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9-[1-(Phosphonomethoxycyclopropyl)methyl]guanine (PMCG, 1), representative of a novel class
of phosphonate nucleosides, blocks HBV replication with excellent potency (EC50 ) 0.5 µM) in
a primary culture of HepG2 2.2.15 cells. It exhibits no significant cytotoxicity in several human
cell lines up to 1.0 mM. It does not inhibit replication of human immunodeficiency virus (HIV-
1) or herpes simplex virus (HSV-1) at 30 µM. Many purine base analogues of 1 also exhibit
inhibitory activity against HBV, but at 30 µM, pyrimidine analogues do not. 1 is 4 times more
potent than 9-[2-(phosphonomethoxy)ethyl]adenine (PMEA), which was used as a positive
control (EC50 ) 2.0 µM). The characteristic cyclopropyl moiety at the 2′-position of 1 was
prepared by titanium-mediated Kulinkovich cyclopropanation. 1 was modified to give the orally
available drug candidate, PMCDG Dipivoxil (2). Compound 2 exhibited excellent efficacy when
administered at 5 mg per kg per day in a study with woodchucks infected with woodchuck
hepatitis B virus (WHBV). Drug candidate 2 has successfully completed phase I clinical trials
and is currently undergoing phase II clinical studies for evaluation of efficacy.

Introduction
Despite extensive vaccinations, the World Health

Organization (WHO) estimates that over 350 million
people are chronically infected by hepatitis B virus
(HBV) throughout the world.1 Although interferon-R
and lamivudine (3-TC) have been used for treatment of
HBV infection, they have a low cure rate and drug
resistance develops, respectively.2,3a,b Several other
nucleoside analogues including phosphonate nucleosides
have been undergoing clinical studies.4a,b For HBV
therapy, the FDA recently approved Adefovir Dipivoxil,
which is a prodrug of the phosphonate nucleoside, 9-[2-
(phosphonomethoxy)ethyl]adenine (PMEA).5a,b PMEA
shows a broad spectrum of antiviral activity and is
effective against HBV, human immunodeficiency virus
(HIV), and also the herpes simplex virus (HSV).6a,b

PMEA has been reported to show kidney toxicity with
longer treatment at higher doses during clinical studies
for HIV therapy.7 Unlike nucleoside agents, a phospho-
nate nucleoside has the advantage of skipping the
requisite first phosphorylation step to reach its active
metabolic form.4a Many PMEA analogues, particularly
9-[2-(phosphonomethoxy)ethyl]guanine (PMEG) and 9-[2-
(phosphonomethoxy)ethyl]-2,6-diaminopurine (PME-
DAP), have a broad spectrum as antiviral agents, and
some of them also exhibit severe cytotoxicity.8a,b

In this article, we describe a novel phosphonate
nucleoside, 9-[1-(phosphonomethoxycyclopropyl)methyl]-
guanine (PMCG, 1), which exhibits a highly potent and
selective anti-HBV activity (EC50 ) 0.5 µM). Its orally
available drug candidate, 9-[1-(phosphonomethoxycy-
clopropyl)methyl]-6-deoxyguanine Dipivoxil (PMCDG
Dipivoxil, 2) (Figure 1) is also described.

Chemistry

PMCG (1) was synthesized in seven steps from
O-silylprotected ethyl glycolate in 17-20% overall yield
as shown in Scheme 1. The key intermediate cyclopro-
panol 4 was prepared by titanium-mediated Kulinkovich
cyclopropanation of ester 3 in over 80% yield as white
solids.9a,b Etherification of 4 with diisopropyl bromom-
ethylphosphonate in the presence of LiOt-Bu in THF
and DMF at 50-60 °C gave the phosphonate 5 in over
70% yield. This etherification was highly dependent on
base and reaction temperature. Desilylation of the
phosphonate 5 with ammonium fluoride, followed by
mesylation and subsequent coupling reaction with
6-chloroguanine, gave 9-substituted isomer 7 in 27%
overall yield; 7% of the corresponding 7-isomer 9 and
1-2% of cyclobutane derivative 10 were also obtained.
Compound 10 may form through a rearrangement in
which 17 solvolyzes to generate cyclopropylmethyl
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Figure 1. Structures of PMCG (1), PMCDG Dipivoxil (2), and
PMEA.
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cation. Subsequent rearrangement affords the cyclobu-
tane cation, which is stabilized by resonance, and the
cyclobutane cation is captured by 6-chloroguanine anion
to produce compound 10 (Figure 2).10a,b

Compound 7 was hydrolyzed with trimethylsilyl
bromide, followed by treatment with 2 N HCl, to afford
1 in quantitative yield.11 9-[1-(Phosphonomethoxycyclo-
propyl)methyl]-6-deoxyguanine (PMCDG, 8) was ob-
tained from 7 in 94% overall yield by hydrogenation in
the presence of Pd and subsequent hydrolysis with
trimethylsilyl bromide. 8 was then converted to an
orally available drug candidate PMCDG Dipivoxil (2)
by etherification with chloromethyl pivalate in the
presence of triethylamine in 1-methyl-2-pyrrolidinone
in 39% yield.12a,b Other derivatives including thymine
derivative 11 were also synthesized by the same pro-
cedure as outlined in Scheme 1.

