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Abstract
A comparative analysis of in vitro antiviral activity (in terms of the concentration of semi-maximal inhibition, IC50) against
influenza virus A/PR/8/34 (H1N1) of a large series of parent 1,2,3-triazolyl nucleoside analogues (with uracil, thymine, 6-
methyluracil, quinazoline-2,4-dione moieties as nucleic bases) and their prodrug forms with masked 5ʹ-phosphate groups
(diethyl phosphate, diphenyl phosphate, phosphoramidate) and negatively charged H-phosphonate and monophosphate
groups was carried out. Obtained structure-activity relationships were interpreted based on the assumption that the
synthesized parent 1,2,3-triazolyl nucleoside analogues and their prodrug forms, by analogy with the literature data, are
metabolized by cellular kinases to their active 5ʹ-triphosphate forms that inhibit the activity of viral RNA-dependent RNA
polymerase (RdRp). A correlation was found between the experimental values of IC50 and the theoretical values of the
binding energies of 5ʹ-triphosphate derivatives of the parent 1,2,3-triazolyl nucleoside analogues in the active site of RdRp.
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Introduction

Antiviral nucleoside analogues are known to be metabo-
lized by cellular kinases to their 5ʹ-triphosphate derivatives
when entering the cell [1]. They are the active forms of
nucleoside analogues which inhibit the synthesis of viral
RNA, thus preventing the replication of viruses [2–4].
However, intracellular metabolism of nucleoside analogues
does not always proceed successfully and completely to
their active 5ʹ-triphosphate derivatives. Quite often,
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intracellular metabolism of nucleoside analogues either
does not occur at all or stops at the stage of formation of 5ʹ-
monophosphates [5–7]. The reason is that nucleoside ana-
logues differ in structure from the structure of native
nucleosides, and some differ very much and cellular kinases
do not recognize them well [5–7].

It is very likely that it is the failure of kinases to convert
nucleoside analogues into their active 5ʹ-triphosphate deri-
vatives that causes poor antiviral activity or lack thereof in
many nucleoside analogues. To overcome the problem of
intracellular phosphorylation, it seemed logical to use as
antiviral agents not the nucleoside analogues themselves,
but their 5ʹ-mono, di- or triphosphate derivatives. The lit-
erature provides examples of the synthesis of such com-
pounds [8, 9], however, there is negligible data on the
evaluation of their antiviral activity. We are aware of only
one case when 5ʹ-triphosphates were added to infected cells
[10], in most cases experiments were carried out with
individual viral RNA-dependent RNA polymerases (RdRp)
[11, 12].The probable reason is the fear of chemists and
biologists that nucleoside analogues with a phosphate sub-
stituent at position C5ʹ (nucleotide analogues) due to their
negative charge cannot penetrate into the cell through the
lipid-rich cell membrane [13, 14].

To overcome the problem of penetration into the cell of
negatively charged 5ʹ-phosphate analogues of nucleosides
(nucleotides), A.Mongometri in 1961 proposed using their
esters which could pass through lipid membranes and, as a
result of hydrolysis by cellular esterases, turn into the original
5ʹ-phosphate analogues of nucleosides [13]. In the early
1990s, K. McGuigan proposed masking a negatively charged
phosphate substituent in the 5ʹth position with an aryl group
and an amino acid ester residue [15]. Since both of these
approaches replacing (masking) the phosphate group in
nucleotide analogues with dialkyl (diaryl) phosphate or
phosphoramidate moieties were applied to nucleoside analo-
gues approved by the U.S. Food and Drug Administration
(FDA) as drugs for the treatment of infections caused by HIV,
hepatitis B and C viruses, they were called prodrug approa-
ches, and derivatives of nucleoside analogues having dia-
lkyl(diaryl) phosphate or phosphoramidate substituent in the
5ʹth position have been called their prodrug forms. The lit-
erature provides many examples of prodrugs of such structure
being much more active than their parent nucleoside analo-
gues as inhibitors of replication of HIV [16], hepatitis B [17],
hepatitis C [18, 19], dengue [20] viruses, as well as SARS-
CoV-2 [21]. Despite numerous data on the antiviral activity of
both various nucleoside analogues [2, 22–24] and their pro-
drug forms of various structures, including 5ʹ-triphosphates
[10–12, 16–21], there is no systematic comparative analysis
of them in the literature.

Herein, for the first time, we carried out such a com-
parative analysis of antiviral activity against influenza virus

A/PR/8/34 (H1N1) of a large series of parent 1,2,3-triazolyl
nucleoside analogues and their prodrug forms with the
popular in the literature [9] masked phosphate substituents
in the 5ʹth position (diethyl phosphate, diphenyl phosphate,
phosphoramidate) and negatively charged H-phosphonate
and monophosphate groups to check whether negatively
charged analogues of 1,2,3-triazolyl nucleosides will be
active or not. This series consists of two parts: 1.2.3-tria-
zolyl nucleoside analogues with uracil and quinazoline-2,4-
dione moieties as nucleic bases and their prodrug forms
which were synthesized by us earlier [25, 26] and 1.2.3-
triazolyl nucleoside analogues with 5ʹ-methyluracil (thy-
mine) and 6-methyluracil moieties as nucleic bases and their
prodrug forms whose synthesis and antiviral activity against
influenza virus A/PR/8/34 (H1N1) are described for the first
time in this paper.

Results and discussion

Chemistry

The synthesis of 1.2.3-triazolyl nucleoside analogues with
6-methyluracil and 5-methyluracil (thymine) moieties as
nucleic bases and their prodrug forms was carried out
according to a methodology we developed earlier [25].
Alkynyl derivatives of 6-methyluracil 1a,b and thymine 2a,b
prepared by analogy with the methods previously described
[26] were involved in the copper-catalyzed reaction of azide-
alkyne cycloaddition (CuAAC) with 2,3,5-tri-O-acetyl-β-D-
ribofuranosylazide 3 [25] to obtain 1,2,3-triazolyl nucleoside
analogues 4a,b and 5a,b with protected hydroxyl groups.
(Scheme 1). The formation of the 1,2,3-triazole ring was
confirmed by the appearance in the 1H NMR spectra of
compounds 4a,b and 5a,b a signal of the triazolyl proton at
the C5ʹʹ atom within the range of 7.50-7.97 ppm. Triazole
carbon atoms C4ʹʹ in the 13C NMR spectra of compounds
4a,b and 5a,b resonated within the range of 142.85-147.68
ppm, and signals of triazole carbon atoms C5ʹʹ were observed
within the range of 120.10-123.54 ppm. All these facts fully
corresponded to the characteristic features of the 1H and 13C
NMR spectra of 1,2,3-triazoles have been described in the
literature [27–29]. The anomeric protons of acetylated
D-ribofuranose residues in the 1H NMR spectra of com-
pounds 4a,b and 5a,b were represented by single doublets
within the range of 5.98-6.13 ppm with vicinal constants
within the range of 3.5–4.2 Hz. This indicated that com-
pounds 4a,b and 5a,b were obtained in the form of individual
β-isomers. Then the O-acetyl protective groups of compounds
4a,b and 5a,b were removed with a 0.1 N MeONa/MeOH
solution and the target 1,2,3-triazolyl nucleoside analogues
with free hydroxyl groups 6a,b and 7a,b (Scheme 1) were
obtained with good yields (85–98%).
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For further phosphorylation of compounds 6a,b and
7a,b at the C5ʹ position by reactive phosphorus-
containing reagents, it was necessary to selectively
protect the hydroxyl groups at the C2ʹ and C3ʹ atoms,
leaving the hydroxyl group free at the C5ʹ atom. For this
purpose, nucleoside analogues 6a,b and 7a,b by the
reaction with 2,2-dimethoxypropane in acetone in the
presence of p-toluene sulphonic acid (TsOH) were con-
verted into 1,2,3-triazolyl nucleoside analogues 8a,b,
9a,b with isopropylidene protection of hydroxyl groups
at the C2ʹ and C3ʹ atoms and the free hydroxyl group at
the C5ʹ atom (Scheme 1).

According to the already known procedure [25], nucleo-
side analogues 6a,b, 7a,b were involved in the reaction with
diethyl phosphorocloridate and diphenyl phosphorocloridate
in pyridine at room temperature to obtain 5ʹ-diethylphosphates
10a,b, 11a,b and 5ʹ-diphenylphosphates 12a,b, 13a,b,
respectively (Scheme 2). The listed nucleotide analogues were
isolated by flash chromatography on silica gel with 11-83%
yields, respectively. The presence of a diethyl phosphate
group in compounds 10a,b, 11a,b was indicated by 31P NMR
spectra, in which a single signal presented within the range
from -1.2 to -1.6 ppm. In the 1H NMR spectra of these
compounds, a triplet was observed at 1.22–1.56 ppm and a

Scheme 1 Synthesis of 1,2,3-triazolyl nucleoside analogues
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quartet at 4.02–4.07 ppm with vicinal coupling constants
within the range of 7.05–7.15 Hz corresponding to the reso-
nance of the ethyl groups. In addition, the signals of methy-
lene protons at the C5ʹ atom in compounds 10a,b, 11a,b were
shifted downfield and resonated as multiplets within the range
of 4.13-4.34 ppm. A similar spectral pattern was observed in
the NMR spectra of compounds 12a,b, 13a,b. In their 31P
NMR spectra, a singlet corresponding to the phosphorus atom
of the phosphate group was observed at -12.2 ppm. In the 1H
NMR spectra the signals of protons of aromatic rings of the
phosphate group appeared as a multiplet at 7.09–7.32 ppm. In
addition, two doublet of doublets corresponding to the reso-
nance of the methylene protons at the C5ʹ atom observed in
the 1H NMR spectra of the initial compounds 6a,b, 7a,b in
the spectra of the products 12a,b, 13a,b were shifted down-
field as a complex multiplet at 4.32-4.46 ppm.

By analogy with the method already used [25], the
synthesis of 5ʹ-phosphoramidate derivatives of 1,2,3-
triazolyl nucleoside analogues 6a,b, 7a,b was carried out
in four stages (Scheme 3). Note that according to the 31P
NMR spectra in which two signals of approximately equal
intensity were observed within the region of 3.61–4.9
ppm, phosphoramidates 17a,b, 18a,b, 19a,b, 20a,b were
isolated as a mixture of two diastereomers. The absolute
configurations of diastereomeric phosphoramidate deri-
vatives 19a,b, 20a,b were not determined because, as it
appeared later, they were inactive and therefore the con-
figuration of their chiral centres had no significance for us
in this study.

Synthesis of derivatives of 1,2,3-triazolyl nucleoside
analogues 6a,b, 7a,b with a H-phosphonate substituent at
the 5ʹth position was carried out in 4 stages in accordance

Scheme 2 Synthesis of 5ʹ-diethyl and 5ʹ-diphenyl derivatives of 1.2.3-triazolyl nucleoside analogues
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with the procedure described earlier [25] (Scheme 4). At the
first stage, the interaction of salicylic acid 21 with phos-
phorus trichloride produced salicyl phosphorochloridate 22
which was then involved in the reaction with 2ʹ,3ʹ-O-iso-
propylidene-protected 1,2,3-triazolyl nucleoside analogues
8a,b, 9a,b to afford their 5ʹ-salicylphosphite derivatives
23a,b, 24a,b as a mixture of two diastereomers which
appeared in the 31P {1H} NMR spectra as two singlets at

125 ppm corresponding to the phosphorus (III) atom. In the
31P NMR spectra these signals were observed as triplets
with 3JPH constants within the range of 8.8–9.2 Hz. Sali-
cylphosphites 23a,b, 24a,b were hydrolyzed in situ with
aqueous triethylamine to obtain 2ʹ,3ʹ-O-isopropylidene-
protected 5ʹ-H-phosphonate nucleoside analogues 25a,b,
26a,b isolated by flash chromatography on silica gel in 62-
72% yields (Scheme 4). A single signal within the range of

Scheme 3 Synthesis of 5ʹ-phosporamidates of 1,2,3-triazolyl nucleoside analogues
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4.02–4.14 ppm in the 31P NMR spectra of compounds
25a,b, 26a,b confirmed the presence of the 5ʹ-H-phospho-
nate group. In the 1H NMR spectra the formation of 5ʹ-H-
phosphonates was evidenced by a change in a multiplicity
and a downfield shift of the proton signals at the C5ʹ atom,
as well as the appearance of a proton signal at the phos-
phorus atom which resonated as a doublet at 6.6 ppm with a
spin-coupling constant of 620–622 Hz. In addition, the
spectra contained signals of triethylammonium protons with
integral intensities corresponding to two triethylammonium

molecules per nucleotide anion molecule. At the last stage,
the 2ʹ,3ʹ-O-isopropylidene protection of the D-ribofuranose
residue was removed with aqueous trifluoroacetic acid and
targeted 1,2,3-triazolyl nucleoside analogues 27a,b, 28a,b
with the H-phosphonate group at the atom C5ʹ were
obtained in 60-95% yields (Scheme 4). The removal of
2ʹ,3ʹ-O-isopropylidene protection was indicated by the
absence of two singlets in the 1H NMR spectra at 1.38 and
1.57 ppm corresponding to the resonance of methyl groups
of the isopropylidene protection.

Sсheme 4 Synthesis of 5ʹ-H-phosphonates of 1,2,3-triazolyl analogues
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Synthesis of 5ʹ-monophosphate derivatives of 1,2,3-tria-
zolyl nucleoside analogues was carried out in 4 stages
(Scheme 5) by analogy with the previously described pro-
cedure [25]. First, the hydrogen atom at the phosphorus in
5ʹ-H-phosphonates 25a,b, 26a,b was replaced with a tri-
methylsilyl group. The resulting trimethylsilyl esters 29a,b,
30a,b were in situ oxidized by molecular iodine in the
presence of triethylamine to afford 5ʹ-iodophosphates
31a,b, 32a,b in turn hydrolyzed in situ to obtaine 2ʹ,3ʹ-O-
isopropylidene-protected phosphates 33a,b, 34a,b isolated
by flash chromatography on silica gel in 19-48% yields
(Scheme 5). The formation of the 5ʹ-phosphate group was
indicated by the 31P NMR spectra in which the signal of the

phosphorus atom of the 5ʹ-H-phosphonate group within the
range of 4.02-4.14 ppm disappeared and a single signal
within the range of 0.63–1.22 ppm corresponding to the
phosphorus atom of the 5ʹ-phosphate group was observed.
In the 1H NMR spectra of phosphates 33a,b, 34a,b there
was no doublet of the proton at the phosphorus atom of the
5ʹ-H-phosphonate group at 6.6 ppm with a spin-coupling
constant of 620–622 Hz. Besides, the protons at the C5ʹ
atom, having undergone a downfield shift, resonated as a
multiplet within the range of 3.89-3.91 ppm, whereas in the
initial H-phosphonates 25a,b, 26a,b they resonated at
3.85–3.86 ppm. The listed spectral facts testified to the
successful oxidation of the 5ʹ-H-phosphonate group to the

Scheme 5 Synthesis of 5ʹ-monophosphates of 1,2,3-triazolyl nucleoside analogues
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phosphate one. In addition, the formation of phosphates
33a,b, 34a,b was confirmed by ESI mass spectrometry. At
the last stage, the 2ʹ,3ʹ-O-isopropylidene protection of the
D-ribofuranose residue was removed with aqueous tri-
fluoroacetic acid and targeted 1,2,3-triazolyl nucleotide
analogues 35a,b, 36a,b with the monophosphate group in
the 5ʹth position were obtained in 55–76% yields.

Antiviral evaluation

The in vitro antiviral activity of synthesized 5ʹ-phosphory-
lated 1,2,3-triazolyl analogues of nucleosides 10a,b-13a,b,
19a,b, 20a,b, 27a,b, 28a,b, 35a,b, 36a,b was evaluated
against influenza virus A/Puerto Rico/8/34 (H1N1). The
results expressed as a concentration causing 50% inhibition
of virus replication (IC50), a concentration causing the death
of 50% of cells infected with the virus (CC50), and a
selectivity index (SI) equal to the CC50/IC50 ratio are pre-
sented in Table 1. For a systematic analysis of the antiviral
activity of the entire series of synthesized 5ʹ-phosphorylated
1,2,3-triazolyl nucleoside analogues and their parent com-
pounds, Table 1 also presents data for previously synthe-
sized 5ʹ-phosphorylated 1,2,3-triazolyl nucleoside
analogues 37a,b-46a,b [25], as well as parent 1,2,3-triazolyl
nucleoside analogues 47a,b-50a,b [26].

Before proceeding to the analysis of the antiviral activity
of the mentioned series of compounds, it is necessary to
make the following explanation. Since the most active
compounds in the studied series showed moderate (one can
say low) antiviral activity (the IC50 values within the range
of 18-74 μM), we did not carry out serious intracellular
experiments such as studying the metabolism of parent
compounds 47a,b-50a,b and their prodrug forms 10a,b-
13a,b, 19a,b, 20a,b, 27a,b, 28a,b, 35a,b, 36a,b-46a,b by
cellular kinases. We considered it quite sufficient to rely on
numerous literature data [2–4] that both nucleoside analo-
gues and their prodrug forms are metabolized by cellular
kinases to their 5ʹ-triphosphate derivatives. It is these 5ʹ-
triphosphate derivatives (and not the nucleoside analogues
themselves or their prodrug forms) that inhibit a viral
replication [2–4]. Hence it follows that the experimental
IC50 values do not refer to the parent nucleoside analogues
and their prodrug forms mentioned above, but to the 5ʹ-
triphosphate derivatives of the parent nucleoside analogues.
Therefore, it can be assumed that the IC50 values correlate
with the efficiency of intracellular metabolism of the men-
tioned parent nucleoside analogues or their prodrug forms
up to 5ʹ-triphosphate derivatives.

Using the above assumptions based on the literature data
[2–4], the analysis of Table 1 allows us to draw four
important conclusions. First, the parent 1,2,3-triazolyl
nucleoside analogues possessing the uracil (compounds
47a,b) and thymine (compounds 49a,b) moieties were

inactive. Of all the parent 1,2,3-triazolyl nucleoside analo-
gues, only compounds with the 6-methyluracil (compound
48b) and quinazoline-2,4-dione (compounds 50a,b) moi-
eties instead of natural nucleic bases showed activity. It was
moderate activity with the IC50 values within the range of
30-48 μM.

