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Abstract

Nucleoside chemistry represents an important research area for drug discovery, as many
nucleoside analogs are prominent drugs and have been widely applied for cancer and viral
chemotherapy. However, the synthesis of modified nucleosides presents a major challenge, which
is further aggravated by poor solubility of these compounds in common organic solvents. Most of
the currently available methods for nucleoside modification employ toxic high boiling solvents;
require long reaction time and tedious workup methods. As such, there is constant effort to
develop process chemistry in alternative medium to limit the use of organic solvents that are
hazardous to the environment and can be deleterious to human health. One such approach is to use
ionic liquids, which are ‘designer materials’ with unique and tunable physico-chemical properties.
Studies have shown that methodologies using ionic liquids are highly efficient and convenient for
the synthesis of nucleoside analogs, as demonstrated by the preparation of pharmaceutically
important anti-viral drugs. This article summarizes recent efforts on nucleoside modification using
ionic liquids.

Keywords
Nucleosides; lonic Liquids; Solubility; Antiviral Drugs

1. Introduction

Nucleosides are fundamental building blocks of biological systems. The natural nucleosides
and their analogues find numerous applications as fungicidal, anti-tumor and antiviral agents
[1-3]. Therefore, the chemistry of these compounds has been studied extensively and today
nucleoside chemistry represents an important area of research for modern drug discovery.
Some of well-known examples of nucleoside-based antiviral drugs include AZT
(Zidovudine), ddC (2’,3'-dideoxycytidine), d4T (Stavudine), BVDU (Brivudine), TFT
(Trifluridine), IDU (Idoxuridine), etc [4-6]. Moreover, with the emergence of antisense
oligonucleotides and siRNA as potential and selective inhibitors of gene expression,
chemical synthesis of therapeutic oligonucleotides has undergone revitalization during the
last decade [7,8]. The increased interest in the nucleoside chemistry has motivated organic
chemists to develop efficient and practical synthetic methods, and number of strategies have
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been devised to design nucleoside analogues. Though, several structural modifications have
been achieved on the heterocyclic bases and/or on the sugar moiety of natural nucleosides
[9-12], synthesis of modified nucleosides remains a major challenge. One of the difficulties
commonly encountered is in selective protection of highly polar hydroxyl and amine groups.
This task is further complex due to limited solubility of nucleosides in most organic
solvents. Most commonly employed solvents for nucleoside reactions chemistry are highly
polar e.g. pyridine, N, N-dimethylformamide (DMF) and N-methylpyrrolidone (NMP).
These solvents are also highly toxic and hazardous for environment and human health.
Further more, these solvents are pose difficulty in recovery and reuse. This has inspired
synthetic chemists to explore alternative approaches for synthesis of nucleoside-based
compounds.

In the past decade, much attention has been devoted in search of new reaction media to
avoid volatile organic solvents (VOS). In recent years, room-temperature ionic liquids
(compounds that consist only of ions and are liquid at ambient temperature) (ILs) have
emerged as high-tech reaction media of the future. This is because of their advantageous
properties (viz., negligible vapor pressure, non-flammability, recyclability, high thermal
stability) and their ability to dissolve a wide range of organic and inorganic compounds
[13-16]. Most important, their properties of these ‘designer materials’ can be adjusted to the
reaction needs by proper manipulation of cations and anions [17-19]. Apart from tunable
physical and chemical properties of ionic liquids, their immiscibility with various organic
solvents enables the biphasic separation of the desired products and recyclability of
expensive catalysts [20-22]. Furthermore, their ability to dissolve complex molecules such
as nucleosides and amino acids helps to perform efficient modification on these biologically
active compounds under milder conditions [23-26]. Recently, ILs have attracted much
attention as they have been used to enhance the selectivity and kinetics of various organic
reactions and to dramatically influence the outcome to chemical reactions [27]. With these
advantages the ILs have found an increased interest in synthetic chemistry in recent years.
This article is focused on the recent developments made in nucleoside chemistry using ionic
liquids as reaction medium. The stuctures of cationic and anionic components of ILs used in
these studies are given in figure 1.