Result and Discussion

Evaluation of anti-HBV activity of these synthetic
compounds was conducted with HepG2 2.2.15 cells
transfected with the HBV genome.13 As shown in Table
1, 1 and 16 are the most potent (EC50 ) 0.5 µM). The

other modified guanine base analogues also exhibit
moderate to high anti-HBV activity (EC50 ) 1.5-8.0
µM), while the thymine base analogue 11 and 6-ethy-
laminoguanine analogue 14 do not show anti-HBV
activity at 30 µM. Among the modified guanine base
analogues, the anti-HBV activity of 8, 15, and 16 are
comparable to that of 1. Compounds 8, 15, and 16 would
most likely be converted to 1 by oxidation or hydrolysis
inside the cell.14a,b All novel phosphonate nucleoside
analogues show an excellent cellular toxicity profile with
CC50 > 1.0 mM and do not inhibit replication of HIV-1
and HSV-1 at 30 µM.15,16

The potent anti-HBV activity and therapeutic selec-
tivity of these novel phosphonate nucleosides may be
attributable to their conformation. The presence of the
cyclopropyl moiety would play an important role in
controlling the global conformation of the phosphonate
nucleoside. Compared to PMEA or the monophosphate
of acyclic nucleoside agents, 8 containing a cyclopropyl
moiety at the 2′-position strongly favors the cis arrange-
ment between the guanine and the phosphorus atom
as shown in the X-ray structure (Figure 3).

Scheme 1a Synthesis of PMCG (1), PMCDG (8), and PMCDG Dipivoxil (2)

a Reagents and conditions: (a) CH3CH2MgBr, Ti(Oi-Pr)4 (0.25 equiv), THF, 0 °C to 25 °C, 10 h; (b) BrCH2P(O)(Oi-Pr)2, LiOt-Bu, LiI
(cat.), DMF, THF, 60 °C, 4 h; (c) NH4F, MeOH, reflux, 10 h; (d) MsCl, TEA, MDC, 0 °C to 25 °C; (e) 6-chloroguanine, NaH, DMF, 80 °C,
4 h; (f) H2, 5% Pd on C, THF, 1 atm, 18 h; (g) TMSBr, MDC, reflux, 18 h; (h) 2 N HCl, reflux, 6 h; (i) chloromethyl pivalate, TEA,
1-methyl-2-pyrrolidinone, 25 °C, 48 h.

Figure 2. Structures of 9 and 10 and formation of 10.
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Although an X-ray crystallographic analysis of 1 is
not available, its structure is expected to resemble the
global conformation of 8. The cis arrangement between
the guanine and the phosphorus atom may be confor-
mationally similar to the 1′-base and 5′-OH arrange-
ment of natural nucleosides having a ribose ring. The
natural nucleosides have their 1′-base and 5′-OH on the
same side of the ribose ring plane. This cis arrangement
would enhance phosphorylation of PMCG by human
kinase to produce the active form PMCG-diphosphate,
which then may be properly incorporated into DNA
during viral replication, resulting in termination of the
polymerization.17

Although 8 is less potent than 1 in vitro, it exhibits
better pharmacokinetic profiles and much better efficacy
in vivo.18 It may be that 8 easily permeates the cell
membrane and is intracellularly metabolized to yield 1
in the liver. 8 has poor oral bioavailability (>5% in rats)
as expected due to the highly polar nature of the
phosphonic acid. Masking the phosphonic acid function-
ality with Dipivoxil increased its oral bioavailbility to
25% in rats and 60% in dogs.

In conclusion, the introduction of a cyclopropyl moiety
at the 2′-position to restrict conformational mobility of
an acyclic phosphonate nucleoside was shown to result
in highly potent, specific, and selective anti-HBV activ-
ity. The orally available drug candidate PMCDG Dipiv-
oxil (2) is a double prodrug of PMCG (1), which
drastically reduced DNA titers of woodchuck hepatitis
B virus (WHBV) in an in vivo study with woodchucks
at 5 mg/kg per day.19 The drug candidate 2 has suc-
cessfully completed phase I and is currently undergoing
phase II clinical study for evaluation of efficacy in
human.

