
tural limitations for antiviral activity. Variation of the length
of the carbon chain between the purine and the phospho-
nomethoxy functionality demonstrated that 2 carbon
atoms are optimal for antiviral activity against HSV-1,
HSV-2 and HIV-1 (compounds 25, 28, 31, Fig. 6) (20a).
Replacement of the 3�-oxygen with a carbon or sulfur
atom resulted in a total loss of anti-HSV and anti-HIV-1
activity (compounds 26, 27, 29) (20a). Introduction of a
double bond to the alkyl chain significantly reduced antivi-
ral activity against HIV and HSV (compound 30) (23). On

choline, which could function as an intracellular reservoir
of (S)-HPMPC. That may explain the longer lasting antivi-
ral effects of (S)-HPMPC in vivo (13, 14a, 14b). 

On the other hand, it is not yet clear how PMEA is
converted to its active metabolite PMEA-pp, although
this may involve two routes: a two-step process involving
monophosphatase (AMP kinase) or a one-step process
involving 5-phosphoribosyl-1-pyrophosphate synthetase
(PRPP synthetase), as shown in Figure 4b. PMEA-pp is
incorporated into retroviral DNA by reverse transcriptase
and has a relatively longer intracellular half-life compared
to the nucleoside triphosphates AZT-ppp and d4T-ppp.
This longer intracellular half-life may explain the longer
lasting activity of PMEA against retroviruses (13, 15a-
15c).

Chemical modification of (S)-HPMPA and PMEA

2�-Modified-[2-(phosphonomethoxy)ethyl] analogues

The broad spectrum of antiviral activity of (S)-HPMPA
and PMEA has led medicinal chemists to synthesize the
2�-modified analogues and examine their antiviral activi-
ties. Although PMEG exhibits excellent inhibitory activity
against various viruses, including HIV, HBV, HSV and
HCMV (EC50 = 0.2, 0.2, 1.1 and 0.09 µM, respectively)
(16a, 18), it also shows severe cytotoxicity (CC50 = 0.2
µM). Of the 2�-modified PME analogues, 2�-methyl PME
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Prodrugs of PMEA and PMPA

Work to overcome the shortcomings of the phospho-
nate nucleosides such as low cellular permeability and
oral bioavailability has focused on the prodrug approach,
which involves masking the negative charges on the
phosphonate functionality and releasing the parent drug

the other hand, isosteres of d4T (stavudine) monophos-
phate (36) exhibited potent anti-HIV activity comparable
to that of d4T (compound 37) (20d). Isosteres of ganci-
clovir monophosphate (32) exhibited significantly reduced
activity against HSV-1, HSV-2 and HCMV compared to
PMEG (compounds 33, 35) (20b, 20c, 21, 22).

8-Azaguanine analogues and others

Compared to PMEA and (S)-HPMPA, PMPG and
(S)-HPMPG exhibited more potent antiviral activities
against DNA and/ or retroviruses, but they showed high-
er cytotoxicity to the host cells. To reduce the cytotoxicity
while retaining antiviral activity, 8-aza analogues of
PMEG and (R)-PMPG were synthesized and evaluated
against HIV-1 and HIV-2 (19a). PME and (R)-PMP 8-aza-
guanine analogues exhibited low antiviral activity (19b).
8-Azaguanine analogues 38 and 39 (Fig. 7) showed
improved cellular toxicity, but also reduced antiviral
activity 

Recently, Holy reported PME and PMP pyrimidine
analogues and their isomers. PME modified purine ana-
logues were also synthesized and evaluated for antiviral
activity (24a, 24b, 25).
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at the targeted site (29a, 29b). The prodrugs should have
suitable stability for formulation and storage and appro-
priate durability in the gastrointestinal tract.