2. Enhanced solubility of nucleosides in ionic liquids

Following the discovery of the first effective antiviral compd. (idoxuridine) in 1959,
nucleoside analogs, esp. acyclovir (ACV) for the treatment of herpesvirus infections, have
dominated antiviral therapy for several decades. However, ACV and similar acyclic
nucleosides suffer from low solubility in agueous and commonly used organic solvents.
Considering their unique physiochemical properties, our first interest was to test their utility
in dissolving nucleosides. As a test case we first studied the solubility of Thymidine in ionic
liquids having 1-methoxyethyl-3-methylimidazolium tetrafluoroborate ((MOEMIM][BF4]),
1-methoxyethyl-3-methylimidazolium trifluoroacetate ((MOEMIM][TFA]), 1-
methoxyethyl-3-methylimidazolium hexafluorophosphate ((MOEMIM][PFg]), 1-
methoxyethyl-3-methylimidazolium bis(triflic)imide ((MOEMIM][Tf,;N]) and 1-
methoxyethyl-3-methylimidazolium nethanesulfonate [MOEMIM][OMs] [25]. Interestingly
hydrophaobic ionic liquids [MOEMIM] [PFg] and [MOEMIM] [Tf,N] and also hydrophilic
ionic liqguid [MOEMIM] [BF4] showed poor solubility for thymidine. On the other hand, the
new ionic liquid [MOEMIM][TFA] showed good solubility for thymidine which is
comparable with [MOEMIM][OMs]. This indicates that the cation of ionic liquid has little
influence on much significant for solubility, while the solubility changes drastically by
changing anion and keeping the cation same. Further, the solubility of thymidine was found
to be good in ionic liquids 1-butyl-3-methylimidazolium trifluoroacetate ([BMIM][TFA])
and ethylpyridinium trifluoroacetate ([EtPy][TFA]), both having trifluoroacetate as common
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anion (Figure 2). This observation again suggests that the anion has a major effect on the
physical properties of ionic liquid including the solubility. Next, we studied the solubility of
three ribonucleosides viz. adenosine (A), cytosine (C) and guanosine (G) in ionic liquids
which were found to be best in case of T i.e. [MOEMIM][OMs], [MOEMIM][TFA],
[BMIMI][TFA] and [EtPy][TFA] and compared with the commonly used organic solvents
for nucleosides i.e. DMF and pyridine. The ionic liquids [MOEMIM] [OMs] and [EtPy]
[TFA] were found to be best solvents for ribonucleosides followed by [MOEMIM] [TFA]
and [BMIM] [TFA] respectively. But all these ILs, in general, were found to be far better
solvents as compared to pyridine and DMF. The solubility comparision of ribonucleosides in
different ILs and organic solvents is described in Figure 3. The enhanced solubility of
nucleosides in ILs wih methanesulfonate and trifluoroacetate anions suggests that
oxygenated anions may form hydrogen bonding with the nucleosides, thereby increasing
their solubility [26].

3. Hydroxyl group protection of nucleosides in ILs

Synthesis of modified nucleosides requires manipulation of hydroxyl- and amino-groups
present in the molecule. One of the intrinsic problems in nucleoside chemistry is selective
protection of these functionalities.

We reported benzoylation of both ribo- and 2’- using benzoyl cyanide as benzoylation agent
and DMAP as catalyst deoxyribonucleosides in ionic liqguid [MOEMIM] [OMs] [28].
Interestingly, in these reactions selective benzoylation of sugar hydroxyl groups over amine
group of nucleobase was observed and corresponding O-benzoylated nucleoside derivatives
were obtained in high yields (Scheme 1). It is important to mention here that when we
carried out similar reactions using pyridine as solvent, the selectivity towards O-
benzoylation was only observed in case of 2'-deoxyadenosine, 2'-deoxycytidine and
adenosine, while perbenzoylated derivatives were obtained in case of rest of the nucleosides.
Due to poor solubility (especially guanosine and 2'- deoxyguanosine) in pyridine, reactions
were carried out in excess of solvent, at higher temperature and longer reaction time
resulting in loss of overall selectivity. On the other hand due to the high solubility of
nucleosides in ILs, the reactions could be carried out under mild conditions and better
selectivity. Also, the ILs were recovered from the reaction mixture and reused without any
loss in product yield. This protocol for selective O-benzoylation of nucleosides proved to be
much superior as compared to those reported in literature. However, this method suffers
from the limitation that a highly toxic compound i.e. HCN is obtained as byproduct [28].
This problem was overcome by our subsequent studies which lead to modified method
where [MOEMIM] [TFA] is the reaction medium, DMAP used as catalyst and benzoic
anhydride as benzoylating agent (Scheme 2) [25]. The byproduct obtained is benzoic acid,
which makes the workup process relatively safer. In all the reactions, selectivity was high
and O-benzoylated derivatives were formed in good yields.

Increased selectivity towards O-benzoylation in ILs could be due to high ionic character of
the medium polarizing the —O-H bond, thereby, making hydroxyl moiety more nucleophilic
then the —NH, group of nucleosides. Here again, the IL could easily be recycled and reused
[25].