Experimental Section
Tetrahydrofuran (THF) and methylene dichloride (MDC)

were dried by distillation from sodium/benzophenone and
caclium hydride, respectively. Other commercially available
chemicals and solvents were used without further purification.
Merck silica gel 60 was used for column chromatography. NMR
spectra were recorded on a Bruker ARX-300, Bruker DRX-
400, or JEOL GSX-500. Preparative HPLC for purifications
was performed with Waters Delta Prep-400 using µ-Bondapak
C18 column. HRMS data were obtained with a Q-Tof2 mass
spectrometer (Micromass, Manchester, UK). Elemental analy-
sis for carbon, hydrogen, and nitrogen was determined on a
CE EA-1110 Elemental Analyzer (Italy).

1-({[tert-Butyl(diphenyl)silyl]oxy}methyl)cyclopro-
panol (4). To a solution of ethyl 2-{[tert-butyl(diphenyl)silyl]-
oxy}acetate (3) (150 g, 0.46 mole) in 3 L of THF was added
Ti(Oi-Pr)4 (30 mL, 0.10 mole) at -10 °C. A solution of
ethylmagnesium bromide (365 mL of 3.0 M in THF, 1.09 mole)
was added to the above mixture dropwise for 4 h below 5 °C
under nitrogen. The mixture was allowed to warm to 25 °C
and stirred for 1 h more. The reaction mixture was quenched
by adding water (400 mL) dropwise for 1 h below 10 °C. After
removal of THF, the aqueous layer was extracted with n-
hexane (3 × 500 mL), and the combined extracts were washed
with brine (300 mL) and water (300 mL). The organic layer
was concentrated in vacuo, and the residue was diluted with
n-heptane (150 mL). The solution was slowly stirred to
generate white solids at -5 °C, and the solids were collected
to afford 84 g of cyclopropanol 4. The second crop (30 g) of 4
was obtained from the mother liquor. Total 114 g of the
cyclopropanol 4 (80% yield) was obtained. 1H NMR (400 MHz,
CDCl3): δ 0.43 (dd, J ) 6.8, 5.6 Hz, 2H), 0.77 (dd, J ) 6.8, 5.6
Hz, 2H), 1.01 (s, 9H), 2.69 (s, 1H), 3.68 (s, 2H), 7.43 (m, 6H),
7.69 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 11.8 (2C), 19.8,
27.3 (3C), 56.8, 69.7, 128.2 (4C), 130.2 (2C), 133.9 (2C), 136
(4C). HRMS (M + Na)+: 349.1600 calcd for C20H26O2Si, found
349.1583. Anal. (C20H26O2Si) C, H.

Diisopropyl {[1-({[tert-Butyl(diphenyl)silyl]oxy}meth-
yl)cyclopropyl]oxy}methylphosphonate (5). To a solution
of the cyclopropanol 4 (6.5 g, 20 mmol) in 10 mL of DMF was
added LiI (200 mg, 1.49 mmol) at 25 °C. LiOt-Bu (32.0 mL of
1.0 M solution in THF, 32.0 mmol) and a solution of diisopropyl
bromomethylphosphonate (7.0 g, 27 mmol) in 10 mL of DMF
were slowly and simultaneously added to the above mixture
for 1-2 h at 50-60 °C under nitrogen. The reaction mixture
was quenched by adding water (100 mL), and the organic
solvents were removed in vacuo. The aqueous layer was
extracted with EtOAc (3 × 100 mL). The combined extracts
were washed with brine (100 mL), dried over MgSO4, and

Figure 3. Molecular structures of PMCDG (8) and PMCDG
Dipivoxil (2) from X-ray diffraction study (hydrogen atoms are
omitted for clarity).

Table 1. Anti-HBV Activity and Cytotoxicity of PMCG
Analogues
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concentrated in vacuo. The residue was purified by a silica
gel column chromatography using EtOAc/n-hexane (1/1) to
afford 7.1 g of the phosphonate 5 (70% yield) as a pale yellow
liquid. 1H NMR (300 MHz, CDCl3): δ 0.54 (dd, J ) 7.1, 4.2
Hz, 2H), 0.88 (dd, J ) 7.1, 4.3 Hz, 2H), 1.05 (s, 9H), 1.29 (d, J
) 6.6 Hz, 6H), 1.33 (d, J ) 6.6 Hz, 6H), 3.79 (s, 2H), 3.97 (d,
J ) 9.3 Hz, 2H), 4.71 (m, 2H), 7.43 (m, 6H), 7.67 (m, 4H). 13C
NMR (75 MHz, CDCl3): δ 10.8 (2C), 19.1, 23.8 (d, J ) 4.6 Hz,
2C), 24.0 (d, J ) 3.8 Hz, 2C), 26.7 (3C), 63.6 (d, J ) 168 Hz),
64.4 (d, J ) 15.0 Hz), 67.1, 70.6 (d, J ) 7.5 Hz, 2C), 127.6
(4C), 129.6 (2C), 133.1 (2C), 135.5 (4C).

