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Carbocyclic R,γ-bis(nucleoside)-5,5′-triphosphonates and R,δ-bis(nucleoside)-5,5′-tetraphospho-
nates (Ap4A and Gp4G) analogues were shown to be a new type of terminating substrate of
HIV reverse transcriptase. They effectively inhibited the DNA synthesis catalyzed by this
enzyme in model cell-free systems, but their antiviral activity both in Rat1 fibroblast cell culture
bearing MLV reverse transcriptase and in HIV-infected MT-4 cells was low. When a liposome
delivery system was used, the antiviral efficacy of the compounds under study was increased.

Introduction

DNA polymerases represent a large group of enzymes
catalyzing DNA biosynthesis. These enzymes occur in
cells of all types, including mammalian and bacterial
cells and viruses. The importance of the study of these
enzymes was dramatically increased during the past
decades, when the outburst of various viral diseases
required new effective drugs.

Constructive blocks for the DNA extension are 2′-
deoxynucleoside 5′-monophosphates, which are gener-
ated from 2′-deoxynucleoside 5′-triphosphates (dNTP)
in the process of the DNA polymerase catalyzed reaction
of DNA synthesis. Numerous studies showed that
proper modifications in the dNTP structure allow
discrimination of DNA polymerases of different origin,
particularly, human and viral ones. For example, modi-
fications in the sugar moiety of thymidine, 2′-deoxycy-
tidine, and 2′-deoxyinosine resulted in the design of
drugs widely used currently in anti-AIDS therapy.
These compounds inhibit HIV DNA polymerase (reverse
transcriptase) but only little affect human enzymes.1-4

However, the efficacy of these drugs is low enough
because of the necessity of their intracellular triphos-
phorylation.5,6 The use of phosphorylated forms of
antiviral nucleosides could shorten or even exclude
these transformations of the antiviral nucleoside-based
agents.

It was earlier demonstrated in our laboratory that the
functionalization of the γ-phosphate in dNTPs (for
example, esterification or its replacement with phos-

phonate groups) did not prevent the recognition of these
compounds by HIV reverse transcriptase and increased
the selectivity of incorporation.7 Moreover, R,γ-bis-
(nucleoside)-5,5′-triphosphonates, which can be re-
garded as γ-modified nucleoside 5′-triphosphates, also
displayed good substrate properties toward some human
and bacterial DNA polymerases and HIV reverse tran-
scriptase.8 We also showed that some triphosphonates
of carbocyclic nucleoside analogues were selective in-
hibitors of DNA synthesis catalyzed by HIV reverse
transcriptase but were only moderately active in anti-
viral tests.9

We present in this work the synthesis of dinucleotide
polyphosphate analogues bearing a cyclopentenyl resi-
due as a glycone and phosphonate residues in place of
phosphate ones (I-IV) and the evaluation of their
substrate potency toward HIV reverse transcriptase in
comparison with that of the corresponding nucleoside
triphosphate mimetics (V-VI) (Chart 1). We also stud-
ied the inhibition of pSG1 virus replication in rat Rat1
fibroblasts by compounds I-IV and evaluated their
antiviral properties in MT-4 cells infected with HIV
using free or liposome-encapsulated forms of the com-
pounds under study.

† This paper is dedicated to the late Prof. A. A. Krayevsky.
* To whom correspondence should be addressed. Phone: +7 (095)

135-1405. Fax: +7 (095) 135-1405. E-mail: eash@chat.ru.
‡ Engelhardt Institute of Molecular Biology, Russian Academy of

Sciences.
§ Moscow Center for Medical Studies of University of Oslo.
| Institute of Experimental Cardiology, National Cardiology Re-

search Center.
⊥ RC Virology and Biotechnology “Vector”.

Chart 1

1284 J. Med. Chem. 2002, 45, 1284-1291

10.1021/jm011011l CCC: $22.00 © 2002 American Chemical Society
Published on Web 02/19/2002



Results

Chemistry. We describe herein the synthesis of new
carbocyclic R,γ-bis(nucleoside)-5,5′-triphosphonates and
R,δ-bis(nucleoside)-5,5′-tetraphosphonates analogues.
Previously, for the preparation of diadenosine tetra-
phosphate analogues bearing â,γ-methylene or â,γ-
dihalomethylene bridges, various procedures were
used.10-14 We performed the achiral synthesis of target
dinucleoside polyphosphonates I and II in either a one-
step or a two-step procedure using the corresponding
monophosphonates VII and VIII as key intermediates
and 1,1′-carbonyldiimidazole (CDI) as an activating
agent (Scheme 1). The formation of the side dimer (the
corresponding dinucleoside R,R′-diphosphonate) was
minimal when the molar excess of CDI was more than
8. Higher yields of the target dinucleoside tetraphos-
phonates (I and II) were obtained when the correspond-
ing monophosphonates (VII, VIII), rather than diphos-
phonic acids, were activated. In the one-step procedure,
we varied the molar ratio of starting VII or VIII to
diphosphonic acid, trying to achieve the maximum yield
of dinucleoside I or II. When this ratio was 1:0.5, the
overall yield of dinucleoside Ib and triphosphonate
Vb did not exceed 10%, although the target tetra-
phosphonate prevailed. Eventually, in the case of di-
nucleoside Ib, we used a 1.5-fold excess of the diphos-
phonic acid over the corresponding monophosphonate
VII. This allowed the isolation of 31% of Ib and 11% of
Vb.

For the preparation of triphosphonate Vb in a 72%
yield, this ratio was taken as 1:3. It should be mentioned
that dibromomethylene derivatives Ic and IIc were only
obtained in the two-step synthesis, that is, with the
isolation of the corresponding triphosphonates Vc and
VIc followed by their coupling with CDI-activated
monophosphonate VII or VIII.

In the case of carbocyclic adenosine analogues, the
coupling reaction was performed with DMF as a solvent,
whereas for guanine derivatives, we used a 1:2 mixture
of DMF/hexamethylphosphoramide (HMPA). This al-
lowed an increase in the solubility of both the starting
compounds and the products and resulted in an increase
in product yields.

According to the 1H NMR spectra data, the structures
of the targets I and II were close to symmetrical, which
was testified by the presence of one set of signals for
each proton of the base, cyclopentene, and the oligo-
phosphate chain. In the proton-phosphorus decoupled
31P NMR patterns of dinucleosides I and II, two groups
of signals were observed, the first of which (a multiplet
at 10.20-10.40 ppm) was assigned to R- and R′-P atoms,
whereas the other one was characteristic of â- and â′-
phosphorus atoms. It can be mentioned that in the case
of dinucleoside analogue Ib there was fine coupling for
each signal within each group, which may imply the
distortion of symmetry of the molecule. In contrast, the
pattern of parent triphosphonate Vb showed the pres-
ence of a clear doublet at 10.3 ppm (R-P), a doublet of
triplets at 3.8 ppm (â-P), and a doublet of doublets of
triplets at -4.7 ppm (γ-P). NMR spectral data, as well
as mass spectral data, for the other synthesized com-
pounds were also consistent with the proposed struc-
tures.

