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Hepatitis C virus (HCV) is one of the most danger-
ous infections [1, 2]. Currently, only a few types of
HCV replication inhibitors are known, which makes
the search for new anti-HCV agents an important task.

This work deals with the synthesis of new analogues of
ribonucleosides, tests for their activity as inhibitors of
HCV reproduction in the HCV replicon system, and the
synthesis of 5'-triphosphates of the synthesized nucleo-
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Abstract

 

—Bicyclic furano- and pyrrolo[2,3-

 

d

 

]pyrimidine nucleosides and purine nucleosides modified at the
N

 

1

 

 atom and/or the 6-position have been synthesized. Among the tested nontoxic bicyclic nucleosides and N

 

6

 

-
carboxyalkyladenosines, only furo[2,3-

 

d

 

]pyrimidine with the C

 

10

 

H

 

21

 

 substituent and N

 

6

 

-carboxymethylade-
nosine exhibit moderate anti-HCV activity in the virus replicon system and N

 

1

 

-hydroxyinosine exhibits high
anti-HCV activity and significant cytotoxicity. The corresponding 5'-triphosphates have been synthesized and
studied as substrates/inhibitors of HCV enzymes: NS5B protein (RNA-dependent RNA polymerase) and NS3
protein (NTP-dependent RNA helicase).
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sides and study of them as substrates/inhibitors of
nucleotide-dependent HCV enzymes: proteins NS5B
(RNA-dependent RNA polymerase) and NS3 (NTP-
dependent RNA helicase).

We developed a scheme of synthesis of N

 

1

 

-hydrox-
yinosine (

 

7a

 

) in preparative amounts by means of oxi-
dation of commercially available adenosine (

 

5a

 

) by 

 

m

 

-
chloroperbenzoic acid [7] with subsequent deamination
of adenosine N

 

1

 

-oxide (

 

6a

 

) by sodium nitrite in an acid
medium (Scheme 1) with 45% yield (for two stages).
Previously, N

 

1

 

-hydroxyinosine (

 

7a

 

) was obtained by
oxidation of inosine (

 

8

 

), N

 

6

 

-morpholinylpurineriboside
(

 

9

 

), or N

 

6

 

,N

 

6

 

-dimethyladenosine (

 

11

 

) by 

 

m

 

-chloroper-
benzoic acid (yields 24, 10, and <5%, respectively) [8].
The formation of N

 

1

 

-hydroxyinosine (

 

7a

 

) can be
explained by either consecutive or simultaneous oxida-
tion at the N

 

1

 

 position and the N

 

6

 

 exocyclic purine
group to form intermediate compound 

 

10

 

.

N

 

6

 

-Substituted adenosine derivatives are well docu-
mented [9]; however, their analogues with an anionic
group (zwitterionic structure) have not been described.
We synthesized N

 

6

 

-carboxyalkyladenosines (

 

13a

 

–

 

13c

 

)
by the reaction of 6-chloropurineriboside (

 

12

 

) with the
corresponding amino acid in the presence of N-ethyldi-
isopropylamine (Schemes 1, 2). In a nonaqueous

medium, the reaction does not take place. However, in
20% aqueous dioxane as the solvent, compounds 

 

13a

 

–

 

13c

 

 were obtained in almost quantitative yields.

 

1

 

H, 

 

13

 

C, and 31P NMR spectra were recorded in D2O
on a Bruker AMXIII-400 spectrometer operating at
400, 133, and 162 MHz, respectively. Sodium 3-trime-
thylsilyl-1-propanesulfonate was used as the internal
reference. TLC analysis was carried out on Kieselgel
60 F254 plates in different systems. UV spectra were
recorded as solutions in water (pH 7) on a Shimadzu
UV-2401 PC spectrophotometer.

The HCV replicon was cultured and its relative titer
was determined as described in [10]. The cytotoxicity
of the compounds in Huh7 cells was determined with
the use of MTT (Sigma, United States) [10].

N1-Hydroxyinosine (7a). To a solution of 2.68 g
(1 mmol) of adenosine in 50 mL of 50% aqueous meth-
anol, 3.44 g (2 mmol) of m-chloroperbenzoic acid was
added under stirring. After 24 h, another 3.44 g
(2 mmol) of m-chloroperbenzoic acid was added, and
the mixture was stirred for 24 h. The reaction mixture
was concentrated in vacuo, dissolved in water, and
extracted with ethyl acetate. The aqueous fraction was
purified by reverse-phase chromatography on a LiChro-
prep RP-18 column (50 × 400 mm) and lyophilized
from water to give 2 g of adenosine N1-oxide (6a). To a
solution of 2 g (0.7 mmol) of 6a in 50 mL of water,
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11 mL (2 mmol) of acetic acid and 13.8 g (2 mmol) of
sodium nitrite were added. The reaction mixture was
stirred for two days; then 6.9 g (1 mmol) of sodium
nitrite was added; and the resulting mixture was stirred
for three days, evaporated in vacuo, and purified by
reverse-phase chromatography on a LiChroprep RP-18
column (50 × 400 mm). The product was lyophilized
from water. The total yield was 1.28 g (45%) (the phys-
icochemical characteristics were the same as reported
in [8]).