Diisopropyl {[1-(Hydroxymethyl)cyclopropyl]oxy}-
methylphosphonate (6). To a solution of the phosphonate 5
(8.3 g, 16.5 mmol) in 100 mL of MeOH was added ammonium
fluoride (3.1 g, 83.4 mmol). The mixture was heated under
reflux for 4 h. After removal of MeOH, the residue was directly
purified by a silica gel column chromatography using MeOH/
MDC (1/20) to afford 3.6 g of the phosphonate 6 (82% yield)
as a colorless liquid. 1H NMR (400 MHz, CDCl3): δ 0.62 (t, J
) 5.6 Hz, 2H), 0.89 (d, J ) 5.6 Hz, 2H), 1.35 (d, J ) 6.4 Hz,
12H), 3.66 (s, 2H), 3.86 (d, J ) 8.0 Hz, 2H), 4.78 (m, 2H). 13C
NMR (75 MHz, CDCl3): δ 11.2 (2C), 23.8 (d, J ) 4.5 Hz, 2C),
23.9 (d, J ) 3.8 Hz, 2C), 62.3 (d, J ) 172 Hz), 65.9, 71.3 (d, J
) 6.8, 2C). HRMS (M+): 267.1361 calcd for C11H23O5P, found
267.1368. Anal. (C11H23O5P) C, H.

{1-[(Diisopropylphosphoryl)methoxy]cyclopropyl}-
methyl Methanesulfonate (17). To a solution of the phos-
phonate 6 (1.5 g, 5.6 mmol) in 50 mL of MDC were added
methansulfonyl chloride (0.84 g, 7.3 mmol) and triethylamine
(0.85 g, 8.4 mmol) at 0 °C. The mixture was stirred for 30 min
at 25 °C and then quenched with saturated NH4Cl. The organic
layer was washed with brine (20 mL), dried over MgSO4, and
concentrated in vacuo. The residue was purified by a flash
silica gel column chromatography using EtOAc/n-hexane (1/
1) to afford 1.64 g of the methansulfonate 17 (85% yield). 1H
NMR (500 MHz, CDCl3): δ 0.77 (t, J ) 6.0 Hz, 2H), 1.10 (d, J
) 6.0 Hz, 2H), 1.31 (t, J ) 5.0 Hz, 12H), 3.10 (s, 3H), 3.86 (d,
J ) 10.0 Hz, 2H), 4.33 (s, 2H), 4.70 (m, 2H). MS (ESI): 421
(MH)+.

Diisopropyl ({1-[(2-Amino-6-chloro-9H-purin-9-yl)meth-
yl]cyclopropyl}oxy)methylphosphonate (7). To a suspen-
sion of 2-amino-6-chloro-9H-purine (773 mg, 4.6 mmol) in 10
mL of DMF was added NaH (219 mg, 5.47 mmol) at 25 °C
and stirred for 30 min. A solution of the methansulfonate 17
(1.63 g, 4.7 mmol) in 10 mL of DMF at 25 °C was added to the
above mixture and stirred at 80 °C for 4 h. The reaction
mixture was quenched with saturated NH4Cl at 25 °C. After
removal of DMF in vacuo, the aqueous layer was extracted
with EtOAc (3 × 50 mL). The combined extracts were washed
with brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by a flash silica gel column chromatog-
raphy using MeOH/MDC (1/20) to afford 765 mg of 7 (39%
yield), 130 mg of 9 (7.0%), and 20 mg of 10 (1.0%). 1H NMR
(400 MHz, CDCl3): δ 0.86 (t, J ) 6.8 Hz, 2H), 1.03 (t, J ) 6.8
Hz, 2H), 1.26 (d, J ) 6.0 Hz, 6H), 1.31 (d, J ) 6.0 Hz, 6H),
3.84 (d, J ) 8.0 Hz, 2H), 4.23 (s, 2H), 4.71 (m, 2H), 5.20 (s,
2H), 8.17 (s, 1H). 13C NMR (100 MHz, CDCl3): δ11.2 (2C), 23.8
(d, J ) 4.5 Hz, 2C), 23.9 (d, J ) 3.8 Hz, 2C), 62.3 (d, J ) 172
Hz), 65.9, 71.3 (d, J ) 6.8 Hz, 2C). HRMS (M+): 418.1411 calcd
for C11H23O5P, found 418.1412. Anal.(C16H25N5O4P) C, H, N.

