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o 2-iodo-2-deoxy nucleosides
directly from glycals and unprotected nucleobases
and their biological evaluation on the Japanese
Encephalitis Virus†

Norein Sakander, ‡ab Km. Archana,‡bc Ajaz Ahmed,bd Shriyanshi Mishra,c

Raj Kamal Tripathi*bc and Debaraj Mukherjee *e

An expedient one-pot stereo- and regioselective synthesis of 2-iodo-nucleosides from protected glycals

and nucleobases using easily available iodine and hexamethyldisilane as halogenating, and silylating

agents respectively has been developed. Most of the products synthesized characterized as

diastereomerically pure b-1,2-trans-diequitorial nucleosides hitherto not reported. The in vitro studies

unveil the cogent antiviral activity of these newly synthesized nucleoside derivatives against the Japanese

Encephalitis Virus (flavivirus) in the Vero cell line.
Nucleoside analogs (NAs) represent potent antiviral medica-
tions utilized in the treatment of various viral infections.1 The
ongoing emergence of new viral strains necessitates the devel-
opment of innovative antiviral agents. Diversifying the struc-
tural characteristics of these agents is crucial for combating
drug resistance and improving the effectiveness of combination
therapies. Herein, we report the design and synthesis of
nucleoside analogues with pyranose sugar as a novel template
for antiviral with activity against Japanese Encephalitis Virus.

Japanese Encephalitis Virus (JEV) is a concerning pathogen,
particularly prevalent in parts of Asia, where it's transmitted
through mosquito bites.2 A WHO study from 2019 states that
there were around 68 000 cases of JE reported annually, with
a 20–30% mortality rate. Globally, JEV was predicted to have
caused around 100 308 clinical cases and 20 000–30 000 casu-
alties in 2015, according to research that used age-stratied case
data and mathematical modelling.2

Unfortunately, there's no specic medicine to combat JEV
infection, and the existing treatments primarily focus on alle-
viating symptoms and supportive care.3 To address the lack of
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26496
proper medicines and the need for New Chemical Entities
(NCEs), scientists and pharmaceutical companies are continu-
ally researching and developing novel antiviral therapies. These
efforts aim to discover compounds that can effectively target the
virus and inhibit its replication, thereby reducing the severity
and duration of the infection. One class of compounds that has
shown promise in antiviral therapy is nucleoside analogs.
Nucleosides are the building blocks of nucleic acids like DNA
and RNA. Nucleoside analogs are synthetic compounds
designed to mimic natural nucleosides, but with modications
that make them effective against viruses.4–6

The known nucleoside analogs as antivirals against avivirus
have already been mentioned in previous studies.4–6 Another
known nucleoside inhibitor is ribavirin (1-[(2R,3R,4S,5R)-3,4-
Fig. 1 Nucleoside analogues as potent antiviral agents.
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Scheme 1 Prior art and this work.

Table 1 Optimization of the reaction conditionsa

Entry Iodinating reagents (equiv) Solvent

1 NIS (2.0) MeCN
2 NIS (2.0) MeCN
3 NIS (2.0) MeCN
4 NIS (2.0) DCM
5 NIS (2.0) DCE
6 I2 (2.0) MeCN
7 I2 (1.5) MeCN
8 I2 (1.0) MeCN
9 I2 (2.5) MeCN
10 ICl (2.0) MeCN
11 IBX (2.0) MeCN
12 I2 (2.5) MeCN
13 ICl (2.0) MeCN
14 IBX (2.0) MeCN

a Reaction conditions: in all cases, the reaction was carried out by heating u
at 80 °C for 1.5 h followed by the addition of benzyl protected glucal (1.0 e
b Isolated overall yields. c Diastereomeric ratio.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
dihydroxy-5-(hydroxymethyl)oxolan-2-yl]-1H-1,2,4-triazole-3-
carboxamide) effectively inhibits the replication in west nile
virus and yellow fever virus.7,8 Some of the nucleoside drugs
used as potent antiviral agents7–9 are illustrated in Fig. 1. But
these nucleosides have drawbacks of their instability against
both acidic and enzymatic hydrolysis, drug resistance and they
also cause severe side effects to the host.10