Secondly. Approximately the same moderate activity
(the IC50 values within the range of 18-74 μM) was shown
by 5ʹ-phosphorylated derivatives of the same parent
nucleoside analogues 48b, 50a,b, namely 5ʹ-diethyl phos-
phate 10b and 5ʹ-diphenyl phosphates 12a, 43a,b. Taking
into account that the synthesis of viral RNA is inhibited not
by nucleoside analogues but by their 5ʹ-triphosphate deri-
vatives [2–4], the data obtained show that intracellular
metabolism of both parent nucleoside analogues 48b, 50a,b
and their 5ʹ-phosphorylated derivatives 10b, 12a, 43a,b
proceeds with the same efficiency.

Thirdly. The introduction in the 5ʹth position of inactive
1,2,3-triazolyl nucleoside analogues 47a with the uracil
(IC50 > 880 μM) and 49b with the thymine (IC50= 278 μM)
moieties of a phosphoramidate and diphenyl phosphate
substituents, respectively, allowed them to penetrate into the
cell and be metabolized to the corresponding 5ʹ-tripho-
sphates. Indeed, 5ʹ-phosphoramidate 39a with the uracil and
5ʹ-diphenyl phosphate 13b with the thymine moieties, that
is, according to the literature data [2–4], the corresponding
5ʹ-triphosphates showed moderate activity with the IC50

values of 25 and 18 μM, respectively.
Fourthly. The negatively charged 5ʹ-H-phosphonates

27b with the 6-methyluracil and 28b with thymine moi-
eties showed moderate activity with the IC50 values of 74
and 25 μM, respectively. This seems surprising since
nucleoside analogues with a phosphate substituent at the
position C5ʹ (nucleotide analogues) cannot penetrate the
cell through the lipid-rich cell membrane due to their
negative charge [13, 14]. However, the literature provides
at least one example when a negatively charged nucleo-
tide analogue showed high antiviral activity [30]. This is
3ʹ-azido-3ʹ-deoxythymidine-5ʹ-yl H-phosphonate which
has been registered in the Russian Federation as an anti-
viral agent used as a part of combined antiretroviral
therapy for HIV infection and called Nikavir [9, 30]. One
can assume that negatively charged Nicavir and 5ʹ-H-
phosphonates 27b and 28b do not penetrate into the cell
themselves but inhibit the functions of external glyco-
proteins of viruses preventing the penetration of viruses
into the cell.

Summing up the analysis of the data of Table 1, one can
note that only 11 compounds, namely, 10b, 12a, 13b, 27b,
28b, 39a, 43a,b, 48b, 50a,b, showed moderate antiviral
activity against influenza virus A/Puerto Rico/8/34 (H1N1)
with the IC50 values within the range of 18-74 μM. The
remaining compounds were completely inactive.
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Molecular docking

We carried out a molecular docking study to test the ability of
the synthesized compounds to inhibit some well-known viral
target proteins. Nucleoside analogues can inhibit influenza A

virus replication by interacting with a limited set of targets
only. Among them the influenza viral RNA-dependent RNA
polymerase (RdRp) plays a special role. Important structural
unit of RdRp is the acidic polymerase, namely, its N-terminal
cation-dependent domain (PA-Nter, PDB code 4AWK [31]).

Table 1 Antiviral activity against A/Puerto Rico/8/34 (H1N1) influenza virus of 5´-phosphorylated 1,2,3-triazolyl nucleoside analogues 10a,b-
13a,b, 19a,b, 20a,b, 27a,b, 28a,b, 35a,b, 36a,b-46a,b and their parent compounds 47a,b-50a,b

Compound CC50
a (μM) IC50

b (μM) SIc Compound CC50
a (μM) IC50

b (μM) SIc

10a

>630 231 ± 29 3

10b

81 ± 6.2 64 ± 4.2 1

12a

>525 62 ± 8.6 8

12b

>489 >489 1

19a

>517 172 ± 20 3

19b

>482 >482 1

27a

>746 >746 1

27b

93 ± 7.2 74 ± 3.4 1

35a

>719 151 ± 17 5

35b

>653 143 ± 19 5
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This active site is characterized by low selectivity for the
structure of an inhibitor molecule. PA-Nter is highly con-
served in all RNA viruses [32, 33], including strains of
influenza A virus [34, 35]. Based on these literature data, we
chose the active site of PA-Nter RdRp of influenza A virus
(PDB code 4AWK) as a drug target.

It was already mentioned above that based on the lit-
erature data [2–4], we assumed that the parent compounds
47a,b-50a,b and their prodrug forms 10a,b-13a,b, 19a,b,
20a,b, 27a,b, 28a,b, 35a,b, 36a,b-46a,b are metabolized by
cellular kinases to their active 5ʹ-triphosphate derivatives
51-57 (presented in Table 2) and it is 51-57 that inhibit a

Table 1 (continued)

Compound CC50
a (μM) IC50

b (μM) SIc Compound CC50
a (μM) IC50

b (μM) SIc

11a

>631 >631 1

11b

>580 112 ± 15 5

13a

>525 297 ± 44 2

13b

41 ± 3 18 ± 3 2

20a

>517 >517 1

20b

>482 >482 1

28a

>746 >746 1

28b

35.6 ±
2.7

25 ± 3.4 1

36a

>719 >719 1

36b

>653 >653 1
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viral replication.Therefore, we carried out molecular dock-
ing of 5ʹ-triphosphates 51-57 into the active site of the
selected drug target. The binding energies of 5ʹ-tripho-
sphates 52-57 which are derivatives of the active com-
pounds 10b, 12a, 13b, 39a, 43a,b, 48b, 50a,b into the
active site of the protein PA-Nter endonuclease domain

(PDB code 4AWK), as well as, for comparison, the binding
energy of the hypothetical 5ʹ-triphosphate 51 having no
active precursors are presented in Table 2. Triphosphates
55, 56, 57 containing the quinazolin-2,4-dione and uracil
moieties demonstrate the highest binding energies
(8.9–9.8 kcal/mol). But compound 51 also with uracil

Table 1 (continued)

Compound CC50
a (μM) IC50

b (μM) SIc Compound CC50
a (μM) IC50

b (μM) SIc

37a

>650d 434 ± 39d 2

37b

>596d 250 ± 22d 2

38a

>538d 121 ± 7d 4

38b

>500d 183 ± 15d 3

39a

>530d 25 ± 4d 21

39b

>463d >463d 1

40a

>612d 204 ± 28d 3

40b

>564d 218 ± 32d 3

41a

>494d >494d 1

41b

>463d 195 ± 26d 2
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Table 1 (continued)

Compound CC50
a (μM) IC50

b (μM) SIc Compound CC50
a (μM) IC50

b (μM) SIc

42a

>587d 411 ± 51d 1

42b

>542d >542d 1

43a

>494d 17.9 ± 3d 28

43b

98 ± 6d 51 ± 4d 2

44a

>487d >487d 1

44b

>456d >456d 1

45a

>555d 176 ± 21d 3

45b

>516d >516d 1

46a

>458d 159 ± 19d 3

46b

>430d >430d 1

47a

>880e >880 e 1

47b

>817ed 343 ± 41e 2
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moiety has the lowest binding energy (7.8 kcal/mol) in the
PA-Nter active site. Consider the position of the ligands in
the protein cavity (Fig. 1) to find an explanation for this
discrepancy. According to molecular docking calculations,
compounds 57, 55, 51 are located approximately in the
same region of space and their triphosphate fragments are
localized deep in the cavity of the PA-Nter active site. On
the contrary, compound 56 is localized in such a way that its
triphosphate fragment is located at the mouth of this cavity.
This arrangement of the compounds under study seems
surprising because compound 51 with the uracil moiety is
not located in the same area of the active site in which the
lead compound 56 also having the uracil moiety is located,
but in the area in which the leaders 57 and 55 with the
quinazoline-2,4-dion moiety are located. A significant dif-
ference in the structure of compounds 56 and 51 can serve
as a possible explanation for this phenomenon. In the lead
compound 56, the uracil moiety is attached to the 1,2,3-
triazolylribofuranosyl fragment via the methylene bridge,

whereas in compound 51 via the butylene chain, that cer-
tainly increased the size of compound 51. This led to the
fact that compound 51 could not locate in the same area of
space as compound 56 and appeared to be in the same place
where the lead compounds 57 and 55 with quinazoline-2,4-
dione moieties are located. However, once in this region of
the cavity of the PA-Nter active site, compound 51 did not
find amino acid residues with which it could form hydrogen
bonds. As a result, compound 51 is retained in the active
site only due to van der Waals interactions and shows the
lowest binding energy among the studied compounds
(7.8 kcal/mol, Table 2). The lead compounds 57 and 55 are
retained in the cavity of the active site by hydrogen bonding
of their triphosphate fragments with the amino acid residue
Val122 and the π-π stacking interaction of their quinazo-
line-2,4-dione moiety with the amino acid residue Tyr24.

In contrary to compound 55, 5ʹ-triphosphate 57 is addi-
tionally hydrogen-bonded with the Lys134 residue in the
active site of the acidic polymerase, which explains the

Table 1 (continued)

Compound CC50
a (μM) IC50

b (μM) SIc Compound CC50
a (μM) IC50

b (μM) SIc

48a

>885e >885e 1

48b

311±
27e

48 ± 6e 6

49a

>885e 590 ± 60e 2

49b

>787e 278±
31e

3

50a

132 ± 9 e 42±5ed 3

50b

>719 e 30±4ed 24

Rimantadine 340 ± 16 77 ± 8 4

Ribavirin 94 ± 48 31 ± 9 3

Oseltamivir carboxylate >200 0.3
± 0.06

>667

aCC50 is the median cytotoxic concentration, i.e. the concentration causing 50% cell death
bIC50 is the concentration causing 50% inhibition of virus replication
cSI is the selectivity index, which is the CC50/IC50 ratio
dData from [25]
eData from [26]
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higher binding energy of compound 57 (9.8 kcal/mol)
compared to compound 55 (8.9 kcal/mol, Table 2).

The lead compound 56, being localized in another region
of the cavity of the PA-Nter active site, is nevertheless well
retained in it due to the hydrogen bonding of its tripho-
sphate fragment with the amino acid residues Arg84 and
Trp88 and shows the high binding energy of 9.1 kcal/mol
(Table 2).

It has already been noted above that as according to the
literature data [2–4], it is 5ʹ-triphosphate derivatives that
inhibit viral replication, the observed experimental values of
IC50 (Table 1) can be attributed not to the parent nucleoside
analogues 47a,b-50a,b and their prodrug forms 10a,b-
13a,b, 19a,b, 20a,b, 27a,b, 28a,b, 35a,b, 36a,b-46a,b but
to their corresponding 5ʹ-triphosphate derivatives 51-57.
Therefore the IC50 values presented in Table 1 can be cor-
related with the binding energies of triphosphates 51-57 in
the PA-Nter active site (Table 2). Indeed, comparing Table
1 and Table 2, one can see rather good correlation between
antiviral activity of the parent 1,2,3-triazolyl nucleoside
analogues 48b, 50a,b, their prodrug forms 10b, 12a, 43a,b,
that is, the IC50 values, and the binding energies of their
corresponding 5ʹ-triphosphate derivatives 52-57 in the PA-
Nter active site. For example, a decrease in IC50 values, that
is, an increase in antiviral activity, during the transition
from compound 12a (IC50= 62 μM) to compound 43a
(IC50= 17.9 μM) correlates with an increase in the binding
energy during the transition from 5ʹ-triphosphate 52
(8.3 kcal/mol) to 5ʹ-triphosphate 57 (9.8 kcal/mole). Or
another example. A decrease in IC50 values (an increase in
activity) during the transition from compound 10b
(IC50= 64 μM) to compound 43a (IC50= 17.9 μM) corre-
lates with an increase in the binding energy during the
transition from 5ʹ-triphosphate 54 (8.5 kcal/mol) to 5ʹ-tri-
phosphate 57 (9.8 kcal/mol). This can be considered indirect
evidence that the prodrug forms of 1,2,3-triazolyl nucleo-
side analogues (in this case, 5ʹ-diphenylphosphates 12a,
43a, 5ʹ-diethylphosphate 10b) exhibit antiviral activity
against influenza A virus (H1N1) in the form of their 5ʹ-

Table 2 Binding energies and ligand-protein interactions of 5′-
triphosphates 55-61 in the active site of the N-terminal polymerase
acid protein of the RNA-dependent RNA polymerase of the influenza
A virus H1N1 obtained by molecular docking simulations

Compounds -Ebind

(kkal/
mol)

Ligand-
Protein
Interactions

51

7.8 no H-bonding

52

8.3 Н-bonding:
Glu80, Arg84,
Lys134,
Tyr24
π-π stacking:
His41

53

8.3 Н-bonding:
Arg82,
Val122,
Lys134,
Glu119(x2)
π-cation
interaction:
His41

54

8.5 Н-bonding:
Arg82(x2),
Leu106,
Glu119,
Lys134
π-π stacking:
His41

55

8.9 Н-bonding:
Glu80,
Val122
π- π stacking:
Tyr24

56

9.1 Н-bonding:
Arg84, Trp88

Table 2 (continued)

Compounds -Ebind

(kkal/
mol)

Ligand-
Protein
Interactions

57

9.8 Н-bonding:
Val122,
Lys134
π- π stacking:
Tyr24
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triphosphate derivatives. The following fact also testifies in
favour of this conclusion. The parent 1,2,3-triazolyl
nucleoside analogue 47a having the uracil moiety is com-
pletely inactive (IC50 > 880 μM, Table 1), even though its
5ʹ-triphosphate derivative 56 has the high (9.1 kcal/mol)
binding energy in the PA-Nter active site (Table 2). At the
same time, the prodrug form of compound 47a (5ʹ-phos-
phoramidate 39a) showed moderate antiviral activity with
the IC50 value of 25 μM (Table 1).

The reason for the observed difference will become clear
if we assume (as we did above) that the IC50 values in
Table 1 assigned by us to the 5ʹ-triphosphates 51-57 cor-
relate with the efficiency of intracellular metabolism of
parent nucleoside analogues 47a,b-50a,b or their prodrug
forms 10a,b-13a,b, 19a,b, 20a,b, 27a,b, 28a,b, 35a,b,
36a,b-46a,b to their corresponding 5ʹ-triphosphate deriva-
tives 51-57. The parent compound 47a either failed to

penetrate into the cell or was not converted by cellular
enzymes into its active 5ʹ-triphosphate form 56, whereas the
prodrug form of compound 47a, 5ʹ-phosphoramidate 39a,
was able to penetrate into the cell and was converted by
cellular enzymes into 5ʹ-triphosphate 56 whose antiviral
activity, according to the literature data [2–4] was observed
experimentally with the IC50 value of 25 μM. The data in
Table 1 allow us to draw another important conclusion.
Since compounds 12a, 43a and 10b, 43a, on the one hand,
and 5ʹ-triphosphates 52, 57 and 54, 57, on the other hand,
differ in the heterocyclic moiety, one can conclud that
exactly the heterocyclic moiety of both prodrug forms 12a,
10b, 43a and 5ʹ-triphosphates 52, 54, 57 is responsible for
the difference in their antiviral activity. It follows from this
that the quinazoline-2,4-dione moiety in 1,2,3-triazolyl
nucleoside analogues provides greater antiviral activity than
the 6-methyluracyl moiety.

   51          55

   56          57

Fig. 1 Molecular docking
simulations of the optimized
docking model of compounds
51, 55, 56, 57 in the PA-Nter
(PDB code 4AWK) active site of
the RdRp of influenza virus A
(H1N1) obtained in the lowest-
energy conformations
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Above, we assumed that the antiviral activity of nega-
tively charged 5ʹ-H-phosphonate 27b with the
6-methyluracil moiety and 28b with the thymine moiety is
the result of their interaction with the surface glycoproteins
hemagglutinin H1 and neuraminidase N1 of influenza A
virus (H1N1) which prevent the penetration of influenza
virus A into the cell. The effectiveness of this interaction we
verified by molecular docking simulations.

The glycoprotein hemagglutinin, which ensures the
attachment and fusion of influenza virus with the cell
membrane, is a well-studied drug target, and its interaction
with antiviral drugs is well modeled in silico [36–38]. We
used the structure of the hemagglutinin H1 of influenza
virus A/Puerto Rico/8/1934/H1N1 obtained by X-ray dif-
fraction (PDB: 1RU7) [39] and downloaded from the RCSB
Protein Data Bank database [40]. The binding energies and
ligand-protein interactions of active 5ʹ-H-phosphonates 27b
and 28b in the active site of hemagglutinin H1 and, for
comparison, of inactive 5ʹ-H-phosphonates 27a and 28a
obtained by molecular docking simulations together with
their IC50 values are presented in Table 3. One can see that
for 5ʹ-H-phosphonate 27b there is a good correlation of its
activity (the IC50 value) with the binding energy. The
binding energy of 5ʹ-H-phosphonate 27b (8.9 kcal/mol)
which showed antiviral activity with the IC50 value of
74 μM is greater than the binding energy of inactive
(IC50 > 746 μM) 5ʹ-H-phosphonate 27a (8.1 kcal/mol). At
the same time, there is no such pronounced correlation for
5ʹ-H-phosphonate 28b. With a huge difference in the IC50

values of 5ʹ-H-phosphonates 28a and 28b, their binding
energies differ by only 0.1 kcal/mol. Nevertheless, the
binding energies of compounds 27b and 28b in the active
site of the protein hemagglutinin H1 are comparable to the
binding energy of the lead compound 54 in the active site of
the PA-Nter protein (Table 2).

The surface glycoprotein neuraminidase, together with
the glycoprotein hemagglutinin, ensures the penetration of
influenza virus into the cell. The glycoprotein neur-
aminidase removes terminal residues of sialic acid from the
silylated receptors of the cell membrane, thus preparing
them for the attack of the glycoprotein hemagglutinin
[41, 42]. The glycoprotein neuraminidase is a well-studied
drug target, and its interaction with antiviral drugs is well
modeled in silico [43–45]. The structure of the glycoprotein
neuraminidase N1 of influenza A (H1N1) virus obtained by
X-ray diffraction (PDB:4B7Q) [46] which was downloaded
from the RCSB Protein Data Bank database [40] was used
for the molecular docking calculations. The binding ener-
gies and ligand-protein interactions of active 5ʹ-H-phos-
phonates 27b and 28b and, for comparison, inactive 5ʹ-H-
phosphonates 27a and 28a in the active site of the neur-
aminidase N1 obtained by molecular docking simulations
together with their IC50 values are presented in Table 4. One

can see that the binding energies of compounds 27b and
28b in the neuraminidase N1 active site (8.3 and 8.1 kcal/
mol, respectively, Table 4) are slightly lower than the
binding energies of these compounds in the hemagglutinin
H1 active site (8.9 and 8.7 kcal/mol, respectively, Table 3).
However, based only on these data, it is premature to
conclude which namely surface glycoprotein of influenza A
(H1N1) virus was inhibited by 5ʹ-H-phosphonates 27b and
28b. Special biological experiments on individual the
hemagglutinin H1 and neuraminidase N1 of influenza A
(H1N1) virus are needed.