Substrate Properties of the Compounds under
Study toward HIV Reverse Transcriptase. Com-
pounds I-VI were evaluated as (i) substrates for HIV
reverse transcriptase in a one-step elongation reaction
of primers in primer-template complexes, (ii) inhibitors
of DNA synthesis catalyzed by HIV reverse tran-
scriptase using activated DNA as a primer-template,
(iii) terminating substrates in the DNA sequencing
assay. The dose-dependent incorporation of guanosine
derivatives into the 3′-end of primers (complex A) is
shown in Figure 1. As can be seen, all the compounds
were substrates of HIV reverse transcriptase and could
elongate the primers by one nucleotide although with
different efficacy. The comparison of lanes 13-16 and
5-8 with lanes 1-4 shows that substrate efficacies of
Ia and Va were close to that of the natural substrate
dGTP (lanes 1-4). The introduction of difluoromethyl-
enephosphonate residues Ib and Vb reduced the activity
by at least 1 order of magnitude if compared with the
corresponding pyrophosphonyl phosphonates Ia and Va,
respectively. The introduction of dibromomethylene-
phosphonate fragments Ic and Vc dramatically affected
the activity. The loss of activity for both compounds was
several orders of magnitude, so the compounds became
essentially inactive (data not shown). The efficacy of
diguanosine triphosphonate (III) incorporation into the
DNA chain (lanes 22-24) was lower than that of
tetraphosphonate Ia (lanes 13-16). A similar pattern

Scheme 1

Figure 1. Dose dependence of guanosine derivatives incor-
poration into the 3′-end of 14-mer primer of complex A under
catalysis by HIV reverse transcriptase: Va (lanes 5-8) at
0.001, 0.0025, 0.005, 0.01 µM, respectively; Vb (lanes 9-12)
at 0.01, 0.05, 0.1, 1 µM, respectively; Ia (lanes 13-16) at 0.001,
0.0025, 0.0.005, 0.01 µM, respectively; Ib (lanes 17-20) at 0.02,
0.05, 0.2, 2 µM, respectively; III (lanes 21-24) at 0.02, 0.05,
0.2, 2 µM, respectively; lanes 1-4 show dGTP incorporation
at 0.001, 0.0025, 0.005, 0.01 µM, respectively. Left lane
corresponds to the position of 14-mer primer.
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was found for adenosine derivatives when complex B
was used as primer-template (data not shown).

Table 1 shows the concentrations of the compounds
under study at which the initial rate of DNA synthesis
catalyzed by HIV reverse transcriptase was decreased
by 50%. Evidently, the efficacy of inhibition by the
compounds under study depended on modifications and
corresponded to the efficacy of their incorporation into
the DNA chain (Figure 1). The introduction of a difluo-
romethylenephosphonate group in either guanosine (Ib
and Vb) or adenosine (IIb and VIb) derivatives sharply
increased the concentrations of the compounds neces-
sary for the 50% inhibition of DNA synthesis.

Chain-termination properties of the compounds were
assayed for HIV reverse transcriptase in the presence
of all four dNTPs following Sanger’s procedure.15 Figure
2 presents the dose-dependent pattern of the DNA
synthesis termination by the guanosine derivatives. The
synthesis was performed in the presence of M13mp10
phage DNA annealed with 5′-[32P]-labeled 14-mer primer
(complex B). DNA reaction products were analyzed
using 8% denaturing polyacrylamide gel electrophoresis.
The primer extension patterns in the presence of Va
(lanes 7-9), Vb (10-12), Ia (13-15), and Ib (lanes 16-
18) were similar to the one observed for the reaction
with ddGTP (lanes 4-6). These results imply that the
compounds under study were incorporated into the
growing DNA chain in place of a guanosine residue in
a dose-dependent manner. The subsequent chase con-
taining 50 µM of four dNTPs failed to extend the
terminated primer. Thus, the ability of HIV reverse
transcriptase to incorporate the guanosine oligophos-
phonate derivatives into the growing DNA fragments
was demonstrated, the compound concentrations neces-
sary for the termination of the elongation reaction being
varied with their structure.

Phosphorylation Assay. We studied phosphoryla-
tion of VII and VIII by GMP and AMP kinases,

respectively. Figure 3 shows that these enzymes phos-
phorylated neither of the compounds in vitro, although
the sensitivity of the method used by us allowed the
detection of phosphorylation products in a 104-fold lesser
amount than that of phosphorylation products of natu-
ral AMP and GMP. In addition, phosphonate VIII
demonstrated weak inhibitory properties toward AMP
kinase; the initial rate of AMP phosphorylation was
decreased by 10% at a ratio of VIII to AMP of 10:1. In
the case of compound VII the inhibitory effect was not
found.

Enzymatic Stability. The enzymatic stability of
guanosine derivatives Ia,b was evaluated in human
blood serum as a model of a biologically active medium
containing various types of hydrolyzing enzymes.

As is seen in Figure 4, compound Ib was hydrolyzed
to give two products, monophosphonate VII and triph-
osphonate Vb, both products being accumulated at the
same rate for the first 3 h. The amount of monophos-
phonate VII was constantly increased, and after 22 h,
it was virtually a single product detected in the reaction
mixture. The accumulation profile of triphosphonate Vb
was more intricate. For the first 3 h, its accumulation

Table 1. Substrate Concentrations at Which the DNA
Synthesis Is Inhibited by 50%a

a The rate of incorporation of [R-32P]dGTP or [R-32P]dATP into
DNA was linear with respect to time. The results were averaged
from at least two independent experiments.

Figure 2. Radioautograph of the chain-terminating sequenc-
ing reaction with guanosine derivatives using HIV reverse
transcriptase and M13mp10 phage DNA annealed with [5′-
32P]-14-mer primer (complex B). The letters on the right side
indicate the position of guanosine residues in the DNA chain
after the primer. Lanes 1-3 show the DNA sequence with 1
µM ddATP, 1 µM ddCTP, and 2 µM ddTTP, respectively, lanes
4-6 with 0.2, 1, and 5 µM of ddGTP, lanes 7-9 with 0.2, 1,
and 5 µM of Va, lanes 10-12 with 0.2, 1, and 5 µM of Vb,
lanes 13-15 with 0.2, 1, and 5 µM of Ia, and lanes 16-18 with
0.2, 1, and 5 µM of Ib.