Traditional methods primarily involve altering the nucleo-
base, as seen with antivirals like ribavirin, molnupiravir and
clevudine.8 Alternatively, other approaches focus on simpli-
fying, substituting, or modifying the ribose core. However, these
nucleoside analogues (NAs) are not widely used due to the lack
of anomeric stabilization, which frequently results in unnatural
conformations and reduced biological activity.11 The most
studied among them is the ring size of sugar moiety has been
modied to study the impact on biological activity and confor-
mation. Replacement of furanoid sugar with a six-membered
pyran ring of carbohydrate moiety were found more resistant
to glycoside hydrolysis and was proved benecial for their
potential antiviral and antibiotic properties and as building
blocks in nucleic acid synthesis.12

As per the synthesis of 2-deoxy-2-iodo-glycosides is concerned,
a variety of efficient and practical methods have been developed
for the synthesis of 2-deoxy-2-iodo glycosides and glyco-
conjugates from glycals. Using I2–Cu(OAc)2, tri-O-acetyl-D-glucal
reacts with various alcohols to give 2-deoxy-2-iodo-O-glycosides in
high yields with good anomeric selectivity (Scheme 1a).13 Islam
et al. employed PhI(OAc)2 with CTAB and KI to generate C-2-
deoxy-2-iodo glycoconjugates in good to excellent yields, which
could be further transformed into amino acid glycoconjugates via
dehalogenation (Scheme 1b).14 Reddy et al. utilized an in situ
Temp. (°C) Time (h) Yieldb (%) b/ac

80 2 54 1 : 1
60 3 58 1 : 0.5
40 5 15 1 : 0.5
60 3 20 1 : 0.5
60 2 52 1 : 0.5
60 2 85 1 : 0
60 2 67 1 : 0
60 2 56 1 : 0
60 2 80 1 : 0
60 2 62 1 : 0.1
60 2 59 1 : 0.1
80 2 60 1 : 0
80 2 42 1 : 0.5
80 2 40 1 : 0.5

racil (3.0 equiv) in HMDS (4.5 equiv) and TMSOTf (0.3 equiv) in a solvent
quiv) and iodinating reagent at the temperature mentioned in the table.
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View Article Online
generated sulfonium-iodine(I) reagent fromMe3SI and PhI(OAc)2
for vicinal functionalization of glycals(Scheme 1c).15 Additionally,
Saidhareddy et al. reported IBX-I2 and PhI(OAc)2–I2 mediated
methods to afford 2-deoxy-2-iodoglycosyl acetates and O-iodo-
benzoates with high stereoselectivity (Scheme 1d).16 Herein, we
present the stereo and regioselective synthesis of 2 deoxy-2-
iodohexopyranose nucleosides directly from glycals and unpro-
tected nucleobases (Scheme 1e).

We have started the optimization study by taking unpro-
tected uracil and benzyl-protected glucal. Tri-O-benzyl-D-glucal
(1.0 equiv) and NIS (2.0 equiv) were added to a preheated
solution of uracil with HMDS (4.5 equiv) and TMSOTf (0.3
equiv) in MeCN at 80 °C and the resulting mixture was further
Table 2 Comparison of reaction outcomes between iodinating
agentsa

Entry Iodinating reagents (equiv) Yieldb (%) b/ac

01 NIS (2.0) 54 1 : 1
02 I2 (2.0) 85 1 : 0
03 ICl (2.0) 62 1 : 0.1
04 IBX (2.0) 40 1 : 0.5

a Reaction conditions: all the reactions were carried out under
optimised condition.

Scheme 2 Substrate scope of reaction using benzyl sugar enol ethers
as donors and different uracils.