Both adefovir (PMEA) and cidofovir ([S]-HPMPC) are
dianionic charges at physiological pH due to low pKa
values (26). The dianionic charges of the phosphonate
cause low cell permeability and low oral bioavailability,
which limits the use of these drugs to chronic diseases
such as HIV and HBV. The oral bioavailability of adefovir
was low in animals (10% in mice, 11% in rats, < 1% in
monkeys), as well as in humans (16.4 ± 16%) (26, 28a). 

This low oral bioavailability necessitates the design
and synthesis of oral prodrugs intended to enhance
intestinal absorption. A series of PMEA prodrugs were
synthesized and evaluated for oral bioavailability in rats
(27a,b). Although bis(alkyl)PMEA (40, 41) (Fig. 8) afford-
ed  more than 40% oral bioavailability in rats, the pro-
drugs were incompletely converted to the parent com-
pound PMEA, resulting in low efficacy in vivo.
Bis[(acyloxy)alkyl]PMEA (17, 42, 43) increased oral
bioavailability of PMEA up to 17% in rats and the oral pro-
drug was efficiently cleaved to free PMEA. Among the
bis[(acyloxy)alkyl]PMEA series, the most promising pro-
drug, bis[(pivaloyloxy)methyl]PMEA (17), revealed 17%
and 30% oral bioavailability in rats and monkeys, respec-
tively (28a, 28b). 

In the case of 9-[2-(phosphonomethoxy)propyl]ade-
nine (PMPA), it showed low oral bioavailability in animals,
presumably for the same reason as PMEA: the dianionic
charges. A prodrug approach involving masking the phos-
phonate moiety has been studied by synthesizing and
evaluating methylcarbonate and methylcarbamate pro-
drugs. The pivaloyloxyalkyl ester prodrug (48), like PMEA
dipivoxil, was excluded, because the molecule generates
pivalic acid during the release of free PMEA (Fig. 9).
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of the guanine ring of PMEG retained anti-HBV activity
and exhibited toxicological changes. In addition, the dian-
ionic phosphoric acid functionality was masked with the
bis(2,2,2-trifluoroethyl) group to increase oral bioavailabil-
ity (31a, 31b). MCC-478 and certain related compounds
showed high anti-HBV activity and low cytotoxicity, but no
significant anti-HIV and anti-HSV-1 activities at concen-
trations of up to 34 µM. In particular, MCC-478 shows 10-
fold higher (IC50 = 0.03 µM) anti-HBV activity than PMEA
and is also active against different lamivudine-resistant
mutants, although its potency against the mutants was
decreased by 100-fold (IC50 = 2.6 µM) compared to wild-
type strains (IC50 = 0.03 µM) (32).

Some dialkyl prodrugs of PMEA were not converted in
vivo to PMEA, and the prodrugs showed reduced anti-
HBV activity compared to PMEA in vivo. Also, MCC-478
was metabolized in rats and monkeys to produce two
major metabolites �M1 (52) and M2 (53)� in addition to
the free parent compound F1 (51) (Fig. 11). Unlike alkyl
ester prodrugs of PMEA, the metabolites M1, M2 and F1
show anti-HBV activity which is comparable to that of
MCC-478. Therefore, the anti-HBV activity of the metabo-
lites could contribute to the in vivo efficacy of MCC-478.
Further study on the metabolism and mode of action of

Pivalic acid may decrease carnitine levels in serum at
high doses (12, 30a).

At pH 2.2 and 7.7, values associated with the gas-
trointestinal tract, the chemical stability of methylcarbon-
ate prodrugs of PMPA (18, 44) (Fig. 8) was comparable to
that of PMEA dipivoxil. Oral bioavailabilities of the oral
carbonate PMPA prodrugs 18, 44 and 45 were 20-30% in
dogs, and metabolites other than PMPA were not found.
Methylcarbamate prodrugs (46, 47) (Fig. 8) of PMPA
showed 8.8% oral bioavailability of parent PMPA and
about 10% of intact prodrugs (30a). Methylcarbamate
prodrugs were so stable under physiological conditions
that they were incompletely metabolized to the parent
drug in an appropriate time period, resulting in reduced
efficacy in vivo.