Figure 3. Phosphorylation reaction of VII (lane 5) and VIII
(lane 3) by GMP and AMP kinases, respectively: (lane 1)
[γ-32P]ATP position; (lane 2) [â-32P]ADP after phosphorylation
of AMP by [γ-32P]ATP with AMP-kinase; (lane 3) phosphory-
lation of VIII by AMP-kinase; (lane 4) [â-32P]GDP after
phosphorylation of GMP by [γ-32P]ATP with GMP-kinase; (lane
5) phosphorylation reaction of VII by GMP kinase.
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rate was comparable with that of monophosphonate.
During the next 2-3 h, the amount of Vb remained
essentially the same and then slowly decreased, which
can be accounted for by its own hydrolysis.9 Hydrolysis
of compound Ia proceeded in a similar fashion. On the
basis of HPLC analysis, hydrolysis rate curves were
plotted and half-lives were determined (Table 2). Com-
pounds Ia and Ib demonstrated close enzymatic resis-
tance, which was 1 order of magnitude higher than
that of natural dGTP. The corresponding difluoro-
methylene triphosphosphonate Vb was twice as stable
under the conditions used. It is interesting to note
that the introduction of a â,â′-difluoromethylene frag-
ment in place of the pyrophosphate residue did not
affect the stability of the tested compounds in blood
serum.

Antiviral Properties. Two systems were used for
the evaluation of antiviral activity of compounds I-IV:
(a) Rat1 fibroblast cell culture infected by recombinant
retrovirus pSG1, containing Moloni murine leukemia
reverse transcriptase; (b) MT-4 cells infected with HIV-
1.

As can be seen in Figure 5, the activity of dinucleoside
derivative Ib in Rat1 fibroblast cell culture infected by
pSG1 retrovirus was 3 orders of magnitude lower than
that of AZT, although about 1 order of magnitude higher
than the activity of the corresponding triphosphonate
Vb and monophosphonate VII. For the other dinucle-
otide analogues, the inhibitory concentrations at which
the virus replication was inhibited by 50% essentially

did not differ from the corresponding triphosphonates
and were about 7-10 µM.

The data on antiviral activity of dinucleoside ana-
logues I-IV in MT-4 cells infected with HIV are
presented in Table 3. In this system the differences in
ID50 among the tested compounds were rather signifi-
cant. The most active compounds were diadenosine
tetraphosphonates IIa and IIc. Triphosphonate Vb and
monophosphonate VII did not display any anti-HIV
activity, which is consistent with the results for the
fibroblast cell culture. In contrast, the activity of di-
nucleoside Ib was much lower if compared with the data
for Rat1 cells. It can also be mentioned that there is no
correlation between the antiviral effect and the inhibi-
tion of HIV reverse transcriptase in cell-free systems.

Intracellular Uptake. To estimate the effect of the
penetration of the compounds under investigation on
HIV inhibition into MT-4 cells, we used phosphatidyl-
choline-composed liposomes as a drug delivery system.
Table 3 shows the anti-HIV efficacy of free and lipo-
some-encapsulated compounds. The obtained data dem-
onstrated that the compounds encapsulated into lipo-

Figure 4. Time dependence of tetraphosphonate Ib hydrolysis
in human blood serum. The total amount of the compounds
loaded on the column was taken as 100%. The results are
averaged from three independent experiments.

Table 2. Stability of Dinucleoside Tetraphosphosphonates Ia,b

half-life at 37 °C,b h

compound
retention

time,a min
human blood

serum
phosphate

buffer, pH 7.5

Ia 20.6 ( 0.1 3.0 ( 0.3 12 ( 0.5
Ib 20.0 ( 0.1 3.0 ( 0.3 15 ( 0.5
Vb 16.5 ( 0.1 7.0 ( 0.5 >24
VII 17.0 ( 0.1
dGTP 12.3 ( 0.1 0.30 ( 0.03 >24

a HPLC system was used for the analysis. b Each value was
averaged from at least three independent experiments. Authentic
Vb, VII, and dGTP were taken as controls.

Figure 5. Dose dependence of inhibition of recombinant
retrovirus pSG1 in Rat1 fibroblast cell culture by Ib. The data
are averaged from two independent experiments.

Table 3. Anti-HIV Effect of the Compounds under Study in
MT-4 Cell Culture

compd
CD50,a

µM
ID50

b for free
forms, µM

ID50
b for

liposome-entrapped
forms,c µM

Ia >12 >12 0.5
Ib 84 60
IIa 131 2 1.2
IIc >110 5.4
III 56 9.0
IV 146 6.6
Va 20.5 7.2 <1
Vb 144 >200
VIa 212 >10 <1
VIc >160 80
VII 153 138
VIII >320 201
AZT 140 0.004
D4T 314 0.24
a Compound concentration required to cause a 50% inhibition

of cell proliferation. b Compound concentration required to cause
a 50% inhibition of HIV reproduction. c Incorporation of the
compounds into liposomes was 40-50%. Each value was averaged
from two independent experiments.
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somes inhibited virus reproduction more effectively than
free compounds. In particular, the use of a liposome
delivery system allowed at least a 10-fold increase in
the activity of compounds Ia, Va, and VIa.

Discussion

In the course of the study of nucleotides modified at
the triphosphate residue as substrates and/or inhibitors
of HIV reverse transcriptase, our attention was diverted
to carbocyclic dinucleoside polyphosphonates. Carbocy-
clic nucleosides are of special interest because of their
metabolic stability in vivo and antiviral activity found
for some analogues.16 The presence of a carbocyclic ring
makes them resistant to nucleoside phosphorylases and
hydrolases, which smoothly cleave nucleosides. At the
same time the structural similarity to the natural
nucleosides allows these analogues to behave as sub-
strates or inhibitors of some enzymes.17-19

Recently we reported the synthesis and some proper-
ties of nucleoside triphosphate mimetics bearing a
cyclopentenyl residue as a glycone and a triphosphonate
chain in place of a triphosphate.9 It was also shown in
our laboratory that bis(2′-deoxynucleoside)-5′,5′-tetra-
phosphates and bis(2′-deoxynucleoside)-5′,5′-triphos-
phates were good substrates for several human DNA
polymerases and HIV reverse transcriptase.8 On the
basis of carbocyclic dinucleoside analogues bearing a
polyphosphonate chain, we hoped to get new tools for
the investigation of HIV reverse transcriptase. More-
over, proper modifications of the polyphosphate chain
or its replacement by a phosphonate residue might open
new fields for the design of a new type of potential anti-
HIV agent, stable in blood serum and hydrophobic
enough for penetration through cell walls.

In this report, we showed that carbocyclic diguanosine
and diadenosine tetra- and triphosphonates Ia, IIa, III,
and IV were good substrates for HIV reverse tran-
scriptase, triphosphonates III and IV being less potent
than tetraphosphonates Ia and IIa (Figure 1 and Table
1). This is consistent with our previous data on higher
efficacy of natural dinucleoside R,δ-tetraphosphates as
substrates for HIV reverse transcriptase than dinucleo-
side R,γ-triphosphates.8 The introduction of a CF2 group
into the polyphosponate chain caused a 10-fold decrease
in the activity of the compounds obtained. It is worth
mentioning that according to the TLC and HPLC data,
the synthesized dinucleoside tri- and tetraphosphonates
displayed higher lipophilicity of the products if com-
pared with the corresponding triphosphates (for ex-
ample, the difference in the retention time of Ib and
Vb exceeded 3 min). We hoped that higher lipophilicity
as well as higher stability in blood serum could allow
these compounds to be good inhibitors of HIV reproduc-
tion in cell cultures. Unfortunately, the compounds
synthesized were moderately active in cell cultures. We
believed, however, that the inhibitory effect was specific
and associated with the action of dinucleoside oligo-
phosphonates rather than with their degradation prod-
ucts. We demonstrated that potential decomposition
products (VII or VIII) could not be phosphorylated by
monophosphate kinases and did not affect virus repro-
duction. We assumed that one of the reasons for their
weak activity might be poor penetration through cell
membranes. Indeed, when a liposome system was used

for delivering compounds Ia and IIa into cells, we
observed an increased antiviral effect, although this
increase was not as pronounced as we expected. We
cannot also explain the lack of correlation between the
inhibitory effects of the tested compounds in cell and
cell-free systems. All this implies that compounds of this
type may suffer various transformations in cells prior
to their incorporation by reverse transcriptase.