Cytotoxicity evaluation

Table 1 shows that several 5′-phosphorylated 1,2,3-triazolyl
nucleoside analogues from the herein synthesized series,
namely 10b, 13b, 27b, 28b, appeared to be cytotoxic

Table 3 IC50 values, binding energies and ligand-protein interactions
of 5′-H-phosphonates 27a,b, 28a,b in the active site of the protein
hemagglutinin H1 of influenza virus A (H1N1)

Compounds IC50

(μM)
-Ebind
(kcal/
mol)

Ligand-
protein
interactions

27a

>746 8.1 H-bonding:
Lys308

27b

74 8.9 H-bonding:
Tyr594,
Asn595

28a

>746 8.6 H-bonding:
Tyr594,
Asn595

28b

25 8.7 H-bonding:
Lys606
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against MDCK cells used to evaluate antiviral activity. It
seemed interesting to check whether herein synthesized
compounds are cytotoxic against human cancer cell lines.
For this purpose, 5′-phosphorylated 1,2,3-triazolyl nucleo-
side analogues 10a,b-13a, 19a,b, 20a,b, 27b, 28a,b 35a,b,
36a,b were also evaluated for in vitro cytotoxicity against
eight human cancer cell lines: cervical epitheloid carcinoma
M-HeLa; duodenal adenocarcinoma HuTu-80; prostate
adenocarcinoma PC3, breast adenocarcinoma MCF-7,
hepatoblastoma HepG2, pancreatic carcinoma PANC-1,
pulmonary adenocarcinoma A549, melanoma А-375 as well
as a diploid human cell strain WI-38 composed of fibro-
blasts. The resulting data expressed as concentrations
causing the inhibition of the growth of 50% of cells in the
experimental population (IC50) are presented in Table 5. As
one can see in Table 5, practically all tested compounds
demostrated moderate cytotoxicity against both human

cancer cell lines and normal WI-38 cells of the lung
embryo. Thus, the tested compounds do not represent a
scaffold for the search for new anti-cancer agents, with the
possible exception of 5′-phosphate 35a which was the only
compound which appeared to be not cytotoxic against
normal WI-38 cells (IC50= 129 μM).

Conclusions

The comparative analysis of antiviral activity against influenza
virus A/PR/8/34 (H1N1) of a large series of parent 1,2,3-
triazolyl nucleoside analogues and their prodrug forms with
masked phosphate groups (diethyl phosphate, diphenyl phos-
phate, phosphoramidate) and negatively charged H-phospho-
nate and monophosphate groups was carried out. This series
consists of two parts: 1.2.3-triazolyl nucleoside analogues with
uracil and quinazoline-2,4-dione moieties as nucleic bases and
their prodrug forms that were synthesized by us earlier [25, 26]
and 1.2.3-triazolyl nucleoside analogues with 5-methyluracil
(thymine) and 6-methyluracil moieties as nucleic bases and
their prodrug forms whose synthesis and antiviral activity
against influenza virus A/PR/8/34 (H1N1) are described for
the first time in this paper. When analyzing the obtained data
on antiviral activity (IC50 values), we relied on the literature
data [2–4] that nucleoside analogues and their prodrug forms,
having penetrated into the cell, are metabolized by cellular
kinases to their 5ʹ-triphosphate derivatives and it is 5ʹ-tripho-
sphate derivatives that inhibit viral replication. Therefore, we
always kept in mind that the experimental values of IC50 in
Table 1 actually refer to 5ʹ-triphosphates 52-57 and therefore
correlated them with the efficiency of intracellular metabolism
converting parent 1,2,3-triazolyl nucleoside analogues 47a,b-
50a,b and their prodrug forms 10a,b-13a,b, 19a,b, 20a,b,
27a,b, 28a,b, 35a,b, 36a,b-46a,b into their corresponding 5ʹ-
triphosphate derivatives 51-57. In addition, we correlated the
experimental IC50 values with the binding energies of the
mentioned 5ʹ-triphosphates 51-57 in the active site of a popular
in the literature [31–35] a drug target of RNA viruses,
including influenza A (H1N1) virus, namely the PA-Nter
active site of the viral RNA-dependent RNA polymerase
(RdRp) of influenza A (H1N1) virus (PDB code 4AWK).
Using the above assumptions based on the literature data
[2–4], we have drawn the following important conclusions.

Among all the analysed parent compounds, only 1,2,3-
triazolyl nucleoside analogues having 6-methyluracil and
quinazoline-2,4-dione moieties instead of native nucleic
bases (compounds 48b, 50a,b) showed moderate antiviral
activity, whereas 1,2,3-triazolyl nucleoside analogues with
uracil and thymine moieties (compounds 47a,b, 49a,b)
appeared to be completely inactive. Consequently, accord-
ing to the literature data [2–4], they were not converted by
cellular kinases into their active 5′-triphosphate derivatives.

Table 4 IC50 values, binding energies and ligand-protein interactions
of 5′-H-phosphonates 27a,b, 28a,b in the active site of the protein
neuraminidase N1 of influenza virus A (H1N1)

Compounds IC50

(μM)
-Ebind
(kcal/
mol)

Ligand-protein
interactions

27a

>746 7.9 H-bonding:
Arg225,
Arg293

27b

74 8.3 H-bonding:
Arg118,
Trp179,
Asn222,
Gly245,
Arg293

28a

>746 7.8 H-bonding:
Arg225

28b

25 8.1 H-bonding:
Arg293,
Asn344,
Arg368,
Tyr402
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Table 5 In vitro cytotoxicity of compounds 10a,b -13a, 19a,b, 20a,b, 27b, 28a,b, 35a,b, 36a,b against human cancer and human normal cell lines
(IC50 values in μM with standard errors)

Compound IC50 (μM)

Cancer cell lines Normal cell
line

M-HeLa a HuTu80 b PC3 c MCF7 d HepG2 e PANC-1 f A549 g А-375 h WI-38 i

10a

68.1 ± 5.3 62.7 ± 4.9 68.0 ± 5.4 49.0 ± 3.8 95.8 ± 7.6 76.4 ± 6.1 34.7 ± 2.7 44.2 ± 3.4 52.1 ± 4.1

10b

78.2 ± 6.2 67.2 ± 5.2 71.2 ± 5.6 52.2 ± 4.2 95.5 ± 7.5 76.3 ± 5.9 32.6 ± 2.5 59.3 ± 4.7 55.2 ± 4.4

11a

76.9 ± 6.2 69.4 ± 5.5 76.3 ± 5.9 52.4 ± 4.2 >100 66.1 ± 5.2 36.0 ± 2.8 81.0 ± 6.4 50.0 ± 3.9

11b

72.1 ± 5.7 87.4 ± 6.8 58.2 ± 4.7 47.5 ± 3.8 98.0 ± 7.6 >100 43.2 ± 3.4 68.5 ± 5.3 49.0 ± 3.8

12a

76.9 ± 6.0 65.1 ± 5.1 65.0 ± 5.1 45.0 ± 3.5 92.8 ± 7.2 59.6 ± 4.6 38.1 ± 2.9 74.6 ± 5.8 51.0 ± 4.0

12b

75.9 ± 5.8 59.3 ± 4.6 73.7 ± 5.7 44.0 ± 3.3 >100 93.8 ± 7.3 33.4 ± 2.6 51.8 ± 4.1 61.0 ± 4.8

13a

66.8 ± 5.2 80.0 ± 6.2 61.2 ± 4.8 56.2 ± 4.5 94.6 ± 7.4 87.0 ± 6.9 44.5 ± 3.5 58.4 ± 4.6 56.0 ± 4.4
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Table 5 (continued)

Compound IC50 (μM)

Cancer cell lines Normal cell
line

M-HeLa a HuTu80 b PC3 c MCF7 d HepG2 e PANC-1 f A549 g А-375 h WI-38 i

19a

82.8 ± 6.5 56.3 ± 4.4 74.0 ± 5.8 70.0 ± 5.5 >100 >100 34.6 ± 2.7 54.7 ± 4.3 51.0 ± 4.0

19b

74.8 ± 5.8 46.8 ± 3.7 42.4 ± 3.3 46.0 ± 3.6 88.4 ± 6.9 82.1 ± 6.5 31.2 ± 2.4 52.2 ± 4.1 52.0 ± 4.2

27b

75.3 ± 5.5 64.3 ± 5.1 69.2 ± 5.4 58.0 ± 4.7 78.4 ± 6.2 100 ± 8.7 31.0 ± 2.4 69.0 ± 5.4 46.0 ± 3.6

35a

77.3 ± 6.1 55.8 ± 4.4 64.6 ± 5.0 52.0 ± 4.1 95.0 ± 7.4 69.2 ± 5.4 43.2 ± 3.4 85.5 ± 6.8 129 ± 39

35b

90.0 ± 7.1 74.1 ± 6.0 77.6 ± 6.1 55.0 ± 4.3 94.2 ± 7.2 91.57.2± 37.6 ± 2.6 100 ± 8.8 61.2 ± 3.7

28a

82.4 ± 6.3 57.5 ± 4.5 51.0 ± 4.0 45.5 ± 3.6 >100 100 ± 8.2 31.7 ± 2.5 50.0 ± 3.9 85.0 ± 6.6

28b

73.6 ± 5.2 59.6 ± 4.6 59.2 ± 4.6 61.0 ± 4.8 98.5 ± 7.7 95.6 ± 7.6 34.4 ± 2.7 49.0 ± 3.7 51.0 ± 4.0
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However, their prodrug forms, namely 5′-diphenyl phos-
phate and 5′-phosphoramidate derivatives (compounds 13b,
39a) showed moderate activity, therefore, according to the
literature data [2–4] intracellular kinases were able to con-
vert them into active 5′-triphosphate derivatives. Thus, the
introduction of phosphorus-containing substituents into the
5′th position of inactive 1,2,3-triazolyl nucleoside analo-
gues gives them antiviral activity. Approximately the same
moderate antiviral activity was demonstrated by both the

parent 1,2,3-triazolyl nucleoside analogues 48b, 50a,b with
the 6-methylural and quinazoline-2,4-dione moieties and
their prodrug forms 10b, 12a, 43a,b. This indicates that
they are equally efficiently metabolized by intracellular
enzymes to active 5′-triphosphate derivatives of the parent
1,2,3-triazolyl nucleoside analogues 48b, 50a,b. It is
interesting to note that an increase in antiviral activity, i.e. a
decrease in the IC50 values in the studied series of com-
pounds from 74 to 18 μM (Table 1), approximately

Table 5 (continued)

Compound IC50 (μM)

Cancer cell lines Normal cell
line

M-HeLa a HuTu80 b PC3 c MCF7 d HepG2 e PANC-1 f A549 g А-375 h WI-38 i

20a

59.2 ± 4.7 71.6 ± 5.6 56.3 ± 4.4 38.3 ± 2.7 >100 57.6 ± 4.6 55.0 ± 4.2 48.7 ± 3.8 80.0 ± 6.3

20b

77.7 ± 6.1 50.0 ± 3.9 68.2 ± 5.3 38.6 ± 2.9 98.6 ± 7.8 62.2 ± 5.0 38.3 ± 2.9 47.3 ± 3.6 72.1 ± 5.6

36a

68.6 ± 5.4 46.7 ± 3.6 48.3 ± 3.8 58.7 ± 4.6 >100 88.3 ± 6.8 39.8 ± 3.3 46.6 ± 3.6 52.0 ± 4.1

36b

89.9 ± 6.9 65.1 ± 5.1 40.0 ± 3.1 36.0 ± 2.8 100 ± 8.3 100 ± 8.3 39.2 ± 3.1 43.1 ± 3.4 79.0 ± 6.2

Doxorubicin 2.1 ± 0.1 0.2 ± 0.01 1.4 ± 0.1 0.4 ± 0.03 0.2 ± 0.01 2.2 ± 0.1 0.7 ± 0.06 0.3 ± 0.02 0.4 ± 0.03

aM-Hela is a human cervix epitheloid carcinoma
bHuTu-80 is a human duodenal adenocarcinoma
cPC3 is a human prostate adenocarcinoma
dMCF-7 is a human breast adenocarcinoma (pleural fluid)
eHepG2 is a human liver cancer cell line
fPANC-1 is a human pancreatic carcinoma
gA549 is a human lung carcinoma
hА-375 is a human melanoma cell line
iWI-38 is a diploid human embryo lung
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correlates with an increase of binding energy of corre-
sponding 5′-triphosphate derivatives in the PA-Nter active
site of the RNA-dependent RNA polymerase (RdRp) of
influenza A (H1N1) virus (Table 2). For example, a
decrease in the IC50 values, that is, an increase in antiviral
activity, during the transition from compound 12a
(IC50= 62 μM) to compound 43a (IC50= 17.9 μM) corre-
lates with an increase in the binding energy during the
transition from 5ʹ-triphosphate 52 (8.3 kcal/mol) to 5ʹ-tri-
phosphate 57 (9.8 kcal/mole). This indirectly confirms our
assumption that the active compounds 10b, 12a, 13b, 39a,
43a,b, 48b, 50a,b inhibited the replication of influenza
virus A (H1N1) in the form of their 5′-triphosphate deri-
vatives 52-57. Moderate antiviral activity was demonstrated
by negatively charged 5′-H-phosphonates 27b and 28b (the
IC50 values of 74 and 25 μM, respectively). Since nega-
tively charged nucleoside analogues cannot penetrate the
lipid-rich cell membrane [13, 14], we assumed that 5′-H-
phosphonates 27b and 28b interact with the surface gly-
coproteins hemagglutinin H1 and neuraminidase N1 of
influenza A (H1N1) virus. Molecular docking study indir-
ectly confirmed this proposition by showing that the binding
energies of 5′-H-phosphonates 27b and 28b in the active
sites of the glycoprotein’s hemagglutinin H1 and neur-
aminidase N1 are in the range of 8.1–8.9 kcal/mol that
approximately corresponds to the binding energies of 5′-
triphosphate derivatives 55, 56, 57.

Material and methods

Chemistry

Instrumentations and chemicals

1H NMR spectra were recorded on 400MHz, 500MHz and
600MHz Brucker Advance. 13C NMR spectra were
obtained in the above instrument operating at 100.6 MHz.
Mass spectra (MALDI) were recorded in a positive ion
mode on a Bruker Ultraflex III TOF/TOF mass spectrometer
for 10-3mg/mL solutions in MeOH. The ESI MS mea-
surements were performed using an AmazonX ion trap
mass spectrometer (Bruker Daltonic GmbH, Germany) in
the positive or negative mode in the mass range of
70–3000.The capillary voltage was 3500 V, nitrogen drying
gas 10 L·min-1, desolvation temperature 250°С. A metha-
nol/water solution (70:30) was used as a mobile phase at a
flow rate of 0.2 mL/min by binary pump (Agilent 1260
chromatograph, USA). The sample was dissolved in
methanol to a concentration of 10-6 g·L-1. Flash chromato-
graphy was performed on silica gel 60 (40-63 μm, Buchi,
Sepacore). Thin-layer chromatography was carried out on
plates with silica gel (Sorbfil, Russia). Spots of compounds

were visualized by using ultraviolent fluorescence under a
short wavelength (254 nm) followed by heating the plates
(at ca. 150 °C) after immersion in a solution of 5% H2SO4

and 95% H2O. All reactions sensitive to air and/or moisture
were carried out under argon atmosphere with anhydrous
solvents. Anhydrous solvents were purified and dried
(where appropriate) according to standard procedures.

Compounds 1a,b, 2a,b, 4a,b, 5a,b, 6a,b, 7a,b were pre-
pared as described earlier [26] and compounds 14, 16, 22 were
synthesized as reported in [25]. Their spectral data were in
keeping with published ones [25, 26]. Compounds 8a,b, 9a,b
were synthesized by analogy with the procedure previously
described [25]. Their spectral data are presented below.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose
(8a)

A white foam, 72% yield. 1H NMR (CDCl3, 400MHz): δ
10.03 (s, 1H, NH), 8.28 (s, 1H, H-5′′), 6.16 (d, 1H,
J= 2.7 Hz, H-1′), 5.57 (s, 1H, H-5), 5.12–4.96 (m, 4H, H-
2′, H-3′, H-7), 4.53-4.48 (m, 1H, H-4′), 4.03-3.96 (m, 1H,
OH), 3.87-3.80 (m, 1H, H-5a′), 3.73 - 3.65 (m, 1H, H-5b′),
2.54 (d, 3H, J= 0.7 Hz, CH3), 1.59 (s, 3H, H-7′), 1.35 (s,
3H, H-8′). 13C NMR (CDCl3, 100MHz): δ 162.78 (s,
C=O, C-4), 154.17 (s, C=O, C-2), 152.36 (s, C-6),
144.33 (s, C-4′′), 124.19 (s, C-5′′), 113.85 (s, C-6′), 102.60
(s, C-5), 95.53 (s, C-1′), 88.43 (s, C-4′), 85.92 (s, C-3′),
81.60 (s, C-2′), 62.99 (s, C-5′), 39.25 (s, C-7), 27.09, 25.17
(s, C-7′, C-8′), 20.51 (s, CH3). MALDI MS m/z: calcd. for
C16H21N5O6 [M+Na]+ 402.36, found [M+Na]+ 402.20.
Analysis calcd. for C16H21N5O6, %: C, 50.66; H, 5.58; N,
18.46. Found, %: C, 50.31; H, 5.43; N, 18.39.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose (8b)