As shown in Figure 9, PMEA dipivoxil and PMPA diso-
proxil may generate formaldehyde and pivalic acid as by-
products from PMEA dipivoxil, and formaldehyde and iso-
propyl alcohol from PMPA disoproxil in the metabolic
process during release of PMEA and PMPA. However,
the generation of toxic formaldehyde may not be of con-
cern at the therapeutic doses.

Recently developed analogues MCC-478
and LB-80380

Recently, two new phosphonate nucleosides (Fig. 10),
MCC-478 (49) (Mitsubishi, Lilly) and LB80380 (50) (LG
Life Sciences), entered clinical studies for the treatment
of HBV infection.

MCC-478 was designed to reduce the severe cytotox-
icity of PMEG (CC50 = 6.5 µM in HB611 cells), although
PMEG showed higher anti-HBV efficacy than PMEA
(18b).  Introduction of an arylthio group into the 6-position
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at concentrations below 30 µM. Compared to PMEA,
which was used as a positive control (EC50 = 2.0 µM),
LB80317 is 4 times more potent against HBV in vitro.

LB80317 has a cyclopropane ring at the 2�-position
of PMEG (25) (Fig. 6). The characteristic cyclopropane
moiety at the 2�-position might play a critical role in the
global conformation of LB80317. The extremely high
potency of anti-HBV activity and therapeutic selectivity
might be attributable to the conformation of LB80317.
Compared to PMEG, LB80317 favors the cis arrange-
ment between the guanine and the phosphorous atom, as
shown in the X-ray structure (Fig. 13).

The cis arrangement between the guanine and the
phosphorous atom may be conformationally similar to
that of natural guanosine monophosphate having a ribose
ring. This cis arrangement would allow efficient phospho-
rylation of LB80317 by human kinases to produce the
active form PMCG diphosphate, which then might be
properly incorporated into DNA during viral replication,
resulting in termination of polymerization.

The compounds LB80317 and LB80380 were synthe-
sized as shown in Scheme 4. The key intermediate,
cyclopropanol (56), was prepared by titanium-mediated
Kulinkovich cyclopropanation in over 80% yield as a white
solid. Etherification of 56 with diisopropyl bro-
momethylphosphonate, followed by sequential desilyla-
tion, mesylation and coupling reaction with 6-chlorogua-
nine, gave compound 60. Finally, hydrolysis of compound
60 in the presence of TMSBr afforded LB80317. 

LB80331 [9-[1-(phosphonomethoxylcyclopropyl)-
methyl]deoxyguanine (PMCDG, 55] (Fig. 12) was much
more potent than LB80317 in an in vivo efficacy study in
transgenic mice treated subcutaneously. This difference
is probably due to the higher cell permeability of LB80331
(35). It is thought that LB80331 may easily permeate the
cell membrane and be metabolized intracellularly to yield
LB80317 in the liver. Like PMEA and PMPA, LB80331

MCC-478 suggested that intracellular diphosphorylation
may not be required to exert anti-HBV activity, unlike
PMEA (33).