Experimental Section
General Methods. Chemicals and solvents were from

Aldrich. Anhydrous solvents were used without further drying.
Phosphonates VII and VIII were synthesized as described
before.19,20 The synthesized compounds were prepared as
ammonium salts. UV spectra were recorded on a Shimadzu
UV-1201 spectrophotometer in water at pH 7.0. 1H NMR
spectra were registered on a Bruker AMX III-400 spectrometer
(400 MHz) with tetramethylsilane as an internal standard.
31P NMR spectra (162 MHz) were registered with P-H
decoupling, taking 85% H3PO4 as an external standard and
D2O as a solvent. 19F NMR (367 MHz) spectra were recorded
in D2O. Mass spectra were registered on a COMPACT MAL-
DI-4 (Kratos Analytical) spectrometer. Column chromatogra-
phy was performed on DEAE Toyopearl (HCO3

+) (Toyosoda,
Japan) and LiChroprep RP-18 (25-40 µm). TLC was carried
out on Kieselgel 60 F254 plates (Merck) in iPrOH/water/25%
aqueous ammonia 7:2:1 or dioxane/water/25% aqueous am-
monia 6:4:1. Human blood serum was a kind gift from Dr. V.
Chernikov (Institute of Gene Biology, RAMS). HIV-1 reverse
transcriptase was obtained from Amersham Life Science (lot
no. 21A). T4 polynucleotide kinase was from Sigma (lot 12H-
0442). Single-stranded M13mp10 phage DNA was isolated
from the cell culture media of the recipient E. coli K12XL1
strain according to the reported procedure.21 Oligonucleotides
were a kind gift of Dr. S. Surzhikov (Engelhardt Institute of
Molecular Biology, Moscow, Russia). [γ-32P]ATP (specific activ-
ity 6000 Ci/mmol), [γ-32P]dATP (specific activity 3000 Ci/
mmol), and [R-32P]dGTP (specific activity 3000 Ci/mmol) were
obtained from IPPE (Obninsk, Russia).

General Procedure for the Activation of (()-Phospho-
nate (VII or VIII). To a solution of the bis(tributylammonium)
salt of phosphonate VII or VIII (0.1 mmol) in DMF (1 mL)
and HMPA (2 mL), CDI (130 mg, 0.8 mmol) was added, and
the mixture was stirred at 25 °C for 3 h. Methanol (65 µL, 2
mmol) was added and after 0.3 h of stirring, methanol was
removed in a vacuum. The resulting solution was stored in
an argon atmosphere at room temperature and used in the
subsequent reactions as a stock solution.

P,P′-Bis{[4-(guanine-9-yl)cyclopent-2-enyl]oxy-
methylphosphonyl}diphosphate, Ia, and 9-[4-(Diphos-
phoryloxyphosphonylmethoxy)cyclopent-2-enyl]gua-
nine, Va. A 0.5 M solution of bis(tributylammonium) pyro-
phosphate in DMF (0.2 mmol, 400 µL) was added under argon
with stirring to the stock solution of activated phosphonate
VII (0.1 mmol) prepared as described above, and the reaction
mixture was stirred for 6 h at room temperature. The reaction
solution was loaded on a DEAE-Toyopearl column and eluted
in a linear gradient of NH4HCO3 (0-0.4 M). Triphosphonate
Va was eluted at 0.3 M NH4HCO3, and dinucleotide Ia was
eluted at 0.35 M NH4HCO3. The products were repurified by
reverse-phase chromatography on a LiChroprep RP-18 column
(water). The target fractions were lyophilized to give 24% (19
mg) of Ia and 57% (28 mg) of Va.

Compound Ia. UV: λmax 252.2 nm (ε 18 000). 1H NMR
(D2O, δ, ppm): 1.90 (1H, dt, J ) 14.3 and 4.0 Hz, 5′â-H), 2.99
(1H, dt, J ) 14.3 and 7.2 Hz, 5′R-H), 3.69 (2H, d, J ) 9.0 Hz,
OCH2P), 5.08 (1H, m, 4′-H), 5.32 (1H, m, 1′-H), 6.15 (1H, m,
2′-H), 6.40 (1H, m, 3′-H), 7.83 (1H, s, 8-H). 31P NMR (δ, ppm):
8.8 (d, J ) 22 Hz, PR), -22.7 (d, Pâ). MS (m/e): 796.1 [M+].

Compound Va. UV: λmax 252.5 nm (ε 10 300). 1H NMR (δ,
ppm): 1.90 (1H, dt, J ) 14.3 and 4.0 Hz, 5′â-H), 2.99 (1H, dt,
J ) 14.3 and 7.2 Hz, 5′R-H), 3.69 (2H, d, J ) 9.0 Hz, OCH2H),
5.08 (1H, m, 4′-H), 5.32 (1H, m, 1′-H), 6.15 (1H, m, 2′-H), 6.40
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(1H, m, 3′-H), 7.83 (1H, s, 8-H). 31P NMR (δ, ppm): 7.8 (d, J
) 27 Hz, PR), -7.8 (d, J ) 20 Hz, Pγ), -22.8 (dd, J ) 27 and
20 Hz, Pâ). MS (m/e): 487.3 [M+].

P,P′-Bis{[4-(guanine-9-yl)cyclopent-2-enyl]oxy-
methylphosphonyl}difluorodiphosphonate, Ib, and 9-[4-
(Difluoromethyldiphosphonyl)oxyphosphonylmethoxy)-
cyclopent-2-enyl]guanine, Vb. Ib and Vb were prepared in
a similar fashion from activated phosphonate VII (0.1 mmol)
and 0.5 M tributylammmonium difluoromethylenediphospho-
nate (0.15 mmol, 300 µL) in a yield of 31% (13 mg) and 11% (6
mg), respectively.

Compound Ib. UV: λmax 252.2 nm (ε 18 000). 1H NMR (δ,
ppm): 1.90 (1H, dt, J ) 14.3 and 4.0 Hz, 5′â-H), 2.99 (1H, dt,
J ) 14.3 and 7.2 Hz, 5′R-H), 3.69 (2H, d, J ) 9.0 Hz, OCH2H),
5.08 (1H, m, 4′-H), 5.32 (1H, m, 1′-H), 6.15 (1H, m, 2′-H), 6.40
(1H, m, 3′-H), 7.83 (0.5 H, s, 8-H), 7.85 (0.5 H, s, 8-H). 31P
NMR (δ, ppm): 10.4 (d, JPR,Pâ ) 17 Hz, PR), -5.7 (dt, JPâ,F )
84 Hz, Pâ). 19F NMR (δ, ppm): -42.6 (t, JF,P ) 84 Hz). MS (m/
e): 830.3 [M+].

