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1. Introduction

Nucleosides are structural modules of nucleic acids and
therefore of fundamental importance in all living systems [1,2].
They have been playing a major role in treating tumor and virus
either as selective inhibitors of certain obligatory enzymes for
cancer or viral replication [3], or as nucleic acid chain terminators
which interrupt the replication of cancer cells or a virus [4]. The
emergence of acquired immunodeficiency syndrome (AIDS)
stimulated extensive antiviral research in the past several decades.
The study of anti-HIV chemotherapy has promoted a rapid
progress of medicinal chemistry, molecular virology as well as
an understanding of the mechanism of action of antiviral agents.
Currently, about 40 compounds have been approved by the FDA for
the treatment of AIDS, hepatitis B and C, and infections by herpes
viruses. Among the antiviral agents, nucleoside analogs have
played a major role.

The selective introduction of a fluoro group into biologically
active molecules has received much attention by medicinal
chemists. Several efficient synthetic methodologies for the
selective formation of the C-F bond have been developed [5].
The reason for the incorporation of fluorine(s) into biologically
active molecules is based on the following characteristics of
fluorinated compounds: (1) fluorine is the second smallest
atom and closely mimics hydrogen without much distortion
of the geometry; (2) fluorine is the most electronegative
element which can serve as an isopolar and isosteric mimic
of a hydroxyl group since the C-F bond length (1.35 A) is close to
the C-0 bond length (1.43 A), as well as fluorine is a hydrogen-
bond acceptor; (3) the strength of the C-F bond exceeds that of
the C-H bond which often results in increased biological and
chemical stability of organofluorine compounds. Therefore, the
selective introduction of fluorine atom(s) into a bioactive
nucleoside as an isosteric replacement of hydrogen or as an
isopolar mimic of hydroxyl group, frequently leads to a
dramatic change in biological activities and becomes an
important strategy in the design and discovery of novel drug
candidates. Currently, there are eight fluorinated nucleoside
analogs being used for the treatment of viral infections and
cancer, and the additional fluoro analogs are also undergoing in
clinical trials.

In view of the progress in the medicinal chemistry of fluorinated
nucleosides and the applications of newly developed methodol-
ogies in fluorination in this field, several excellent reviews on the
synthetic aspects of sugar-fluorinated nucleosides have been
recently published [6]. The present review deals with the synthetic
methodology, structural and biological implication of carbohy-
drate-modified fluoronucleosides.

2. Synthesis of carbohydrate fluorinated nucleosides

In principle, fluorinated nucleosides can be synthesized by
either fluorination of a preformed nucleoside or by the condensa-
tion of a fluorine-substituted glycone with suitable heterocyclic
bases. The first approach is a linear synthetic method, which
provides the original configuration of starting nucleosides, and the
second approach is to condense the fluorine-containing carbohy-
drates with various heterocyclic bases. The second methodology
can provide a variety of fluoro nucleosides, however, the main
limitation of this approach is the poor stereoselectivity in
glycosylation unless the carbohydrates possess a group at the
C2-position, which can promote the stereoselectivity for glycosy-
lation [7]. Therefore, the glycosylation reaction of a 2’-deoxy or
arabinosyl sugar is, in general, cumbersome in synthetic nucleo-
side chemistry [8].
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Fig. 1. Common fluorinating agents.

There are two classes of fluorinating agents (Fig. 1): (i)
nucleophilic reagents with a fluoride ion as a donor, e.g. DAST
[(diethylamino)sulfur trifluoride] Et,NSF3; (ii) electrophilic
reagents, equivalents of F, with a general structure of (RSO,),N-
F or R3N"-F, among which selecfluor is the best representative.

