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Abstract.

The global public health concerns and economic impact caused by emerged outbreaks of RNA 

viruses call for the search for new direct acting antiviral agents.  Herein, we describe the synthesis, 

DFT calculations, and antiviral evaluation of a series of novel 2-hydroxyimino-6-aza-pyrimidine 

ribonucleosides. DFT//B3LYP/6-311+G** calculations of the tautomeric distributions of the 2-

hydroxyimino nucleosides 7, 8, and 9 in aqueous environment indicate a predominance of the 

canonical 2-(E)-hydroxyimino structure, where the hydroxyl group points away from the sugar 

moiety. Conformer distribution of the latter geometrical isomers of 7, 8, and 9 support the 

formation of five membered rings via hydrogen bonding between the (E)-C2=N-O-H moiety and 

N3-H of 7 and 8 and between (E)-C2=N-O-H and N3 with 9, creating purine shaped nucleosides 

with the glycosidic linkage at the pyrimidine ring. The newly synthesized nucleosides were 

screened against RNA viral panel, of which moderate antiviral activity was observed against Zika 

virus (ZIKV) and human respiratory syncytial virus (HRSV). 6-Aza-2-hydroxylimino-5-

methyluridine derivative 18 showed activity against ZIKV (EC50 3.2 M), while its peracetylated 

derivative 19 showed activity against HRSV (EC50 5.2 M). The corresponding 4-thiono-2-

hydroxylimino derivative 8 showed activity against HRSV (EC50 6.1 M) and against ZIKA 

(EC50 2.4 M). This study shows that the 6-aza-2-hydroxyimino-5-methyluracil derived 

nucleosides can be further optimized to provide potent antiviral agents.
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Introduction

Recent outbreaks of RNA viruses such as Zika virus (ZIKV)1, 2, Middle East respiratory syndrome 

coronavirus (MERS-CoV)3, Influenza A viruses (IAVs) of human, avian, and swine origins are 

causing global public health concerns and associated with large economic impact.  ZIKV is a 

positive-stranded RNA (+RNA) flavivirus4, 5, transmitted by mosquitoes and sexually as well 6. 

ZIKV is associated with severe neural disorders, such as microcephaly in fetuses and newborns 

and Guillain-Barr’s syndrome in adults. MERS-CoV can cause serious respiratory diseases with 

38% fatality rate of infected patients 7-9.  Human respiratory syncytial virus (HRSV), a member 

of Paramyxoviridae family, is a single stranded RNA (-RNA) virus 10.  HRSV infection causes 

acute upper and lower respiratory tract infection in infants, children, elderly, and immune 

compromised adults, with significant morbidity and mortality.  Severe HRSV infection causes 

around 160K deaths per year in children under 5 years old worldwide 11, 12. Ribavirin (1), a broad-

spectrum antiviral agent, is the only small molecule approved for the treatment of HRSV infection 

(Fig. 1).  Inhibiting inosine monophosphate dehydrogenase (IMPDH) and inducing viral 

mutagenesis are the most two important mechanisms by which ribavirin induces its antiviral 

activity 13-15.  However, toxicity liabilities and limited efficacy undermine the clinical use of 

ribavirin 16, 17. Also, there are no effective drugs or vaccines available for the treatment or 

prevention of ZIKV and MERS-CoV, infections.  These unmet medical needs call for the search 

Fig. 1. Structures of base modified nucleosides with activity against Zika and RSV viruses.
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for new agents that combat these viruses.  N4-Hydroxycytidine (NHC, 2), a cytidine/uridine 

analogue, has been reported to inhibit HRSV, influenza B virus, and Influenza A viruses (IAVs) 

of human, avian, and swine origins, and severe acute respiratory syndrome-associated coronavirus 

(SARS-CoV) 18 (Fig. 1).  NHC has shown inhibitory activity against Ebola virus replication 19, 

Norovirus 20, bovine diarrhea virus (BVDV) and Hepatitis C (HCV) virus 21, anti-Venezuelan 

equine encephalitis virus (VEEV) 22.  Recently, NHC has been reported to have activity both in 

vitro and im mice against SARS-CoV-2 23. The antiviral activity of NHC relates primarily to the 

incorporation of NHC-triphosphate derivative into viral genome in place of uridine, in which case, 

NHC behaves both as cytosine and uracil, resulting in high mutation frequencies and, ultimately, 

error catastrophe.24 

Azapyrimidine nucleosides with triazine as a nucleobase are associated with antitumor 25 

and antiviral activities.  6-Azacytidine (6-azaCyd) has demonstrated anti-human adenoviral 

activity in vitro and in vivo 26-31.  6-Azauridine (6-azaUrd, 3), a pyrimidine synthesis inhibitor, has 

been reported to have anti-ZIKV 32, anti-Lassa, anti-Ebola 33, and anti-Chikungunya (CHIKV) 

viral activity 34. Furthermore, 6-azaUrd, 6-azauridine triacetate, and 2-thio-6-azaurdine were also 

reported to have anti-West Nile virus (New York isolate) activity 35.  

In this study, we envisioned that replacing the C2=O moiety of 6-aza-pyrimidin-1-yl 

nucleobase with C2=N-OH and C2=S would maintain the geometrical C2 exocyclic double bond 

required for enzyme recognition, while altering the steric and electronic effects on the ring.  Herein, 

we wish to report on the synthesis of 5-methyl-6-azapyrimidine nucleosides 4-9 (Fig. 2), Density 

Functional Theory (DFT) calculations of their tautomeric and conformer distributions, and the 

evaluation of their activity and that of their intermediates 11-19 against RNA viral panel.  

Fig. 2. Known 6-azanucleosides 4, 5, 7 and additional nucleosides 6, 8, 9 investigated in this 
study. 
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Results and Discussion 

Chemistry

We have previously reported the synthesis of 2-selenothymidine and 2-selenouridine derivatives 

via NaSeH nucleophilic substitution of C2-methylthiothymidine and uridine derivatives 36, 37.  We 

have adopted this strategy for modifying the C2 position of 6-aza-5-methyluridine with =NOH 

moiety.  The precursor for the corresponding 2-methylthio derivative, 2-thio-6-azauridine 

derivative have been synthesized via Vorbrüggen-type glycosylation 38 of 6-aza-5-methyl-2-

thiouracil (12) with 1-O-acetyl-2,3,5-tri-O-benzoyl--D-ribofuranose (13) 39.  The synthesis of 12 

is outlined in scheme 1. Reaction of ethyl pyruvate and thiosemicarbazide provided the 

corresponding carbazone derivative 11 in quantitative yield.  Cyclization of the carbazone 

derivative 11 under basic conditions (NaOH/EtOH/reflux) 40, however did not provide the cyclized 

product, 2-thio-6-azathymine (12) in a satisfactory yield.  Conducting the reaction in the presence 

of anhydrous NaOAc/AcOH under fusion conditions gave 12 in 87% yield (Table 1, entry 1).  

Performing the reaction using NaOAc/AcOH in absolute EtOH gave 12 in quantitative yield as a 

pale-yellow crystals (table 1, entry 2, 3).  

aReagents and conditions.  a) EtOH, reflux, 2 h; b) NaOAc. AcOH, EtOH, reflux 2.5 h; c) i) BSA, DCE, rt, 30 
min; ii) SnCl4, -10, 3 h, then DMSO, rt, 1 h; d) TBSCl, DMAP, CH3CN., TEA, 12 h, then NH3 gas, 0 ºC, 30 min.; 
e) NaOMe, MeOH, rt, 3 h. 
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Table 1. Cyclization conditions of 11 to 6-aza-2-thiothymine (12).

Entry Additive, No. equiv. Solventa Time Yield %
1 NaOAc, 8 / AcOH, 8 2.5 h 87b

2 NaOAc, 8 / AcOH, 8 EtOH 3 h 90c

3 NaOAc, 3 / AcOH, 3 EtOH 3.5 h 96c

All reactions were performed at 120 °C; b) Compound 12 was isolated as dark brown solid; c) Compound 12 was 
isolated as faint shiny yellow crystals.

Coupling of 6-aza-2-thiothymine (12) with the protected D-ribofuranosyl derivative 13 

under Vorbrüggen conditions (SnCl4/DCE) provided the 2-thio-6-aza-5-methyluracil derivative 14 

in 89% yield. The N1--configuration of the 2-thionucleoside derivative 14 was confirmed by 1H, 

and 13C-NMR.  Treatment of 20 with TBSCl/DMAP/Et3N, and then NH3 in CH3CN gave the 

corresponding cytidine derivative 21 in 73.5% yield.  Deprotection of the hydroxyl groups of 14 

and 15 with NaOMe/MeOH gave the corresponding free nucleosides 441 and 5, respectively in 

good yields (scheme 1).  Treatment of 4 with H2O2 gave the corresponding 2-oxo derivative 6 42 

in good yield. 

Reagents and conditions a) MeI, DBU, DMF, 0 °C-rt, 2 h; b) NH2OH·HCl, dry pyridine, 40 ºC, 48 h; c) NaOMe, 
MeOH, , rt, 3 h; d) Ac2O, pyridine, 0 °C - rt, 3 h. 
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The synthesis of the 2-hydroxylimino derivative 7 is outlined in Scheme 2. Treatment of 

14 with MeI in DMF in the presence of DBU gave 2-methylthio derivative 16 along with the 

corresponding N3-methyl derivative 17 in 74.71% and 8.04% yields respectively. H-1’ NMR signal 

of the 2-methylthio derivative 16 was shifted upfield at 6.32 ppm compared with that of the N3-

methyl derivative 17 at 7.33 ppm. Treatment of 16 with hydroxylamine hydrochloride in dry 

pyridine gave the corresponding 2-hydroxylimino derivative 18 in 83% yield.  Treatment of 18 

with Ac2O/dry pyridine gave the corresponding mono-acetate derivative 19 in 78% yield. The 

protection of hydroxyl group in 19 as an acetate ester provides more lipophilicity as well as 

chemical stability at the C2 position of the nucleoside. Treatment of 18 with NaOMe/MeOH gave 

the corresponding free nucleoside 7 in 85% yield. Selective 1D-NOSEY (SELNOGP, supporting 

information) of 7 showed medium correlation between N3-H and C2-hydoxylimino moieties, and 

between 5’-OH and C2=NOH moieties, supporting the E-configuration around the C2=NOH side 

chain (Fig. 3). 