Diisopropyl ({1-[(2-Amino-6-chloro-7H-purin-7-yl)meth-
yl]cyclopropyl}oxy)methylphosphonate (9). 1H NMR (400
MHz, CDCl3): δ 0.85 (br t, 2H), 1.11 (br t, 2H), 1.29 (d, J )
8.0 Hz, 6H), 1.32 (d, J ) 8.0 Hz, 6H), 3.76 (d, J ) 12.0 Hz,
2H), 4.55 (s, 2H), 4.73 (m, 2H), 5.01 (s, 2H), 8.50 (s, 1H). MS
m/e (M+): 418.

Diisopropyl {[1-(2-Amino-6-chloro-9H-purin-9-yl)cyclo-
butyl]oxy}methylphosphonate (10). 1H NMR (300 MHz,
CDCl3): δ 1.27 (d, J ) 5.7 Hz, 6H), 1.30 (d, J ) 5.7 Hz, 6H),
1.95 (m, 1H), 2.10 (m, 1H), 2.78 (m, 2H), 2.95 (m, 2H), 3.52 (d,
J ) 11.1 Hz, 2H), 4.55 (s, 2H), 4.73 (m, 2H), 5.01 (s, 2H), 8.50
(s, 1H). 13C NMR (75 MHz, CDCl3): δ 13.8, 23.8 (4C), 32.8 (2C),
58.7 (d, J ) 200 Hz), 71.4 (2C), 90.0, 125.8, 140.5, 151.6, 154.0,
159.0. MS m/e (M+): 418.

({1-[(2-Amino-6-chloro-9H-purin-9-yl)methyl]cyclo-
propyl}oxy)methylphosphonic Acid (15). To a solution of
the phosphonate 7 (765 mg, 1.8 mmol) in 85 mL of MDC was
added trimethylsilyl bromide (5.6 g, 36.6 mmol). The mixture
was heated under reflux for 18 h and then concentrated in
vacuo. The residue was partitioned between MDC and water.
The aqueous layer was freeze-dried to afford 600 mg of the
phosphonic acid 15 (100% yield) as pale yellowish solids. 1H
NMR (500 MHz, MeOH-d4): δ 0.99 (br s, 2H), 1.03 (br s, 2H),
3.92 (d, J ) 10.0 Hz, 2H), 4.50 (s, 2H), 9.29 (s, 1H). Purity:
HPLC analysis.

({1-[(2-Amino-6-hydroxy-9H-purin-9-yl)methyl]-
cyclopropyl}oxy)methyl phosphonic Acid (PMCG, 1). A
solution of the phosphonic acid 15 (820 mg, 2.4 mmol) in 20.0
mL of 2 N HCl was heated under reflux for 6 h and then was
freeze-dried. The residue was recrystallized from MeOH to
afford 740 mg of PMCG-monohydrogen bromide as white
solids. 1H NMR (400 MHz, DMSO-d6): δ 0.92 (br q, 4H), 3.74
(d, J ) 10.0 Hz, 2H), 4.30 (s, 2H), 6.98 (br s, 2H), 7.0-8.5 (br,
2H), 8.98 (s, 1H), 11.33 (s, 1H). 13C NMR (100 MHz, DMSO-
d6): δ 11.2 (2C), 46.7, 62.70 (d, J ) 6.0 Hz), 63.0 (d, J ) 159.0
Hz), 109.4, 137.7, 150.2, 154.2, 155.0. HRMS (M+): 316.0811
calcd for C10H14N5O5P, found 316.0810. Anal. Calcd for
(C10H14N5O5P‚HBr): C, 30.32; H, 3.82; N, 17.68. found: C,
30.20; H, 4.13; N, 17.16.