N6-Carboxyalkyladenosines (13a–13c). To a solu-
tion of 50 mg (0.17 mmol) of 6-chloropurineriboside
(12) in 1 mL of aqueous dioxane, 300 µL (1.74 mmol)
of N-ethyldiisopropylamine and 78 mg (0.87 mmol) of
β-alanine, 65 mg (0.87 mmol) of glycine, or 78 mg
(0.87 mmol) of alanine were added. The mixture was
kept for two days at 37°C and then evaporated in vacuo.
The residue was dissolved in 1 mL of water and purified
by reverse-phase chromatography on a LiChroprep RP-
18 column (20 × 200 mm) in a linear gradient of meth-
anol concentration (0  20%, V = 400 mL) in 0.02 M
aqueous NH4HCO3. The products were lyophilized
from water. The yield was 95%.

N6-(2-Carboxyethyl)adenosine (13a). UV: λmax =
267 nm (ε = 16100). 1H NMR (δ, ppm; SCC, Hz): 8.09
and 8.01 (both s, 2H, H-2 and H-8); 5.87 (d, 1H, H-1',
J = 5.9); 4.63 (t, 1H, H-2', J = 5.6); 4.31 (~t, 1H, H-3',
J = 5.6); 4.16 (~q, 1H, H-4', J = 2.8); 3.81 (dd, 1H, H-
5'a, J = 2.8 and 12.9); 3.72 (dd, 1H, H-5'b, J = 3.6 and
12.9); 3.56 (br s, 2H, CH2N); 2.46 (t, 2H, CH2COOH,
J = 6.9). 13C NMR (δ, ppm): 178.62 (COOH), 159.14
(C-6), 149.54 (C-4), 153.52 (C-2), 140.93 (C-8),
119.61 (C-5), 89.46 (C-1'), 86.75 (C-4'), 74.88 (C-3'),
71.70 (C-2'), 62.64 (C-5'), 37.84 (C–COOH and
C−NH).

N6-Carboxymethyladenosine (13b). UV: λmax =
266 nm (ε = 15300). 1H NMR (δ, ppm; SCC, Hz): 8.14
and 8.03 (both s, 2H, H-2 and H-8); 5.91 (d, 1H, H-1',
J = 5.9); ~4.8 (the signal of H-2' is partially overlapped
by the signal of HOD); 4.33 (~t, 1H, H-3', J = 4.2); 4.18

(~q, 1H, H-4', J = 3.1); 3.97 (br s, 2H, CH2N); 3.83 (dd,
1H, H-5'a, J = 2.7 and 12.9); 3.74 (dd, 1H, H-5'b, J =
3.7 and 12.9).13C NMR (δ, ppm): 173.49 (COOH),
159.25 (C-6); 149.81 (C-4), 152.90 (C-2), 140.47 (C-
8), 119.65 (C-5), 88.87 (C-1'), 86.13 (C-4'), 74.19 (C-
3'), 71.03 (C-2'), 61.98 (C-5'), 44.93 (C–N).

N6-(1-Carboxyethyl)adenosine (13c). UV: λmax =
268 nm (ε = 14800). 1H NMR (δ, ppm; SCC, Hz): 8.11
and 8.01 (both s, 2H, H-2 and H-8); 5.89 (d, 1H, H-1',
J = 5.9); ~4.8 (the signal of H-2' is partially overlapped
by the signal of HOD); 4.32 (~t, 2H, H-3' and CH, J =
4.2); 4.18 (~q, 1H, H-4', J = 2.8); 3.83 (dd, 1H, H-5'a,
J = 2.5 and 12.9); 3.74 (dd, 1H, H-5'b, J = 3.6 and
12.9); 1.41 (d, 3H, CH3, J = 7.2). 13C NMR (δ, ppm):
176.42 (COOH), 159.13 (C-6), 149.61 (C-4), 152.76
(C-2), 140.18 (C-8), 119.51 (C-5), 88.73 (C-1'), 85.94
(C-4'), 74.11 (C-3'), 70.89 (C-2'), 61.83 (C-5'), 52.18
(C–N), 18.38 (CH3).