The synthesis of 4-thiono and 4-amino derivatives of 8 and 9 is shown in scheme 3.  First, 

7 was treated with TBDMSCl/Im/DMF to give the fully protected nucleoside 20 in 87.4% yield.  

Compound 20 in turn was treated with Lawesson’s reagent to give the 4-thiono derivative 22 in 

65.3% yield, which was then treated with TBAF/THF to give 8. To make target 9, compound 20 

was treated with TPSCl/DMAP/Et3N, and then with NH3 gas to give the 4-amino derivative 21; 

and the latter was finally deprotected by TBAF. Although the TBDMS group at the C2-

hydroxyimino of 20 underwent partial aminolysis to give the oxime derivative 23 as a side product, 

it is worth noting that no 2-amino derivative was formed due to the aminolysis. 

Fig. 3. Selective 1D-NOESY of compounds 7 and 8 in (DMSO-d6).  The observed NOE correlation 
between N3-H and C2=NOH, and the later with 5’-OH shown with arrows. 
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Selective 1D-NOSEY (SELNOGP, supporting information) of 8 showed a medium correlation 

between the N3-H and C2-hydoxylimino moieties, and between the 5’-OH and the C2=NOH 

moieties, supporting the E-configuration around the C2=NOH structure (Fig. 3).

DFT calculations

It has been reported that NHC-triphosphate derivative is incorporated into HRSV’s viral RNA in 

place of uridine, implying that NHC’s nucleobase has a dual base pairing character (cytosine and 

uracil) as a result of placing a hydroxylamine moiety at the C4-position of the nucleoside.  To 

investigate whether placing the NHOH moiety at the C2-position could results in a nucleoside with 

dual base pairing (uridine and isocytidine) characteristics, the tautomeric distributions of 7, 8, and 

9 were calculated, in parallel with those of NHC, using DFT implemented in Spartan 18, at 

B3LYP/6-311+G∗∗ basis set 43-45. Tautomer distribution results for NHC in aqueous environment 

aReagents and conditions. a) TBDMSCl, Im., DMF, , rt, 24 h; b) Lawesson’s reagent, toluene, reflux, 
overnight; c)TBAF, AcOH, THF, , rt, 3 h; d) TBSCl, DMAP, CH3CN., TEA, rt, 12 h, then NH3 gas, 0 
ºC 30 min. 
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showed close Boltzmann weights for the uridine like tautomer (NHC-I) and cytidine like tautomer 

(NHC-II, 0.373) (Fig. 4) (see supporting information).  

NHC-I

Boltzmann Weight= 0.627

NHC-II

Boltzmann Weight = 0.373

NHC-III

Boltzmann Weight = 0.000

Fig. 4. Optimized structures of NHC tautomers at B3LYP/6-311+G∗∗ basis set

The tautomeric distribution for both geometrical isomers; (E) and (Z)-C2=NOH of 7, 8, and 9 were 

calculated under the same conditions used with NHC (supporting information). A predominance 

of the (E)-C2=NOH tautomer was observed with Boltzmann weight for 7 (EO-I; 0.997), 8 (ES-I, 

0.986), and 9 (EA-I, 1.000) (Fig. 5). These results come in accordance with the observed NOE 

data (Fig. 5). 

7 (EO-I) 8 (ES-I) 9 (EA-I)

Fig. 5. Optimized tautomeric structures of 7, 8, and 9 at B3LYP/6-311+G∗∗ basis set.

Conformational distribution of the most stable tautomers for 7 (EO-I), 8 (ES-I), and 9 (EA-I) were 

assessed using a restricted hybrid HF-DFT SCF calculation at WB97X-D 6-31G* basis set (see 

supporting information). A preference of zigzag like conformation around the C2=N-O-H bond 
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was shown for the most stable tautomers for 7 (EO-I-Conf. A), and 8 (ES-I-Conf. A), where the 

hydrogen atom of the C2=N-O-H moiety is pointed away from the ring N3-H, allowing hydrogen 

bonding between the oxygen’s lone pair of electrons of the C2=N-O-H moiety and the N3-H (Fig. 

6). A conformational preference around the N-O-H of the C2=N-O-H moiety of 9 (EA-I-Conf. A) 

enables hydrogen bonding between the N3 lone pair of electrons and the hydrogen atom of C2=N-

O-H moiety, thereby forming a five membered ring (Fig. 6). 

7: EO-I-Conf. A 8: ES-I-Conf. A 9: EA-I-Conf. A

Fig. 6. Optimized conformers of tautomers 7 (E-OI), 8 (ES-I), and 9 (EA-I) 
using DFT at WB97X-D 6-31G* basis set. 

Overall, DFT calculations concluded that placing a hydroxylamine moiety at the C4 position of a 

pyrimidine nucleoside, as in NHC, results in a dual nucleobase behavior, cytosine-1-yl and uracil-

1-yl, thereby supporting the mutagenic characteristic of the nucleoside.  On the other hand, placing 

the hydroxylamine moiety at the C2 position of a pyrimidine nucleoside supports its existence 

predominantly in the (E)-C2=NOH form forming a purine like nucleoside through hydrogen 

bonding between the (E)-C2=N-O-H moiety and the N3-H or N3-lone pair of electrons.

Antiviral activity

The novel free nucleoside analogs 4-9 and their intermediates 11, 12, 14, and 16-19 were screened 

against several single stranded RNA viruses at Institute for Antiviral Research, Utah State 

University.  The compounds were tested for their antiviral activity at four different concentrations by 

visual and neutral red (cytopathic effect/toxicity) assays. Nucleoside analogs that showed antiviral 

activity in the primary screening were further tested in dose response experiments at 8 different 

concentrations to determine the EC50. Cytotoxicity (CC50) was determined in parallel in uninfected cells.  
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Compounds were tested against the following viral strains: MR766 (Zika Virus) in Vero76 cell line; 

CIN-1, genotype 1 (hepatitis C) in Huh-7 cell line; EMC (MERS coronavirus) in Vero76 cell line; A2 

(respiratory syncytial virus) in MA-104 cell line; California/07/2009 (Influenza A virus H1N1) in 

MDCK cell line; Kern 5156, WNo2 (west Nile Virus) in Vero76 cell line; 17D (Yellow fever Virus ) 

in Vero 76 cell line.  DMSO was used as vehicle in testing the in vitro antiviral activity of the tested 

compounds.  Screening results for 4, 5, 7-9 and the intermediates 11, 12, 14, 16-19 against respiratory 

viruses; MERS-CoV, HRSV and Flu A are shown in Table 2.  Among the tested compounds, 4-

thiono-2-hydroxylimino derivative 8 showed a significant activity against HRSV (EC50 = 6.1 M, 

CC50 > 100 M, SI >18) and was inactive against the other two respiratory viruses (Table 2).  The 

observed activity of 8 against HRSV could be attributed to its potential mutagenic activity as a 

result of its existence in two forms, uridine-like (ES-I) and hydroxyisocytidine-like (ES-II) 

tautomers (Fig. 1, supporting information). On the other hand, the corresponding 4-oxo-2-

hydroxylimino derivative 7 was lacking activity and cytotoxicity at the highest tested 

concentration.  

Table 2. Anti-respiratory viral activity of nucleosides 5, 6, 8-12, 17-19.
MERS-CoVd HRSVd Flu -Ad (H1N1)eCompd.

aEC50
M

bCC50
M

cSI50 EC50
M

CC50
M

SI50 EC50
M

CC50
M

SI50

11 >100 >100 >100 >100 >100 >100
12 >100 >100 >100 >100 >100 >100
4 >100 >100 >100 >100 >100 >100
5 >100 >100 >100 >100 >100 >100
7 >100 >100 >100 >100 >100 >100
8 >100 >100 6.1 >100 >16 >100 >100
9 >100 >100 >100 >100 >100 >100
14 >4.2 4.2 >4.2 4.2 >6.6 6.6
 16 >56 56 >48 48 >100 >100
17 >100 >100 >100 >100 >100 >100
18 >32 32 32 32 >34 34
19 >24 24 5.2 33 6 >12 12

 aEC50: effective concentration that inhibit the replication of the virus by 50%. 
bCC50: cytotoxic concentration that inhibit the replication of normal cells by 50%. 
cSI = CC50/EC50. dEC50 > 100 indicates no antiviral activity was observed at the 
tested highest concentration. e California/07/2009 isolate. Ribavirin was used as a 
control for HRSV.

. 
The carbazone derivative 11, its cyclized form 12, and the 2-thio-nucleosides 4, 5 were devoid of 

antirespiratory viral activity and cytotoxicity at the highest tested concentration.  Interestingly, the 
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11

2’,3’,5’-tri-O-benzoyl-2-hydroxylimino derivative 18 showed higher activity against HRSV (EC50 

= 23 M), compared with the free nucleoside 7 (EC50 = >100 M), and the activity was further 

increased with the acetyl protected 2-hydroxylimino derivative 19 (EC50 = 5.3 M, CC50 = 33 M, 

SI = 6).  The benzoyl protected 2-thio-6-aza-5-methyluridine derivative 14 showed activity against 

MERS-CoV, HRSV, and Flu-A viruses at the same cytotoxic concentration (Table 2).  The 

activity/toxicity of the latter compound was lashed out upon methylation at the N-3 position, as in 

compound 17.  On the other hand, the activity/toxicity reappeared upon methylation at the 2-

position of 14 as in 16 (Table 2), suggesting that 14 might act as a nucleoside analogue, once it 

gets into cells in high concentration. The lipophilic characteristics of the benzoyl groups in 14, 16, 

18, 19, and the acetyl group in the latter compound could enhance the uptake of the compounds, 

and consequently their biological activity.  Whether those protected nucleosides act as enzyme 

allosteric inhibitor(s) or as nucleoside analogues, that are activated to the corresponding nucleoside 

triphosphates is under investigation and will be reported in due course.