Diisopropyl ({1-[(2-Amino-9H-purin-9-yl)methyl]cyclo-
propyl}oxy)methylphosphonate (18). To a solution of the
phosphonate 7 (150 mg, 0.36 mmol) in 15.0 mL of THF was
added 5 wt % palladium on carbon (15 mg). The mixture was
hydrogenated under H2 atmosphere for 18 h. The Pd on C was
filtered out through a Celite, and the filtrate was concentrated
in vacuo, which was purified by a silica gel column chroma-
tography to afford 130 mg of 18 (94% yield) as white solids.
1H NMR (500 MHz, CDCl3): δ 0.86 (t, J ) 6.5 Hz, 2H), 1.03
(t, J ) 6.5 Hz, 2H), 1.23 (d, J ) 6.5 Hz, 6H), 1.30 (d, J ) 6.5
Hz, 6H), 3.83 (d, J ) 8.0 Hz, 2H), 4.23 (s, 2H), 4.71 (m, 2H),
5.20 (s, 2H), 8.17 (s, 1H).

({1-[(2-Amino-9H-purin-9-yl)methyl]cyclopropyl}oxy)-
methylphosphonic Acid (PMCDG, 8). To a solution of the
phosphonate 18 (130 mg, 0.34 mmol) in 10 mL of MDC was
added trimethylsilyl bromide (560 mg, 3.7 mmol). The mixture
was heated under reflux for 18 h and then concentrated in
vacuo. The residue was partitioned between MDC and water.
The aqueous layer was freeze-dried to afford 91 mg of 8 (89.5%
yield) as yellowish solids. The compound was recrystallized
from water for X-ray crystallography. 1H NMR (400 MHz,
DMSO-d6): δ 0.92 (br q, 4H), 3.76 (d, J ) 12.0 Hz, 2H), 4.33
(s, 2H), 8.0 (br s, 2H), 8.74 (s, 1H), 9.00 (s, 1H). 13C NMR (100
MHz, DMSO-d6): δ 11.6 (2C), 45.9, 62.9 (d, J ) 15.0 Hz), 63.0
(d, J ) 161 Hz), 125.6, 139.1, 149.8, 154.2, 157.1. HRMS
(MH+): 300.0862 calcd for C10H14N5O4P, found 300.0872. Anal.
(C10H14N5O4P‚H2O) C, H, N.

({1-[(2-Amino-9H-purin-9-yl)methyl]cyclopropyl}oxy)-
methylphosphonic Acid Dipivoxyl (PMCDG Dipivoxyl,
2). To a solution of 8 (42.8 g, 143 mmol) in 257 mL of 1-methyl-
2-pyrrolidinone was added TEA (43.4 g, 430 mmol) at 60 °C
and stirred for 30 min at the same temperature. Chloromethyl
pivaloate (64.6 g, 429 mmol) was added the above mixture for
20 min and stirred for 48 h at 25 °C. The reaction mixture
was diluted with EtOAc (640 mL) and water (1000 mL). After
separation of the organic layer, the aqueous layer was back
extracted with EtOAc (640 mL). The combined organic layers
were washed water (3 × 600 mL) and brine, dried over MgSO4,
and concentrated in vacuo. The residue was diluted with
diethyl ether (210 mL) and stored for 12 h at -4 °C to afford
29 g of 2 (38.5% yield) as white solids. mp: 92 °C. 1H NMR
(400 MHz, CDCl3): δ 0.89 (br t, 2H), 1.06 (br t, 2H), 1.21 (s,
18H), 3.97 (d, J ) 10.0 Hz, 2H), 4.23 (s, 2H), 5.0 (br s, 2H),
5.62 (m, 2H), 8.01 (s, 1H), 8.68 (s, 1H). 13C NMR (100 MHz,
CDCl3): δ 12.3 (2C), 26.7 (6C), 38.6 (2C), 46.0, 62.1 (d, J )
170 Hz), 64.1 (d, J ) 15.0 Hz), 81.6 (d, J ) 6.0 Hz, 2C), 127.6,
143.0, 149.4, 153.4, 158.9, 176.6 (2C). HRMS (MH+): 528.2223
calcd for C10H14N5O4P, found 528.2233. Anal. (C22H34N5O8P)
C, H, N.
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[(1-[{[5-Methyl-2,4-dioxo-3,4-dihydro-1(2H)-pyrimidinyl]-
methyl}cyclopropyl]oxy) methylphosphonic Acid (11).
1H NMR (500 MHz, MeOH-d4): δ 0.82 (br s, 2H), 0.96 (br s,
2H), 1.87 (s, 3H), 3.81 (d, J ) 10.5 Hz, 2H), 3.96 (s, 2H), 7.57
(s, 1H). HRMS (MH+): 291.0743 calcd for C10H15N2O6P, found
291.0746. Purity: HPLC analysis.