4. Sugar modification of nucleoside in ILs: Synthesis of d4T

Stavudine, also known as 2', 3'-didehydro-3'-deoxythymidine (d4T) is an anti-HIV drug
which act as a reverse transcriptase inhibitor [29]. Several methods reported in literature for
synthesis of this compound requires tedious reaction conditions, longer reaction time, use of
expensive reagents, harmful solvents and often results in poor yields [30-34]. To overcome
these challenges we studied the elimination reaction on 2', 3'-anhydrothimidine in ILs with
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sodium hydride at 100 °C to give d4T in 5-10 minutes (Scheme 3) [35]. The literature
method for same reaction using dimethyl acetate (DMA) required relatively more time for
completion [31]. Same reaction under milder conditions i.e. using 'BuOK in ILs at room
temperature did not go to complete conversion and the desired product was obtained in
55-62% isolated yield in six hours (Scheme 3) [35].

5. Base modification of nucleosides in ILs

(E)-5-(2-bromovinyl)-2'-deoxyuridine (Brivudine or BVDU) is an anti-HSV drug which is
highly specific inhibitor of herpes simplex virus (HSV-1) and varicella-zoster virus (VZV)
replication [36]. It is a modified form of 2’-deoxyuridine and has been synthesized from its
carboxylic acid analogue E)-5-(2-carboxyvinyl)-2'-deoxyuridine by reaction with N-
bromosuccinimide (NBS) using THF: H20 (3:2) [37] or DMF [38] as solvent. We
investigated the utility of ionic liquids for this and found that even though the conversion
was not 100%, the product was obtained in moderate to good yield (52-70%) (Scheme 4)
[35].

5-Trifluoromethyl-2'-deoxyuridine (Trifluridine or TFT) is another anti-HSV antiviral drug,
used primarily on the eye [39]. It can be synthesized from 2'-deoxyuridine (2'-dU) in three
steps. First, the hydroxyl groups of 2'-dU is protected by acetylation to give 3', 5'-
diacetoxy-2-deoxyuridine. Generally, this reaction is carried out in Pyridine/DMAP [40] or
acetonitrile/EtzN/DMAP [41] with excess of acetic anhydride, and the reaction time varies
between 2 to 12 hr. When this reaction is carried out in ILs using DMAP as catalyst and
acetic anhydride (2 eq.) as acylating agent the reactions were over in 20-25 minutes giving
acetylated single product in 91% yield (Scheme 5) [35]. Moreover, no purification was
required and the product was obtained by simple extraction. Three ILs used in this study
could be reused up to four times with loss in yield. Further, the diacetyl derivative could be
reacted with CF3COOH and XeF, to obtain trifluoromethylation at C-5 position. Similar
reaction has been reported earlier using excess of CF3COOH with 33% yield [42]. When
this reaction was carried out in ILs, the yields were slightly higher and the product could be
obtained up to 40% yield. Finally trifluridine can be obtained by de-protection of diacetyl
derivative using NH3/MeOH (Scheme 5) [35].

It is well known in the literature that rational variation at C-5 position of pyrimidine-based
nucleosides can enhance their properties in terms of oral bioavailability; metabolic stability
and pharmacokinetics etc. 5-Halopyrimidine nucleosides are of great pharmaceutical interest
and have been extensively investigated due to their anti-neoplastic and anti-viral properties
[43-46]. For example, Idoxuridine, also known as 5-iodo-2'-deoxyuridine marketed as
Herples and Stoxil® is one of the drugs used for conjunctival and corneal disease associated
with feline herpes virus. However, various methods reported for their synthesis have several
limitations, such as use of strong oxidizing agents as catalysts (e.g. HIO3, HNOs3, etc), toxic
and difficult to use halogenating agents (e.g. ICI, I, Bry, etc.), hazardous solvents (e.g.
acetic acid, pyridine, CCly, etc.), harsh reaction conditions, longer reaction time and multiple
workup steps [47, 48]. These difficulties were removed when C-5 halogenation of uracil-
based nucleosides and their O-acetylated derivatives was carried out using lithium halides as
halogenating agents, cerric ammonium nitrate (CAN) as oxidizing agent and acetic acid or
acetonitrile as solvents. We performed these reactions in ILs [MOEMIM] [OMs],
[MOEMIM] [TFA], [BMIM] [Ms] and [BMIM] [TFA] [47]. Initial screening for optimum
reaction conditions showed that the best results were obtained with 1.2 mol equivalent of
lithium halides, 2.0 mol equivalent of CAN at 80 °C. The halogenation of acetylated and
unacetylated 2’-dU and U were then carried out under these conditions and the yields were
found to be comparable with those obtained with organic solvents. It is worth mentioning
here that the acetylation of 2’-dU and U required for these reactions was also carried out in
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ILs at room temperature using DMAP as catalyst and acetic anhydride as acetylating agent
and the yields of the desired acetylated derivatives was 89-93% (Scheme 6) [47].