A white foam, 78% yield. 1H NMR (CDCl3, 600MHz): δ
9.33 (s, 1H, NH), 7.62 (s, 1H, H-5′′), 6.08 (d, 1H,
J= 2.2 Hz, H-1′), 5.52 (s, 1H, H-5), 5.27 (dd, 1H, J= 5.9,
2.2 Hz, H-2′), 5.01 (dd, 1H, J= 6.0, 1.7 Hz, H-3′), 4.51-
4.49 (m, 1H, H-4′), 3.91-3.86(m, 1H, OH), 3.81-3.74 (m,
3H, H-5a′, H-7), 3.64–3.58 (m, 1H, H-5b′), 2.77 (t, 2H,
J= 7.1 Hz, H-10), 2.24 (s, 3H, CH3), 1.77-1.64 (m, 4H, H-
8, H-9), 1.58 (s, 3H, H-7′), 1.36 (s, 3H, H-8′). 13C NMR
(CDCl3, 100MHz): δ 162.85 (s, C=O, C-4), 153.66 (s,
C=O, C-2), 151.75 (s, C-6), 147.15 (s, C-4′′), 121.28 (s,
C-5′′), 113.57 (s, C-6′), 102.20 (s, C-5), 94.79 (s, C-1′),
88.74 (s, C-4′), 85.33 (s, C-3′), 81.77 (s, C-2′), 62.98 (s, C-
5′), 43.93 (s, C-7), 27.79, 26.93, 26.01, 25.06, 24.58 (s, C-
8, C-9, C-10, C-7′, C-8′), 19.84 (s, CH3). ESI MS m/z:
calcd. for C19H27N5O6 [M+H]+ 422.45, [M+Na]+ 444.44,
[M+K]+ 460.55; found [M+H]+ 422.06, [M+Na]+
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444.08, [M+K]+ 460.06. Analysis calcd. for C19H27N5O6,
%: C, 54.15; H, 6.46; N, 16.62. Found, %: C, 54.19; H,
6.41; N, 16.59.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose
(9a)

A white foam, 74% yield. 1H NMR (CDCl3, 600MHz): δ
10.12 (s, 1H, NH), 8.19 (s, 1H, H-5′′), 7.33 (d, 1H, J= 1.1 Hz,
H-6), 6.16 (d, 1H, J= 2.5 Hz, H-1′), 5.13(dd, 1H, J= 6.0,
2.2 Hz, H-2′), 4.99-4.87 (m, 3H, H-3′, H-7), 4.51-4.48 (m, 1H,
H-4′), 3.99-3.94 (m, 1H, OH), 3.82-3.77 (m, 1H, H-5a′), 3.69 -
3.64 (m, 1H, H-5b′), 1.87 (s, 3H, CH3),1.57 (s, 3H, H-7′),
1.34(s, 3H, H-8′). 13C NMR (CDCl3, 100MHz): δ 162.29 (s,
C=O, C-4), 151.44 (s, C=O, C-2), 142.01 (s, C-4′′), 140.25
(s, C-6), 123.84 (s, C-5′′), 113.85 (s, C-6′), 111.57 (s, C-5),
95.50 (s, C-1′), 88.62 (s, C-4′), 85.81 (s, C-3′), 81.66 (s, C-2′),
63.02 (s, C-5′), 43.27 (s, C-7), 27.05, 25.14 (s, C-7′, C-8′),
12.22 (s, CH3). ESI MS m/z: calcd. for C16H21N5O6 [M+Na]+

402.36, [M+K]+ 418.47; found [M+Na]+ 402.01, [M+K]+

417.98. Analysis calcd. for C16H21N5O6, %: C, 50.66; H, 5.58;
N, 18.46. Found, %: C, 50.59; H, 5.49; N, 18.40.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose (9b)

A white foam, 83% yield. 1H NMR (CD3OD, 600MHz): δ
7.96 (s, 1H, H-5′′), 7.40 (d, 1H, J= 1.4 Hz, H-6), 6.17 (d,
1H, J= 1.9 Hz, H-1′), 5.35 (dd, 1H, J= 6.2, 1.9 Hz, H-2′),
4.93 (dd, 1H, J= 6.0, 2.1 Hz, H-3′),4.35-4.32 (m, 1H, H-
4′), 3.73 (t, 2H, J= 6.8 Hz, H-7), 3.52-3.44 (m, 2H, H-5a′,
H-5b′), 2.75 (t, 2H, J= 6.9 Hz, H-10), 1.85 (d, 3H,
J= 1.1 Hz, CH3), 1.73-1.67 (m, 4H, H-8, H-9), 1.56 (s, 3H,
H-7′), 1.38 (s, 3H, H-8′). 13C NMR (DMSO-d6, 100MHz):
δ 164.28 (s, C=O, C-4), 150.90 (s, C=O, C-2), 146.98 (s,
C-4′′), 141.37 (s, C-6), 121.46 (s, C-5′′),112.74 (s, C-6′),
108.48 (s, C-5), 92.76 (s, C-1′), 87.66 (s, C-4′), 83.86 (s, C-
3′), 81.63 (s, C-2′), 61.16 (s, C-5′), 46.83 (s, C-7), 28.01,
26.76, 25.74, 25.00, 24.47 (s, C-8, C-9, C-10, C-7′, C-8′),
11.89 (s, CH3). MALDI MS m/z: calcd. for C19H27N5O6 [M
+Na]+ 444.44; found [M+Na]+ 444.20. Analysis calcd. for
C19H27N5O6, %: C, 54.15; H, 6.46; N, 16.62. Found, %: C,
54.13; H, 6.44; N, 16.65.

General method for the synthesis of 5′-diethyl and 5′-
diphenyl phosphates of 1′′,2′′,3′′-triazolyl nucleoside
analogues

Starting nucleoside analogue 6a,b or 7a,b (1 eq) was heated
in vacuo (60 °C, 0.05 Torr) for 30 min, then the flask was
filled with argon, and this operation was repeated 2 more
times. The dried nucleoside analogue was dissolved in

3–5 mL of freshly distilled (over CaH2) pyridine, a flask
was equipped with a rubber septum, argon inlet tube and
cooled with a water bath (18–20 °C). Then 2.2–2.5 eq of the
corresponding chlorophosphate (diethyl or diphenyl-
chlorophosphate) was added with a syringe under an argon
atmosphere. The flask was tightly closed using a PTFE seal
and left to stir for 12-24 h at room temperature. Upon
completion of the reaction (TLC and 31P NMR control),
1 mL of dry MeOH was added to the resulting mixture and
left to stir for another 30 min, then all volatile components
were removed using a water jet pump and dried in vacuo
(40 °C, 0.05 Torr). The residue was purified by flash chro-
matography to isolate the target product (eluent - a mixture
of chloroform: ethanol 10: 1).

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diethyl phosphate
(10a)

A sticky solid, 11% yield. 1H NMR (CDCl3, 400MHz): δ
8.02 (s, 1H, H-5′′), 6.07 (d, 1H, J= 2.7 Hz, H-1′), 5.51 (s,
1H, H-5), 5.02 (s, 2H, H-7), 4.60-4.54 (m, 1H, H-2′), 4.50-
4.45 (m, 1H, H-3′), 4.30 – 3.98 (m, 7H, H-5′, H-4′, H-8), 2.44
(s, 3H, CH3), 1.27 – 1.21 (m, 6H, H-9). 13C NMR (CDCl3,
100MHz): δ 163.52 (s, C=O, C-4), 154.63 (s, C=O, C-2),
151.98 (s, C-6), 142.31 (s, C-4′′), 123.63 (s, C-5′′), 102.17 (s,
C-5), 92.54 (s, C-1′), 83.00 (d, J= 6.9Hz, C-4′), 75.06 (s, C-
3′), 70.60 (s, C-2′), 67.04 (s, C-8), 66.99 (s, C-8), 64.32 (dd,
J= 6.1, 2.4 Hz, C-5′), 39.10 (s, C-7), 20.29 (s, CH3). 15.98 (s,
C-9), 15.91 (s, C-9). 31P NMR (CDCl3, 100MHz) δ, м.д.:
-1.57. MALDI MS m/z: calcd. for C17H26N5O9P [M+Na]+

498.14; found [M+Na]+ 498.10. Analysis calcd. for
C17H26N5O9P, %: C, 42.95; H, 5.51; N, 14.73; P, 6.52.
Found, %: C, 42.91; H, 5.54; N, 14.69; P, 6.48.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diethyl phosphate
(10b)

A sticky solid, 27% yield. 1H NMR (CDCl3, 400MHz): δ
9.95 (s, 1H, NH), 7.74 (s, 1H, H-5′′), 6.07 (d, 1H,
J= 2.6 Hz, H-1′), 5.52 (s, 1H, H-5), 4.61–4.55 (m, 1H, H-
2′), 4.54-4.48 (m, 1H, H-3′), 4.34-4.26 (m. 2H, H-7), 4.24-
4.17 (m, 1H, H-4′), 4.14–4.03 (m, 4H, H-11), 3.87-3.71 (m.
2H, H-5′), 2.82-2.69 (m, 2H, H-10), 2.24 (s, 3H, CH3),
1.78-1.60 (m, 4H, H-8, H-9), 1.32-1.24 (m, 6H, H-12). 13C
NMR (CDCl3, 100MHz): δ 163.40 (s, C=O, C-4), 154.12
(s, C=O, C-2), 151.75 (s, C-6), 146.88 (s, C-4′′), 120.68
(s, C-5′′), 101.95 (s, C-5), 92.59 (s, C-1′), 82.69 (d,
J= 7.7 Hz, C-4’), 75.24 (s, C-3′), 70.35 (s, C-2′), 66.85 (s,
1H, C-11), 66.80 (s, 1H, C-11), 64.19 (dd, J= 5.9, 2.6 Hz
C-5′), 43.84 (s, C-7), 27.68, 25.85, 24.48 (s, C-8, C-9, C-
10), 19.80 (s, CH3), 15.98 (s, C-12), 15.92 (s, C-12). 31P
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NMR (CDCl3, 100MHz): δ -1.37. MALDI MS m/z: calcd.
for C20H32N5O9P [M+H]+ 518.48, [M+Na]+ 540.47,
[M+K]+ 556.57; found [M+H]+ 518.1, [M+Na]+ 540.1,
[M+K]+ 556.1. Analysis calcd. for C20H32N5O9P, %: C,
46.42; H, 6.23; N, 13.53; P, 5.99. Found, %: C, 46.40; H,
6.26; N, 13.49; P, 5.97.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diethyl phosphate
(11a)

A sticky solid, 64% yield. 1H NMR (CD3OD, 400MHz):δ
8.13 (s, 1H, H-5′′), 7.54 (d, 1H, J= 1.2Hz, H-6), 6.02 (d, 1H,
J= 3.3 Hz, H-1′), 4.99 (s, 2H, C-7), 4.55 (dd, 1H, J= 4.9,
3.3 Hz, H-2′), 4.41 (t, 1H, J= 5.2 Hz, H-3′), 4.29-4.22 (m,
2H, H-5′), 4.2–4.12 (m, 1H, H-4′), 4.11–4.00 (m, 4H, H-8),
1.85 (d, 3H, J= 1.0 Hz, CH3), 1.3–1.24 (m, 6H, H-9). 13C
NMR (CD3OD, 100MHz): δ 166.73 (s, C=O, C-4), 152.61
(s, C=O, C-2), 144.14 (s, C-4′′), 142.60 (s, C-6), 124.29 (s,
C-5′′), 111.54 (s, C-5), 94.13 (s, C-1′), 84.36 (d, J= 7.7 Hz,
C-4′), 76.29 (s, C-3′), 71.64 (s, C-2′), 68.07 (s, C-8), 68.01 (s,
C-8), 65.50 (dd, J= 5.9, 2.6 Hz, C-5′), 43.64 (s, C-7), 16.39
(s, C-9), 16.34 (s, C-9), 12.23 (s, CH3).

31P NMR (CDCl3,
100MHz): δ -1.54. MALDI MS m/z: calcd. for C17H26N5O9P
[M+H]+ 476.40, [M+Na]+ 498.38; found [M+H]+

476.03, [M+Na]+ 498.05. Analysis calcd. for C17H26N5O9P,
%: C, 42.95; H, 5.51; N, 14.73; P, 6.52. Found, %: C, 42.91;
H, 5.54; N, 14.79; P, 6.49.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diethyl phosphate
(11b)

A sticky solid, 67% yield. 1H NMR (CDCl3, 400MHz):δ
9.42 (s, 1H, NH), 7.66 (s, 1H, H-5′′), 7.01 (d, 1H,
J= 1.2 Hz, H-6), 6.02 (d, 1H, J= 2.4 Hz, H-1′), 4.60 (dd,
1H, J= 5.1, 2.7 Hz, H-2′), 4.52 (t, 1H, J= 5.4 Hz, H-3′),
4.34–4.27 (m. 2H, H-7), 4.24-4.15 (m, 1H, H-4′), 4.14–4.04
(m, 4H, H-11), 3.74-3.67 (m. 2H, H-5′), 2.77-2.71 (m, 2H,
H-10), 1.89 (s, 3H, CH3), 1.74-1.68 (m, 4H, H-8, H-9),
1.34–1.25 (m, 6H, H-12). 3C NMR (CDCl3, 100MHz): δ
164.54 (s, C=O, C-4), 151.20 (s, C=O, C-2), 147.03 (s,
C-4′′), 140.55 (s, C-6), 120.66 (s, C-5′′), 110.76 (s, C-5),
92.62 (s, C-1′), 82.81 (d, J= 7.3 Hz, C-4′), 75.31 (s, C-3′),
70.48 (s, C-2′), 66.88 (s, C-8), 66.84 (s, C-8), 64.27 (dd,
J= 5.4, 3.3 Hz, C-5′), 47.99 (s, C-7), 28.12, 25.69, 24.61,
(s, C-8, C-9, C-10), 16.05 (s, C-9), 15.99 (s, C-9), 12.22 (s,
CH3).

31P NMR (CDCl3, 100MHz): δ -1.54. MALDI MS
m/z: calcd. for C20H32N5O9P [M+H]+ 518.48, [M+Na]+

540.47, [M+K]+ 556.57; found [M+H]+ 518.5, [M+Na]
+ 540.5, [M+K]+ 556.6. Analysis calcd. for C20H32N5O9P,
%: C, 46.42; H, 6.23; N, 13.53; P, 5.99. Found, %: C,
46.43; H, 6.25; N, 13.51; P, 6.00.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diphenyl
phosphate (12a)

A sticky solid, 19% yield. 1H NMR (CD3OD, 400MHz): δ
8.06 (s, 1H, H-5′′), 7.36-7.02 (m, 10H, Ar), 6.03 (d, 1H,
J= 3.1 Hz, H-1′), 5.51 (d, 1H, J= 0.4Hz, H-5), 5.05 (s, 2H,
H-7), 4.55-4.48 (m, 2H, H-2′, H-3′), 4.45–4.38 (m, 2H, H-5′),
4.34-4.28 (m, 1H, H-4′), 2.36 (s, 3H, CH3).

13C NMR
(CD3OD, 100MHz): δ 165.61 (s, C=O, C-4), 156.73 (s,
C=O, C-2), 154.10 (d, J= 6.7Hz, C-Ar), 153.24 (s, C-6),
151.65 (dd, J= 7.2, 1.6 Hz, C-Ar), 144.34 (s, C-4′′), 131.06,
130.27, 126.90, 124.55 (s, C-Ar), 124.38 (s, C-5′′), 121.34,
121.30, 121.19, 121.14 (s, C-Ar), 102.50 (s, C-5), 94.15 (s, C-
1′), 84.12 (d, J= 7.7 Hz, C-4′), 76.20 (s, C-3′), 71.59 (s, C-
2′), 69.75 (d, J= 6.2 Hz, C-5′), 40.04 (s, C-7), 20.27 (s, CH3).
31P NMR (CD3OD, 100MHz): δ -12.07. ESI MS m/z: calcd.
for C25H26N5O9P [M+H]+ 572.49, [M+Na]+ 594.47; found
[M+H]+ 572.07, [M+Na]+ 594.07. Analysis calcd. for
C25H26N5O9P, %: C, 52.54; H, 4.59; N, 12.25; P, 5.42.
Found, %: C, 52.51; H, 4.56; N, 12.26; P, 5.44.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diphenyl phosphate
(12b)

A sticky solid, 5% yield. 1H NMR (CDCl3, 400MHz): δ
9.77 (s, 1H, NH), 7.64 (s, 1H, H-5′′), 7.34-7.10 (m, 10H, H-
Ar), 6.08 (d, 1H, J= 1.1 Hz, H-1′), 5.49 (s, 1H, H-5), 4.60-
4.51 (m, 3H, H-2′, H-7), 4.46-4.38 (m, 1H, H-3′), 4.38-4.32
(m, 1H, H-4′), 3.80-3.61 (m. 2H, H-5′), 2.72-2.58 (m, 2H,
H-10), 2.17 (s, 3H, CH3), 1.71-1.52 (m, 4H, H-8, H-9). 13C
NMR (CDCl3, 100MHz): δ 166.85 (s, C=O, C-4), 152.91
(s, C=O, C-2), 151.43 (s, C-Ar), 148.77 (s, C-6), 143.11
(s, C-4′′), 131.05, 130.24, 126.89, 124,49, 121.18 (s, C-Ar),
122.42 (s, C-5′′), 111.14 (s, C-5), 94.08 (s, C-1′), 84.15 (d,
J= 7.7 Hz, C-4′), 76.30 (s, C-3′), 71.64 (s, C-2′), 65.61 (dd,
J= 6.0, 2.8 Hz, C-5′), 29.37, 27.21, 25,71, 16.35 (s, C-7, C-
8, C-9, C-10), 12.17 (s, C-CH3).

31P NMR (CDCl3,
100MHz): δ -12.16. MALDI MS m/z: calcd. for
C28H32N5O9P [M+H]+ 614.57, [M+Na]+ 636.55; found
[M+H]+ 614.40, [M+Na]+ 636.40. Analysis calcd. for
C28H32N5O9P, %: C, 54.81; H, 5.26; N, 11.41; P, 5.05.
Found, %: C, 54.78; H, 5.29; N, 11.45; P, 5.01.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diphenyl
phosphate (13a)

A sticky solid, 83% yield. 1H NMR (CD3OD, 400MHz):δ
8.08 (s, 1H, H-5′′), 7.45 (d, 1H, J= 1.2 Hz, H-6), 7.33 (t,
4H, J= 7.3 Hz, H-Ar), 7.24-7.12 (m, 6H, H-Ar), 6.03 (d,
1H, J= 3.1 Hz, H-1′), 4.91 (s, 2H, C-7), 4.55-4.48 (m, 2H,
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H-2′, H-3′), 4.45–4.38 (m, 2H, H-5′), 4.33-4.28 (m, 1H, H-
4′), 1.79 (d, 3H, J= 1.0 Hz, CH3).

13C NMR (CD3OD,
100MHz): δ 166.74 (s, C=O, C-4), 152.65 (s, C=O, C-
2), 151.63 (dd, J= 7.3, 1.9 Hz, C-Ar), 144.09 (s, C-4′′),
142.50 (s, C-6), 131.06, 126.90 (s, C-Ar), 124.36 (s, C-5′′),
121.17 (d, J= 0.5 Hz, C-Ar),111.57 (s, C-5), 94.24 (s, C-
1′), 84.13 (d, J= 7.7 Hz, C-4′), 76.24 (s, C-3′), 71.56 (s, C-
2′), 69.72 (d, J= 6.2 Hz, C-5′),43.55 (s, C-7), 12.20 (s,
CH3).