({1-[(6-Amino-9H-purin-9-yl)methyl]cyclopropyl}oxy)-
methylphosphonic Acid (PMCA, 12). 1H NMR (400 MHz,
DMSO-d6): δ 0.92 (br s, 4H), 3.76 (d, J ) 8.0 Hz, 2H), 4.47 (s,
2H), 8.49 (s, 1H), 8.63 (s, 1H), 8.86 (br s, 2H), 9.50 (br s, 2 H).
13C NMR (100 MHz, DMSO-d6): δ 11.2 (2C), 45.8, 62.7 (d, J
) 14.0 Hz), 62.4 (d, J ) 161 Hz), 117.2 143.9, 144.5, 148.2,
149.6. HRMS (MH+): 300.0867 calcd for C10H14N5O4P, found
300.0862. Purity: HPLC analysis.

({1-[(2-Amino-6-methyl-9H-purin-9-yl)methyl]-
cyclopropyl}oxy)methylphosphonic Acid (13). To a sus-
pension of ZnBr2 (53 mg, 0.24 mmol) in 2 mL of THF was
added methylmagnesium bromide (0.08 mL of 3.0 M solution
in diethyl ether, 0.24 mmol) at -78 °C. The mixture was
warmed to 25 °C and stirred for 1 h. Pd(PPh3)4 (14 mg, 0.012
mmol) and a solution of the compound 7 (50 mg, 0.12 mmol)
in 1 mL of THF were sequentially added to the above mixture.
The resulting mixture was heated under reflux for 1 h. After
removal of the solvent, the residue was partitioned between
EtOAc and water. The organic layer was dried over MgSO4

and concentrated in vacuo. The residue was purified by a flash
silica gel column chromatography using MeOH/MDC (1/20) to
afford 20 mg (42% yield) of diisopropyl ({1-[(2-amino-6-methyl-
9H-purin-9-yl)methyl]cyclopropyl}oxy)methylphosphonate. 1H
NMR (500 MHz, CDCl3): δ 0.95 (br s, 2H), 0.98 (br s, 2H),
1.17 (d, J ) 6.0 Hz, 6H), 1.23 (d, J ) 6.0 Hz, 6H), 2.59 (s, 3H),
4.02 (d, J ) 10.6 Hz, 2H), 4.32 (s, 2H), 4.59 (m, 2H), 8.12 (s,
1H). MS (ES): m/z 400 (MH+).

To a solution of the above phosphonate (20 mg, 0.05 mmol)
in 10 mL of MDC was added trimethylsilyl bromide (0.2 mL,
1.5 mmol) and heated under reflux for 12 h. The reaction
mixture was partitioned between MDC and water. The aque-
ous layer was freeze-dried, and the residue was purified by
HPLC to afford 8.5 mg of the compound 13 (53% yield). 1H
NMR (500 MHz, MeOH-d4 + D2O): δ 0.87 (br s, 2H), 1.02 (br
s, 2H), 2.72 (s, 3H), 3.80 (br d, 2H), 4.53 (s, 2H), 8.12 (s, 1H).
HRMS (MH+): 314.1018 calcd for C11H16N5O4P, found 314.1014.
Purity: HPLC analysis.

({1-[(2-Amino-6-ethylamino-9H-purin-9-yl)methyl]-
cyclopropyl}oxy)methylphosphonic Acid (14). 1H NMR
(500 MHz, MeOH-d4): δ 0.89 (br s, 2H), 1.04 (br s, 2H), 1.32
(t, J ) 7.5 Hz, 3H), 3.59 (br s, 2H), 3.89 (d, J ) 10.5 Hz, 2H),
4.35 (br s, 2H), 7.95 (s, 1H). HRMS (MH+): 343.1284 calcd for
C12H19N6O4P, found 343.1281. Purity: HPLC analysis.