Compounds 4-9 and 11, 12, 14, 16-19 were also screened against selected members of 

flaviviruses: ZIKA, WNV, YFV, HCV, and DENV-2 (Table 3).  It is notable that the benzoyl 

protected nucleosides 14, 18, and 19 were also active against ZIKA, WNV, and YFV with SI50 in 

the range of 8.8-7.2 (Table 3).   

ZIKAd WNVd YFVd HCVCompd.
aEC50
M

bCC50
M

cSI50 EC50
M

CC50
M

SI50 EC50
M

CC50
M

SI50 EC50
M

CC50
M

SI50

11 >100 >100 >100 >100 >100 >100 ND
12 >100 >100 >100 >100 >100 >100 ND
 4 ND ND ND >20 >20 1
 5 >100 >100 >100 >100 >100 >100 ND
6 >100 >100 >100 >100 >100 >100 ND
7 >100 >100 >100 >100 >100 >100 7.74 >20 3
8 2.4 >100 >24 >100 >100 >100 >100 ND
9 >100 >100 >100 >100 >100 >100 ND
14 3.2 24 7.2 >3.2 3.2 >3.2 3.2 ND
 16 >100 >100 >28 28 >56 56 ND
17 >100 >100 >42 42 >52 52 ND
18 3.2 28 8.8 >3.2 3.2 >3.2 3.2 ND
19 3.2 28 8.8 >3.2 3.2 >2.4 2.4 ND

 aEC50: effective concentration that inhibit the replication of the virus by 50%. bCC50: cytotoxic 
concentration that inhibit the replication of normal cells by 50%. cSI = CC50/EC50. dEC50 > 100 

Page 11 of 27 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

Table 3. Activity of nucleosides 4, 5, 7-9, 14, 16-19 against some flaviviruses.

Interestingly, the 4-thiono-2-hydroxylimino derivative 8 showed selective activity against ZIKA 

(EC50 = 2.4 M, CC50 = >100 M).  The 2-hydroxylimino-6-aza-5-methyluridine (7) showed a 

moderate activity against HCV (EC50 = 7.74 M) while it was inactive against the rest of the tested 

flaviviruses (Table 3). The cytidine analogue 5, 9 were inactive against all tested viruses at the 

highest tested concentration.

Conclusions

We have synthesized for the first time a series of 6-azauridine analogues probing the replacement of 

the oxygen atom at the 2-position with hydroxylimin moiety on the anti-RNA viral activity.  DFT 

results support a dual base pairing character for NHC while supporting a purine-like nucleobase 

for 2-hydroxyimino nucleosides.  A significant activity against HRSV (EC50 6.1 M and SI >16) 

and ZIKA (EC50 2.4 M, CC50 >100 M) were observed with 2-hydroxylimino-4-thionouridine 

derivative 8.  Unexpectedly, the fully benzoyl protected 2-hydroxylimino-6-azauridine derivative 

19 showed significant activity against HRSV (EC50= 5.2 M) and ZIKA (EC50 24 M).  Moderate 

activity against HCV (EC50 = 7.1 M) was observed with 2-hydroxyliminouridine derivative 7.  

The mechanisms of antiviral activity of the sugar protected nucleosides 14-16 and 18-19 is under 

investigation and will be reported in due course.  This study shows that the 2-hydroxylimino-6-

aza-5-methyluracil derived nucleosides provide lead compounds for further development of broad 

spectrum antiviral agents.
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Protocols and experimental results.

indicates no antiviral activity was observed at the tested highest concentration. 6-Azauridine was used 
as a control for Zika virus.  
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Material, instruments and general considerations.  Starting materials and reagents were purchased 

from Acros-Organics, Alpha Aeser, and Sigma-Aldrich.  Reaction progress was monitored by TLC 

analysis using aluminum-backed plates pre-coated with Merck silica gel 60-F254.  Column 

chromatography was carried out on Agela Technologies Flash silica 40-60 mesh.  Melting points 

recorded on Electrothermal IA 9100 apparatus and were uncorrected.  IR spectra (ATR) were 

recorded on Bruker alpha spectrometer.  UV-vis spectra were recorded on Agilent Cary 60.  1H 

and 13C-NMR spectra were recorded on Bruker 400 MHz spectrometer.  Elemental analysis were 

recorded on Vario MICRO Cube elemental analyzer.  Computational details: all the structures of 

the compounds were built using Wavefunction Spartan 18 V2.0.7 and subjected to energy 

minimization to remove their strain energies.  DFT was adopted in calculating the equilibrium 

geometry and conformational distribution using B3LYP/6-311+G** and WB97X-D 6-31G* basis 

sets, respectively. 

Antiviral protocols. 

Primary CPE test method.  Four-concentration CPE inhibition assays are performed on confluent 

or near-confluent cell culture monolayers in 96-well plates. Cells are maintained in MEM or 

DMEM supplemented with FBS as required for each cell line. For antiviral assays the same 

medium is used but with FBS reduced to 2% or less and supplemented with 50 µg/ml gentamicin 

(10 g/mL EDTA and 1 IU/mL trypsin are added for influenza virus).  The test compound is 

prepared at four final concentrations, usually 0.1, 1.0, 10, and 100 µg/ml or µM.  Five microwells 

are used per dilution: three for infected cultures and two for uninfected toxicity evaluation run in 

parallel. Controls for the experiment consist of six microwells that are infected but not treated 

(virus controls) and six that are untreated (cell controls). The virus control and cell control wells 

are on every microplate.  Growth medium is removed from the 96-well plates of cells, then the test 

compound is applied in 0.1 ml volume to wells at 2x concentration. Virus, normally <100 CCID50 

(50% cell culture infectious doses) in 0.1 ml volume, is added to wells designated for virus 

infection. Medium devoid of virus is placed in toxicity control wells and cell control wells. Plates 

are incubated at 37oC (33C for rhinovirus and enterovirus-D68) with 5% CO2 until maximum 

CPE is observed microscopically in virus control wells. Plates are then stained with 0.011% neutral 

red for approximately two hours at 37oC with 5% CO2. The neutral red medium is removed by 

complete aspiration, and the cells rinsed with phosphate buffered saline (PBS) to remove residual 
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dye. The PBS is completely removed and the incorporated neutral red is eluted with 50% 

Sorensen’s citrate buffer/50% ethanol for at least 30 minutes. Neutral red dye penetrates into living 

cells, thus, the more intense the red color, the larger the number of viable cells present. The dye 

content in each well is quantified by optical density (OD) on a spectrophotometer at 540 nm 

wavelength. The OD for each set of wells is converted to a percentage compared to untreated 

control wells using a Microsoft Excel™ computer-based spreadsheet. Infected wells are 

normalized to the virus control. The 50% effective (EC50, virus-inhibitory) concentrations and 50% 

cytotoxic (CC50, cell-inhibitory) concentrations are then calculated by regression analysis. The 

quotient of CC50 divided by EC50 gives the selectivity index (SI50) value. The percent CPE in each 

well may also be read microscopically, calculated as above, and reported as a second data set from 

the same plate for verification 46-48. 

Secondary assay method: CPE and virus yield reduction (VYR). The secondary assay confirms 

the CPE assay result, with the principal assessment being virus yield reduction (VYR). It employs 

a similar method as described for the primary assay in section 2D.8.1, with the differences noted 

in this section. The secondary assay is run independently of the primary test with cells, culture 

media, infectious virus solution, and test compound dilutions all newly prepared for this assay. 

Eight half-log10 concentrations are tested for antiviral activity and cytotoxicity. After sufficient 

virus replication occurs (normally 3 days post infection), a sample of supernatant is taken from 

each infected well (three replicate wells are pooled) and titrated immediately (as with HRSV) or 

frozen and stored for virus titration at a later time. Alternately, a separate plate may be prepared 

and the plate may be frozen and then thawed to release intracellular or cell-associated virus to test 

the cell lysate rather than supernatant fluid. After maximum CPE is observed, the plates are stained 

with neutral red dye as described above to generate the neutral red EC50, CC50, and SI50 values. 

Uninfected wells are tested in parallel for compound toxicity as in the primary assay explained 

above. The positive control compound is evaluated in parallel with each test. The second step is to 

determine the virus titer in the supernatant or lysate samples. Samples from triplicate wells, 

collected as described above, are pooled and tested by endpoint dilution 49. This is a direct 

determination virus produced in the presence of the test compound compared to virus from 

untreated, infected controls. This is accomplished by making log10 dilutions of the pooled samples 

and plating each dilution on 3 or 4 microwells with fresh monolayers of cells in 96-well plates. 

Plates are incubated until maximum CPE is observed, then each well is scored for presence (+) or 
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absence (-) of virus and the virus titer calculated using the Reed-Meunch method 50.  Plotting the 

log of the inhibitor concentration versus log10 of virus produced at each concentration allows 

calculation of the 90% (one log10 reduction) effective concentration by linear regression. Dividing 

EC90 by the CC50 toxicity obtained in the CPE assay gives the SI90 value (so named because it is 

derived from a 90% virus-inhibitory value). 