LB80380 (50) (Fig. 10) was recently discovered as an
anti-HBV agent by Choi et al. (LG Life Sciences) and is
currently undergoing phase II clinical studies in HBV
patients. LB80380 is an orally active prodrug of
LB80317 [9-[1-(phosphonomethoxylcyclopropyl)methyl]-
guanine (PMCG), 54] (Fig. 12), representative of a novel
class of nucleoside phosphonates, and shows highly
potent, specific and selective anti-HBV activity (34a, 34b).
The parent compound LB80317 blocks HBV replication
with excellent potency (EC50 = 0.5 µM) in primary cultures
of Hep G2 2.2.15 cells. It does not exhibit significant
cytotoxicity in several human cell lines up to 1.0 mM
and does not inhibit the replication of HIV-1 and HSV-1
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lation of the acyclic nucleoside monophosphates to their
parent acyclic nucleosides. They exhibit a broad spec-
trum of antiviral activity against DNA and RNA viruses.
Unlike nucleoside agents, they skip the monophosphory-
lation step to form active metabolites, the diphosphates,
which incorporate into viral DNA or RNA during elonga-
tion to terminate viral replication. Some of the diphos-
phates are only incorporated into viral DNA or RNA, and
do not incorporate into host cell DNA, thereby affording
excellent therapeutic selectivity. A prolonged elimination
in vivo allows infrequent dosing to maintain efficacy: intra-
venous administration every 2 weeks for cidofovir and
once-daily oral dosing for adefovir dipivoxil, tenofovir
disoproxil fumarate and LB80380. The shortcoming of
low oral bioavailability due to the dianionic charges of the
phosphonate has been overcome with prodrug approach-
es masking the dianionic charges. Adefovir dipivoxil is a
promising anti-HBV agent, although nephrotoxicity is a
concern with extended treatment. Tenofovir disoproxil
fumarate is also a potent once-daily anti-HIV agent and is
expected to enhance the cure rate of combination thera-
py with other HIV drugs. LB80380 is much more potent
than adefovir dipivoxil in animal efficacy studies and 

also showed low oral bioavailability (> 5% in rats) due to
the dianionic charges. LB 80331 was modified to the oral
prodrug LB80380 by masking the polar phosphoric acid
functionality with pivalolyoxymethyl (dipivoxil). No mole-
cule other than the parent molecule LB80331 was detect-
ed in plasma after oral administration of LB80380 to rats,
dogs and monkeys, with respective oral bioavailabilities
of 25%, 64% and 15% (36). Efficacy evaluation of
LB80380 in vivo was conducted at oral doses of 5 and 15
mg/kg for 4 weeks in woodchuck hepatitis B virus
(WHBV)-infected woodchucks. The DNA titers of WHBV
were reduced by 108 after 4 weeks of treatment at both
doses and slowly rebounded up to 12 weeks after stop-
ping LB80380 treatment, as shown in Figure 14.

Compared to PMEA dipivoxil (17), which was used as
a positive control, LB80380 (50) showed much better effi-
cacy in vivo. LB80380 has successfully completed phase
I studies and is currently undergoing phase II testing. 

Summary and outlook

The phosphonate nucleosides are an example of
mechanism-based drug design to prevent dephosphory-
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propyl)adenine. US 4659825; d) Holy, A. Phosphonylmethyl ana-
logues of nucleotides and their derivatives: Chemistry and biolo-
gy. Nucleosides & Nucleotides 1987, 6: 147-55.

4. De Clercq, E., Sakuma, T., Baba, M., Pauwels, R., Balzarini,
J., Rosenberg, I., Holy, A. Antiviral activity of phosphonyl-
methoxyalkyl derivatives of purine and pyridines. Antiviral Res
1987, 8: 261-72 (and references cited therein).

5. a) Holy, A., Rosenberg, I. Synthesis of 9-(2-phosphonyl-
methoxyethyl)adenine and related compounds. Coll Czech
Chem Commun 1987, 52: 2801-9; b) Holy, A., Rosenberg, I. 9-
(Phosphonylmethoxyalkyl)adenines, the method of preparation
and itilization thereof. US 4808716.

6. Balzarini, J., Naesens, L., Herdewijn, P. et al. Marked in vivo
antiretrovirus activity of 9-(2-phosphonylmethoxyethyl)adenine,
a selective anti-human immunodeficiency virus agent. Proc Natl
Acad Sci USA 1989, 86: 332-6.

7. Pauwels, R., Balzarini, J., Schols, D. et al. Phosphonyl-
methoxyethyl purine derivatives, a new class of anti-human
immunodeficiency virus agents. Antimicrob Agents Chemother
1988, 32: 1025-30.