26492 | RSC Adv., 2025, 15, 26490–26496
heated at the same temperature for 2 h only to get 3a as a dia-
stereomeric mixture in the ratio 1 : 1 (Table 1, entry 1).17,18

Temperature played a critical role in the selectivity and yield of
the reaction. Decreasing the temperature to 60 °C results in an
increase in yield with better b-selectivity (Table 1, entries 2).
Further decreasing the temperature to 40 °C results in the
reduction of yield (Table 1, entry 3). We screened different
solvents like DCM, DCE andMeCN and concluded that MeCN is
the solvent of choice (Table 1, entries 4–5). On switching the
iodinating reagent from NIS to molecular iodine we were
delighted to obtain our desired product in excellent yield with
exclusive b-selectivity (Table 1, entry 6). On reducing the
proportion of iodine, a reduction in the yield was observed
(Table 1, entries 7, 8) however by using 2.5 equivalent of iodine
has no effect on the yield (Table 1, entry 9). Other iodinating
reagents like ICl and IBX were not proven benecial (Table 1,
entries 10, 11). In order to check the effect of temperature on
reaction with iodinating agents I2, ICl and IBX, reaction was
carried out 80 °C and the results were summarised in entry 12–
14. Consolidating the outcome of our optimization study,
heating the solution of uracil (3 equiv), HMDS (4.5 equiv), and
TMSOTf (0.3 equiv) in MeCN at 80 °C for 1.5 h followed by the
addition of 1.0 equiv protected glycal and I2 (2.0 equiv) aer
cooling the reaction mixture down to 60 °C and allowing the
Scheme 3 The substrate scope of reaction using benzyl protected
sugar enol ethers as donors and cytosine.

Scheme 4 The substrate scope of reaction using TBS and acetate-
protected glycals as donors and different uracils.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactionmixture to stir for 2 h at the same temperature gives the
desired 2-deoxy-2-iodo nucleoside in good to excellent yield. All
the protected nucleosides having J value in between 8–10 Hz
which conrms their existence in 4C1 conformation. All
Compounds are >95% pure by HPLC analysis. Furthermore,
NMR Spectrums also depicts the purity of compounds.

The comparision of reaction outcomes (yield, a/b ratio)
between I2, NIS, ICl and IBX under identical conditions,
demonstrating I2's superior selectivity has been shown in Table 2.

The substrate scope of the reaction was checked by reacting
3,4,6-tri-O-benzyl-D-glucal 2a with various 5-substituted uracil
Scheme 5 (A) Plausible mechanism (B) NOESY correlation of compoun

Fig. 2 Relative stability of both the isomers (Optimization of isomers pe

© 2025 The Author(s). Published by the Royal Society of Chemistry
derivatives (Scheme 2, 3b–f). In all cases, the reaction proceeded
smoothly affording the desired nucleosides in good to excellent
yields. Uracils carrying EDG provided the desired products in
better yields as compared to those having EWG (Scheme 2, 3b–
f). 6-Azauracil also reacted well under optimized reaction
conditions to afford the corresponding product (Scheme 2, 3g).
Utility of different sugars was tested for substrate scope, benzyl
protected galactal on reaction with uracil also produced the
desired product in excellent yield (Scheme 2, 3h). Further 3, 4-
di-O-benzyl-L-rhamnal reacted well and yielded the desired
products in excellent yields (Scheme 2, 3i, 3j).
d 5g.

rformed at B3LYP D3/6-31 + G(d)level of theory).

RSC Adv., 2025, 15, 26490–26496 | 26493
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Table 3 Results (IC50 ± SD mM) of 20 compounds summarized and
analyzed for in vitro anti-JEV activity