Chemistry

(Z)-Ethyl 2-(2-carbamothioylhydrazono)propanoate (11).  To a solution of 10 (10 g, 0.11 mol) 

in absolute ethanol (30 mL), was added ethyl pyruvate (15.3 mL). Then the solution was stirred 

for 2 hours at reflux temperature. The reaction mixture was cooled to room temperature and the 

precipitate was filtered off, dried under vacuum to give compound 1151 (19.08 g, 95.4% yield) as 

a white solid. M. p.,149-151 ºC; UV-vis (MeOH) max 300 nm; 1H NMR (400 MHz, DMSO-d6) 

 ppm:10.66  s,1H, NH), 8.66 (s, 1H, NH), 7.64 (s, 1H, NH) 4.18 (q, J = 6.8 Hz, 2H, CH2CH3), 

2.09 (s, 3H, CH3), 1.24 (t, J = 6.8 Hz, 3H, CH2CH3); 13C APT NMR (100 MHz, DMSO-d6)   

ppm:   C=S), 164.20 (C=O), 139.02 (C=N), 61.11 (CH2CH3) 14.00 (CH3), 13.04 (CH3); IR 

(ATR, cm-1): 3434.71 (N-H), 3175 (NH2), 1702 (C=O), 1594.44 (C=S); Anal cald For 

C6H11N3O2S: C, 38.08; H, 5.86; N, 22.21. Found: C, 37.98; H, 5.74; N, 22.08.

6-Aza-5-methyl-2-thiouracil (12). A solution of compound 11 (16.51 g, 0.087 mol) and 

anhydrous sodium acetate (57.27 g, 0.698 mol) in (1/1 v/v glacial acetic acid/absolute ethanol, 80 

mL) was heated for 2.5 hours at 110 ºC. The reaction was cooled to room temperature, quenched 

with cold saturated sodium bicarbonate solution, and then extracted with ethyl acetate. The organic 

layers were dried over anhydrous sodium sulfate, filtered, and evaporated under vacuum.  The 

residue was purified by silica gel column chromatography (eluate: ethyl acetate) to give compound 

1251 (11.99 g, 96% yield) as a yellow crystal: M. p., 222-224 ºC;  UV-vis (MeOH, nm) max 269.98, 

214.98 (shoulder); 1H NMR (400 MHz, DMSO-d6)  ppm: 13.25 s,   NH), 13.00 (s, 1H, NH), 

2.06 (s, 3H, CH3); 13C APT NMR (100 MHz, DMSO-d6)     ppm:  173.36 C=S), 153.43 (C=O), 

148.42 (C=N), 16.03 (CH3). IR (ATR, cm-1): 3041.60 (N-H), 2892.47 (N-H), 1676.04 (C=O) 

1599.58 (C=S); Anal cald For C4H5N3OS: C, 33.56; H, 3.52; N, 29.35. Found: C,33.66 ; H, 3.58; 

N, 29.18.
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1-O-Acetyl-2,3,5-tri-O-benzoyl--D-ribofuranose (13)39. Sulfuric acid (0.5 mL) in methanol (1 

mL) was added dropwise to a suspension of D(-)ribose (5 g; 33.3 mmol) in methanol (100 mL).  

The mixture was stirred for 5 hours at room temperature, and then the reaction was quenched with 

sodium carbonate (10 g).  The reaction mixture was filtered and the filtrate was concentrated under 

reduced pressure to afford 7.79 g of crude 1-O-methyl-D-ribofuranose as a yellowish syrup.  The 

crude 1-O-methyl-D-ribofuranose (5.46 g) was dissolved dry pyridine (16 mL) and the solution 

was cooled to 0 ºC and benzoyl chloride (15.56 mL) was added dropwise, the reaction mixture 

was stirred for 12 hours at room temperature. The volatiles were evaporated and co-evaporated 

with toluene.  The residue was diluted with ethyl acetate, washed with saturated solution of 

NaHCO3, and brine. The organic layer was dried over anhydrous Na2SO4 and evaporated under 

reduced pressure to give of 2,3,5-tri-O-benzoyl-1-O-methyl-D-ribofuranose (11 g) as a colorless 

syrup.  To a solution of 7.55 g of the crude 2,3,5-tri-O-benzoyl-1-O-methyl-D-ribofuranose in 

acetic acid (13.2 mL) and acetic anhydride (2.25 mL), conc. H2SO4 (0.85 mL) was added dropwise 

at 0 ºC. The reaction mixture was stirred for 5 hours at room temperature, and then reaction was 

quenched with saturated solution NaHCO3. The whole was partitioned between with ethyl acetate 

and water. The organic layer was separated, dried over anhydrous Na2SO4, and evaporated under 

reduced pressure. The residue was crystallized from iso-propanol to give a white crystal: 1H NMR 

(400 MHz, CDCl3)  ppm:  8.90-8.07 (m, 2H, Ar), 8.02-7.99 (m, 2H, Ar), 7.90-7.88 (m, 2H, Ar),7.61-

7.51 (m, 3H, Ar), 7.45-7.32 (m, 6H, Ar), 6.43 (s, 1H, H-1 ), 5.92-5.89 (m, 1H, H-2 ), 5.79-7.78 

(m, 1H, H-3 ), 4.81-7.75 (m, 2H, H-4 and H-5), 4.54-4.49 (m, 1H, H-5), 2.00 (s, 1H, CH3); APT 
13C NMR (100 MHz, CDCl3)  ppm: 169.23 (C=O), 166.14 (C=O), 165.52 (C=O),165.18 (C=O), 

133.83 (Ar),133.72 (Ar), 133.42 (Ar), 130.01 (Ar), 129.92 (Ar), 129.74 (Ar), 128.98 (Ar), 128.82 

(Ar), 128.70 (Ar), 128.57 (Ar), 128.56 (Ar), 98.56 (C-1), 80.13 (C-2), 75.15 (C-3),71.53 (C-4), 

63.88 (C-5), 21.05 (CH3); IR (ATR, cm-1): 1720 (C=O). 

1-(2’,3’,5’-tri-O-benzoyl--D-ribofuranosyl)-6-aza-5-methyl-2-thiouracil (14). To a 

suspension of 12 (2 g, 13.9 mmol) and 13 (7.39 g 14 mmol) in dry DCE (200 mL) was added BSA 

(4.15 mL, 16.7 mmol) dropwise at room temperature. The solution was stirred for 30 minutes until 

complete dissolution.  Then SnCl4 (4.91 mL, 16.7 mmol) was added dropwise at -10 ºC. The 

reaction mixture was stirred 3 hours at 0 ºC, then the reaction was quenched by DMSO (5.9 mL), 
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and the formed solid was filtered off. The filtrate was neutralized with saturated aqueous NaHCO3 

solution. The whole was extracted with DCM and the combined organic phases were dried over 

anhydrous Na2SO4, and evaporated under vacuum. The residue was purified with silica gel column 

chromatography (eluate: 2% ethyl acetate / DCM),to give compound 14 (7.298 g, 89% yield) as a 

white solid: M. p., 159-161 ºC; UV-vis (MeOH) max 275 nm; 1H NMR (400 MHz, DMSO-d6)   

ppm: 13.35 (s, 1H, NH), 7.98-7.39(m, 15H, Bz), 7.35 (d, J = 2.8Hz, 1H, H-1’), 5.98 (dd, J = 2.8, 

J = 5.6 Hz, 1H, H-2'), 5.92 (dd, J = 5.6, J = 6.8 Hz, 1H H-3'), 4.83 (m, 1H, H-4'), 4.70 (dd, J = 4.7, 

12.4 Hz, 1H, H-5'a), 4.58 (dd, ,J = 4.8, 12.4 Hz, 1H, H-5'b), 2.02 (s, 3H, CH3); APT 13C NMR (100 

MHz, DMSO - d6)  ppm:174.55 (C=S), 165.34 (C=O), 164.56 (C=O), 164.50 (C=O), 152.11 

(C=O), 150.03 (C=N), 134 (Ar), 133.82 (Ar), 133.55 (Ar), 129.41 (Ar), 129.21 (Ar), 128.87 (Ar), 

128.74 (Ar), 128.70 (Ar), 128.51 (Ar), 128.39 (Ar), 91.10 (C-1'), 78.98 (C-2'), 74.11 (C-3'), 

70.96(C-4'), 63.31 (C-5'), 16.25 (CH3); IR (ATR, cm-1): 3215.85 (N-H), 1735.65 (C=O), 

1707.34 (C=N), 1600.94 (C=S); EI-Mass m/z 587 [M+]; Anal cald For C30H25N3O8S: C, 61.32; 

H, 4.29; N, 7.15. Found: C, 61.49; H, 4.36; N, 6.98.

1-(2’,3’,5’-Tri-O-benzoyl--D-ribofuranosyl)6-aza-5-methyl-2-thiocytosine (15). A mixture 

compound 14 (0.5 g, 0.85 mmol), TBSCl (0.64 g, 2.128 mmol) and DMAP (0.259 g, 2.13 mmol) 

were dissolved in dry acetonitrile (10 mL), then TEA (0.295 mL) was added dropwise at 0 ºC. The 

mixture was stirred for 12 hours at room temperature, then ammonia gas was bubbled for 30 min. 

at ºC and the mixture was stirred for 30 minutes at room temperature. The solvents were evaporated 

under vacuum and the residue was purified by silica gel column chromatography (eluate: 5% 

methanol / DCM) to give compound 15 (0.374 g, 75% yield) as a pale yellow crystals: M. p., 106-

111 ºC; UV-vis (MeOH) max 275, 230 nm;1H NMR (400 MHz, DMSO-d6)   ppm: 7.95-7.90 (m, 

6H, Ar), 7.67-7.65 (m, 3H, Ar), 7.51-7.44 (m, 8H, Ar and 4-NH2, 2H were exchangeable with 

D2O), 6.35 (br s , 1H, H-1'), 6.07 (br d, 1H, H-2'), 5.92 (dd, J = 5.6, J = 6.4 Hz, 1H, H-3'), 4.78 (br 

d, 1H, H-4'), 4.69 (br dd, J = 12.4 Hz, 1H, H-5a'), 4.58 (br dd, J = 12.4 Hz, 1H, H-5b'), 1.91 (s, 

3H, CH3); APT 13C NMR (100 MHz, DMSO-d6)  ppm: 165.32 (C=S), 164.68 (C4), 164.52 

(C=O), 162.11 (C=O), 155.48 (C=N), 148.11 (C=N), 133.97 (Ar), 133.83 (Ar), 133.54 (Ar), 

129.34 (Ar), 129.32 (Ar), 129.21 (Ar), 129.13 (Ar), 128.82 (Ar), 128.74 (Ar), 128.69 (Ar), 128.57 

(Ar), 128.53 (Ar), 89.49 (C-1'), 78.91 (C-2'), 73.70 (C-3'), 70.76 (C-4'), 62.92 (C-5'), 16.80 (CH3); 

IR (ATR, cm-1): 3327.39 (NH2), 1721.95 (C=O), 1621.92 (C=N), 1515.81 (C=S).
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1-(-D-Ribofuranosyl)6-aza-5-methyl-2-thiocytosine (5). A solution of compound 15 (0.35 g, 

0.596 mmol) in dry methanol (5 mL) was treated with sodium methoxide (1M, 5.6 mL) at 0 ºC.  