31P NMR (CD3OD, 100MHz): δ -12.08. ESI MS m/
z: calcd. for C25H26N5O9P [M+Na]+ 594.47; found [M
+Na]+ 594.10. Analysis calcd. for C25H26N5O9P, %: C,
52.54; H, 4.59; N, 12.25; P, 5.42. Found, %: C, 52.52; H,
4.61; N, 12.23; P, 5.43.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl diphenyl phosphate
(13b)

A sticky solid, 11% yield. 1H NMR (CD3OD, 400MHz):δ
7.82 (s, 1H, H-5′′), 7.82-7.12 (m, 10H, H-Ar), 6.02 (d, 1H,
J= 3.3 Hz, H-1′), 4.59–4.49 (m, 2H, H-2′, H-3′), 4.46-4.38
(m, 2H, H-5′), 4.34-4.29 (m, 1H, H-4′), 3.66 (t, 2H,
J= 6.9 Hz, H-7), 2.65 (t, 2H, J= 6.9 Hz, H-10), 1.82 (d,
3H, J= 1.1 Hz, CH3), 1.67-1.55 (m, 4H, H-8, H-9). 13C
NMR (CD3OD, 100MHz): δ 166.87 (s, C=O, C-4),
152.89 (s, C=O, C-2), 151.66 (d, J= 7.3 Hz, C-Ar),
148.82 (s, C-4′′),143.08 (s, C-6), 131.11, 126.94 (s, C-Ar),
122.20 (s, C-5′′), 121.16 (d, J= 4.7 Hz, C-Ar), 111.13 (s,
C-5), 94.22 (s, C-1′), 84.00 (d, J= 7.7 Hz, C-4′), 76.33 (s,
C-3′), 71.53 (s, C-2′), 69.76 (d, J= 6.2 Hz, C-5′),30.73,
29.31, 27.03, 25.68 (s, C-7, C-8, C-9, C-10), 12.16 (s, CH3).
31P NMR (CD3OD, 100MHz): δ -12.19. MALDI MS m/z:
calcd. for C28H32N5O9P [M+H]+ 614.57, [M+Na]+

636.55; found [M+H]+ 614.20, [M+Na]+ 636.20. Ana-
lysis calcd. for C28H32N5O9P, %: C, 54.81; H, 5.26; N,
11.41; P, 5.05. Found, %: C, 54.80; H, 5.28; N, 11.44;
P, 5.04.

General procedure for the synthesis of 5′-(phenyl methoxy-
L-alaninyl)phosphates of 1′′,2′′,3′′-triazolyl nucleoside
analogues

1 eq of starting nucleoside analogue (8a,b, 9a,b) was
heated in vacuo (60 °C, 0.05 Torr) for 30 min, then the
flask was filled with argon, and this operation was repe-
ated 2 more times. The dried nucleoside analogue was
dissolved in 15 mL of dry DCM, and a flask was equipped
with a rubber septum and argon inlet tube and cooled with
a water bath (18–20 °C). Then 2.2–2.5 eq of a methyl
(chloro(phenoxy)phosphoryl)-L-alaninate 16 solution in
DCM was added by the syringe under an argon atmo-
sphere. The flask was tightly closed using a PTFE seal and
left to stir for 12-24 h at room temperature. Upon

completion of the reaction (under TLC and 31P NMR
control), 1 mL of dry MeOH was added to the resulting
mixture and left to stir for another 30 min. Then all
volatile components were removed using a water jet pump
and dried in vacuo (40 °C, 0.05 Torr). The residue was
purified by flash chromatography to isolate compounds
17a,b or 18a,b (eluent - a mixture of EtOAc: ethanol 10:
1). To remove the isopropylidene protection group, 4 mL
of trifluoroacetic acid (50% v/v) was added and left to stir
for 45 minutes at room temperature. Then, all the volatiles
were removed in vacuo. The residue was purified by flash
chromatography to isolate the target product (19a,b or
20a,b) (eluent - a mixture of CHCl3/MeOH+0.5% Et3N
from 30:1 to MeOH+0.5% Et3N).

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-(phenyl methoxy-L-alaninyl)phosphate (17a)

A sticky solid, 57% yield. Mixture of two diastereomers
with ratio 1:1. 1H NMR (CDCl3, 400MHz): δ 9.30 (br s,
2H, NH), 8.11 (s, 1H, H-5′′), 8.09 (s, 1H, H-5′′), 7.33-7.10
(m, 10H, Ar), 6.20 (d, 1H, J= 1.8 Hz, H-1′), 6.15 (d, 1H,
J= 2.2 Hz, H-1′), 5.55 (s, 1H, H-5), 5.53 (s, 1H, H-5), 5.20
(dd, 1H, J= 6.0, 1.8 Hz, H-2′), 5.07 (dd, 2H, J= 66.8,
15.4 Hz, H-7), 5.02 (s, 2H, H-7), 4.93 (dd, 1H, J= 5.8,
2.2 Hz, H-2′), 4.75 (dd, 1H, J= 5.8, 2.6 Hz, H-3′), 4.71 (dd,
1H, J= 5.8, 1.5 Hz, H-3′), 4.57-4.51 (m, 4H, H-4′, NH-
Ala), 4.27-4.21 (m, 1H, H-8), 4.18-4.04 (m, 5H, H-8, H-5′),
3.72 (s, 3H, H-11), 3.69 (s, 3H, H-11), 2.51 (s, 3H, CH3),
2.50 (s, 3H, CH3), 1.58 (s, 3H, H-7′), 1.55 (s, 3H, H-7′),
1.37-1.30 (m, 9H, H-8′, H-9), 1.28 (s, 3H, H-8′). 13C NMR
(CDCl3, 100MHz): δ 174.60 (d, J= 9.9 Hz, C-10), 174.45
(d, J= 8.8 Hz, C-10), 162.18 (s, C=O, C-4), 162.14 (s,
C=O, C-4), 153.59 (s, C=O, C-2), 153.55 (s, C=O, C-
2), 152.00 (s, C-6), 150.62 (s, C-Ar), 150.52 (s, C-Ar),
142.95 (s, C-4′′), 142.88 (s, C-4′′), 129.71 (s, C-Ar), 129.63
(s, C-Ar), 125.16 (s, C-Ar), 124.96 (s, C-Ar), 123.50 (s, C-
5′′), 122.99 (s, C-5′′), 120.34 (d, J= 4.8 Hz, C-Ar), 120.22
(d, J= 4.8 Hz, C-Ar), 114.19 (s, C-6′), 114.07 (s, C-6′),
102.67 (s, C-5), 102.62 (s, C-5), 95.28 (s, C-1′), 94.33 (s, C-
1′),86.08 (d, J= 8.9 Hz, C-4′), 85.80 (d, J= 8.8 Hz, C-4′),
85.16 (s, C-3′), 85.07 (s, C-3′), 81.37 (s, C-2′), 81.09 (s, C-
2′), 66.31 (d, J= 4.8 Hz, C-5′), 66.01 (d, J= 5.5 Hz, C-5′),
52.63 (s, C-11), 52.59 (s, C-11), 50.54 (d, J= 2.2 Hz, C-8),
50.19 (d, J= 2.2 Hz, C-8), 39.31 (s, C-7), 39.24 (s, C-7),
26.95 (c, C-7′), 25.15 (s, C-8′), 25.02 (s, C-8′), 21.19 (d,
J= 4.0 Hz, C-9), 21.08 (d, J= 3.7 Hz, C-9), 20.43 (s, CH3).
31P NMR (CDCl3, 100MHz): δ 3.70, 3.37. MALDI MS m/
z: calcd. for C26H33N6O10P [M+Na]+ 643.56; found [M
+Na]+ 643.50. Analysis calcd. for C26H33N6O10P, %: C,
50.32; H, 5.36; N, 13.54; P, 4.99. Found, %: C, 50.30; H,
5.39; N, 13.57; P, 4.97.
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1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
(phenyl methoxy-L-alaninyl)phosphate (17b)

A sticky solid, 78% yield. Mixture of two diastereomers
with ratio approximately 1:1. 1H NMR (CDCl3, 400MHz):
δ 9.58 (br s, 1H, NH), 9.51 (br s, 1H, NH), 7.68 (s, 1H, H-5′
′), 7.66 (s, 1H, H-5′′), 7.41–7.17 (m, 10H, Ar), 6.19 (d, 1H,
J= 1.1 Hz, H-1′), 6.18 (d, 1H, J= 1.7 Hz, H-1′), 5.59 (s,
2H, H-5), 5.49 (dd, 1H, J= 6.0, 1.1 Hz, H-2′), 5.35 (dd, 1H,
J= 6.0, 1.6 Hz, H-2′), 5.00-4.95 (m, 2H, H-3′), 4.63-4.54
(m, 2H, H-4′), 4.21-4.02 (m, 8H, H-5′, H-7, NH-Ala), 3.97-
3.80 (m, 4H, H-7, H-11, H-11), 3.77 (s, 3H, H-14), 3.76 (s,
3H, H-14), 2.88-2.79 (m, 4H, H-10), 2.30 (s, 3H, CH3),
2.29 (s, 3H, CH3), 1.86-1.69 (m, 8H, H-8, H-9), 1,65 (s, 6H,
H-7′), 1.46-1.37 (m, 12H, H-8′, H-12). 13C NMR (CDCl3,
100MHz): δ 174.09 (s, C-13), 174.02 (s, C-13), 162.72 (s,
C=O, C-4), 162.57 (s, C=O, C-4), 153.48 (s, C=O, C-
2), 153.41 (s, C=O, C-2), 151.68 (s, C-6), 151.60 (s, C-6),
150.56 (s, C-Ar), 150.49 (s, C-Ar), 147.72 (s, C-4′′), 147.64
(s, C-4′′), 129.59 (s, C-Ar), 124.94 (s, C-5′′), 124.88 (s, C-5′
′), 120.78 (s, C-Ar), 120.64 (s, C-Ar), 120.21 (s, C-Ar),
120.16 (s, C-Ar), 120.11 (s, C-Ar), 120.06 (s, C-Ar), 113.93
(s, C-6′), 113.92 (s, C-6′), 102.22 (s, C-5), 102.15 (s, C-5),
93.80 (s, C-1′), 93.52 (s, C-1′), 86.10 (d, J= 8.1 Hz, C-4′),
85.86 (d, J= 8.0 Hz, C-4′), 84.34 (s, C-3′), 84.29 (s, C-3′),
81.60 (s, C-2′), 81.46 (s, C-2′), 65.78 (d, J= 5.5 Hz, C-5′),
65.73 (d, J= 6.2 Hz, C-5′), 52.63 (s, C-14), 50.20 (d,
J= 1.5 Hz, C-11), 50.07 (s, C-11), 43.76 (s, C-7), 43.73 (s,
C-7), 27.96 (s, C-10), 27.82 (s, C-10), 26.86 (s, C-7′), 26.81
(s, C-7′), 26.10 (s, C-8), 26.01 (s, C-8), 25.10 (s, C-8′),
24.66 (s, C-9), 24.55 (s, C-9), 20.74 (d, J= 3.3 Hz, C-12),
20.74 (d, J= 3.3 Hz, C-12), 19.83 (s, CH3).

31P NMR
(CDCl3, 100MHz): δ 2.63, 2.35. MALDI MS m/z: calcd.
for C29H39N6O10P [M+H]+ 663.64, [M+Na]+ 685.63;
found [M+H]+ 663.40, [M+Na]+ 685.40. Analysis calcd.
for C29H39N6O10P, %: C, 52.57; H, 5.93; N, 12.68; P, 4.67.
Found, %: C, 52.55; H, 5.95; N, 12.67; P, 4.70.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-(phenyl methoxy-L-alaninyl)phosphate (18a)

A sticky solid, 78% yield. Mixture of two diastereomers
with ratio approximately 1:1. 1H NMR (CDCl3, 400MHz):
δ 9.58 (br s, 1H, NH), 9.51 (br s, 1H, NH), 7.68 (s, 1H, H-5′
′), 7.66 (s, 1H, H-5′′), 7.41–7.17 (m, 10H, Ar), 6.19 (d, 1H,
J= 1.1 Hz, H-1′), 6.18 (d, 1H, J= 1.7 Hz, H-1′), 5.59 (s,
2H, H-5), 5.49 (dd, 1H, J= 6.0, 1.1 Hz, H-2′), 5.35 (dd, 1H,
J= 6.0, 1.6 Hz, H-2′), 5.00-4.95 (m, 2H, H-3′), 4.63-4.54
(m, 2H, H-4′), 4.21-4.02 (m, 8H, H-5′, H-7, NH-Ala), 3.97-
3.80 (m, 4H, H-7, H-11, H-11), 3.77 (s, 3H, H-14), 3.76 (s,
3H, H-14), 2.88-2.79 (m, 4H, H-10), 2.30 (s, 3H, CH3),

2.29 (s, 3H, CH3), 1.86-1.69 (m, 8H, H-8, H-9), 1,65 (s, 6H,
H-7′), 1.46-1.37 (m, 12H, H-8′, H-12). 13C NMR (CDCl3,
100MHz): δ 174.09 (s, C-13), 174.02 (s, C-13), 162.72 (s,
C=O, C-4), 162.57 (s, C=O, C-4), 153.48 (s, C=O, C-
2), 153.41 (s, C=O, C-2), 151.68 (s, C-6), 151.60 (s, C-6),
150.56 (s, C-Ar), 150.49 (s, C-Ar), 147.72 (s, C-4′′), 147.64
(s, C-4′′), 129.59 (s, C-Ar), 124.94 (s, C-5′′), 124.88 (s, C-5′
′), 120.78 (s, C-Ar), 120.64 (s, C-Ar), 120.21 (s, C-Ar),
120.16 (s, C-Ar), 120.11 (s, C-Ar), 120.06 (s, C-Ar), 113.93
(s, C-6′), 113.92 (s, C-6′), 102.22 (s, C-5), 102.15 (s, C-5),
93.80 (s, C-1′), 93.52 (s, C-1′), 86.10 (d, J= 8.1 Hz, C-4′),
85.86 (d, J= 8.0 Hz, C-4′), 84.34 (s, C-3′), 84.29 (s, C-3′),
81.60 (s, C-2′), 81.46 (s, C-2′), 65.78 (d, J= 5.5 Hz, C-5′),
65.73 (d, J= 6.2 Hz, C-5′), 52.63 (s, C-14), 50.20 (d,
J= 1.5 Hz, C-11), 50.07 (s, C-11), 43.76 (s, C-7), 43.73 (s,
C-7), 27.96 (s, C-10), 27.82 (s, C-10), 26.86 (s, C-7′), 26.81
(s, C-7′), 26.10 (s, C-8), 26.01 (s, C-8), 25.10 (s, C-8′),
24.66 (s, C-9), 24.55 (s, C-9), 20.74 (d, J= 3.3 Hz, C-12),
20.74 (d, J= 3.3 Hz, C-12), 19.83 (s, CH3).

31P NMR
(CDCl3, 100MHz): δ 2.63, 2.35. MALDI MS m/z: calcd.
for C29H39N6O10P [M+H]+ 663.64, [M+Na]+ 685.63;
found [M+H]+ 663.40, [M+Na]+ 685.40. Analysis calcd.
for C29H39N6O10P, %: C, 52.57; H, 5.93; N, 12.68; P, 4.67.
Found, %: C, 52.55; H, 5.95; N, 12.67; P, 4.70.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
(phenyl methoxy-L-alaninyl)phosphate (18b)

A sticky solid, 52% yield. Mixture of two diastereomers
with ratio approximately 1:1. 1H NMR (CDCl3, 400MHz):
δ 8.99 (br s, 1H, NH), 8.84 (br s, 1H, NH), 7.56 (s, 1H, H-5′
′), 7.55 (s, 1H, H-5′′), 7.34-7.27 (m, 4H, Ar), 7.20-7.11 (m,
6H, Ar), 6.96 (d, 2H, J= 0.5 Hz, H-6), 6.10 (s, 1H, H-1′),
6.09 (s, 1H, H-1′), 5.45-5.42 (m, 1H, H-2′), 5.26 (dd, 1H,
J= 6.0, 1.9 Hz, H-2′), 4.91-4.86 (m, 2H, H-3′), 4.54-4.48
(m, 2H, H-4′), 4.08-3.95 (m, 8H, H-5′, H-7), 3.80-3.59 (m,
10H, H-11, H-14, NH-Ala), 2.78-2.72 (m, 4H, H-10), 1.89
(s, 6H, CH3), 1.73-1.67 (m, 8H, H-8, H-9), 1,57 (s, 6H, H-
7′), 1.40-1.29 (m, 12H, H-8′, H-12). 13C NMR (CDCl3,
100MHz): δ 174.14 (d, J= 7.5 Hz, C-13), 174.02 (d,
J= 6.8 Hz, C-13), 164.07 (s, C=O, C-4), 163.95 (s,
C=O, C-4), 150.99 (s, C=O, C-2), 150.88 (s, C=O, C-
2), 150.60 (s, C-6), 150.55 (s, C-6), 147.81 (s, C-Ar),
147.73 (s, C-Ar), 140.29 (s, C-4′′), 140.18 (s, C-4′′), 129.66
(s, C-Ar), 125.01 (s, C-5′′), 124.94 (s, C-5′′), 120.75 (s, C-
Ar), 120.55 (s, C-Ar), 120.25 (s, C-Ar), 120.21 (s, C-Ar),
120.14 (s, C-Ar), 120.10 (s, C-Ar), 114.00 (s, C-6′), 113.98
(s, C-6′), 110.82 (s, C-5), 110.70 (s, C-5), 93.92 (s, C-1′),
93.55 (s, C-1′), 86.24 (d, J= 8.2 Hz, C-4′), 85.91 (d,
J= 8.2 Hz, C-4′), 84.40 (s, C-3′), 84.30 (s, C-3′), 81.59 (s,
C-2′), 81.46 (s, C-2′), 65.85 (s, C-5′), 65.81 (s, C-5′), 52.49
(s, C-14), 50.27 (s, C-11), 50.14 (s, C-11), 47.96 (s, C-7),
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47.89 (s, C-7), 28.24 (s, C-10), 28.17 (s, C-10), 26.90 (s, C-
7′), 26.85 (s, C-7′), 25.91 (s, C-8), 25.85 (s, C-8), 25.14 (s,
C-8′), 24.71 (s, C-9), 24.66 (s, C-9), 20.86 (s, C-12), 20.82
(s, C-12), 12.26 (s, CH3).