Structure id Formula CC50 IC50

C31H31IN2O6 >50 mM 1.51 � 0.27 mM

C32H33IN2O6 >50 mM Inactive

C31H30FIN2O6 >50 mM 4.98 � 0.15 mM

C31H30I2N2O6 >50 mM 1.67 � 0.45 mM

C31H30ClIN2O6 >50 mM 6.41 � 0.34 mM

C32H30IN3O6 >50 mM 4.20 � 1.97 mM

C30H30IN3O6 >50 mM 38.92 � 0.69 mM

C31H31IN2O6 <10 mM —

C24H25IN2O5 >50 mM 8.57 � 0.46 mM

C25H27IN2O5 >50 mM 3.68 � 0.46 mM

C31H32IN3O5 42.8 mM 3.7 � 0.35 mM

C31H31BrIN3O5 >50 mM Inactive

Table 3 (Contd. )

Structure id Formula CC50 IC50

C24H26IN3O4 >50 mM Inactive

C28H55IN2O6Si3 <10 mM —

C29H54IN3O6Si3 76.3 mM 1.10 � 0.18 mM

C28H54ClIN2O6Si3 12.5 mM —

C28H54I2N2O6Si3 9.25 mM —

C28H54FIN2O6Si3 >25 mM 3.21 � 0.87 mM

C16H19IN2O9 >50 mM 2.59 � 0.28 mM

C10H13IN2O6 25 mM 6.4 � 0.32 mM

26494 | RSC Adv., 2025, 15, 26490–26496
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We further checked the substrate scope by reacting pyrimi-
dine base cytosine with benzylated glycal to give the desired
product with complete stereoselectivity (Scheme 3, 4a). EWG
group containing cytosine such as 5-bromocytosine also
produced the product in good yield (Scheme 3, 4b) L-sugar such
as benzylated rhamnal reacted well and result in the formation
of the product in good yield (Scheme 3, 4c). Also, the gram scale
synthesis of 3a is achieved in excellent yield.

The functional group tolerance of the method was checked
by treating 3,4,6-tri-O-tert-butyldimethylsilyl glucal sugars with
various substituted uracil under the optimized reaction condi-
tions to get the 2-deoxy-2-iodo-b-nucleoside selectively with
excellent yield (Scheme 4, 5a–e). But the ester-bearing sugars
such as 3,4,6-tri-O-acetyl-D-glucal result in the formation of the
product with an anomeric mixture of b : a (1 : 0.3) (Scheme 4, 5f)
which was determined by integration of the anomeric protons
in the 1H NMR spectrum. Deprotection of compound 5a yielded
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the desired product where glycosidic linkage survived under
acidic conditions (Scheme 4, 5f).

The Plausible mechanism has been illustrated in Scheme 5.
The reaction begins with the formation of iodo-oxocarbenium
ion intermediate which is stable in half chair conformation.
Then, the acetonitrile interacts with the iodo-oxocarbenium ion
intermediate preferentially from the a-face, leading to the
generation of a transient nitrilium ion. This intermediate,
stabilized via the nitrile effect, competes with the nucleophilic
acceptor and may reduce the overall reaction rate by transiently
occupying the electrophilic site. Nonetheless, it effectively
directs the nucleophilic attack of the nucleobase from the b-
face, thereby favoring the stereoselective formation of the b-
nucleoside. Stereochemistry of the product 5g was conrmed by
2D-NMR spectroscopy (COSY, NOESY, and HSQC). In the
NOESY spectrum of 5g, H-1 showed strong correlations with H-3
and H-5 which proved that the linkage at the anomeric center is
b (Scheme 5B).

The relative Gibbs free energies of both isomers were also
calculated, further supporting the greater stability of the b-
nucleoside (Fig. 2).

Further the compounds have been screened for activity
against Japanese Encephalitis Virus. In in vitro screening, out of
20 test compounds, four compounds 3e, 3i, 3g, and 5g were
found mildly effective in the viral detection assay against JEV.
The IC50 of these ve compounds were detected as 6.4 ± 0.34
mM, 8.57 ± 0.46 mM, 38.92 ± 0.69 mM and 6.4 ± 0.32 mM
respectively, which indicates that there is need of further opti-
mizations for these three compounds except 3g compound to
make more active compounds. Five compounds were found
moderately effective against JEV replication with the average
Fig. 3 Graphical representation of in vitro cell release assay dose–respo
and 4a, which showed antiviral activity against Japanese Encephalitis Viru
the three independent experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
IC50- 4.98 ± 0.15 mM, 4.20 ± 1.97 mM, 3.68 ± 0.46 mM, 3.21 ±