The reaction mixture was stirred for 2 hours at room temperature, and then was neutralized with 

acetic acid. The solvents were removed under vacuum and the residue was purified by silica gel 

column chromatography (eluate: 5% methanol/DCM), then (8:1:1:1, EtOAc : EtOH : Acetone : 

H2O) to give compound 5 (0.139 g, 85% yield) as a white solid: M. p., 237-238 ºC; UV-vis 

(MeOH) max 245 nm; 1H NMR (400 MHz, DMSO-d6)   ppm: 7.32 (br s, 2H, NH2, exchangeable 

with D2O), 5.62 (d, J = 3.6 Hz, 1H, H-1'), 5.33 (br s, 1H, 2’-OH, exchangeable with D2O), 5.06 

(br s, 1H, 3'-OH, exchangeable with D2O), 4.90 (br t, 1H, 5'-OH, exchangeable with D2O), 4.37 

(br s, 1H, H-2'), 4.04 (br s, 1H, H-3'), 3.85 (br d, 1H, H-4'), 3.56-3.40 (m, 2H, H-5'a and H5'b), 

2.01 (s, 3H, CH3); APT 13C NMR (100 MHz, DMSO-d6)  ppm: 162.45 (C=S), 155.78 (C-4), 

147.05 (C=N), 93.03 (C-1'), 85.02 (C-2'), 71.91 (C-3'), 70.29 (C-4'), 61.80 (C-5'), 16.89 (CH3); IR 

(ATR, cm-1): 3430.08 (O-H), 3346.57 ( OH), 3181.48 ( OH), 2957.75-2933.87 ( N-H2), 

1726.77 (C4=N), 1668.49 (C5=N), 1622.60 (C=S); EI-Mass m/z 274.44 [M+]; Anal cald For 

C9H14N4O4S: C, 39.41; H, 5.14; N, 20.43. Found: C, 39.37; H, 5.29; N, 20.22.

1-(-D-Ribofuranosyl)6-aza-5-methyl-2-thiouracil (4). Sodium methoxide (1M, 7.99 mL) was 

added to a solution of compound 14 (0.5 g, 0.85 mmol) in dry methanol (5 mL) at 0 ºC. The 

reaction mixture was stirred for 3 hours at room temperature, neutralized with acetic acid, and 

evaporated under vacuum. The residue was purified by silica gel column chromatography (eluate: 

10% methanol / DCM) to give compound 4 (0.1991 g, 85% yield) as a white solid granules: M. p., 

220-224 ºC; (C=S) ; UV-vis (MeOH) max 275 nm; 1H NMR (400 MHz, DMSO-d6)  ppm: 13.19 

(s, 1H, NH, exchangeable with D2O), 6.79 (br d, 1H, H-1'), 5.28 (d, J = 4.8 Hz, 1H, 2'-OH, 

exchangeable with D2O), 5.00 (d, J = 6.4 Hz, 1H, 3'-OH, exchangeable with D2O), 4.59 (t, J = 5.6 

Hz, 1H, 5'-OH, exchangeable with D2O), 4.17 (m, 1H, H-2'), 4.06 (m, 1H, H-3'), 3.81 (m, 1H, H-

4'), 3.57 (m, 1H, H-5'a), 3.44 (m, 1H, H-5'b), 2.1 (s, 3H, CH3); APT 13C NMR (100 MHz, DMSO-

d6)  ppm: 174.44 (C=S), 152.18 (C=O), 149.08 (C=N), 93.67 (C-1'), 84.78 (C-2'), 73.4 (C-3'), 

70.4 (C-4'), 62.04 (C-5'), 16.34 (CH3); IR (ATR, cm-1): 3472.02  ( OH), 3426.22 ( OH), 3178.14  
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( OH), 2886.77 (N-H), 1694.17 (C=O), 1493.75; EI-Mass m/z 275.27 [M+]. Anal cald For 

C9H13N3O5S: C, 39.27; H, 4.76; N, 15.26. Found: C, 39.41; H, 4.97; N, 15.41.

1-(-D-Ribofuranosyl)-6-aza-5-methyluracil (6).  A solution of compound 4 (50 mg, 0.1816 

mmol) was dissolved in distilled water (2 mL) and treated with H2O2 (50% in H2O, 74 L, 1.0897 

mmol), and NaOH (43.58 mg, 1.0897 mmol) at 0 ºC.  The mixture was stirred for 1 hour at room 

temperature and the solvent was evaporated to dryness.  The residue was purified by silica gel 

column chromatography (eluate: EtOAc) to give compound 6 (38 mg, 80.73% yield) as a white 

foam: UV-vis (MeOH) max 210, 265 nm; 1H NMR (400 MHz, DMSO-d6)  ppm: 5.90 (d, J = 4 

Hz, 1H, H-1'), 5.04 (d, J = 5.2 Hz, 1H, 2'-OH, exchangeable with D2O), 4.84 (d, J = 5.6 Hz, 1H, 

3'-OH, exchangeable with D2O), 4.66 (t, 1H, J = 5.2 Hz, 5'-OH, exchangeable with D2O), 4.20 (m, 

1H, H-2'), 3.99 (m, 1H, H-3’), 3.72 (m, 1H, H-4'), 3.51 (dd, J = 4.4, 12 Hz, 1H, H-5'a), 3.38 (dd, 

J = 6, 11.6 Hz, 1H, H-5'b), 1.95 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6)  ppm: 163.88 

(C=O), 155.44 (C=O), 143.22 (C=N), 90.21 (C-1'), 84.56 (C-2'), 72.78 (C-3'), 71.20 (C-4'), 62.99 

(C-5'), 17.43 (CH3); IR (ATR) (cm-1): 3255 cm-1 ( OH), 1701 cm-1 ( C=O), 1608cm-1(C=S), 

1530 (C=N); Anal cald For C9H13N3O6: C, 41.70; H, 5.06; N, 16.21. Found: C, 41.81; H, 5.13; 

N, 16.08.

1-(2,3,5-Tri-O-benzoyl--D-ribo-furanosyl)-6-aza-5-methyl-2-methylthiouracil (16) and 1-

(2,3,5-tri-O-benzoyl--D-ribofuranosyl)-6-aza-N3-methyl-5-methyl-2-thiouracil (17).  To a 

solution of compound 14 (1.7 g, 2.89 mmol) in dry DMF (100 mL) and CH3I (0.54 mL, 8.679 

mmol), DBU (0.648 mL, 4.34 mmol) was added dropwise at 0 ºC and the reaction mixture was 

stirred for 2 hours at the same temperature.  The mixture was diluted with ethyl acetate then washed 

with H2O and brine. The combined organic phases were dried over anhydrous sodium sulfate, 

filtered off and evaporated under vacuum. The residue was purified by silica gel column 

chromatography (eluate: 4% ethyl acetate/DCM) to give compound 17 (0.139 g, 8.04% yield) as 

a white solid, then eluted with 10% ethyl acetate in DCM to give 16 (1.3 g, 74.71% yield) as a 

white glassy semi solid. Analytical data for 17: M. p.,136-137 ºC; UV-vis (MeOH) max  225 nm 

(shoulder), 275 nm; 1H NMR(400MHz, CDCl3)  ppm: 8.04-7.92 (m, 6H, Ar), 7.58-7.52 (m, 4H, 

Ar), 7.42-7.33 (m, 6H, Ar and H-1'), 6.09 (dd, J = 2.8, 5.6 Hz, 1H, H-2'), 5.97 (br dd, 1H, H-3'), 
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4.81-4.75 (m, 2H, H-4'and H-5'a), 4.60 (m, 1H, H-5'b), 2.22 (s, 3H, 5-CH3), 1.57 (s, 3H, N3-CH3); 

APT 13C NMR (100 MHz, CHCl3-d6)  ppm: 175.97 (C=S), 166.20 (C=O), 165.47 (C=O), 165.31 

(C=O), 152.35 (C=O), 146.95 (C=N) 133.83 (Ar), 133.73 (Ar), 133.43 (Ar), 130.03 (Ar), 129.91 

(Ar), 129.87 (Ar), 129.69 (Ar), 128.89 (Ar), 128.67 (Ar), 128.60 (Ar), 128.58 (Ar), 93.81 (C-1'), 

79.98 (C-2'), 74.43 (C-3'), 71.61 (C-4'), , 63.64 (C-5'), 34.10 (N3-CH3), 17.29 (5-CH3);IR (ATR, 

cm-1): 1722.43 (C=O), 1695.70 (C=N) 1601.21 (C=S); Anal cald For C31H27N3O8S: C, 61.89; 

H, 4.52; N, 6.98. Found: C, 61.84; H, 4.48; N, 6.89. Analytical data for Compound 16: UV-vis 