8. Yokota, T., Konno, K., Shigeta, S., Holy, A., Balzarini, J., De
Clercq, E. Inhibitory effects of acyclic nucleoside phosphonate
analogues on hepatitis B virus DNA synthesis in HB611 cells.
Antiviral Chem Chemother 1994, 5: 57-63.

9. a) Webb, R. II, Martin, J. A convenient synthesis of (S)-HMPA.
Tetrahedron Lett 1987, 28: 4963-4; b) Webb, R. II, Wos, J.,
Bronson, J., Martin, J. Synthesis of (S)-N 1-(3-hydroxy-2-phos-
phonylmethoxy) propylcytosine, (S)-HPMPC. Tetrahedron Lett
1988, 29: 5475-7.

10. Naesens, L., Snoeck, R., Andrei, G., Balzarini, J., Neyls, J.,
De Clercq, E. HPMPC (cidofovir), PMEA (adefovir) and related
acyclic nucleoside phosphonate analogues: A review of their
pharmacology and clinical potential in the treatment of viral infec-
tions. Antiviral Chem Chemother 1997, 8: 1-23.

appears to be a promising anti-HBV drug with a good tox-
icity profile and no emergence of drug-induced resis-
tance. The new class of phosphonate nucleosides are
therefore important agents for addition to the pool of
antiviral agents, including the acyclic nucleosides. In
addition, studies on the phosphonate nucleosides are
expected to lead to the discovery of safer and more ther-
apeutically effective antiviral drugs, especially for hepati-
tis C virus (HCV) infection. 

Acknowledgements

The authors would like to thank professor Marc M.
Greenberg, Department of Chemistry, Johns Hopkins
University, for proofreading this manuscript.

References

1. De Clercq, E., Holy, A., Rosenberg, I., Sakuma, T., Balzarini,
J., Maudgal, P. A novel selective broad-spectrum anti-DNA virus
agent. Nature 1986, 323: 464-7.

2. De Clercq, E., Descamps, J., De Somer, P., Holy, A. (S)-9-
(2,3-Dihydroxypropyl)adenine: An aliphatic nucleoside analog
with broad-spectrum antiviral activity. Science 1978, 200: 563-4.

3. a) Holy, A., Rosenberg, I. Synthesis of isomeric and enan-
tiomeric O-phosphonylmethyl derivatives of 9-(2,3-dihydrox-
ypropyl)adenine. Coll Czech Chem Commun 1987, 52: 2775-91
(and references cited therein); b) Holy, A., Rosenberg, I.
Synthesis of potential prodrugs and metabolites of 9-(S)-(3-
hydroxy-2-phosphonomethoxypropyl)adenine. Coll Czech Chem
Commun 1987, 52: 2792-800; c) Holy, A., Rosenberg, I., Slama,
K. (Ceskoslovenska akademie). Isomeric O-phosphonylmethyl
derivatives of enantiomeric and racemic 9-(2,3-dihydroxy-

Drugs Fut 2004, 29(2) 175

Fig. 14. In vivo efficacy of LB80380 at 5 and 15 mg/kg/day p.o. for 4 weeks, with 12-week follow-up.



J Med Chem 1991, 34: 2286-94; c) Kim, C., Luh, B., Martin, J.
(S)-9-[4-Hydroxy-3-(phosphonomethoxyl)butyl]guanine. J Med
Chem 1990, 33: 1797-800; d) Kim, C., Luh, B., Martin, J.
Regiospecific and highly stereoselective electrophilic addition to
furanoid glycols: Synthesis of phosphonate nucleotide ana-
logues with potent activity against HIV. J Org Chem 1991, 56:
2642-7.

21. Huffman, J., Sidwell. R., Morrison, A., Coombs, J., Reist, E.
Structure-activity relationship of phosphonic acid analogs of acy-
clovir or ganciclovir against human cytomegalovirus in MCR-5
cells. Nucleosides & Nucleotides 1994, 13: 607-13.