Compound Vb. UV: λmax 252.5 nm (ε 10 300). 1H NMR (δ,
ppm): 1.90 (1H, dt, J ) 14.3 and 4.0 Hz, 5′â-H), 2.99 (1H, dt,
J ) 14.3 and 7.2 Hz, 5′R-H), 3.69 (2H, dt, J ) 9.0 Hz, OCH2H),
5.08 (1H, m, 4′-H), 5.32 (1H, m, 1′-H), 6.15 (1H, m, 2′-H), 6.40
(1H, m, 3′-H), 7.83 (1H, s, 8-H). 31P NMR (δ, ppm): 10.3 (d,
JPR,Pâ ) 33 Hz, PR), 3.8 (dt, JPγ,Pâ ) 59 Hz, JPγ,F ) 82 Hz, Pγ),
-4.7 (ddt, JPâ,F ) 88 Hz, Pâ). 19F NMR (δ, ppm): -42.6 (dd,
JF,PR ) 82 Hz, JF,Pâ ) 88 Hz). MS (m/e): 519.9 [M+].

P,P′-Bis{[4-(guanine-9-yl)cyclopent-2-enyl]oxy-
methylphosphonyl}dibromodiphosphonate, Ic. Ic was
prepared from triphosphonate Vc (0.05 mmol) and activated
phosphonate VII (0.1 mmol) similarly to the preparation of
Ia in a yield of 35%. UV: λmax 251.2 nm (ε 18 000). 1H NMR
(δ, ppm): 1.90 (1H, dt, J ) 14.0 and 4.0 Hz, 5′â-H), 3.04 (1H,
m, 5′R-H), 3.96 (2H, d, J ) 9.4 Hz, OCH2H), 4.85 (1H, m, 4′-
H), 5.25 (1H, m, 1′-H), 6.10 (1H, m, 2′-H), 6.40 (1H, m, 3′-H),
7.85 (1H, s, 8-H). 31P NMR (δ, ppm): 9.7 (d, J ) 26 Hz, PR),
-0.8 (d, Pâ). MS (m/e): 952.6 [M+].

9-[4-(Difluoromethyldiphosphonyl)oxyphosphonyl-
methoxy)cyclopent-2-enyl]guanine, Vc. Vc was synthe-
sized from a solution of 0.5 M tributylammmonium dibromom-
ethylenediphosphonate in DMF (0.3 mmol, 600 µL) and
activated phosphonate VII (0.1 mmol) as described above in a
yield of 72%. UV: λmax 251.5 nm (ε 10 300). 1H NMR (δ, ppm):
1.94 (1H, dt, J ) 14.4 and 4.0 Hz, 5′â-H), 2.99 (1H, dt, J )
14.4 and 7.2 Hz, 5′R-H), 3.96 (2H, d, J ) 9.4 Hz, OCH2H), 4.87
(1H, m, 4′-H), 5.35 (1H, m, 1′-H), 6.13 (1H, m, 2′-H), 6.42 (1H,
m, 3′-H), 7.85 (1H, s, 8-H). 31P NMR (δ, ppm): 9.7 (d, JPR,Pâ )
34 Hz, PR), 8.4 (d, JPγ,Pâ ) 14 Hz, Pγ), 2.5 (dd, Pâ). MS (m/e):
643.2 [M+].

Adenosine analogues IIa-c and VIa-c were prepared in a
similar fashion.

Compound IIa. Yield 16%. UV: λmax 261.3 nm (ε 27 000).
1H NMR (δ, ppm): 1.97 (1H, m, J ) 15.0, 8.0, and 4.0 Hz,
5′â-H), 3.02 (1H, m, 5′R-H), 3.72 (2H, d, J ) 9.0 Hz, OCH2H),
4.95 (1H, m, 4′-H), 5.50 (1H, m, 1′-H), 6.23 (1H, m, 2′-H), 6.47
(1H, m, 3′-H), 8.14 (1H, s, 8-H), 8.18 (1H, s, 2-H). 31P NMR (δ,
ppm): 9.5 (d, J ) 22 Hz, PR), -22.7 (d, Pâ). MS (m/e): 764.1
[M+].

Compound VIa. Yield 23%. UV: λmax 261.5 nm (ε 15 000).
1H NMR (δ, ppm): 1.97 (1H, m, J ) 15.0, 8.0, and 4.0 Hz,
5′â-H), 3.02 (1H, m, 5′R-H), 3.72 (2H, d, J ) 9.0 Hz, OCH2H),
4.95 (1H, m, 4′-H), 5.50 (1H, m, 1′-H), 6.23 (1H, m, 2′-H), 6.47
(1H, m, 3′-H), 8.14 (1H, s, 8-H), 8.18 (1H, s, 2-H). 31P NMR (δ,
ppm): 9.9 (d, J ) 26 Hz, PR), -9.6 (d, J ) 20 Hz, Pγ), -22.7
(dd, Pâ). MS (m/e): 471.2 [M+].

Compound IIb. Yield 27%. UV: λmax 261.4 nm (ε 27 000).
1H NMR (δ, ppm): 1.97 (1H, m, J ) 15.0, 8.0, and 4.0 Hz,
5′â-H), 3.02 (1H, m, 5′R-H), 3.72 (2H, d, J ) 9.0 Hz, OCH2H),
4.95 (1H, m, 4′-H), 5.50 (1H, m, 1′-H), 6.23 (1H, m, 2′-H), 6.47
(1H, m, 3′-H), 8.14 (1H, s, 8-H), 8.18 (1H, s, 2-H). 31P NMR (δ,
ppm): 9.7 (d, J ) 21 Hz, PR), -6.1 (dt, JPâ,F ) 84 Hz, Pâ). 19F
NMR (367 MHz, D2O, δ, ppm): -42.6 (t, JF,P ) 84 Hz). MS
(m/e): 798.1 [M+].

Compound VIb. Yield 24%. UV: λmax 261.5 nm (ε 15 000).
1H NMR (δ, ppm): 1.97 (1H, m, J ) 15.0, 8.0, and 4.0 Hz,
5′â-H), 3.02 (1H, m, 5′R-H), 3.72 (2H, d, J ) 9.0 Hz, OCH2H),
4.95 (1H, m, 4′-H), 5.50 (1H, m, 1′-H), 6.23 (1H, m, 2′-H), 6.47
(1H, m, 3′-H), 8.14 (1H, s, 8-H), 8.18 (1H, s, 2-H). 31P NMR (δ,
ppm): 9.6 (d, JPR,Pâ ) 34 Hz, PR), 3.6 (dt, JPγ,Pâ ) 57 Hz, JPγ,F

) 73 Hz, Pγ), -2.9 (ddt, JPâ,F ) 91 Hz, Pâ). 19F NMR (δ, ppm):
-42.6 (dd, JF,Pγ ) 73 Hz, JF,Pâ ) 91 Hz). MS (m/e): 504.9 [M+].