0.87 mM and 3.7 ± 0.35 mM respectively (Table 2). Compounds
3a, 3d, 5f and 5b are found signicant active inhibitors against
JEV with a productive IC50- 1.51± 0.27 mM, 1.67± 0.45 mM, 2.59
± 0.28 mM and 1.10 ± 0.18 mM respectively. Results predict that
these four compounds might be worked out as hit compounds
in the way to develop therapeutic antiviral drugs against JEV, as
there are existence of no approved drugs. The rest of the
compounds 3h, 5a, 5c, and 5d were found cytotoxic, so these
were not tested for inhibitory effect. Compounds 4b, 3b and 4c
were found inactive against the JEV in the viral detection assay
[The IC50 was calculated through online soware (“Quest
Graph™ IC50 Calculator.”AATBi quest, Inc., 11 Apr. 2023,
https://www.aatbio.com/tools/ic50 calculator (Table 3).].

The data was also analyzed through Graphpad Prizm 5,
graphs were plotted through Graphpad Prizm (Fig. 3). These
synthesised pyrimidine nucleosides are nucleoside analogs
which mimic naturally occurring nucleosides and function by
terminating the growing viral DNA/RNA chain.17,18 Here, these
20 nucleoside analogs were analyzed for invitro antiviral activity
against the Japanese Encephalitis Virus. In this in vitro anti-JEV
assay, rstly the compounds were analyzed for cytotoxicity
through MTT Assay, the data was compared with healthy cells
and then test compound concentrations for screening anti-JEV
activity were selected based on the cytotoxicity (CC50) of
compounds. The test compound concentrations were selected
in the range of 20 mM to 0.625 mM (20 mM, 10 mM, 5 mM, 2.5 mM,
1.25 mM, and 0.625 mM) where the CC50 of compounds are >50
mM or the compounds are non-toxic as shown in Table 3. The
inhibitory concentration (IC50) of compounds was evaluated
and these compounds were categorized in our result into three
nse curves of test compounds 3a, 3c, 3e, 3f, 3j, 3g, 3i, 3d, 5f, 5e, 5b, 5g
s in Vero cells. Error bars represent the SEM of the IC50 obtained from

RSC Adv., 2025, 15, 26490–26496 | 26495
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types: mild effective, moderately effective, and signicant
effective compounds against JEV.

Conclusion

In summary, we have developed a highly efficient one-pot
synthesis by 2-iodo nucleosides. The scope of the N-glycosyla-
tion approach is very broad, as exemplied by the synthesis of
20 pyrimidine nucleosides. Notably, all of the 20 pyrimidine
nucleosides were synthesized in more than 70% yields and were
further tested against the Japanese Encephalitis virus. These
compounds have potential for anti-JEV activity.

Data availability

The data supporting this article have been included as part of
the ESI.†

Conflicts of interest

“There are no conicts to declare”.

Acknowledgements

This research was generously supported by Science and Engi-
neering Research Board (SERB) DST project CRG/2021/004142.
The authors thank CSIR for providing a fellowship and AcSIR
for PhD registration. IIIM Publication no. is CSIR-IIIM/IPR/
00822. Patent no. for this work is 0233NF2023.

Notes and references

1 K. L. Seley-Radtke and M. K. Yates, Antiviral Res., 2018, 154,
66–86.

2 A. Baharuddin, A. A. Hassan, G. C. Sheng, S. B. Nasir,
S. Othman, R. Yusog, R. Othman and N. A. Rahman, Curr.
Pharm. Des., 2014, 20, 3428–3444.

3 N. Zhang, H.-M. Chen, V. Koch, H. Schmitz, C.-L. Liao,
M. Bretner, V. S. Bhadti, A. I. Fattom, R. B. Naso,
R. S. Hosmane and P. Borowski, J. Med. Chem., 2003, 46,
4149–4164.