31P NMR (CDCl3, 100MHz): δ
2.61, 2.31. MALDI MS m/z: calcd. for C29H39N6O10P
[M+H]+ 663.64, [M+Na]+ 685.63; found [M+H]+

663.40, [M+Na]+ 685.40. Analysis calcd. for
C29H39N6O10P, %: C, 52.57; H, 5.93; N, 12.68; P, 4.67.
Found, %: C, 52.54; H, 5.95; N, 12.69; P, 4.69.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-(phenyl methoxy-L-
alaninyl)phosphate (19a)

A sticky solid, 82% yield. Mixture of two diastereomers
with ratio 1:1. 1H NMR (CD3OD, 400 MHz): δ 8.15 (s,
1H, H-5′′), 8.13 (s, 1H, H-5′′), 7.36-7.12 (m, 10H, Ar),
6.03 (t, 2H, J= 3.5 Hz, H-1′), 5.55 (d, 2H, J= 1.5 Hz, H-
5), 5.12 (s, 2H, H-7), 5.09 (s, 2H, H-7), 4.53-4.48 (m, 2H,
H-2′), 4.41-4.20 (m, 8H, H-3′, H-4′, H-5′), 4.00-3.86 (m,
2H, H-8), 3.63 (s, 3H, H-11), 3.62 (s, 3H, H-11), 2.43 (s,
3H, CH3), 2.42 (s, 3H, CH3), 1.33-1.23 (m, 6H, H-9). 13C
NMR (CD3OD, 100 MHz): δ 175.48 (d, J= 4.8 Hz, C-
10), 175.37 (d, J= 5.6 Hz, C-10), 165.50 (br s, C=O, C-
4), 156.79 (s, C-Ar), 156.75 (br s, C=O, C-2), 153.24 (s,
C-Ar), 152.04 (s, C-6), 151.97 (s, C-6), 144.32 (s, C-4′′),
144.29 (s, C-4′′), 130.75 (s, C-Ar), 130.73 (s, C-Ar),
126.17 (s, C-Ar), 126.12 (s, C-Ar), 124.23 (br s, C-5′′),
121.43 (t, J= 4.8 Hz, C-Ar), 102.50 (br s, C-5), 94.11 (s,
C-1′), 94.07 (s, C-1′), 84.71 (d, J= 8.4 Hz, C-4′), 84.50
(d, J= 8.1 Hz, C-4′), 76.42 (s, C-3′), 76.39 (s, C-3′),
71.70 (s, C-2′), 71.65 (s, C-2′), 67.56 (d, J= 5.5 Hz, C-
5′), 67.17 (d, J= 5.5 Hz, C-5′), 52.82 (s, C-11), 52.80 (s,
C-11), 51.50 (s, C-8), 51.40 (s, C-8), 40.07 (br s, C-7),
20.49 (d, J= 6.3 Hz, C-9), 20.39-20.27 (m, C-9, CH3).
31P NMR (CD3OD, 100 MHz): δ 3.79, 3.61. MALDI MS
m/z: calcd. for C23H29N6O10P [M+H]+ 581.50, [M+Na]
+ 603.48; found [M+H]+ 581.23, [M+Na]+ 603.25.
Analysis calcd. for C23H29N6O10P, %: C, 47.59; H, 5.04;
N, 14.48; P, 5.34. Found, %: C, 47.57; H, 5.06; N, 14.52;
P, 5.30.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-(phenyl methoxy-L-
alaninyl)phosphate (19b)

A sticky solid, 82% yield. Mixture of two diastereomers
with ratio 1:1. 1H NMR (CD3OD, 400 MHz): δ 8.15 (s,
1H, H-5′′), 8.13 (s, 1H, H-5′′), 7.36-7.12 (m, 10H, Ar),
6.03 (t, 2H, J= 3.5 Hz, H-1′), 5.55 (d, 2H, J= 1.5 Hz, H-
5), 5.12 (s, 2H, H-7), 5.09 (s, 2H, H-7), 4.53-4.48 (m, 2H,
H-2′), 4.41-4.20 (m, 8H, H-3′, H-4′, H-5′), 4.00-3.86 (m,
2H, H-8), 3.63 (s, 3H, H-11), 3.62 (s, 3H, H-11), 2.43 (s,

3H, CH3), 2.42 (s, 3H, CH3), 1.33-1.23 (m, 6H, H-9). 13C
NMR (CD3OD, 100 MHz): δ 175.48 (d, J= 4.8 Hz, C-
10), 175.37 (d, J= 5.6 Hz, C-10), 165.50 (br s, C=O, C-
4), 156.79 (s, C-Ar), 156.75 (br s, C=O, C-2), 153.24 (s,
C-Ar), 152.04 (s, C-6), 151.97 (s, C-6), 144.32 (s, C-4′′),
144.29 (s, C-4′′), 130.75 (s, C-Ar), 130.73 (s, C-Ar),
126.17 (s, C-Ar), 126.12 (s, C-Ar), 124.23 (br s, C-5′′),
121.43 (t, J= 4.8 Hz, C-Ar), 102.50 (br s, C-5), 94.11 (s,
C-1′), 94.07 (s, C-1′), 84.71 (d, J= 8.4 Hz, C-4′), 84.50
(d, J= 8.1 Hz, C-4′), 76.42 (s, C-3′), 76.39 (s, C-3′),
71.70 (s, C-2′), 71.65 (s, C-2′), 67.56 (d, J= 5.5 Hz, C-
5′), 67.17 (d, J= 5.5 Hz, C-5′), 52.82 (s, C-11), 52.80 (s,
C-11), 51.50 (s, C-8), 51.40 (s, C-8), 40.07 (br s, C-7),
20.49 (d, J= 6.3 Hz, C-9), 20.39-20.27 (m, C-9, CH3).
31P NMR (CD3OD, 100 MHz): δ 3.79, 3.61. MALDI MS
m/z: calcd. for C23H29N6O10P [M+H]+ 581.50, [M+Na]
+ 603.48; found [M+H]+ 581.23, [M+Na]+ 603.25.
Analysis calcd. for C23H29N6O10P, %: C, 47.59; H, 5.04;
N, 14.48; P, 5.34. Found, %: C, 47.57; H, 5.06; N, 14.52;
P, 5.30.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-(phenyl methoxy-L-
alaninyl)phosphate (20a)

A sticky solid, 65% yield. Mixture of two diastereomers
with ratio 1:1. 1H NMR (CD3OD, 400MHz): δ 8.17 (s, 1H,
H-5′′), 8.14 (s, 1H, H-5′′), 7.52 (d, 1H, J= 1.5 Hz, H-6),
7.51 (d, 1H, J= 1.1 Hz, H-6), 7.35-7.28 (m, 4H, Ar), 7.20-
7.14 (m, 6H, Ar), 6.03 (d, 1H, J= 1.9 Hz, H-1′), 6.02 (d,
1H, J= 2.2 Hz, H-1′), 4.98 (d, 2H, J= 3.7 Hz, H-7), 4.95
(s, 2H, H-7), 4.51-4.47 (m, 2H, H-2′), 4.40-4.19 (m, 8H, H-
3′, H-4′, H-5′), 3.98-3.85 (m, 2H, H-8), 3.64 (s, 3H, H-11),
3.63 (s, 3H, H-11), 1.83 (t, 6H, J= 1.1 Hz, CH3), 1.32-1.25
(m, 6H, H-9). 13C NMR (CD3OD, 100MHz): δ 175.52 (d,
J= 4.7 Hz, C-10), 174.45 (d, J= 5.2 Hz, C-10), 166.74 (s,
C=O, C-4), 166.72 (s, C=O, C-4), 152.70 (s, C-Ar),
152.10 (s, C=O, C-2), 152.03 (s, C=O, C-2), 144.10 (s,
C-4′′), 144.08 (s, C-4′′), 142.60 (s, C-6), 142.57 (s, C-6),
130.77 (s, C-Ar), 126.20 (s, C-Ar), 126.15 (s, C-Ar),
124.19 (br s, C-4′′), 121.46 (t, J= 4.8 Hz, C-Ar), 111.58 (s,
C-5), 94.24 (s, C-1′), 94.23 (s, C-1′), 84.76 (d, J= 8.4 Hz,
C-4′), 84.57 (d, J= 8.2 Hz, C-4′), 76.52 (s, C-3′), 76.47 (s,
C-3′), 71.70 (s, C-2′), 71.63 (s, C-2′), 67.54 (d, J= 5.5 Hz,
C-5′), 67.13 (d, J= 5.1 Hz, C-5′), 52.80 (s, C-11), 52.78 (s,
C-11), 51.55 (s, C-8), 51.45 (s, C-8), 43.66 (s, C-7), 20.48
(d, J= 6.2 Hz, C-9), 20.29 (d, J= 7.0 Hz, C-9), 12.21 (s,
CH3).

31P NMR (CD3OD, 100MHz): δ 3.83, 3.63. MALDI
MS m/z: calcd. for C23H29N6O10P [M+H]+ 581.50, [M
+Na]+ 603.48; found [M+H]+ 581.23, [M+Na]+ 603.24.
Analysis calcd. for C23H29N6O10P, %: C, 47.59; H, 5.04; N,
14.48; P, 5.34. Found, %: C, 47.55; H, 5.07; N, 14.52;
P, 5.32.
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1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-(phenyl methoxy-L-
alaninyl)phosphate (20b)

A sticky solid, 76% yield. Mixture of two diastereomers with
ratio approximately 1:1. 1H NMR (CD3OD, 400MHz): δ
7.92 (s, 1H, H-5′′), 7.90 (s, 1H, H-5′′), 7.38-7.28 (m, 6H, H-6,
Ar), 7.22-7.12 (m, 6H, Ar), 6.04-6.00 (m, 2H, H-1′), 4.52-
4.45 (m, 2H, H-2′), 4.42-4.20 (m, 8H, H-3′, H-4′, H-5′), 3.97-
3.85 (m, 2H, H-11), 3.72-3.66 (m, 4H, H-7), 3.64 (s, 3H, H-
14), 3.63 (s, 3H, H-14), 2.75-2.66 (m, 4H, H-10), 1.84 (br s,
6H, CH3), 1.70-1.62 (m, 8H, H-8, H-9), 1.32-1.24 (m, 6H, H-
12). 13C NMR (CD3OD, 100MHz): δ 174.45 (d, J= 4.4 Hz,
C-13), 175.27 (d, J= 5.1 Hz, C-13), 166.78 (br s, C=O, C-
4), 152.83 (br s, C=O, C-2), 152.01 (s, C-6), 151.94 (s, C-6),
148.83 (br s, C-4′′), 143.05 (s, C-Ar), 130.77 (s, C-Ar),
126.18 (s, C-Ar), 122.08 (s, C-5′′), 122.05 (s, C-5′′), 121.40
(t, J= 4.2 Hz, C-Ar), 111.10 (s, C-5), 94.06 (s, C-1′), 84.54
(d, J= 8.5 Hz, C-4′), 84.40 (d, J= 8.1Hz, C-4′), 76.49 (s, C-
3′), 76.45 (s, C-3′), 71.72 (s, C-2′), 71.67 (s, C-2′), 67.56 (d,
J= 5.1 Hz, C-5′), 67.25 (d, J= 5.1 Hz, C-5′), 52.80 (s, C-14),
52.78 (s, C-14), 51.49 (s, C-11), 51.39 (s, C-11), 48.91 (s, C-
7), 29.34 (s, C-10), 29.32 (s, C-10), 27.13 (s, C-8), 27.11 (s,
C-8), 25.71 (s, C-9), 25.69 (s, C-9), 20.44 (d, J= 6.6 Hz, C-
12), 20.32 (d, J= 7.0 Hz, C-12), 12.20 (s, CH3).

31P NMR
(CD3OD, 100MHz): δ 3.75, 3.62. MALDI MSm/z: calcd. for
C26H35N6O10P [M+H]+ 623.58; found [M+Na]+ 623.30.
Analysis calcd. for C26H35N6O10P, %: C, 50.16; H, 5.67; N,
13.50; P, 4.98. Found, %: C, 50.18; H, 5.65; N, 13.52;
P, 5.00.

General procedure for the synthesis of 5′-H-phosponates of
1′′,2′′,3′′-triazolyl nucleoside analogues

1 eq of nucleoside analogue 8a or 8b or 9a,b was heated in
vacuo (60 °C, 0.05 Torr) for 30 min, then the flask was filled
with argon, and this operation was repeated 2 more times.
The dried nucleoside analogue was dissolved in dry DCM
(10 mL per 1 mmoL of the nucleoside analogue) and 10 eq
of pyridine was added. A flask was equipped with a rubber
septum, and argon inlet tube and cooled with a water bath
(18–20 °C). Then 2.2–2.5 eq of the 20% solution of salicyl
phosphorochloridate 22 in MeCN was added by the syringe
under argon atmosphere. The flask was stirred for 30 min at
room temperature and then 0.5 ml of distilled water and
0.5 ml of Et3N were added in one portion and stirred for an
additional 30 min. Then all volatile components were
removed on a rotary evaporator and dried in vacuo (40 °C,
0.05 Torr). The residue was purified by flash chromato-
graphy to isolate 5ʹ-H-phosphonate derivatives of 2ʹ,3ʹ-O-
isopropylidene-protected nucleoside analogues 25a,b,
26a,b (gradient elution from СH2Cl2:MeOH+0.5% Et3N
25:1 to MeOH+0.5% Et3N).

To remove the isopropylidene protection group, com-
pounds 25a,b, 26a,b were dissolved in aqueous tri-
fluoroacetic acid (50% v/v; 4 mL per 1 mmoL of the
compound) and left to stir for 45 min at room temperature.
The solution was concentrated on rotary evaporator and
dried in vacuo (40 °C, 0.05 Torr). The residue was purified
by flash chromatography to give compounds 27a,b, 28a,b
(eluent - a mixture of CHCl3/MeOH+0.5% Et3N from 30:1
to MeOH+0.5% Et3N).

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-yl H-phosphonate triethylammonium salt (25a)

A sticky solid, 11% yield. 1H NMR (CD3OD, 400MHz): δ
8.19 (s, 1H, H-5′′), 6.65 (d, 1H, J= 622.0 Hz, PH), 6.21 (d,
1H, J= 1.9 Hz, H-1′), 5.58 (d, 1H, J= 0.6 Hz, H-5), 5.36
(dd, 1H, J= 5.9, 1.9 Hz, H-2′),5.14 (s, 2H, H-7), 5.01 (dd,
1H, J= 5.9, 1.7 Hz, H-3′), 4.50-4.45 (m, 1H, H-4′), 3.83
(dd, 2H, J= 7.2, 5.6 Hz, H-5′), 3.16 (q, 6H, J= 7.3 Hz,
(CH3CH2)3N), 2.43 (s, 3H, CH3), 1.55 (s, 3H, H-7′), 1.37 (s,
3H, H-8′), 1.28 (t, 9H, J= 7.3 Hz, (CH3CH2)3N).

13C NMR
(CD3OD, 100MHz): δ 165.63 (s, C=O, C-4), 156.83 (s,
C=O, C-2), 153.25 (s, C-6), 144.66 (s, C-4′′), 124.27 (s,
C-5′′), 114.94 (s, C-6′), 102.42 (s, C-5), 95.82 (s, C-1′),
88.11 (d, 1H, J= 8.0 Hz, C-4′), 85.98 (s, C-3′), 83.45 (s, C-
2′), 64.38 (d, 1H, J= 4.4 Hz, C-5′), 47.48 (s, (CH3CH2)3N),
40.07 (s, C-7), 27.27, 25.38 (s, C-7′, C-8′), 20.31 (s, CH3),
9.72 (s, (CH3CH2)3N).

31P NMR (CD3OD, 100MHz): δ
4.08. ESI MS m/z: calcd. for C16H21N5O8Pˉ [M]ˉ 442.35,
found [M]ˉ 441.97. Analysis calcd. for C22H37N6O8P, %: C,
48.53; H, 6.85; N, 15.43; P, 5.69. Found, %: C, 48.58; H,
6.90; N, 15.41; P, 5.67.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
yl H-phosphonate triethylammonium salt (25b)

A sticky solid, 72% yield. 1H NMR (CD3OD, 400MHz): δ
8.04 (s, 1H, H-5′′), 6.66 (d, 1H, J= 620.7 Hz, PH), 6.19 (d,
1H, J= 2.3 Hz, H-1′), 5.54 (d, 1H, J= 0.7 Hz, H-5), 5.33
(dd, 1H, J= 6.0, 2.3 Hz, H-2′), 5.02 (dd, 1H, J= 6.1,
1.9 Hz, H-3′), 4.50-4.46 (m, 1H, H-4′), 3.88-3.81 (m, 4H,
H-7, H-5′), 3.14 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 2.8–2.74
(m, 2H, H-10), 2.30 (s, 3H, CH3), 1.79-1.65 (m, 4H, H-8,
H-9), 1.56 (s, 3H, H-7′), 1.38 (s, 3H, H-8′), 1.28 (t, 9H,
J= 7.3 Hz, (CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ
165.69 (s, C=O, C-4), 156.95 (s, C=O, C-2), 153.31 (s,
C-6), 149.23 (s, C-4′′), 122.47 (s, C-5′′), 114.96 (s, C-6′),
102.18 (s, C-5), 95.99 (s, C-1′), 87.72 (d, 1H, J= 7.9 Hz, C-
4′), 86.03 (s, C-3′), 83.42 (s, C-2′), 64.48 (d, 1H,
J= 4.3 Hz, C-5′), 47.70 (s, (CH3CH2)3N), 44.99 (s, C-7),
29.06, 27.42, 27.33, 25.73, 24.41 (s, C-8, C-9, C-10, C-7′,
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C-8′), 19.91 (s, CH3), 9.38 (s, (CH3CH2)3N).
31P NMR

(CD3OD, 100MHz): δ 4.14. ESI MS m/z: calcd. for
C19H27N5O8Pˉ [M]ˉ 484.43, found [M]ˉ 484.09. Analysis
calcd. for C25H43N6O8P, %: C, 51.19; H, 7.39; N, 14.33; P,
5.28. Found, %: C, 51.24; H, 7.44; N, 14.31; P, 5.26.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-yl H-phosphonate triethylammonium salt (26a)

A sticky solid, 62% yield. 1H NMR (CD3OD, 400MHz): δ
8.25 (s, 1H, H-5′′), 7.56 (d, 1H, J= 1.0Hz, H-6), 6.65 (d, 1H,
J= 621.5Hz, PH), 6.21 (d, 1H, J= 2.1 Hz, H-1′), 5.34 (dd,
1H, J= 6.1, 2.0 Hz, H-2′), 5.04-4.99 (m, 3H, H-7, H-3′),
4.52-4.46 (m, 1H, H-4′), 3.84 (dd, 2H, J= 7.2, 5.3 Hz, H-5′),
3.12 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 1.86 (s, 3H, CH3),
1.55 (s, 3H, H-7′), 1.37 (s, 3H, H-8′), 1.26 (t, 9H, J= 7.3 Hz,
(CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ 166.81 (s,
C=O, C-4), 152.69 (s, C=O, C-2), 144.41 (s, C-4′′), 142.66
(s, C-6), 124.29 (s, C-5′′), 114.96 (s, C-6′), 111.55 (s, C-5),
96.15 (s, C-1′), 88.08 (d, 1H, J= 8.0Hz, C-4′), 86.14 (s, C-
3′), 83.43 (s, C-2′), 64.45 (d, 1H, J= 4.4Hz, C-5′), 47.80 (s,
(CH3CH2)3N), 43.49 (s, C-7), 27.28, 25.37 (s, C-7′, C-8′),
12.22 (s, CH3), 9.20 (s, (CH3CH2)3N).