Compound IIc. Yield 31%. UV: λmax 262.2 nm (ε 27 000).
1H NMR (δ, ppm): 1.89 (1H, m, 5′â-H), 3.02 (1H, m, 5′R-H),
3.93 (2H, d, J ) 10 Hz, OCH2H), 4.84 (1H, m, 4′-H), 5.39 (1H,
m, 1′-H), 6.08 (1H, m, 2′-H), 6.41 (1H, m, 3′-H), 8.05 (1H, s,
8-H), 8.08 (0.5H, s, 2-H), 8.10 (0.5H, s, 2-H). 31P (δ, ppm): 9.8
(d, J ) 26 Hz, PR), -0.8 (d, Pâ). MS (m/e): 919.9 [M+].

Compound VIc. Yield 68%. UV: λmax 262.5 nm (ε 27 000).
1H NMR (δ, ppm): 1.98 (1H, dt, J ) 14.3 and 4.0 Hz, 5′â-H),
3.09 (1H, dt, J ) 14.3 and 7.8 Hz, 5′R-H), 3.96 (2H, d, J ) 9.4
Hz, OCH2H), 4.90 (1H, m, 4′-H), 5.55 (1H, m, 1′-H), 6.21 (1H,
m, 2′-H), 6.49 (1H, m, 3′-H), 8.21 (1H, s, 8-H), 8.25 (1H, s, 2-H).
31P NMR (ppm): 9.6 (d, JPR,Pâ ) 33 Hz, PR), 8.6 (d, JPγ,Pâ ) 14
Hz, Pγ), 2.9 (dd, Pâ). MS (m/e): 627.7 [M+].

P,P′-Bis{[4-(guanine-9-yl)cyclopent-2-enyl]oxy-
methylphosphonyl}phosphate, III. A solution of 1 M tribu-
tylammmonium orthophosphate (200 µL) was added to the
solution of activated phosphonate VII prepared as described
above, and the reaction mixture was stirred at room temper-
ature for 6 h. The target III was isolated as described for
compound Ia in a yield of 36% (13 mg). UV: λmax 250.2 nm (ε
16 000). 1H NMR (δ, ppm): 1.90 (1H, dt, J ) 14.3 and 4.0 Hz,
5′â-H), 2.99 (1H, dt, J ) 14.3 and 7.2 Hz, 5′R-H), 3.69 (2H, d,
J ) 9.0 Hz, OCH2H), 5.08 (1H, m, 4′-H), 5.32 (1H, m, 1′-H),
6.15 (1H, m, 2′-H), 6.40 (1H, m, 3′-H), 7.83 (0.5 H, s, 8-H), 7.85
(0.5 H, s, 8-H). 31P NMR (δ, ppm): 9.1 (d, J ) 27 Hz, PR), -22.3
(t, Pâ). MS (m/e): 716.1 [M+]

Adenosine analogue IV was prepared in a similar fashion.
Yield 42%. UV: λmax 261.3 nm (ε 25000). 1H NMR (δ, ppm):
1.87 (1H, m, 5′â-H), 2.98 (1H, m, 5′R-H), 3.84 (2H, d, J ) 9.0
Hz, OCH2H), 4.65 (1H, m, 4′-H), 5.35 (1H, m, 1′-H), 6.03 (1H,
m, 2′-H), 6.37 (1H, m, 3′-H), 8.07 (0.5H, s, 8-H), 8.09 (0.5H, s,
8-H), 8.11 (0.5H, s, 2-H), 8.13 (0.5H, s, 2-H). 31P NMR (δ,
ppm): 9.1 (d, J ) 24 Hz, PR), -22.4 (d, Pâ). MS (m/e): 684.2
[M+].

Enzymatic Stability. A solution (25 µL) containing 0.5 mM
compounds under study in 100% human blood serum was
incubated at 37 °C. The aliquots were taken out after certain
intervals and frozen in liquid nitrogen. After thawing, the
precipitated proteins were removed by centrifugation (6 min
at 12 000 rpm) and the products were analyzed by HPLC using
a Nucleosil RP-18 column (0.5 µm, 4 mm × 15 mm). Elution
was performed in a linear gradient of 70% ethanol (0-25%)
in 0.05 M triethylammonium bicarbonate buffer (pH 7.5-8.0)
for 25 min. The retention times of the compounds are shown
in Table 2.

Reverse Transcriptase Assays. Oligonucleotide primers
were labeled at the 5′-terminus using T4 polynucleotide kinase,
and template-primer complexes were prepared according to
the standard procedure.22 One-step primer extension reactions
(6 µL) contained 1 nM primer-template (complex A), 0.3 U of
enzyme, various concentrations of the substrate analogues (see
figure captions), and the buffer according to the supplier’s
recommendations. The reactions were performed for 30 min
at 37 °C. The reaction products were separated by 14%
denaturing polyacrylamide gel electrophoresis, and the gels
obtained were radioautographed. Termination properties of the
compounds were evaluated according to the standard DNA
sequencing assay.15 Reaction mixtures (6 µL) contained 1 nM
primer-template (complex B), 1 µM dNTP bearing the same
base as the corresponding terminating substrate, 20 µM three
other dNTP, and a terminating substarate at various concen-
trations as shown in the figure captions. The reactions were
carried out at 37 °C for 10 min followed by the addition of four
dNTP up to a final concentration of 50 µM. After 10 min,
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reaction products were analyzed by 8% denaturing polyacry-
lamide gel electrophoresis, and the gels were radioauto-
graphed.

The primer-template complexes used for the study are as
follows.

The ability of the compounds to inhibit DNA synthesis
catalyzed by HIV reverse transcriptase was routinely assayed
in the reaction mixture (8 µL) containing 2.5 µg of activated
calf thymus DNA per sample, 30 µM three natural dNTP, 2
µM [R-32P]dATP for the study of adenosine derivatives or 2
µM [R-32P]dGTP for guanosine derivatives, various concentra-
tions of inhibitors, 2 U of HIV reverse transcriptase, and the
buffer according to the supplier’s recommendations. After 5
min of incubation at 37 °C, the reaction mixtures were loaded
onto Whatman DE-81 disks. The filters were washed with 0.2
M NaCl containing 0.5 mM EDTA and then fixed with ethanol.
The incorporation of the radiolabeled substrate into the
growing DNA chain was measured by liquid scintillation
counting.

AMP and GMP Kinase Assay. AMP and GMP kinases
with specific activities of 0.2 and 0.15 U/mg, respectively, were
isolated from human placenta as described in ref 23. Both
enzymes lacked ATP-degrading activity.