Cytotoxicity in Huh7 cells and the antiviral effect of the syn-
thesized compounds in the HCV replicon system

Compound LC50, µM IC50, µM

1a–1e, 2, 3 >500 Inactive

1f >500 30

7a 20 2–3

13a 100 30–50

13b, 13c >500 Inactive

2'MeC* >200 1.23

4'N3C* >33 1.28

* Taken from [11]; LC50 is the concentration of a compound that
is lethal to 50% of cultured cells; IC50 is the concentration of
a compound that inhibits virus replication by half.
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N1-hydroxyinosine 5'-triphosphate (7b) was syn-
thesized from adenosine 5'-triphosphate (5b) by the
method described above for the nucleoside. UV: λmax =
232 nm (ε = 35 000), 261 nm (ε = 8500). 1H NMR (δ,
ppm; SCC, Hz): 8.48 and 8.46 (both s, 2H, H-2 and
H-8); 6.01 (d, 1H, H-1', J = 4.6); ~4.8 (the signal of H-
2' is partially overlapped by the signal of HOD);
4.46 (br s, 1H, H-3'), 4.26 (br s, 1H, H-4'); 4.12 (m, 2H,
H-5'). 31P NMR (δ, ppm): –6.44 (br s, 1P, Pα), –10.64
(s, 1P, Pγ), –21.50 (br s, 1P, Pβ).

Bicyclic furo[2,3-d]pyrimidine nucleosides (1a–1f)
were synthesized by the reaction of 5-iodouridine with
terminal alkynes in the presence of catalytic amounts of
Pd(0) and CuI [3, 4] by analogy with the method sug-
gested for the synthesis of corresponding 2'-deoxynu-
cleosides [5, 6]. Treatment of nucleoside 1a with aque-
ous alcohol solutions of ammonia or methylamine
(Scheme 1) led to pyrrolo- and N7-methylpyrrolo[2,3-
d]pyrimidine nucleosides (2 and 3), respectively [3, 4].

The synthesized nucleosides were tested as poten-
tial inhibitors of HCV replication in the virus replicon
system [10] (table). Compounds 1–3, 13b, and 13c
were inactive in this system and exhibited no cytotoxic-
ity in concentrations up to 500 µM in human hepato-
cyte cells Huh7. Only bicyclic nucleoside 1f, contain-
ing the C10H12 substituent, and N6-carboxymethylade-
nosine 13a exhibited moderate anti-HCV activity. In
the series of N6 derivatives (13), only N6-carboxymeth-
yladenosine (13a) exhibited moderate cytotoxicity. N1-
Hydroxyinosine (7a) exhibited high anti-HCV activity
and high cytotoxicity in Huh7 cell culture.

The mechanism of the antiviral action of most
nucleoside analogues involves their enzymatic trans-
formation into nucleoside 5'-triphosphates with their
subsequent incorporation into the 3' end of viral DNA
or RNA, which inhibits virus replication [12, 13]. In the
search for the possible target for the nucleosides, we
synthesized a series of 5'-triphosphates and studied
their substrate specificity with respect to HCV
enzymes: proteins NS5B and NS3.

5'-Triphosphates 4a–4c were synthesized using the
method described in [14] (Scheme 1) by the action of
POCl3 in triethyl phosphate in the presence of proton
sponge followed by condensation with tributylammo-
nium pyrophosphate. The yields were 5–14% [3, 4].
N1-Hydroxyinosine 5'-triphosphate (7b) was obtained
in two stages by oxidation of the commercially avail-
able adenosine 5'-triphosphate (5b) followed by deam-
ination of adenosine N1-oxide 5'-triphosphate (6b)
(Scheme 2).

Bicyclic nucleoside 5'-triphosphates 4a–4c were not
recognized by RNA polymerase of HCB and were
extremely weak inhibitors of the ATPase reaction cata-
lyzed by HCV NTPase; however, they turned out to be
rather efficient NTPase substrates (figure). Their activ-
ity is only slightly lower than the activity of natural
UTP [3, 4]. The difference in hydrolysis rates could be
responsible for the low pseudo-inhibitory activity of
these compounds. At the same time, N1-hydroxyinosine
5'-triphosphate (7b) noticeably inhibited the ATPase
reaction catalyzed by HCV NTPase (Ki 109 µM).

The above data point to the need for further study of
the structure–anti-HCV activity relationship for this
group of compounds in order to more exactly assess the
prospects for their use as HCV inhibitors.
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