22. Chamberiain, S., Biron, K., Dornsife, R., Averett, D.,
Beauchamp, L., Koazalka, G. An enantiospecific synthesis of the
human cytomegalovirus antiviral agent [(R)-3-((2-amino-1,6-
dihydro-6-oxo-9H-purin-9-yl)methoxy)-4-hydroxybutyl] phospho-
nic acid. J Med Chem 1994, 37: 1371-7.

23. Harnden, M., Parkin, A., Parratt, M., Perkins, R. Novel acy-
clonucleotides: Synthesis and antiviral activity of alkenylphos-
phonic acid derivatives of purines and a pyrimidine. J Med Chem
1993, 36: 1343-55.

24. a) Holy, A., Gunter, J., Dvorakova, H. et al. Structure-antivi-
ral activity relationship in the series of pyrimidine and purine N-
[2-(2-phosphonomethoxy)ethyl] nucleotide analogues. 1.
Derivatives substituted at the carbon atoms of the base. J Med
Chem 1999, 42: 2064-86; b) Holy, A., Votruba, I., Masojidkova,
M. et al. 6-[2-(Phosphonomethoxy)alkoxy]pyrimidines with antivi-
ral activity. J Med Chem 2002, 45: 1918-28. 

25. Balzarini, J., Pannecouque, C., De Clercq, E., Aquaro, S.,
Perno, C., Egberink, H., Holy, A. Antiretrovirus activity of a novel
class of acyclic pyrimidine nucleoside phosphonates. Antimicrob
Agents Chemother 2002, 46: 2185-93.

26. Cundy, K. Clinical pharmacokinetics of the antiviral
nucleotide analogues cidofovir and adefovir. Clin Pharmacokinet
1999, 36: 127-43 (and references cited therein).

27. a) Starrett, J., Tortolani, D., Russell, J., Hitchcock, M.,
Whiterock, V., Martin, J., Mansuri, M. Synthesis, oral bioavail-
ability determination, and in vitro evaluation of prodrugs of the
antiviral agent 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA).
J Med Chem 1994, 37: 1857-64; b) Starrett, J., Mansuri, M.,
Martin, J., Tortolani, D., Bronson, J. Prodrugs of phosphonates.
US 5663159.

28.  a) Cundy, K., Shaw, J., Lee, W. Oral, subcutaneous, and
intramuscular bioavailabilities of the antiviral nucleotide analog
9-(2-phosphonylmethoxyethyl)adenine in cynomolgus monkeys.
Antimicrob Agents Chemother 1994, 38: 365-8; b) Naesens, L.,
Balzarini, J., Bischofberger, N., De Clercq, E. Antiviral activity
and pharmacokinetics in mice of oral bis(pivaloyloxymethyl)-9-
(2-phosphonylmethoxyethyl)adenine, the bis(pivaloyloxy-
methyl)ester prodrug of 9-(2-phosphonylmethoxyethyl)adeniene.
Antimicrob Agents Chemother 1996, 40: 22-8.

29. a) Johns, R. Bischofberger, N. Minireview: Nucleotide pro-
drugs. Antiviral Res 1996, 27: 1-17; b) Krise, J., Stella, V.
Review: Prodrugs of phosphates, phosphonates, and phosphi-
nates. Adv Drug Deliv Rev 1996, 19: 287-310.

30. a) Arimilli, M., Kim, C. Dougherty, J., Mulato, A., Oliyai, R.,
Shaw. J., Cundy, K., Bischofberger, N. Synthesis, in vitro biolog-
ical evaluation and oral bioavailability of 9-[2-(phospho-
nomethoxy)propyl]adenine(PMPA) prodrugs. Antiviral Chem
Chemother 1997, 8: 557-64 (and references cited therein); b)

11. Hitchcock, M., Jaffe, H., Martin, J., Stagg, R. Review:
Cidofovir, a new agent with potent anti-herpesvirus. Antiviral
Chem Chemother 1996, 7: 115-27.