The reaction mixture (20 µL) contained 50 mM Tris-HCl, 5
mM MgCl2, 0.1 mM AMP or its counterpart VIII, 5 µM ATP,
2 µCi [γ-32P]ATP, and 0.01 U of AMP kinase. After 20 min of
incubation at 37 °C, the aliquot was loaded on a PEI cellulose
TLC plate, developed in 0.5 M KH2PO4 (pH 4), dried, and
exposed with X-ray film. The inhibition of AMP kinase was
carried out in the reaction mixture (total volume of 20 µL)
containing 50 mM Tris-HCl, 5 mM MgCl2, 0.1 mM AMP, 1
mM VIII, 20 µM ATP, 2 µCi [γ-32P]ATP, and 0.0001 U of AMP
kinase. After incubation at 37 °C for 0, 5, 10, 20, and 40 min,
the aliquots were loaded on a PEI cellulose TLC plate,
developed as described above, dried, and exposed with X-ray
film. The areas of the TCL plate containing labeled [γ-32P]ATP
and [â-32P]ADP were cut out, and their radioactivity was
measured using a liquid scintillation counter. The initial rate
of the enzymatic reaction was calculated under conditions
when the conversion did not exceed 25%. The experiments with
GMP kinase and compound VII were carried out in a similar
fashion.

Antiviral Activity. Two systems were used to test antiviral
activity of the compounds. (a) One system was Rat1 cells
infected with recombinant retrovirus (pSG1) bearing the gene
of Moloni murine leukemia reverse transcriptase and encoding
â-galactosidase. The recombinant virus construction was
described earlier.24,25 The blue cell colonies expressing â-ga-
lactosidase were counted after the 24 h cell incubation with
the compounds under study as described in ref 9. The results
were expressed as a percentage of â-galactosidase-positive cells
in the presence of inhibitors compared with the proportion of
â-galactosidase-positive cells in the control. (b) The other
system was MT-4 cells infected with HIV-1 strain (GKV-4046).
The multiplicity of infection (MOI) was 0.2-0.5 units per cell.
MT-4 cells were maintained in RPMI-1640 medium supple-
mented with 10% fetal bovine serum, 300 mg/mL L-glutamine,
80 µg/mL gentamycin, and 30 µg/mL lincomycin at 37 °C in
5% CO2 atmosphere. For infecting, the cells at a concentra-
tion of 2 × 106/mL and with viability exceeding 90% were
used.

Cytotoxicity. MT-4 cells were cultured in the presence of
various doses of the tested compounds (0.001-100 µg/mL,
three replicates for each dose) on a 96-well cultural plate for
3 days. The concentration and viability of MT-4 cells were
measured by the trypan blue-dye exclusion colorimetric assay,
and the CD50 for each compound was calculated.

Anti-HIV Assay. The infected cells were cultured in the
presence of various doses of the tested compounds (0.001-100
µg/mL, three replicates for each dose) on a 96-well cultural
plate for 3 days. Anti-HIV activity of the tested compounds
was assessed by the measurement of the p24 antigen amount
using immunoassay.26 The cell concentration and viability were
estimated using the calorimetric assay as described above.

Liposome Delivery System. Liposomes composed of egg
phosphatidylcholine (egg PC; ICN Biomedicals, Irvine, CA)
were prepared by the technique of hydration of a thin-lipid
film as described in ref 27 with slight modifications. Briefly,
the phospholipid was first dissolved in a chloroform/ethanol
(1:1 vol/vol) solution in a 50 mL round-bottom flask, and the
solvent was then removed on a rotary evaporator with
subsequent formation of a thin-lipid film on the flask wall.
Multilamellar vesicles (heterogeneous population of 0.8-5.0
µm in diameter) containing tested compounds were prepared
by mechanical agitation of the dry thin-lipid film for 30 min
at 25 °C under nitrogen atmosphere with each of the tested
compounds, which were dissolved in a phosphate-buffered
saline (PBS; pH ) 7.0) at a 1:124 drug/lipid molar ratio (final
concentration of each compound was 1 mM). The resulting
multilamellar vesicles were then sequentially extruded through
polycarbonate membranes (Nuclepore, Cambridge, Massachu-
setts, USA) with pore diameters of 1.0, 0.8, 0.4, 0.2, and 0.1
µm using a polypropylene 13 mm holder (Millipore Corp.,
Bedford, MA) with plastic syringes.

The average diameter of the extruded liposomes was 0.16
( 0.04 µm. Vesicle size distribution was evaluated by negative
stain electron microscopy.

The amount of the drug encapsulated into liposomes was
estimated after centrifugation of liposomes at 100 000g for 1
h followed by phospholipid extraction from the pellet with a
2:1 chloroform/methanol mixture. The concentrations of the
tested compounds in the water phase were calculated using
molar extinction coefficients of the compounds under study (see
Experimental Section).

Acknowledgment. The work was supported by
ISTC (Project 1244), Russian Foundation of Basic
Research (Project N 99-04-48315), and the program
“National Priorities in Medicine and Health” (AIDS,
Project 06).

References
(1) Cheng, Y. C.; Dutschman, G. E.; Bastow, K. F.; Sarngadharan,

M. G.; Ting, R. Y. Human immunodeficiency virus reverse
transcriptase. General properties and its interactions with
nucleoside triphosphate analogs. J. Biol. Chem. 1987, 262,
2187-2189.

(2) St. Clair, M. H.; Richards, C. A.; Spector, T.; Weinhold, K. J.;
Miller, W. H.; Langlois, A. J.; Furman, P. A. 3′-Azido-3′-
deoxythymidine triphosphate as an inhibitor and substrate of
purified human immunodeficiency virus reverse transcriptase.
Antimicrob. Agents Chemother. 1987, 31, 1972-1977.

(3) Parker, W. B.; White, E. L.; Shaddis, S. C.; Ross, I. J.; Buckheit,
R. W., Jr.; Germany, J. M.; Secrist, J. A., III.; Vince, R.; Shannon,
W. M. Mechanism of inhibition of human immunodeficiency
virus type 1 reverse transcriptase and human DNA polymerases
alpha, beta, and gamma by the 5′-triphosphates of carbovir, 3′-
azido-3′-deoxythymidine, 2′,3′-dideoxyguanosine and 3′-deox-
ythymidine. A novel RNA template for the evaluation of anti-
retroviral drugs. J. Biol. Chem. 1991, 266, 1754-1762.

(4) Balzarini, J.; Naesens, L.; De Clercq, E. New antiviralss
mechanism of action and resistance development. Curr. Opin.
Microbiol. 1998, 1, 535-546.

(5) Furman, P. A.; Fyfe, J. A.; St. Clair, M. H.; Weinhold, K.;
Rideout, J. L.; Freeman, G. A.; Nussinov-Lehman, S.; Bolognesi,
D. P.; Broder, S.; Mitsuya, H.; Barry, D. W. Phosphorylation of
3′-azido-3′-deoxythymidine and selective interaction of the 5′-
triphosphate with human immunodeficiency virus reverse tran-
scriptase. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 8333-8337.

Primer-template complex A:

3′-... TTT GCT GCC GGT CAC GG T TGG ...