4 K. L. Seley-Radtke and M. K. Yates, Antiviral Res., 2018, 154,
66.

5 (a) L. P. Jordheim, D. Durantel, F. Zoulim and C. Dumontet,
Nat. Rev. Drug Discovery, 2013, 12, 447–464; (b)
C. M. Galmarini, J. R. Mackey and C. Dumontet, Lancet
Oncol., 2002, 3, 415–424; (c) E. De Clercq, Mini-Rev. Med.
Chem., 2002, 2, 163–175; (d) D. Komiotis, S. Manta,
E. Tsoukala and N. Tzioumaki, Curr. Med. Chem.: Anti-
Infect. Agents, 2008, 7, 219–244.

6 (a) D. M. Huryn and M. Okabe, Chem. Rev., 1992, 92, 1745–
1768; (b) T. Cihlar and N. Bischoerger, Annu. Rep. Med.
Chem., 2000, 35, 177–189; (c) T. S. Mansour and R. Storer,
Curr. Pharm. Des., 1997, 3, 227–264; (d) A. F. Nikkels and
G. E. Pierard, Curr. Med. Chem.: Anti-Infect. Agents, 2002, 1,
83–98; (e) A. Dimopoulou, S. Manta, C. Kiritsis,
D. N. Gkaragkouni, I. Papasotiriou, J. Balzarini and
26496 | RSC Adv., 2025, 15, 26490–26496
D. Komiotis, Bioorg. Med. Chem. Lett., 2013, 23, 1330–1333;
(f) A. L. Kantsadi, J. M. Hayes, S. Manta, V. T. Skamnaki,
A.-M. G. P., Z. Koutsogiannis, A. Dimopoulou,
S. Theofanous, N. Nikoleousakos, P. Zoumpoulakis,
M. Kontou, G. Papadopoulos, S. E. Zographos, D. Komiotis
and D. D. Leonidas, ChemMedChem, 2012, 7, 722–732; (g)
C. Meier, C. Ducho, U. Gorbig, R. Esnouf and J. Balzarini,
J. Med. Chem., 2004, 47, 2839–2852; (h) N. Coen, U. Singh,
V. Vuyyuru, J. J. Van den Oord, J. Balzarini, S. Duraffour,
R. Snoeck, Y. C. Cheng, C. K. Chu and G. Andrei, J. Virol.,
2013, 87, 3839–3851.

7 (a) J. T. Witkowski, R. K. Robins, R. W. Sidwell and
L. N. Simon, J. Med. Chem., 1972, 15(11), 1150–1154; (b)
G.-I. An and H. Rhee, Nucleosides, Nucleotides Nucleic Acids,
2003, 22(4), 437–451; (c) C. W. Day, D. F. Smee,
J. G. Julander, V. F. Yamshchikov, R. W. Sidwell and
J. D. Morrey, Antiviral Res., 2005, 67, 38–45.

8 E. De Clercq, Antiviral Chem. Chemother., 2013, 23, 93–101.
9 E. De Clercq, Nucleosides, Nucleotides Nucleic Acids, 2004, 23,
457–470.

10 (a) E. Coutouli-Argyropoulou, P. Lianis, M. Mitakou,
A. Giannoulis and J. Nowak, Tetrahedron, 2006, 62, 1494–
1501; (b) K. W. Pankiewicz, Carbohydr. Res., 2000, 327, 87–
105; (c) T. H. Senanayake, G. Warren, X. Wei and
S. V. Vinogradov, J. Controlled Release, 2013, 167, 200–209;
(d) Z. Zhou, M. Cong, M. Li, A. Tintaru, J. Li, J. Yao, Y. Xia
and L. Peng, Chem. Commun., 2018, 54, 5956–5959; (e)
L. Hruba, V. Das, M. Hajduch and P. Dzubak, Biochem.
Pharmacol., 2023, 215, 115741.
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