31P NMR (CD3OD,
100MHz): δ 4.02. ESI MS m/z: calcd. for C16H21N5O8Pˉ
[M]ˉ 442.34, found [M]ˉ 442.03. Analysis calcd. for
C22H37N6O8P, %: C, 48.53; H, 6.85; N, 15.43; P, 5.69.
Found, %: C, 48.59; H, 6.89; N, 15.47; P, 5.70.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
yl H-phosphonate triethylammonium salt (26b)

A sticky solid, 70% yield. 1H NMR (CD3OD, 400MHz): δ
8.03 (s, 1H, H-5′′), 7.44 (s, 1H, H-6), 6.66 (d, 1H,
J= 619.6Hz, PH), 6.18 (d, 1H, J= 2.2 Hz, H-1′), 5.32 (dd,
1H, J= 6.0, 2.2 Hz, H-2′), 5.02 (dd, 1H, J= 6.0, 1.8 Hz, H-
3′), 4.50-4.46 (m, 1H, H-4′), 3.86-3.80 (m, 2H, H-5′), 3.78-
3.72 (m, 2H, H-7), 3.09 (q, 6H, J= 7.3 Hz, (CH3CH2)3N),
2.79-2.72 (m, 2H, H-10), 1.86 (s, 3H, CH3), 1.75-1.67 (m,
4H, H-8, H-9), 1.56 (s, 3H, H-7′), 1.37 (s, 3H, H-8′), 1.26 (t,
9H, J= 7.3Hz, (CH3CH2)3N).

13C NMR (CD3OD,
100MHz): δ 166.84 (s, C=O, C-4), 152.87 (s, C=O, C-2),
149.20 (s, C-6), 143.19 (s, C-4′′), 122.51 (s, C-5′′), 114.94 (s,
C-6′), 111.05 (s, C-5), 95.84 (s, C-1′), 87.74 (d, 1H,
J= 8.1 Hz, C-4′), 85.96 (s, C-3′), 83.38 (s, C-2′), 64.48 (d,
1H, J= 4.0 Hz, C-5′), 48.95 (s, C-7), 47.71 (s, (CH3CH2)3N),
29.38, 27.32, 27.19, 25.72, 25.41 (s, C-8, C-9, C-10, C-7′, C-
8′), 12.19 (s, CH3), 9.18 (s, (CH3CH2)3N).

31P NMR
(CD3OD, 100MHz): δ 4.13. ESI MS m/z: calcd. for
C19H27N5O8Pˉ [M]ˉ 484.43, found [M]ˉ 484.09. Analysis
calcd. for C25H43N6O8P, %: C, 51.19; H, 7.39; N, 14.33; P,
5.28. Found, %: C, 51.23; H, 7.42; N, 14.37; P, 5.25.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl H-phosphonate
triethylammonium salt (27a)

A sticky solid, 60% yield. 1H NMR (CD3OD, 500MHz): δ
8.24 (s, 1H, H-5′′), 6.74 (d, 1H, J= 622.1 Hz, PH), 6.02 (d,
1H, J= 4.7 Hz, H-1′), 5.58 (d, 1H, J= 0.6 Hz, H-5), 5.16
(s, 2H, H-7), 4.53 (7, 1H, J= 4.9 Hz, H-2′), 4.33 (t, 1H,
J= 4.9 Hz, H-3′), 4.21 (q, 1H, J= 3.8 Hz, H-4′), 4.08-3.96
(m, 2H, H-5′), 3.04 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 2.41
(s, 3H, CH3), 1.23 (t, 9H, J= 7.3 Hz, (CH3CH2)3N).

13C
NMR (CD3OD, 100MHz): δ 165.69 (s, C=O, C-4),
158.92 (s, C=O, C-2), 153.27 (s, C-6), 144.54 (s, C-4′′),
123.33 (s, C-5′′), 102.39 (s, C-5), 94.29 (s, C-1′), 88.11 (d,
1H, J= 7.5 Hz, C-4′), 76.77 (s, C-3′), 72.24 (s, C-2′), 64.41
(d, 1H, J= 4.3 Hz, C-5′), 47.57 (s, (CH3CH2)3N), 40.11 (s,
C-7), 9.57 (s, (CH3CH2)3N).

31P NMR (CD3OD, 100MHz):
δ 4.53. ESI MS m/z: calcd. for C13H17N5O8Pˉ [M]ˉ 402.08,
found [M]ˉ 402.10. Analysis calcd. for C19H33N6O8P, %: C,
45.24; H, 6.59; N, 16.66; P, 6.14. Found, %: C, 45.27; H,
6.64; N, 16.69; P, 6.10.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl H-phosphonate
triethylammonium salt (27b)

A sticky solid, 75% yield. 1H NMR (CD3OD, 400MHz): δ
8.10 (s, 1H, H-5′′), 6.75 (d, 1H, J= 620.1 Hz, PH), 6.01 (d,
1H, J= 4.6 Hz, H-1′), 5.53 (d, 1H, J= 0.8 Hz, H-5), 4.5 (t,
1H, J= 4.7 Hz, H-2′), 4.32 (t, 1H, J= 4.7 Hz, H-3′), 4.23-
4.19 (m, 1H, H-4′), 4.10-3.96 (m, 2H, H-5′), 3.89-3.82 (m,
2H, H-7), 3.14 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 2.77 (t,
2H, J= 7.2 Hz, H-10), 2.29 (d, 1H, J= 0.8 Hz, CH3), 1.80-
1.64 (m, 4H, H-8, H-9), 1.27 (t, 9H, J= 7.3 Hz, (CH3CH2)

3N).
13C NMR (CD3OD, 100MHz): δ 165.68 (s, C=O, C-

4), 156.97 (s, C=O, C-2), 153.29 (s, C-6), 149.03
(s, C-4′′), 121.71 (s, C-5′′), 102.16 (s, C-5), 94.26 (s, C-1′),
88.77 (d, 1H, J= 7.7 Hz, C-4′), 76.88 (s, C-3′), 72.26 (s, C-
2′), 64.45 (d, 1H, J= 4.4 Hz, C-5′), 47.69 (s, (CH3CH2)3N),
44.99 (s, C-7), 29.03, 27.45, 25.74, (s, C-8, C-9, C-10),
19.91 (s, CH3), 9.30 (s, (CH3CH2)3N).

31P NMR (CD3OD,
100MHz): δ 4.56. ESI MS m/z: calcd. for C16H23N5O8Pˉ
[M]ˉ 444.36, found [M]ˉ 444.18. Analysis calcd. for
C22H39N6O8P, %: C, 48.35; H, 7.19; N, 15.38; P, 5.67.
Found, %: C, 48.33; H, 7.23; N, 15.35; P, 5.64.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl H-phosphonate
triethylammonium salt (28a)

A sticky solid, 94% yield. 1H NMR (CD3OD, 400MHz): δ
8.31 (s, 1H, H-5′′), 7.55 (d, 1H, J= 1.2 Hz, H-6), 6.75 (d,
1H, J= 621.3 Hz, PH), 6.03 (d, 1H, J= 4.6 Hz, H-1′), 5.02
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(s, 2H, H-7), 4.52 (t, 1H, J= 4.8 Hz, H-2′), 4.33 (t, 1H,
J= 4.7 Hz, H-3′), 4.24-4.20 (m, 1H, H-4′), 4.10-3.96 (m,
2H, H-5′), 3.18 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 1.86 (d,
1H, J= 1.1 Hz, CH3), 1.29 (t, 9H, J= 7.3 Hz, (CH3CH2)

3N).
13C NMR (CD3OD, 100MHz): δ 165.69 (s, C=O, C-

4), 156.92 (s, C=O, C-2), 153.27 (s, C-6), 144.57 (s, C-4′
′), 123.33 (s, C-5′′), 102.39 (s, C-5), 94.29 (s, C-1′), 85.88
(d, 1H, J= 7.5 Hz, C-4′), 76.77 (s, C-3′), 72.24 (s, C-2′),
64.41 (d, 1H, J= 4.3 Hz, C-5′), 47.57 (s, (CH3CH2)3N),
40.11 (s, C-7), 20.28 (s, CH3), 9.57 (s, (CH3CH2)3N).

31P
NMR (CD3OD, 100MHz): δ 4.54. ESI MS m/z: calcd. for
C13H17N5O8Pˉ [M]ˉ 402.28, found [M]ˉ 402.10. Analysis
calcd. for C19H33N6O8P, %: C, 45.24; H, 6.59; N, 16.66; P,
6.14. Found, %: C, 45.28; H, 6.63; N, 16.68; P, 6.16.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl H-phosphonate
triethylammonium salt (28b)

A sticky solid, 95% yield. 1H NMR (CD3OD, 400MHz): δ
8.09 (s, 1H, H-5′′), 7.44 (d, 1H, J= 1.0 Hz, H-6), 6.75 (d,
1H, J= 620.2 Hz, PH), 6.01 (d, 1H, J= 4.7 Hz, H-1′), 4.50
(t, 1H, J= 4.9 Hz, H-2′), 4.33 (t, 1H, J= 4.4 Hz, H-3′),
4.24-4.19 (m, 1H, H-4′), 4.10-3.96 (m, 2H, H-5′), 3.79-3.71
(m, 2H, H-7), 3.18 (q, 6H, J= 7.3 Hz, (CH3CH2)3N), 2.79-
2.72 (m, 2H, H-10), 1.86 (s, 3H, CH3), 1.76-1.67 (m, 4H,
H-8, H-9), 1.29 (t, 9H, J= 7.3 Hz, (CH3CH2)3N).

13C NMR
(CD3OD, 100MHz): δ 166.90 (s, C=O, C-4), 152.89 (s,
C=O, C-2), 149.06 (s, C-6), 143.24 (s, C-4′′), 121.65 (s,
C-5′′), 111.06 (s, C-5), 95.29 (s, C-1′), 87.78 (d, 1H,
J= 7.7 Hz, C-4′), 76.91 (s, C-3′), 72.25 (s, C-2′), 64.40 (d,
1H, J= 4.4 Hz, C-5′), 47.81 (s, (CH3CH2)3N), 29.40, 27.27,
25.77 (s, C-8, C-9, C-10), 12.16 (s, CH3), 9.19 (s,
(CH3CH2)3N).

31P NMR (CD3OD, 100MHz): δ 4.57. ESI
MS m/z: calcd. for C16H23N5O8Pˉ [M]ˉ 444.36, found [M]ˉ
444.18. Analysis calcd. for C22H39N6O8P, %: C, 48.35; H,
7.19; N, 15.38; P, 5.67. Found, %: C, 48.39; H, 7.22; N,
15.39; P, 5.65.

General procedure for the synthesis of 5′-phosphates of 1′
′,2′′,3′′-triazolyl nucleoside analogues

1 eq of 5ʹ-H-phosphonate (25a,b, 26a,b) was heated in
vacuo (60 °C, 0.05 Torr) for 30 min, then the flask was filled
with argon, and this operation was repeated 2 more times.
The dried nucleotide analogue was dissolved in dry DCM
(10 mL per 1 mmoL of the nucleotide analogue) and 10 eq
of triethylamine was added. A flask was equipped with a
rubber septum, and argon inlet tube and cooled with a water
bath (18–20 °C). Then 5 eq of the TMSCl was added by the
syringe under an argon atmosphere. The flask was stirred
for 30 min at room temperature and then 1.05 eq of crys-
talline iodine was added in one portion and the mixture was

stirred for an additional 30 min. Then all volatile compo-
nents were removed on a rotary evaporator and dried in
vacuo (40 °C, 0.05 Torr). The residue was purified by flash
chromatography to isolate compounds 33a,b or 34a,b
(gradient elution СH2Cl2:MeOH+0.5% Et3N 25:1 to MeOH
+0.5% Et3N).

To remove the isopropylidene protection group, com-
pounds 33a,b, 34a,b were dissolved in aqueous tri-
fluoroacetic acid (50% v/v; 4 ml per 1 mmoL of the
nucleotide analogue) and left to stir for 45 min at room
temperature. The solution was concentrated on rotary eva-
porator and dried in vacuo (40 °C, 0.05 Torr). The residue
was purified by flash chromatography to give compounds
35a,b, 36a,b (eluent - a mixture of CHCl3/MeOH+0.5%
Et3N from 30:1 to MeOH+0.5% Et3N).

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-yl phosphate bis(triethylammonium) salt (33a)

A sticky solid, 19% yield. 1H NMR (CD3OD, 400MHz): δ
8.27 (s, 1H, H-5′′), 6.19 (d, 1H, J= 2.3 Hz, H-1′), 5.58 (d,
1H, J= 0.8 Hz, H-5), 5.29 (dd, 1H, J= 5.9, 2.4 Hz, H-2′),
5.15 (s, 2H, H-7), 5.06 (dd, 1H, J= 5.9, 1.6 Hz, H-3′), 4.53-
4.49 (m, 1H, H-4′), 3.89-3.85 (m, 2H, H-5′), 3.10 (q, 12H,
J= 7.4 Hz, (CH3CH2)3N), 2.43 (s, 3H, CH3), 1.56 (s, 3H,
H-7′), 1.37 (s, 3H, H-8′), 1.26 (t, 18H, J= 7.3 Hz,
(CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ 165.66 (s,
C=O, C-4), 156.97 (s, C=O, C-2), 153.36 (s, C-6),
144.61 (s, C-4′′), 123.99 (s, C-5′′), 114.84 (s, C-6′), 102.49
(s, C-5), 96.46 (s, C-1′), 88.03 (d, 1H, J= 9.2 Hz, C-4′),
86.24 (s, C-3′), 83.58 (s, C-2′), 65.89 (d, 1H, J= 5.1 Hz, C-
5′), 47.53 (s, (CH3CH2)3N), 40.13 (s, C-7), 27.33, 25.40 (s,
C-7′, C-8′), 20.33 (s, CH3), 9.32 (s, (CH3CH2)3N).

31P
NMR (CD3OD, 100MHz): δ 0.92. ESI MS m/z: calcd. for
C16H20N5O9P

2ˉ [M+ 3H] + 460.36, found [M+ 3H] +

460.18. Analysis calcd. for C28H52N7O9P, %: C, 50.82; H,
7.92; N, 14.82; P, 4.68. Found, %: C, 50.88; H, 7.94; N,
14.85; P, 4.66.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
yl phosphate bis(triethylammonium) salt (33b)

A sticky solid, 24% yield. 1H NMR (CD3OD, 400MHz): δ
8.12 (s, 1H, H-5′′), 6.17 (d, 1H, J= 2.3 Hz, H-1′), 5.54 (d,
1H, J= 0.8 Hz, H-5), 5.24 (dd, 1H, J= 5.8, 2.7 Hz, H-2′),
5.05 (dd, 1H, J= 5.8, 1.5 Hz, H-3′), 4.53-4.48 (m, 1H, H-
4′), 3.94-3.83 (m, 4H, H-7, H-5′), 3.18 (q, 12H, J= 7.3 Hz,
(CH3CH2)3N), 2.80-2.74 (m, 2H, H-10), 2.29 (d, 3H,
J= 0.8 Hz, CH3), 1.80-1.66 (m, 4H, H-8, H-9), 1.57 (s, 3H,
H-7′), 1.37 (s, 3H, H-8′), 1.30 (t, 18H, J= 7.3 Hz,
(CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ 165.73 (s,
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C=O, C-4), 157.04 (s, C=O, C-2), 153.41 (s, C-6),
149.33 (s, C-4′′), 122.28 (s, C-5′′), 114.86 (s, C-6′), 102.23
(s, C-5), 96.52 (s, C-1′), 87.57 (d, 1H, J= 8.8 Hz, C-4′),
86.22 (s, C-3′), 83.51 (s, C-2′), 66.00 (d, 1H, J= 5.1 Hz, C-
5′), 47.74 (s, (CH3CH2)3N), 45.01 (s, C-7), 29.04, 27.40,
27.37, 25.72, 25.43 (s, C-8, C-9, C-10, C-7′, C-8′), 19.92 (s,
CH3), 9.17 (s, (CH3CH2)3N).

31P NMR (CD3OD,
100MHz): δ 1.22. ESI MS m/z: calcd. for C19H26N5O8P

2ˉ

[M+ 3H]+ 502.42, found [M+ 3H]+ 502.23. Analysis
calcd. for C31H58N7O9P, %: C, 52.90; H, 8.31; N, 13.93; P,
4.40. Found, %: C, 52.94; H, 8.34; N, 13.95; P, 4.44.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-
5′-yl phosphate bis(triethylammonium) salt (34a)

A sticky solid, 48% yield. 1H NMR (CD3OD, 400MHz): δ
8.32 (s, 1H, H-5′′), 7.56 (d, 1H, J= 1.1 Hz, H-6), 6.21 (d,
1H, J= 2.4 Hz, H-1′), 5.28 (dd, 1H, J= 5.8, 2.3 Hz, H-2′),
5.07-5.00 (m, 3H, H-7, H-3′), 4.54-4.50 (m, 1H, H-4′), 3.89
(t, 2H, J= 5.1 Hz, H-5′), 3.16 (q, 12H, J= 7.3 Hz,
(CH3CH2)3N), 1.86 (d, 3H, J= 1.0 Hz, CH3), 1.55 (s, 3H,
H-7′), 1.36 (s, 3H, H-8′), 1.29 (t, 18H, J= 7.3 Hz,
(CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ 166.80 (s,
C=O, C-4), 152.77 (s, C=O, C-2), 144.31 (s, C-4′′),
142.73 (s, C-6), 124.28 (s, C-5′′), 114.86 (s, C-6′), 111.62
(s, C-5), 96.48 (s, C-1′), 88.01 (d, 1H, J= 8.8 Hz, C-4′),
86.30 (s, C-3′), 83.49 (s, C-2′), 64.45 (d, 1H, J= 4.4 Hz, C-
5′), 47.60 (s, (CH3CH2)3N), 43.48 (s, C-7), 27.32, 25.39 (s,
C-7′, C-8′), 12.22 (s, CH3), 9.14 (s, (CH3CH2)3N).