12. Noble, S., Goa, K. Adefovir dipivoxil: AIDS new drug profile.
Drugs 1999, 58: 479-87.

13. De Clercq, E. Reviews: Strategies in the design of antiviral
drugs. Nature Rev Drug Discov 2002, 11: 13-25 (and references
cited therein).

14. a) Neyts, J., De Clercq, E. Mechanism of action of acyclic
nucleoside phosphonates against herpes virus replication.
Biochem Pharmacol 1994, 47: 39-41; b) Xiong, X., Smith, J.,
Chen, M. Effect of incorporation of cidofovir into DNA by human
cytomegarovirus DNA polymerase on DNA elongation.
Antimicrob Agents Chemother 1997, 42: 594-9.

15. a) Balzarini, J., Hao, Z., Herdewijn, P., Johns, D., De Clercq,
E. Intracellular metabolism and mechanism of anti-retrovirus
action of 9-(2-phosphonylmethoxyethyl)adenine, a potent anti-
human immunodeficiency virus compound. Proc Natl Acad Sci
USA 1991, 88: 1499-503; b) Merta, A., Votruba, I., Jindrich, J.
et al. Phosphorylation of 9-(2-phosphonomethoxyethyl)adenine
and 9-(S)-(3-hydroxy-2-phosphonomethoxypropyl)adenine by
AMP(dAMP)kinase from LI120 cells. Biochem Pharmacol 1992,
44: 2067-77; c) Robbins, B., Greenhaw, J., Connelly, M.,
Fridland, A. Metabolic pathways for activation of the antiviral
agent 9-(2-phosphonylmethoxyethyl)adenine in human lymphoid
cells. Antimicrob Agents Chemother 1995, 39: 2304-8.

16. a) Yu, K., Bronson, J., Yang, H., Patick, A. et al. Synthesis
and antiviral activity of methyl derivatives of 9-[2-(phospho-
nomethoxy)ethyl]guanine. J Med Chem 1992, 35: 2958-69; b)
Yu, K., Bronson, J., Yang, H. et al. Synthesis and antiviral activ-
ity of 2�-substituted 9-[2-(phosphonomethoxy)ethyl]guanine ana-
logues. J Med Chem 1993, 35: 2726-38.

17. Balzarini, J., Aquaro, S., Pemo, C., Witvrouw, M., Holy, A.,
De Clercq, E. Activity of (R)-enantiomers of 9-(2-phosphonyl-
methoxypropyl)adenine and 9-(2-phosphonoylmethoxypropyl)-
2,6-diaminopurine against human immunodeficiency virus in
different human cell systems. Biochem Biophys Res Commun
1996, 219: 337-41.

18. a) Dvorakova, H., Masojidkova, M., Holy, A., Balzatini, J.,
Andrei, G., Snoeck, R., De Clercq, E. Synthesis of 2�-
aminomethyl derivatives of N-(2-(phosphonomethoxy)ethyl)-
nucleoside analogues as potent antiviral agents. J Med Chem
1996, 39: 3263-8; b) Yokota, T., Konno, K., Shigeta, S., Holy, A.,
Balzarini, J., De Clercq, E. Inhibitory effects of acyclic nucleoside
phosphonate analogues on hepatitis B virus DNA synthesis in
HB611 cells. Antiviral Chem Chemother 1994, 5: 57-63 (and ref-
erences cited therein).

19. a) Franchetti, P., Sheikha, A., Cappellacci, L. et al. Synthesis
and antiviral activity of 8-aza analogues of chiral [2-(phospho-
methoxy)propyl]guanines. J Med Chem 1995, 38: 4007-13; b)
Holy, A., Dvorakova, H., Jindrich, J. et al. Acyclic nucleotide
analogs derived from 8-azapurines: Synthesis and antiviral activ-
ity. J Med Chem 1996, 39: 4073-88.