(MeOH) max 230 nm; 1H NMR (400MHz, DMSO-d6)  ppm: 7.96-7.85 (m, 6H, Ar), 7.68-7.62 

(m, 3H, Ar), 7.51-7.42 (m, 6H, Ar), 6.32 (d, J = 2.4 Hz, 1H, H-1'), 6.08 (dd, J = 2.4, 5.6 Hz, 1H, 

H-2'), 5.96 (dd, J = 5.6, 7.2 Hz, 1H, H-3'), 4.88 (m, 1H, H-4'), 4.70 (dd, J = 3.2, 12.4 Hz, 1H, H-

5'a), 4.57 (dd, J = 4.0, 12.4 Hz, 1H, H-5'b), 2.5 (s, 3H, SCH3), 2.1 (s, 3H, 5-CH3); 13C APT NMR 

(100 MHz, DMSO-d6)  ppm: 165.28 (C=O), 164.59 (C=O), 164.47 (C=O), 158.94 (C=O), 149.98 

(C=N), 133.99 (Ar), 133.85 (Ar), 133.57 (Ar), 129.45 (Ar), 129.27 (Ar), 129.12 (Ar), 128.81 (Ar), 

128.76 (Ar), 128.71 (Ar), 128.48 (Ar), 128.42 (Ar), 91.44 (C-1'), 79.52 (C-2'), 73.94 (C-3'), 70.55 

(C-4'), , 62.67 (C-5'), 16.65 (5-CH3), 13.84 (5-CH3); IR (ATR, cm-1): 1718.09 (C=O), 1666.39 

(C=N), 1598.85 (C=S); Anal cald For C31H27N3O8S: C, 61.89; H, 4.52; N, 6.98. Found: C, 

61.92; H, 4.59; N, 6.84

1-(2,3,5-Tri-O-benzoyl--D-ribofuranosyl)6-aza-2-hydroxylimino-5-methyluracil (18). A 

mixture of compound 16 (1.3 g, 2.1 mmol) and hydroxylamine hydrochloride (3 g, 43.2 mmol) 

was dissolved in dry pyridine (25 mL).  The reaction mixture was stirred for 48 hours at 40 ºC. 

Then pyridine was evaporated and co-evaporated with toluene. The residue was purified by silica 

gel column chromatography (eluate: ethyl acetate /DCM).to give compound 18 (1.051 g, 82.98% 

yield) as a green fluffy foam; UV-vis (MeOH) max 330 nm (broad), 275 (shoulder), 230 nm; 1H 

NMR (400MHz, DMSO-d6)  ppm: 11.01 (s , 1H, OH, exchangeable with D2O), 9.58 (s, 1H, NH, 

exchangeable with D2O), 8.00 -7.42 (m, 15H, Bz), 6.20 (d, J = 3.2Hz, 1H, H-1'), 6.02 (dd, J = 3.2, 

5.2 Hz, 1H, H-2'), 5.86 (dd, J = 5.6, 6.0 Hz, 1H, H-3’), 4.72 (m, 1H, H-4'), 4.66 (dd, J = 3.6, 12 

Hz, 1H, H-5'a), 4.54 (dd, J = 4.4, 12 Hz, 1H, H-5'b), 1.85 (s, 3H, CH3); APT 13C NMR (100 MHz, 

DMSO-d6)  ppm: 165.37 (C=O ), 164.63 (C=O) , 164.58 (C=O), 153.70 (C=O), 143.41 (C=N), 

138.77 (C=N), 133.95 (Ar), 133.81 (Ar), 133.55 (Ar), 129.36 (Ar) , 129.28 (Ar), 129.21 (Ar), 
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128.84 (Ar), 128.74 (Ar), 128.72 (Ar), 128.57 (Ar), 128.45 (Ar), 88.14 (C-1'), 78.36 (C-2'), 72.91 

(C-3'), 71.00 (C-4'), 63.38 (C-5'), 15.94 (CH3); IR (ATR, cm-1): 3268.55 (O-H), 3064.31(NH 

oxime), 1717.26 (C=O), 1657.59 (C=N), 1600.74 (C=N); EI-Mass m/z 587.13 [M+]; Anal cald 

For C30H26N4O9: C, 61.43; H, 4.47; N, 9.55. Found: C, 61.55; H, 4.89; N, 9.32.

1-(2,3,5-Tri-O-benzoyl--D-ribofuranosyl)6-aza-2-O-acetylhydroxyimino-5-methyluracil 

(19). Acetic anhydride (0.288 mL, 3.1 mmol) was added dropwise at 0 ºC to a solution of 

compound 18 (0.6 g, 1.02 mmol) in dry pyridine (15 mL). The reaction mixture was stirred for 3 

hours at room temperature. The volatiles were evaporated and co-evaporated with toluene. The 

residue was purified by silica gel column chromatography (eluate: 10 %ethyl acetate /DCM).to 

give compound 19 (0.5 g, 77.7% yield) as a white foam: UV-vis (MeOH) max 234, 274.98 (broad), 

310 nm (broad ); 1H NMR (400 MHz, DMSO-d6)  ppm: 11.99 (s, 1H, N-H, exchangeable with 

D2O), 7.99 -7.39 (m, 15H, Bz), 6.28 (d, J = 3.2 Hz, 1H, H-1'), 6.06 (dd, J = 3.2, 5.6 Hz, 1H, H-2'), 

5.92 (br dd, 1H, H-3’), 4.77 (m, 1H, H-4'), 4.67 (dd, J = 3.2, 12.4 Hz, 1H, H-5'a), 4.56 (dd, J = 4.4, 

12.4 Hz, 1H, H-5'b), 2.1 (s, 3H, COCH3); 1.92(s, 3H, CH3); APT 13C NMR (100 MHz, DMSO-

d6)  ppm: 167.48 (C=O), 165.36 (C=O), 164.61 (C=O), 164.56 (C=O), 153.73 (C=O), 148.88 

(C=N),141.45(C=N) 133.97-133.55 (Ar), 129.43-128.42 (Ar), 89 (C-1'), 78.62 (C-2'), 73.13 (C-

3'), 70.84 (C-4'), 63.35 (C-5'), 15.92 (CH3), 14.08(CH3); IR (ATR, cm-1): 1769.9 (C=O), 1717.41 

(C=O), 1631.9 (C=N), 1600.07 (C=N); Anal cald For C32H28N4O10: C, 61.14; H, 4.49; N, 8.91;. 

Found: C, 61.34; H, 4.51; N, 8.89.

1-(-D-Ribofuranosyl)-6-aza-2-hydroxyimino-5-methyluracil (7). Sodium methoxide (1M, 

64.1 mL) was added a solution of compound 18 (4 g, 6.82 mmol) in dry methanol (20 mL) at 0 ºC 

and the mixture was stirred for 3 hours at room temperature. The reaction mixture was neutralized 

with acetic acid, and then the solvents were evaporated under reduced pressure. The residue was 

purified by silica gel column chromatography (eluate: 8:1:1:1 ethyl acetate/acetone/ethanol/H2O) 

to give compound 7 (1.588 g, 85% yield) as a green solid: M. p.,171-173ºC; UV-vis (MeOH) max 

330 , 230 nm (shoulder); 1H NMR (400 MHz, DMSO-d6)  ppm: 10.76 (s, 1H, NH, exchangeable 

with D2O), 9.43 (s, 1H, N=OH, exchangeable with D2O), 5.66 (d, J = 3.8 Hz, 1H, H-1'), 5.15 (d, J 

= 5.3 Hz, 1H, 2’-OH, exchangeable with D2O), 4.93 (d, J = 5.8 Hz, 1H, 3’-OH, exchangeable with 
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D2O), 4.63 (br t, 1H, 5’-OH, exchangeable with D2O), 4.23 (m, 1H, H-2'), 3.98 (d, 1H, H-3'), 3.74 

(m, 1H, H-4'), 3.49 (m, 1H, H-5'a), 3.38 (m, 1H, H-5'b), 1.98 (s, 3H, CH3);  APT 13C NMR (100 

MHz, DMSO-d6)  ppm:153.95 (C=O) 144.16 (C=N), 137.03 (C=N), 90.26 (C-1'), 84.25 (C-2'), 

71.92 (C-3'), 70.37 (C-4'), 62.21 (C-5'), 16.08 (CH3); IR (ATR, cm-1): 3374.72  (N-H), 3262.42  

( OH), 1691.18 (C=O), 1652.82 (C=N); EI-Mass m/z 274.18 [M+]; Anal cald For C9H14N4O6: 

C, 39.42; H, 5.15; N, 20.43; found: C, 39.13; H, 5.27; N, 20.33.

2,2’,3’,5’-Tetra-O-tert-butyldimethylsilyl--D-ribofuranosyl-6-aza-2-hydoxyimino-5-

methyluridine (20). A mixture of compound 7 (1.5 g, 5.47 mmol), TBDMSCl (11.543 g, 76.59 

mmol) and imidazole (10.428 g, 153.1 mol) were dissolved in dry DMF (10 mL) and stirred for 

24 hours at room temperature.  The mixture was quenched with ice-H2O, diluted with ethyl acetate 

and then washed with water.  The organic phases were dried over anhydrous sodium sulfate, 

filtered off, and evaporated under vacuum.  The residue was purified by silica gel column 

chromatography (eluate: 5% ethyl acetate /hexane) to give compound 20 (3.497 g, 87.4% yield) 

as a greenish syrup: UV-vis (MeOH) max 335, 235 nm (shoulder); 1H NMR (400 MHz, CDCl3)  

ppm: 8.74 (s, 1H, NH), 5.88 (d, J = 4.8 Hz, 1H, H-1'), 4.42 (dd, J = 4.4 Hz, 1H, H-2'), 4.28 (dd, J 

= 4.0 Hz, 1H, H-3'), 3.93 (m, 1H, H-4'), 3.72-3.63 (m, 2H, H-5'a,b), 2.13 (s, 3H, 5-CH3), 0.89 (m, 

36H, t-Bu-Si), 0.1(m, 24H, CH3-Si); APT 13C NMR (100 MHz, CDCl3-d6)  ppm: 153.58 (C=O), 

146.85 (C=N), 137.76 (C=N), 89.04 (C-1'), 84.16 (C-2'), 73.49 (C-3'), 71.90 (C-4'), 62.84 (C-5'), 

26.36 (t-Bu-Si), 26.06 (t-Bu-Si), 25.99 (t-Bu-Si), 25.88 (t-Bu-Si), 25.79 (t-Bu-Si), 18.56 (t-Bu-Si), 

18.45 (t-Bu-Si), 18.21 (t-Bu-Si),16.29 (5-CH3), 0.14 (CH3-Si), -3.43 (CH3Si), -4.25 (CH3-Si), -

4.37 (CH3-Si), -4.43 (CH3-Si), -4.58 (CH3-Si), -5.18 (CH3-Si), -5.21(CH3-Si), -5.25 (CH3-Si). IR 

(ATR, cm-1): 2952.77 cm-1 (N-H), 1697.88 (C=O), 1649.62 (C=N).