5′-[32P]-AAA CGA CGG CCA GT ...

Primer-template complex B:

3′-... CAT TTT GCT GCC GGT CAC GGT TCG
AAC CCG ACG ...

5′-[32P]-GTA AAA CGA CGG CC ...

1290 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 6 Khandazhinskaya et al.



(6) Olsen, J. C.; Furman, P.; Fyfe, J. A.; Swanstrom, R. 3′-Azido-
3′-deoxythymidine inhibits the replication of avian leukosis
virus. J. Virol. 1987, 61, 2800-2806

(7) Arzumanov, A. A.; Semizarov, D. G.; Victorova, L. S.; Dyatkina,
N. B.; Krayevsky, A. A. Gamma-phosphate-substituted 2′-
deoxynucleoside 5′-triphosphates as substrates for DNA poly-
merases. J. Biol. Chem. 1996, 271, 24389-24394.

(8) Victorova, L. S.; Sosunov, V. V.; Skoblov, A. Yu.; Shipitsyn, A.
V.; Krayevsky, A. A. New substrates of DNA polymerases. FEBS
Lett. 1999, 453, 6-10.

(9) Shipitsyn, A. V.; Victorova, L. S.; Shirokova, E. A.; Dyatkina,
N. B.; Goryunova, L. Ye.; Beabealashvilli, R. Sh.; Hamilton, C.
J.; Roberts, S. M.; Krayevsky, A. A. New modified nucleoside
5′-triphosphates: synthesis, properties towards DNA poly-
merases, stability in blood serum, and antiviral activity. J.
Chem. Soc., Perkin Trans. 1 1999, 1039-1050.

(10) Tarussova, N. B.; Osipova, T. I.; Purygin, P. P.; Yakimova, I. A.
The synthesis of P1,P3-bis(5′-adenosyl)triphosphate, P1,P4-bis-
(5′-adenosyl)tetraphosphate and its phosphonate analogues with
the use of carbonyl derivatives of nitrogen-containing hetero-
cycles. Bioorg. Khim. 1986, 12, 404-407.

(11) Khorana, H. G. Carbodiimides. Part V. A novel synthesis of
adenosine di- and triphosphate and P1,P2-diadenosine-5′-pyro-
phosphates. J. Am. Chem. Soc. 1954, 76, 3517-3527.

(12) Adam, A.; Moffat, J. G. Dismutation reactions of nucleoside
polyphosphates. V. Syntheses of P1,P4-di(guanosine-5′)-tetra-
phosphate and P1,P3-di(guanosine-5′)-triphosphate. J. Am. Chem.
Soc. 1966, 88, 838-842.

(13) Reiss, J. R.; Moffat, J. G. Dismutation reactions of nucleoside
polyphosphates. III. The synthesis of R,ω-dinucleoside 5′-poly-
phosphates. J. Am. Chem. Soc. 1965, 87, 3381-3387.

(14) McLennan, A. G.; Taylor, G. E.; Prescott, M.; Blackburn, G. M.
Recognition of ââ′-substituted and Râ,R′â′-disubstituted phos-
phonate analogues of bis(5′-adenosyl)-tetraphosphate by the bis-
(5′-nucleosidyl)-tetraphosphate pyrophosphorylase from Artemia
embryos and Escherichia coli. Biochemistry 1989, 28, 3868-
3875.

(15) Sanger, F. Determination of nucleotide sequences in DNA.
Science 1981, 11, 1205-1210.

(16) Marguez, V. E.; Lim, M. I. Carbocyclic nucleosides. Med. Res.
Rev. 1986, 6, 1-40.

(17) Wang, P.; Gullen, B.; Newton, M. G.; Schinazi, R. F.; Chu, C. K.
Asymmetric synthesis and antiviral activities of L-carbocyclic
2′,3′-didehydro-2′,3′-dideoxy and 2′,3′-dideoxy nucleosides. J.
Med. Chem. 1999, 42, 3390-3399.

(18) Shi, J.; McAtee, J. J.; Schlueter, W.; Tharnish, P.; Juodawlkis,
A.; Liotta, D. C.; Schinazi, R. F. Synthesis and biological
evaluation of 2′,3′-didehydro-2′,3′-dideoxy-5-fluorocytidine (D4FC)
analogues: discovery of carbocyclic nucleoside triphosphates
with potent inhibitory activity against HIV-1 reverse tran-
scriptase. J. Med. Chem. 1999, 11, 859-867.

(19) Merlo, V.; Roberts, S. M.; Storer, R.; Bethell, R. C. Synthesis
and biological activity of the diphosphorylphosphonate deriva-
tives of (+)- and (-)-cis-9-(4′-hydroxycyclopent-2′-enyl)guanine.
J. Chem. Soc., Perkin Trans. 1 1994, 1477-1481.

(20) Dyatkina, N.; Semizarov, D.; Victorova, L.; Krayevsky, A.; Theil,
F.; von Janta-Lipinski, M. Synthesis of four stereoisomers of
carbocyclic 5′-nor D4A and evaluation of their triphosphates as
substrates for DNA polymerases. Nucleosides Nucleotides 1995,
3-5, 723-726.

(21) Kraev, A. S. A simple system of cloning in phage M13 and DNA
sequencing with terminators. Mol. Biol (Russian) 1988, 22,
1164-1197.

(22) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning: A
Laboratory Mannual. 2 nd ed. Cold Spring Harbor Laboratory
Press. Cold Spring Harbor: New York, 1989; pp 546-580.

(23) Skoblov, Yu. S.; Frank-Kamenetskaya, M. D.; Chernov, D. N.
Adenylate kinase from human placenta: phosphorylation of
modified nucleoside 5′-phosphonates. Mol. Biol. (Russian) 1999,
33, 485-490.

(24) Prasolov, V. S.; Chumakov, P. M. Antisense RNA p53 inhibits
proliferation of normal and transformed cells. Mol. Biol. (Rus-
sian) 1988, 22, 1371-1378.

(25) Lehming, N.; Sartorius, J.; Niemoller, M.; Genenger, G.; von
Wilcken-Bergmann, B.; Muller-Hill, B. The interaction of the
recognition helix of lac repressor with lac operator. EMBO J.
1987, 6, 3145-3153.

(26) Svinarchik, F. P.; Konevetz, D. A.; Plyasunova, O. A.; Pokrovsky,
A. G.; Vlassov, V. V. Inhibition of HIV proliferation by antisense
oligonucleotide conjugated to lipophilic groups. Biochimie 1993,
75, 49-54.

(27) Desormeaux, A.; Harvie, P.; Perron, S.; Makabi-Panzu, B.;
Beauchamp, D.; Tremblay, M.; Poulin, L.; Bergeron, M. Antiviral
efficacy, intracellular uptake and pharmacokinetics of free and
liposome-encapsulated 2′,3′-dideoxyinosine. AIDS 1994, 8,
1545-1553.

JM011011L

Carbocyclic Dinucleoside Polyphosphonates Journal of Medicinal Chemistry, 2002, Vol. 45, No. 6 1291