({1-[(2-Amino-6-ethoxy-9H-purin-9-yl)methyl]-
cyclopropyl}oxy)methylphosphonic Acid (16). To a solu-
tion of the compound 7 (700 mg, 1.68 mmol) in 10 mL of
ethanol were added triethylamine (203.4 mg, 2.1 mmol) and
NaOEt (312 mg, 5.0 mmol). The resulting mixture was heated
under reflux for 4 h. After removal of the solvent, the residue
was partitioned between water and MDC. The organic layer
was washed with brine, dried over MgSO4, and concentrated
in vacuo. The residue was purified by a flash silica gel column
chromatography using MeOH/MDC (1/33) to afford 705 mg
(93% yield) of diisopropyl ({1-[(2-amino-6-ethoxy-9H-purin-9-
yl)methyl]cyclopropyl}oxy)methylphosphonate (93% yield) as
a yellowish solid. 1H NMR (500 MHz, CDCl3): δ 0.84 (t, J )
8.0 Hz, 2H), 1.02 (t, J ) 8.0 Hz, 2H), 1.25 (d, J ) 6.0 Hz, 6H),
1.30 (d, J ) 6.0 Hz, 6H), 1.46 (t, J ) 7.0 Hz, 3H), 3.82 (d, J )
10.0 Hz, 2H), 4.20 (s, 2H), 4.56 (q, J ) 7.0 Hz, 2H), 4.59 (m,
2H), 4.77 (br s, 2H), 7.91 (s, 1H). 13C NMR (100 MHz, CDCl3):
δ 12 (2C), 14.3, 23.6 (d, J ) 5.0 Hz, 2C), 23.7 (d, J ) 3.0 Hz,
2C), 45.8, 62.3, 62.4 (d, J ) 170 Hz), 63.5 (d, J ) 15 Hz), 70.9,
71.1, 114.8, 142.8, 150.7, 154.0, 159.0, 161.0. MS (ES): m/z
428 (MH+). To a solution of the above phosphonate (100 mg,
0.23 mmol) in 8.0 mL of MDC was added trimethylsilyl
bromide (358 mg, 2.34 mmol). The mixture was heated under
reflux for 4 h and then concentrated in vacuo. The residue was
purified by HPLC to afford 30 mg of 16 (39% yield) and 22 mg

of 1 (30% yield). 1H NMR (500 MHz, MeOH-d4): δ 0.88 (br s,
2H), 1.02 (br s, 2H), 1.45 (t, J ) 7.0 Hz, 3H), 3.81 (d, J ) 10.0
Hz, 2H), 4.39 (s, 2H), 4.60 (d, J ) 7.0 Hz, 2H), 8.33 (s, 1H).
13C NMR (150 MHz, MeOH-d4): δ 6.0 (2C), 8.9, 23.6, 58.9, 59.5
(d, J ) 12.0 Hz), 58.6 (d, J ) 150 Hz), 107.3, 135.9, 145.7,
154.8, 156.8. MS (ES): m/z 344 (MH+). Purity: HPLC analysis.

Procedure To Evaluate Anti-HBV Activity and Cyto-
toxicity. Anti-HBV Activity. The compounds listed above
were evaluated for anti-HBV activity, referring to the article.13

The HepG2 2.2.15 cells, hepatitis B virus (HBV) producing cell
line, were cultured at 37 °C in Dulbecco’s Modified Eagle’s
Medium (DMEM; GIBCOBRL) supplemented with 10% fetal
bovine serum (FBS, Life Technologies), 1% Antibiotic-Anti-
mycotics (ABAM, GIBCOBRL), and 400 µg/mL Geneticin
(GIBCOBRL) in the presence of 5% CO2. The HepG2 2.2.15
cells were plated at a density of 1.5 × 104 cells/well on 96-well
plates and incubated for 2 days. When confluence was about
80-90%, the media were replaced with fresh DMEM contain-
ing 2% FBS, 1% ABAM, and 400 µg/mL G 418. The synthetic
compounds with concentrations of 100, 20, 4, 0.8, 0.16, and 0
µM were treated every other day for 9 days. On day 10 the
culture media were collected, boiled, and diluted serially. The
samples were analyzed by real-time PCR using a Rotor-Gene
2000 (Corbett Research, Austraslia). Amplification primers
were HBV2005F (5′-TCA GCT CTG TAT CGG GAA GCC TTA
G-3′) and HBV2122R (5′-CAC CCA CCC AGG TAG CTA GAG
TCA-3′), and TaqMan probe was 5′-6-FAM-CCT CAC CAT
ACT GCA CTC AGG CAA-BHQ-1-3′. The dual-labeled fluo-
rescent probe was purchased from Biosearch Technologies, Inc.
PCR samples were denatured for 10 min at 94 °C, followed by
40 cycles of 94° C for 30 s, 55 °C for 30 s, and 86 °C for 30 s.
Emitting fluorescence was detected at 86 °C and the data
analyzed statistically using PRISM (GraphPad Software, Inc.).

Cytotoxicity. The 50% cytotoxic concentration of each
compound was determined in HepG2 2.2.15 cell line. After
compounds treatments for the evaluation of anti-HBV activity,
each well of the 96-well plate was treated with 0.5 mg/mL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazdium bromide
(MTT) and incubated for 2 h at 37 °C. At the end of the
incubation period, the medium was removed, and the con-
verted dye was solubilized with acidic isopropyl alcohol (0.05%
HCl in 95% isopropyl alcohol). The metabolized formazan
reduction product was colorimetrically measured at 490 nm.
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