20. a) Kim, C., Luh, Y., Misco, P., Bronson, J., Hitchcock, M.,
Ghazzouli, I., Martin, J. Acyclic purine phosphonate analogues
as antiviral agents. Synthesis and structure-activity relationships.
J Med Chem 1990, 33: 1207-13; b) Kim, C., Misco, P., Luh, B.,
Hitchcock, M., Ghazzouli, I., Martin, J. A new class of acyclic
phosphonate nucleotide analogues: Phosphonate isosteres of
acyclovir and ganciclovir monophosphates as antiviral agents.

176 Phosphonate nucleosides as antiviral agents



34. a) Choi, J.-R., Kim, J., Roh, K. et al. (LG Chem. Investment).

Novel acyclic nucleoside phosphonate derivatives, salt thereof

and process the preparation of the same. WO 02057288; b)

Choi, J., Rho, K., Hwang, J. et al. A novel class of phosphonate

nucleoside, 9-[(1-phosphonomethoxycyclopropyl) methyl gua-

nine (PMCG) as a potent and selective anti-HBV agents. J Med

Chem (In press).

35. Choi, J.-R., Hwang, J., Cho, D. et al. Novel phosphonate

nucleosides, LB80317 and its derivatives: Synthesis and anti-

HBV activity. 42nd Intersci Conf Antimicrob Agents Chemother

(September 27-30, San Diego) 2002, Abst F-1688/F-1689.

36. Kim, S., Choi, E. Jung, H. et al. Pharmocokinetic and safety

profiles of LB80380, a novel acyclic phosphonate nucleoside, as

a new anti-HBV drug candidate. 42nd Intersci Conf Antimicrob

Agents Chemother (September 27-30, San Diego) 2002, Abst F-

1693.

37. Kim, J., Cho, Y., Kim, G. In vitro and in vivo activity of

LB80380: A novel acyclic phosphonate nucleoside with potent

anti-HBV activity. 42nd Intersci Conf Antimicrob Agents

Chemother (September 27-30, San Diego) 2002, Abst F-1690.

Spinivas, R., Fridland, A. Notes: Antiviral activities of 9-(R)-2-
phosphonomethoxylpropyl adenine (PMPA) and bis(isopropy-
loxymethylcarbonyl) PMPA against various drug-resistant human
immunodeficiency virus strains. Antimicrob Agents Chemother
1998, 42: 1484-7; c) Gelder, J., Deferme, S., Annaert, P. et al.
Short communication: Increased absorption of the antiviral ester
prodrug tenofovir disoproxil in rat ileum by inhibiting its intestinal
metabolism. Drug Metab Dispos 2000, 28: 1394-6; d) Munger, J.,
Rohloff, M., Schultze, L. Nucleotide analogue composition and
synthesis method. US 5935946.

31. a) Ubasawa, M., Sekiya, K., Takashima, H., Ueda, N., Yuasa,
S., Kamiya, N. Phosphonate nucleotide compounds. US
5840716; b) Sekuja, K., Takashima, H., Ueda, N., Kamiya, N.,
Yuasa, N., Fujimura, Y., Ubasawa, M. 2-Amino-6-arylthio-9-[2-
(phosphonomethoxy)ethyl]purine, bis(2,2,2-trifluoroethyl) esters
as novel HBV-specific antiviral reagents. J Med Chem 2002, 45:
3138-42.

32. One-Nita, S., Kato, N., Shiratori, Y., Carrilho, F., Omata, M.
Novel nucleoside analogue MCC-478 is effective against wild-
type or lamivudine-resistant hepatitis B virus. Antimicrob Agents
Chemother 2002, 46: 2602-5.

33. Kamiya, N., Kubota, A., Iwase, Y., Sekiya, K. Antiviral activi-
ties of MCC-478, a novel and specific inhibitor of hepatitis B
virus. Antimicrob Agents Chemother 2002, 46: 2872-7.

Drugs Fut 2004, 29(2) 177