2,2’,3’,5’-Tetra-O-tert-butyldimethylsilyl--D-ribo-furanosyl-6-aza-2-hydoxyimino-5-

methylcytidine (21) and 2’,3’,5’-tri-O-tert-butyldimethylsilyl--D-ribo-furanosyl-6-aza-2-

hydoxyimino-5-methylcytidine (23). A mixture of compound 20 (1.5 g, 2.05 mmol), TPSCl 

(1.55g, 5.13 mmol) and DMAP (0.626 g 5.13 mmol) were dissolved in dry acetonitrile (25 mL), 

then cooled to 0 ºC. TEA (0.71 mL) was added dropwise and the reaction mixture was stirred for 

12 hours at room temperature.  Ammonia gas was bubbled into the reaction mixture for 30 min at 

0 °C, then the mixture was stirred for 15 minutes at room temperature.  The volatiles were removed 
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under vacuum and the residue was partitioned between EtOAc and H2O. The organic phase was 

dried over anhydrous Na2SO4 and evaporated.  The residue was purified by silica gel column 

chromatography (5% EA / DCM) to give a mixture of 21 its partially deprotected derivative 23 as 

a pale-yellow foam (1.1 g, 73.48% yield). Compounds 21 and 23 were partially separated for 

analytical purposes.  Analytical data for compound 21: 1H NMR (400 MHz, CDCl3)  ppm: 5.71 

(d, J = 4.0 Hz, 1H, H-1'), 4.53 (br dd, J = 4.0, 8 Hz, 1H, H-2'), 4.29 (br dd, J = 4. 8 Hz, 1H, H-3'), 

3.97 (m, 1H, H-4'), 3.73-3.65 (m, 2H, H-5'a and H-5'b), 2.16 (s, 3H, 5-CH3), 0.92-0.86 (4s, 36H, 

tert-BuSi), 0.09-00 (8s, 24H, Si-CH3). Analytical data for compound 23: 1H NMR(400 MHz, 

DMSO-d6)  ppm: 7.87 (s, 1H, N-OH), 7.79 (br s, 1H, NH), 7.18 (br s, 1H, NH), 5.70 (d, J = 5.2 

Hz, 1H, H-1'), 4.47 (br dd, J = 4.8 Hz, 1H, H-2'), 4.29 (br dd, J = 4.0 Hz, 1H, H-3') , 3.76 (m, 1H, 

H-4'), 3.64-3.56 (m, 2H, H-5'a, H-5'b), 2.01 (s, 3H, 5-CH3), 0.88 (m, 28H, tert-BuSi), 0.08-0.01 

(6s, 18H, Si-CH3).

1-(-D-Ribofuranosyl)-2-hydroxylimino-6-aza-5-methylcytosine (9).  1M solution of TBAF in 

THF (6 mL) was added dropwise to a solution of the mixture of 21 and 23 (1g, 1.369 mmol) in 

dry THF (15 mL) and the reaction mixture was stirred for 3 hours at room temperature. The 

solvent was removed under reduced pressure and the residue was purified by DOWEX 50 

RESIN to give compound 9 ( 0.22 g, 59.29% yield) as a yellow foam; UV-vis (MeOH) max  

325nm, 240 nm; 1H NMR (400 MHz, DMSO-d6)  ppm: 7.82 (br s, 1H, NH, exchangeable with 

D2O)   5.75 (br s, 2H, NH and OH, exchangeable with D2O), 5.63 (d, J = 4.0 Hz, 1H, H-1'), 4.17 

(m, 1H, H-2'), 3.92 (m, 1H, H-3'), 3.72 (m, 1H, H-4’), 3.51-3.38. (m, 2H, H-5'a, and H-5'b), 2.01 

(s, 3H, CH3);APT 13C NMR (100 MHz, DMSO- d6)  ppm: 152.77 (C-4), 149.01 (C-2), 130.56 

(C-5), 90.97 (C-1'), 84.11 (C-2'), 71.95 (C-3'), 70.82 (C-4'), 62.58 (C-5'), 19.19 (CH3); Anal cald 

For C9H15N5O5: C, 39.56; H, 5.53; N, 25.63. Found: C, 39.44; H, 5.65; N, 25.74.

2,2’,3’,5’-Tetra-O-tert-butyldimethylsilyl--D-ribo-furanosyl-6-aza-2-hydoxyimino -5-

methyl-4-thiouridine (22). To a mixture of compound 20 (1.5g, 2.05 mmol), and Lawesson 

reagent (0.829 g, 2.1 mmol) in dry toluene (50 mL) was heated at reflux temperature overnight. 

The mixture was cooled down to room temperature and the volatiles were removed under 

vacuum.  The residue was purified by silica gel column chromatography (eluate: 1% ethyl 

acetate/hexane) to give compound 22 (1 g, 65.27% yield) as a dark yellow syrup: UV-vis 
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(MeOH) max 230 (shoulder), 275, 320 nm; 1H NMR (400 MHz, CDCl3)  ppm: 10.04 (s, 1H, 

NH), 5.83 (d, J = 4.4 Hz, 1H, H-1'), 4.44 (br dd, J = 4.4Hz, 1H, H-2'), 4.30 (br dd, 1H, H-3'), 

3.94 (m, 1H, H-4'), 3.73-3.64 (m, 2H, H-5'a,b), 2.28 (s, 3H, 5-CH3), 0.90 (m, 36H, t-Bu-Si), 

0.05-0.2 (m, 24H, Si-CH3); 13C NMR (100 MHz, CDCl3)  ppm: 180.10 (C=S), 143.41 (C=N), 

140.85 (C=N), 89.34 (C-1'), 84.20 (C-2'), 73.65 (C-3'), 71.88 (C-4'), 62.76 (C-5'), 53.57 (t-Bu-

Si), 51.05 (t-Bu-Si), 29.85 (t-Bu-Si), 26.40 (t-Bu-Si), 26.05 (t-Bu-Si), 26.00 (t-Bu-Si), 25.88 (t-

Bu-Si), 20.06 (5-CH3), 18.56 (Si-CMe3), 18.21 (Si-CMe3), 1.17 (CH3-Si), 0.14 (CH3-Si), -4.27 

(CH3-Si), -4.36 (CH3-Si), -4.46 (CH3-Si), -4.57 (CH3-Si), -5.13 (CH3-Si), -5.14 (CH3-Si), -5.27 

(CH3-Si).

1-(-D-Ribofuranosyl)-6-aza-2-hydoxyimino-5-methyl-4-thiouracil (8). 1M solution of TBAF 

in THF (6.4 mL) was added dropwise to a solution of compound 22 (1g, 1.338 mmol) in dry THF 

(15 mL) and the reaction mixture was stirred for 3 hours at room temperature.  The solvent was 

removed under reduced pressure and the residue was purified by silica gel column chromatography 

(eluate: 8:1:1:1 ethyl acetate/ ethanol / acetone/ H2O) to give compound 8 (0.302 g, 77.92% yield) 

as a yellow solid: M. p.,160-162 ºC; UV-vis (MeOH) max 325 nm; 1H NMR (400 MHz, DMSO-

d6)  ppm 11.66 (s, 1H, NH, exchangeable with D2O), 9.79 (s, 1H, N=OH, exchangeable with 

D2O), 5.62 (d, J = 3.6 Hz, 1H, H-1'), 5.24 (br s, 1H, 2'-OH, exchangeable with D2O), 4.98 (br d, 

1H, 3’-OH, exchangeable with D2O), 4.66.( br s, 1H, 5'-OH, exchangeable with D2O), 4.26 (br s, 

1H, H-2'), 4.01 (br dd, 1H, H-3'), 3.77 (m, 1H, H-4'), 3.51 (m, 1H, H-5'a), 3.39 (br m, 1H, H-5'b,) 

2.17 (s, 3H, CH3); APT 13C NMR (100 MHz, DMSO- d6)   ppm: 180.93 (C=S), 140.62 (C=N), 

139.91 (C=N), 90.70 (C-1'), 84.69 (C-2'), 72.08 (C-3'), 70.53 (C-4'), 62.22 (C-5'), 20.05 (CH3); IR 

(ATR, cm-1): 3375.17 (OH), 3225.83 ( OH), 2952. 91 ( OH), 2908.38 ( NH), 1628.64 

(C=N), 1551.45 (C=S); EI-Mass m/z 290.88 [M+]; Anal cald for C9H14N4O5S: C, 37.24; H, 4.86; 

N, 19.30. Found: C, 37.39; H, 4.94; N, 19.21.

References

1. D. Musso and D. J. Gubler, Clinical Microbiology Reviews, 2016, 29, 487-524.
2. V. C. Agumadu and K. Ramphul, Cureus, 2018, 10, 3025-3045.
3. A. H. Zumla, D. S.; Perlman, S. , Lancet Infectious Diseases, 2015, 386, 995−1007.
4. D. Baltimore, Bacteriol. Rev., 1971, 35, 235−241.