31P
NMR (CD3OD, 100MHz): δ 0.53. ESI MS m/z: calcd. for
C16H20N5O9P

2ˉ [M+ 3H] + 460.36, found [M+ 3H] +

460.17. Analysis calcd. for C28H52N7O9P, %: C, 50.82; H,
7.92; N, 14.82; P, 4.68. Found, %: C, 50.85; H, 7.95; N,
14.86; P, 4.65.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-2′,3′-O-isopropylidene-β-D-ribofuranose-5′-
yl phosphate bis(triethylammonium) salt (34b)

A sticky solid, 27% yield. 1H NMR (CD3OD, 400MHz): δ
8.10 (s, 1H, H-5′′), 7.45 (d, 1H, J= 1.5 Hz, H-6), 6.17 (d,
1H, J= 2.4 Hz, H-1′), 5.26 (dd, 1H, J= 6.0, 2.5 Hz, H-2′),
5.05 (dd, 1H, J= 5.9, 1.2 Hz, H-3′), 4.52-4.48 (m, 1H, H-
4′), 3.94-3.82 (m, 2H, H-5′), 3.78-3.71 (m, 2H, H-7), 3.17
(q, 12H, J= 7.3 Hz, (CH3CH2)3N), 2.78-2.72 (m, 2H, H-
10), 1.85 (s, 3H, CH3), 1.76-1.66 (m, 4H, H-8, H-9), 1.56
(s, 3H, H-7′), 1.37 (s, 3H, H-8′), 1.30 (t, 18H, J= 7.3 Hz,
(CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ 166.86 (s,
C=O, C-4), 152.97 (s, C=O, C-2), 149.28 (s, C-6),
143.23 (s, C-4′′), 122.35 (s, C-5′′), 114.84 (s, C-6′), 111.11
(s, C-5), 96.33 (s, C-1′), 87.70 (d, 1H, J= 8.8 Hz, C-4′),
86.16 (s, C-3′), 83.50 (s, C-2′), 66.00 (d, 1H, J= 4.8 Hz, C-

5′), 53.66 (s, C-7), 47.63 (s, (CH3CH2)3N), 29.39, 27.39,
27.17, 25.75, 25.44 (s, C-8, C-9, C-10, C-7′, C-8′), 12.18 (s,
CH3), 9.16 (s, (CH3CH2)3N).

31P NMR (CD3OD,
100MHz): δ 0.63. ESI MS m/z: calcd. for C19H26N5O8P

2ˉ

[M+ 3H]+ 502.42, found [M+ 3H]+ 502.24. Analysis
calcd. for C31H58N7O9P, %: C, 52.90; H, 8.31; N, 13.93; P,
4.40. Found, %: C, 52.92; H, 8.30; N, 13.96; P, 4.38.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl phosphate
bis(triethylammonium) salt (35a)

A sticky solid, 68% yield. 1H NMR (CD3OD, 500MHz): δ
8.34 (s, 1H, H-5′′), 6.02 (d, 1H, J= 5.0 Hz, H-1′), 5.58 (d,
1H, J= 0.6 Hz, H-5), 5.16 (s, 2H, H-7), 4.55 (t, 1H,
J= 4.9 Hz, H-2′), 4.38-4.35 (m, 1H, H-3′), 4.24-4.21 (m,
1H, H-4′), 4.07-3.98 (m, 2H, H-5′), 2.96 (q, 12H,
J= 7.3 Hz, (CH3CH2)3N), 2.42 (s, 3H, CH3), 1.20 (t, 18H,
J= 7.3 Hz, (CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ
165.87 (s, C=O, C-4), 157.17 (s, C=O, C-2), 153.54 (s,
C-6), 144.62 (s, C-4′′), 123.50 (s, C-5′′), 102.62 (s, C-5),
94.61 (s, C-1′), 86.62 (d, 1H, J= 8.6 Hz, C-4′), 77.24 (s, C-
3′), 72.62 (s, C-2′), 65.80 (d, 1H, J= 5.0 Hz, C-5′), 47.43
(s, (CH3CH2)3N), 40.33 (s, C-7), 9.91 (s, (CH3CH2)3N).

31P
NMR (CD3OD, 100MHz): δ 1.81. ESI MS m/z: calcd. for
C13H16N5O9P

2ˉ [M+H]ˉ 418.27, found [M+H]ˉ 418.11.
Analysis calcd. for C25H48N7O9P, %: C, 48.30; H, 7.78; N,
15.77; P, 4.98. Found, %: C, 48.27; H, 7.81; N, 15.75;
P, 4.96.

1′-[4′′-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl phosphate
bis(triethylammonium) salt (35b)

A sticky solid, 55% yield. 1H NMR (CD3OD, 400MHz): δ
8.17 (s, 1H, H-5′′), 6.02 (d, 1H, J= 5.2 Hz, H-1′), 5.53 (s,
1H, H-5), 4.53 (t, 1H, J= 5.2 Hz, H-2′), 4.36 (t, 1H,
J= 4.2 Hz, H-3′), 4.25–4.20 (m, 1H, H-4′), 4.09-3.99 (m,
2H, H-5′), 3.89-3.82 (m, 2H, H-7), 3.06 (q, 12H,
J= 7.3 Hz, (CH3CH2)3N), 2.77 (t, 2H, J= 7.3 Hz, H-10),
2.29 (s, 1H, CH3), 1.80-1.64 (m, 4H, H-8, H-9), 1.25 (t, 9H,
J= 7.3 Hz, (CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ
165.71 (s, C=O, C-4), 156.99 (s, C=O, C-2), 153.39 (s,
C-6), 149.00 (s, C-4′′), 121.79 (s, C-5′′), 102.22 (s, C-5),
94.38 (s, C-1′), 86.31 (d, 1H, J= 8.4 Hz, C-4′), 77.14 (s, C-
3′), 72.50 (s, C-2′), 65.73 (d, 1H, J= 5.1 Hz, C-5′), 47.27
(s, (CH3CH2)3N), 44.97 (s, C-7), 29.03, 27.45, 25.73, (s, C-
8, C-9, C-10), 19.92 (s, CH3), 9.37 (s, (CH3CH2)3N).

31P
NMR (CD3OD, 100MHz): δ 2.19. ESI MS m/z: calcd. for
C16H22N5O8P

2ˉ [M+H]ˉ 460.35, found [M+H]ˉ 460.18.
Analysis calcd. for C28H54N7O9P, %: C, 50.67; H, 8.20; N,
14.77; P, 4.67. Found, %: C, 50.64; H, 8.22; N, 14.75;
P, 4.65.
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1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1′′,2′
′,3′′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl phosphate
bis(triethylammonium) salt (36a)

A sticky solid, 76% yield. 1H NMR (CD3OD, 400MHz): δ
8.41 (s, 1H, H-5′′), 7.55 (d, 1H, J= 1.2 Hz, H-6), 6.04 (d,
1H, J= 4.9 Hz, H-1′), 5.02 (s, 2H, H-7), 4.54 (t, 1H,
J= 4.9 Hz, H-2′), 4.36 (m, 1H, H-3′), 4.26-4.21 (m, 1H, H-
4′), 4.11–3.99 (m, 2H, H-5′), 3.12 (q, 12H, J= 7.3 Hz,
(CH3CH2)3N), 1.86 (d, 3H, J= 1.1 Hz, CH3), 1.27 (t, 18H,
J= 7.3 Hz, (CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ
166.81 (s, C=O, C-4), 152.69 (s, C=O, C-2), 144.27 (s,
C-4′′), 142.65 (s, C-6), 123.56 (s, C-5′′), 111.53 (s, C-5),
94.41 (s, C-1′), 85.88 (d, 1H, J= 7.7 Hz, C-4′), 76.89 (s, C-
3′), 72.16 (s, C-2′), 64.29 (d, 1H, J= 4.4 Hz, C-5′), 47.80
(s, (CH3CH2)3N), 43.38 (s, C-7), 12.21 (s, CH3), 9.18 (s,
(CH3CH2)3N).

31P NMR (CD3OD, 100MHz): δ 0.95. ESI
MS m/z: calcd. for C13H16N5O9P

2ˉ [M+H]ˉ 418.27, found
[M+H]ˉ 418.11. Analysis calcd. for C25H48N7O9P, %: C,
48.30; H, 7.78; N, 15.77; P, 4.98. Found, %: C, 48.28; H,
7.75; N, 15.80; P, 4.95.

1′-[4′′-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1′′,2′′,3′
′-triazol-1′′-yl]-β-D-ribofuranose-5′-yl phosphate
bis(triethylammonium) salt (36b)

A sticky solid, 70% yield. 1H NMR (CD3OD, 400MHz): δ
8.14 (s, 1H, H-5′′), 7.44 (d, 1H, J= 1.1Hz, H-6), 6.02 (d, 1H,
J= 5.1 Hz, H-1′), 4.52 (t, 1H, J= 5.1 Hz, H-2′), 4.36 (t, 1H,
J= 4.3 Hz, H-3′), 4.25-4.21 (m, 1H, H-4′), 4.12–3.99 (m, 2H,
H-5′), 3.78-3.72 (m, 2H, H-7), 3.16 (q, 6H, J= 7.3 Hz,
(CH3CH2)3N), 2.78-2.72 (m, 2H, H-10), 1.85 (d, 3H,
J= 1.0 Hz, CH3), 1.74-1.67 (m, 4H, H-8, H-9), 1.29 (t, 9H,
J= 7.3 Hz, (CH3CH2)3N).

13C NMR (CD3OD, 100MHz): δ
166.88 (s, C=O, C-4), 152.96 (s, C=O, C-2), 149.05 (s, C-
6), 143.24 (s, C-4′′), 121.69 (s, C-5′′), 111.13 (s, C-5), 94.35
(s, C-1′), 86.12 (d, 1H, J= 8.8 Hz, C-4′), 77.11 (s, C-3′),
72.41 (s, C-2′), 65.95 (d, 1H, J= 4.8 Hz, C-5′), 47.62 (s,
(CH3CH2)3N), 29.39, 27.22, 25.76 (s, C-8, C-9, C-10), 12.18
(s, CH3), 9.15 (s, (CH3CH2)3N).

31P NMR (CD3OD,
100MHz): δ 1.31. ESI MS m/z: calcd. for C16H22N5O8P

2ˉ

[M+H]ˉ 460.35, found [M+H]ˉ 460.18. Analysis calcd. for
C28H54N7O9P, %: C, 50.67; H, 8.20; N, 14.77; P, 4.67.
Found, %: C, 50.66; H, 8.24; N, 14.74; P, 4.69.

Biology

Antiviral assay

Virus and cells Influenza virus A/Puerto Rico/8/34 (H1N1)
was obtained from the collection of viruses of St. Petersburg
Pasteur Institute. Before the experiment, virus was propa-
gated in the allantoic cavity of 10- to 12-day-old chicken

embryos for 48 h at 36 °C. The infectious titre of the virus
was determined in Madin-Darby Canine Kidney (MDCK)
cells (ATCC-CCL-34) grown in 96-well plates in alpha-
MEM medium with 10% foetal bovine serum.

Cytotoxicity assay MDCK cells were seeded onto 96-well
culture plates (104 cells per well) and incubated at 36 °C in
5% CO2 until continuous monolayer formation. To assess
the toxicity of compounds, a series of their threefold dilu-
tions at concentrations of 300 to 3.7 μg/mL in Eagle’s
Minimal Essential Medium (MEM) were prepared. The
dilutions were added to the wells of the plates. Cells were
incubated for 72 h at 36 °C in a CO2 incubator under 5%
CO2. Further, a microtetrazolium (MTT) assay was per-
formed on 96-well plates. The cells were washed 2 times
with saline (0.9% NaCl), and 100 μL/well of MTT solution
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] at a concentration of 0.5 μg/mL in MEM was added.
The plates were incubated for 1 h at 36 °C, the liquid was
removed, and dimethylsulfoxide (DMSO) (0.1 mL per well)
was added. The optical density (OD) of the cells was
measured on a Thermo Multiskan FC spectrophotometer
(Thermo Fisher Scientific, USA) at a wavelength of 540 nm.
Based on the obtained data, the CC50, the concentration of
the compound that destroys 50% of the cells in the culture,
was calculated for each specimen.

CPE reduction assay The compounds in appropriate con-
centrations were added to MDCK cells (0.1 ml per well).
MDCK cells were further infected with A/Puerto Rico/8/34
(H1N1) influenza virus (m.o.i 0.01 TCID50 per cell). Plates
were incubated for 72 h at 36 °C at 5% CO2. After that, cell
viability was assessed by the MTT test, as described above.
The cytoprotective activity of compounds was considered
as their ability to increase the values of the OD compared to
the control wells (with virus only; no drugs). Based on the
obtained results, the IC50 values, i.e., the concentration of
compounds that results in 50% cell protection, were cal-
culated using GraphPad Prism 6.01 software. IC50 values in
μg/ml were then calculated into micromoles. For each
compound, the value of the selectivity index (SI) was cal-
culated as a ratio of CC50 to IC50.

Cytotoxicity against human cancer cell lines

Cells and Materials M-HeLa clone 11 (epithelioid carci-
noma of the cervix, subline HeLa., clone M-HeLa); HuTu
80, human duodenal adenocarcinoma; MCF7, human breast
adenocarcinoma (pleural fluid); HepG2, a human liver
cancer cell line; PANC-1, a human pancreatic carcinoma;
A549, a human lung carcinoma; PC3, prostate adenocarci-
noma cell line from ATCC (American Type Cell Collection,
USA; CRL 1435); А-375, a human melanoma cell line from
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the CLS Cell Lines Service cell repository Eppelheim
Germany and WI38, a diploid human embryo lung from the
collection of the Institute of Cytology, Russian Academy of
Sciences (St. Petersburg) were used in the experiments.

MTT assay The cytotoxic effect on cells was determined
using the colorimetric method of cell proliferation - the MTT
test. NADP-H-dependent cellular oxidoreductase enzymes
can, under certain conditions, reflect the number of viable
cells. These enzymes are able to reduce the tetrazolium dye
(MTT) - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide to insoluble blue-violet formazan, which
crystallizes inside the cell. The amount of formazan formed is
proportional to the number of cells with active metabolism.
Cells were seeded on a 96-well Nunc plate at a concentration
of 5 × 103 cells per well in a volume of 100 μl of medium and
cultured in a CO2 incubator at 37 °C until a monolayer was
formed. Then the nutrient medium was removed and 100 µl of
solutions of the test drug in the given dilutions were added to
the wells, which were prepared directly in the nutrient med-
ium with the addition of 5% DMSO to improve solubility.
After 48 h of incubation of the cells with the tested com-
pounds, the nutrient medium was removed from the plates
and 100 µl of the nutrient medium without serum with MTT
at a concentration of 0.5mg/mL was added and incubated for
4 h at 37 °C. Formazan crystals were added 100 µl of DMSO
to each well. Optical density was recorded at 540 nm on an
Invitrologic microplate reader (Russia). The experiments for
all compounds were repeated three times. IC50 values were
estimated using the Quest GraphTM IC50 Calculator (AAT
Bioquest, Inc., Sunnyvale, CA, USA).

Molecular docking

Molecular docking was carried out using the Autodock
Vina 1.1.2 software and AutoDock Tools (ADT 1.5.6) [47].
The standard 3D structures of the compounds tested were
constructed using the HyperChem 8.0 [48] and converted
into a pdb file by Open Babel [49]. The dimensions of the
Grid box were chosen for PA N-ter (PDB code 4AWK)
22 × 20 × 18 (x, y, z), for neuraminidase N1 (PDB code
4B7Q) 60 × 60 × 62 (x, y, z) and for hemagglutinin H1
(PDB code 1RU7) 30 × 30 × 40 (x, y, z) with a spacing of
1.000 Å and grid maps were generated. The docking para-
meters were used as the default settings.
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	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose (9a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose (9b)
	General method for the synthesis of 5&#x02032;-diethyl and 5&#x02032;-diphenyl phosphates of 1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazolyl nucleoside analogues
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diethyl phosphate (10a)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diethyl phosphate (10b)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diethyl phosphate (11a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diethyl phosphate (11b)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diphenyl phosphate (12a)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diphenyl phosphate (12b)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diphenyl phosphate (13a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl diphenyl phosphate (13b)
	General procedure for the synthesis of 5&#x02032;-(phenyl methoxy-L-alaninyl)phosphates of 1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazolyl nucleoside analogues
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-al
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-ala
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-al
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-ala
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-alaninyl)phosphate (19a)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-alaninyl)phosphate (19b)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-alaninyl)phosphate (20a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-(phenyl methoxy-L-alaninyl)phosphate (20b)
	General procedure for the synthesis of 5&#x02032;-H-phosponates of 1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazolyl nucleoside analogues
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl H-phosphonate tri
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl H-phosphonate trie
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl H-phosphonate tri
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl H-phosphonate trie
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl H-phosphonate triethylammonium salt (27a)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl H-phosphonate triethylammonium salt (27b)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl H-phosphonate triethylammonium salt (28a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl H-phosphonate triethylammonium salt (28b)
	General procedure for the synthesis of 5&#x02032;-phosphates of 1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazolyl nucleoside analogues
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl phosphate bis(tri
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl phosphate bis(trie
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl phosphate bis(tri
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-2&#x02032;,3&#x02032;-O-isopropylidene-β-D-ribofuranose-5&#x02032;-yl phosphate bis(trie
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl phosphate bis(triethylammonium) salt (35a)
	1&#x02032;-[4&#x02032;&#x02032;-(6-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl phosphate bis(triethylammonium) salt (35b)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-methyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl phosphate bis(triethylammonium) salt (36a)
	1&#x02032;-[4&#x02032;&#x02032;-(5-Methyl-2,4-dioxo-pyrimidine-1-yl-butyl)-1&#x02032;&#x02032;,2&#x02032;&#x02032;,3&#x02032;&#x02032;-triazol-1&#x02032;&#x02032;-yl]-β-D-ribofuranose-5&#x02032;-yl phosphate bis(triethylammonium) salt (36b)
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