Motivated from these studies, we have recently developed a novel and highly efficient
benign methodology for C-5 halogenations of pyrimidine-based nucleosides. Here N-
halosuccinimides is employed as halogenating agents in ionic liquid medium and in absence
of any catalyst [48]. The ionic liquids used for these studies were [MOEMIM] [OMs],
[MOEMIM] [TFA], [BMIM] [Ms] and [BMIM] [TFA]. The reactions were simply carried
out by dissolving the pyrimidine nucleosides i.e. 2'-deoxyuridine(2’-dU), uridine (U), 2'-
deoxycytidine (2'-dC) or cytidine (C) in ILs, followed by addition of corresponding N-
halosuccunimides (N-chlorosuccinimide for chlorination, N-bromosuccinimide for
bromination and N-iodosuccinimide for iodination) and the reaction mixture were stirred at
appropriate temperature (Scheme 7). On completion of reaction, the mixture was diluted
with dichloromethane and purified directly with flash chromatography using
dichlromomethane/methonol solvent system. Once the fractions containing pure
Halogenated nucleosides were collected; the columns were eluted by methanol to recover
the ILs which were reused after drying under vacuum oven. The C-5 chlorination when
carried out in different ionic liquids at 50-60 °C it required 10-60 minutes (for different ILs
and substrates) and gave the product in 82-92% yields. The bromination reaction was carried
out at room temperature except for IL [BMIm][Ms] (which was solid at room temperature,
m.p. 60 °C) to get the corresponding bromo- derivatives in 80-90% yields in just 5-30
minutes. Surprisingly, no iodination reactions was seen in ILs namely [BMIM] [OMs] and
[MOEMIM] [OMs] even at elevated temperatures. Where as using ILs [MOEMIM] [TFA]
and [BMIM] [TFA] the reactions were complete in 4 hours at 60 °C giving the
corresponding iodo- derivatives in 60-89 % yields (Scheme 11) [48]. It is important to note
that it requires 10-15ml of highly polar organic solvents (e.g. pyridine, DMF, etc.) to
dissolve 1 mmol of nucleosides. On the other hand due to high solubility in appropriate ILs,
only 1-1.5 ml of IL is required to dissolve these nucleosides. Therefore, the solvent
consumption is decreased by nearly 10 folds makes the reaction easy to handle and workup.

6. Conclusion

In summary, ionic liquids have proven to be very effective solvents for nucleoside
chemistry. They provide high solubility for nucleosides, allowing the reactions to be carried
out under milder conditions with lower solvent consumption and easy workup. Our studies
have shown that utility of ionic liquids in synthetic modifications of nucleoside e.g. selective
O-protection and nucleobase modifications. This has been established through synthesis of
representative commercial drugs. lonic liquids can affect reaction kinetics resulting in lower
reaction time. They can easily be recycled multiple times generating minimal waste. We
believe that there is lot more scope for designing new ionic liquids with improved properties
which can make them ideal solvents for every possible nucleoside reaction.
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Solubility comparison of ribonucleosides in different ILs and organic solvents.
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BzCN
15 0. B MOEMIMOMs,RT B0\ O B
1.5-2.5 hr
ot o OBz H/OBz
B=AT, GorC 65-96% yield
Scheme 1.

Selective O-benzoylation of ribo- and 2’-deoxyribonucleosides in IL [MOEMIM][OMs]
using benzoyl cyanide as benzoylation agent.
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Benzoic anhydride
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65-96% yield

Scheme 2.
Selective O-benzoylation of ribo- and 2’-deoxyribonucleosides in IL [MOEMIM][TFA]
using benzoic anhydride as benzoylation agent.

Biochimie. Author manuscript; available in PMC 2011 November 13.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Kumar et al. Page 14

O~ N /
.0 N
2'.3'-anhydrothymidine daT
a b
NaH/IL/ 100 °C  'BuOK/IL/RT
Solvents time (min) / time (min)/
Yield (%) Yield (%)
[MOEMIM][OMSs] 10/89 360/55
[MOEMIM][TFA] 5/93 360/60
[BMIM][TFA] 10/91 360/62

Scheme 3.
Synthesis of d4T in ILs.
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Solvent time(hrs) Yield(%)*

[MOEMIM][OMSs] 1.0 70
[MOEMIM][TFA] 1.5 52
[BMIM][TFA] 1.5 56

Scheme 4.
Synthesis of BVDU in ILs.
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a) Ac;0, DMAP, IL, RT; b) CF3;COOH (2.5eq.), XeF; (2.0 eq.), IL, RT; (c) 7.0N NH;/MeOH

Reaction (a) Reaction (b)
Solvents time(min)/yield(%)* time(min)l/yield 9%)*
[MOEMIM][OMs]  20/91 60/35
[MOEMIM][TFA] 25/90 60/40
[BMIM][TFA] 25/90 60/36

Scheme 5.
Synthesis of TFT using ILs.
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Synthesis of 5-halouridines and 5-halo-2’-deoxyuridines in ILs.
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Scheme 7.

IL mediated C-5 halogenation of: (a) uridines and (b) cytidines
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