Page 24 of 27New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25

5. S. F. Modrow, D.; Truyen, U.; Schätzl, H., Viruses with Single-Stranded, Positive-Sense 
RNA Genomes. Molecular Virology;, Springer Berlin Heidelberg: Berlin, Heidelberg, 
2013.

6. A. I. Abushouk, A. Negida and H. Ahmed, Journal of Clinical Virology, 2016, 84, 53-58.
7. S. Forgie and T. J. Marrie, Seminars in Respiratory and Critical Care Medicine, 2009, 

30, 67-85.
8. M. Chan-Yeung and R. H. Xu, Respirology, 2003, 8, S9-S14.
9. D. S. Hui, E. I. Azhar, Y. J. Kim, Z. A. Memish, M. D. Oh and A. Zumla, Lancet 

Infectious Diseases, 2018, 18, E217-E227.
10. A. T. Borchers, C. Chang, M. E. Gershwin and L. J. Gershwin, Clinical Reviews in 

Allergy & Immunology, 2013, 45, 331-379.
11. S. E. Ohmit, F. W. Moler, A. S. Monto and A. S. Khan, Journal of Clinical 

Epidemiology, 1996, 49, 963-967.
12. P. R. Wyde, Antiviral Research, 1998, 39, 63-79.
13. P. Leyssen, J. Balzarini, E. De Clercq and J. Neyts, Journal of Virology, 2005, 79, 1943-

1947.
14. P. Martin and D. M. Jensen, Journal of Gastroenterology and Hepatology, 2008, 23, 844-

855.
15. S. Crotty, C. Cameron and R. Andino, Journal of Molecular Medicine-Jmm, 2002, 80, 

86-95.
16. P. R. Anderson LJ, Strikas RL., Journal of Infectious Diseases, 1990., 161, 640 - 646 
17. C. Gorcea, E. Tholouli, A. Turner, E. Davies, E. Battersby, M. Saif and F. Dignan, 

British Journal of Haematology, 2016, 173, 162-162.
18. D. L. Barnard, V. D. Hubbard, J. Burton, D. F. Smee, J. D. Morrey, M. J. Otto and R. W. 

Sidwell, Antiviral Chem. Chemother., 2004, 15, 15-22.
19. O. Reynard, X.-N. Nguyen, N. Alazard-Dany, V. Barateau, A. Cimarelli and V. E. 

Volchkov, Viruses, 2015, 7, 6233-6240.
20. V. P. Costantini, T. Whitaker, L. Barclay, D. Lee, T. McBrayer, R. F. Schinazi and J. 

Vinje, Antiviral Ther., 2012, 17, 981-991.
21. J. Shi, J. Du, T. Ma, K. W. Pankiewicz, S. E. Patterson, A. E. A. Hassan, P. M. Tharnish, 

T. R. McBrayer, S. Lostia, L. J. Stuyver, K. A. Watanabe, C. K. Chu and R. F. Schinazi, 
Nucleosides, Nucleotides Nucleic Acids, 2005, 24, 875-879.

22. N. Urakova, V. Kuznetsova, A. Sokratian, E. I. Frolova, I. Frolov, D. K. Crossman, M. R. 
Crowley, D. B. Guthrie, A. A. Kolykhalov, M. A. Lockwood, M. G. Natchus, G. R. 
Painter and G. R. Painter, J Virol, 2018, 92.

23. T. P. Sheahan, A. C. Sims, S. Zhou, R. L. Graham, A. J. Pruijssers, M. L. Agostini, S. R. 
Leist, A. Schäfer, K. H. Dinnon, L. J. Stevens, J. D. Chappell, X. Lu, T. M. Hughes, A. S. 
George, C. S. Hill, S. A. Montgomery, A. J. Brown, G. R. Bluemling, M. G. Natchus, M. 
Saindane, A. A. Kolykhalov, G. Painter, J. Harcourt, A. Tamin, N. J. Thornburg, R. 
Swanstrom, M. R. Denison and R. S. Baric, 2020, 12, eabb5883.

24. L. J. Stuyver, T. Whitaker, T. R. McBrayer, B. I. Hernandez-Santiago, S. Lostia, P. M. 
Tharnish, M. Ramesh, C. K. Chu, R. Jordan, J. Shi, S. Rachakonda, K. A. Watanabe, M. 
J. Otto and R. F. Schinazi, Antimicrob. Agents Chemother., 2003, 47, 244-254.

25. S. Venturelli, A. Berger, T. Weiland, M. Zimmermann, S. Haecker, C. Peter, S. 
Wesselborg, A. Koenigsrainer, T. S. Weiss, M. Gregor, S. Fulda, U. M. Lauer and M. 
Bitzer, Gut, 2011, 60, 156-165.

Page 25 of 27 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



26

26. I. Alexeeva, N. Dyachenko, L. Nosach, V. Zhovnovataya, S. Rybalko, R. Lozitskaya, A. 
Fedchuk, V. Lozitsky, T. Gridina, A. Shalamay, L. Palchikovskaja and O. Povnitsa, 
Nucleosides Nucleotides & Nucleic Acids, 2001, 20, 1147-1152.

27. I. Alexeeva, L. Palchikovskaya, A. Shalamay, L. Nosach, V. Zhovnovataya, O. Povnitsa 
and N. Dyachenko, Acta Biochimica Polonica, 2000, 47, 95-101.

28. L. N. D. Nosach, N.S.; Butenko, S.I.; Zhovnovataya, V.L.; Timofeeeva; M.Ya., 
Tarasyshyn, L.A.; Alexeeva, I.V., Chernetsky, V.P.  , The effect of 6-zаcytidine on 
expression of adenovirus genome, in New Approaches to Chemotherapy of Virus 
Infection, 1991.

29. I. Alekseeva, Biopolimeri i Klitina, 2004, 20, 435-439.
30. V. V. Zarubaev, A. V. Slita, V. P. Sukhinin, L. N. Nosach, N. S. Dyachenko, O. Y. 

Povnitsa, V. L. Zhovnovataya, I. V. Alexeeva and L. I. Palchikovskaya, Journal of 
Chemotherapy, 2007, 19, 44-51.

31. V. V. Zarubaev, Garshinina, Angelica V, Kalinina, Nelly A, Shtro, Anna A, 
Belyaevskaya, Svetlana V, Slita, Alexander V, Nebolsin, Vladimir E, and Kiselev, Oleg 
I, Pharmaceuticals, 2011, 4, 1518-1534.

32. Y.-K. C. Robert S. Adcock, Jennifer E. Golden, Dong-Hoon Chung, Antiviral Research, 
2017, 138, 47-56.

33. L. W. G. Stephen R. Welcha, Ayan K. Chakrabartia, Laura K. McMullana, Mike Flinta, 
Gregory R. Bluemlingb, George R. Painterb, Stuart T. Nichola, Christina F. 
Spiropouloua, Cesar G. Albarino Antiviral Research, 2016, 136, 9-18.

34. S. Briolant, D. Garin, N. Scaramozzino, A. Jouan and J. M. Crance, Antiviral Research, 
2004, 61, 111-117.

35. J. D. Morrey, D. F. Smee, R. W. Sidwell and C. Tseng, Antiviral Research, 2002, 55, 
107-116.

36. A. E. A. Hassan, J. Sheng, W. Zhang and Z. Huang, J. Am. Chem. Soc., 2010, 132, 2120-
2121.

37. H. Sun, J. Sheng, A. E. A. Hassan, S. Jiang, J. Gan and Z. Huang, Nucleic Acids Res., 
2012, 40, 5171-5179.

38. Handbook of nucleoside synthesis, John Wiley & Sons, Inc., 2001.
39. T. S. Bozhok, G. G. Sivets, A. V. Baranovsky and E. N. Kalinichenko, Tetrahedron, 

2016, 72, 6518-6527.
40. D. Libermann and R. Jacquier, Bull. Soc. Chim. Fr., 1961, 383-390.
41. P. S. Helmut Vorbri.iggen, Chem. Ber., 1973, 106,, 3039-3061.
42. R. G. Jean Depelley, Mourad Kaouadji, Pierre Krausz• and Salomon Piekarsk, 

Nucleosides Nucleotides & Nucleic Acids, 1996, 15, 995-1008.
43. H. Tavakol and F. Keshavarzipour, Struct. Chem., 2015, 26, 1049-1057.
44. Y. J. Anamika Sharma, Mohammed R. H. Siddiqui, Beatriz G. de la Torre, Fernando 

Albericio, and Ayman El-Faham, Journal of Chemistry, 2017, 1-10.
45. L. Guasch, M. L. Peach and M. C. Nicklaus, J. Org. Chem., 2015, 80, 9900-9909.
46. H. B. Smee DF, Evans WJ, Clyde N, Wright S, Peterson C, Jung KH, Day CW. , . J Virol 

Methods 2017, 246, 51-57.
47. M. A. Smee DF, Barnard DL, Sidwell RW.   , J Virol Methods, 2002, 106, 71-79.
48. C. H. Zhang N, Sood R, Kalicharran K, Fattom AI, Naso RB, Barnard DL, Sidwell RW, 

Hosmane RS...  , Bioorg Med Chem Lett, 2002, 12, 3391-3394.

Page 26 of 27New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



27

49. H. B. Smee DF, Wong MH, Tarbet EB, Babu YS, Klumpp K, Morrey JD. . , Antiviral 
Res 2010, 8, 38-44.

50. L. J. M. Reed, H., American Journal of Epidemiology, 1938, 27, 493-497.
51. M. Koegler, R. Busson, S. De Jonghe, J. Rozenski, K. Van Belle, T. Louat, H. Munier-

Lehmann and P. Herdewijn, Chem. Biodiversity, 2012, 9, 536-556.

Page 27 of 27 New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