2.1. Nucleophilic fluorinating reagents

Fluoride ion is the smallest anion with the largest negative
charge density, so it generally acts as a hydrogen-bond acceptor
rather than as a nucleophilic agent. Depending on the reaction
environment, the fluoride ion can act either as a poor nucleophile
(in a protic solvent) or as a good nucleophile (in polar aprotic
solvents, especially with large lipophilic cations). Activation of
alcohols with good leaving groups, such as mesylate, tosylate or
triflate, followed by a Sy2 substitution by a fluoride ion has become
a standard method to replace OH with F.

2.1.1. Olah’s reagents: Py-nHF and ‘Pr,NH-3HF

Secondary and tertiary alcohols can be converted to the
corresponding fluorides by Olah’s reagent and a preferential
fluorination of tertiary alcohols over secondary hydroxyl groups is
possible. Py-nHF is more acidic than ‘Pr,NH-3HF, and the
difference leads to their opposite regioselectivity when opening
epoxides 1-1 to fluorohydrins 1-2 and 1-3 (Scheme 1) and opening
aziridines to 3-fluoroamine [9]. The acidic HF and Py-nHF will
open the epoxide ring by H* and neutralization of the secondary
carbocation by F~, while in case of Pr,NH-3HF, the epoxide is
preferably attacked by F~ at the least hindered carbon atom in an
Sn2 process.

2.1.2. DAST (Et,NSF;)

DAST is the most versatile reagent for fluorination in nucleoside
chemistry for a one-step exchange of a hydroxyl group by fluorine.
It can replace primary, secondary, tertiary and allylic hydroxyl
groups by fluorine in excellent yields. For most substrates, Sn2
displacement of hydroxyl by fluorine occurs with a complete
inversion of configuration. DAST can also convert most aldehydes
and ketones to the corresponding gem-difluorides [10].

2.2. Electrophilic fluorinating reagents

When a fluorine atom binds to an electronegative nitrogen
(F-X) which is activated either by strongly electron-withdrawing
groups such as sulfonyl or by positive charges in the same
molecule, it can act as a ‘real’ electrophilic F* for the addition to an
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electron-rich double bond or the replacement of a proton from an
aromatic system (Scheme 2) [11].

As a dication, selecfluor has much higher reactivity than NFSI
(Fig. 1). It is a stable, easily handled, solid electrophilic
fluorinating agent and soluble in polar solvents, such as MeCN,
DMF, MeNO, and H,O. Selecfluor is an equivalent of F,, but
much more effective and selective. A number of fluorinations of
resonance-stabilized carbanions, phosphonate, 1,3-dicarbonyls,
enol acetates, enol silyl ethers, enamines, aromatics, double
bonds and compounds containing C-S bonds have been
fluorinated by selecfluor under mild conditions. Asymmetric
fluorination is also achieved in the presence of various chiral
catalysts [10].

In nucleoside chemistry, selecfluor is widely used to introduce a
fluorine atom into heterocyclic bases via electrophilic substitution
(Scheme 3) [12,13].

Selecfluor can also selectively fluorinate certain sugar moieties,
which possess electron-rich double bonds via an electrophilic
addition (Scheme 4) [14,15].

The conformation of a furanosyl moiety is believed to play a
critical role with respect to the biological activity of nucleosides.
The structural change caused by the replacement of oxygen or
hydrogen by fluorine is significant and has been employed
to promote biologically active conformations of nucleosides. In
the following section, the synthetic methodology will be focused
on several fluorinated nucleosides at different carbohydrate
positions.

2.3. Nucleosides fluorinated at C2’

2.3.1. Synthesis of 2'-a-fluoro nucleosides

The unique role of the substituent (hydroxyl or hydrogen) on
the C2’-position of nucleic acids as the distinguishing feature
between deoxyribonucleic acids (DNAs) and ribonucleic acids
(RNAs) promoted the investigation of the biological properties of
nucleosides containing substituents other than hydrogen or
hydroxyl groups at this position. Fox and coworkers [16]
synthesized a series of 2’-deoxy-2’-fluoro analogs of uridine, 5-
fluorouridine, thymidine and cytidine by treatment of 2,2’-
anhydro nucleosides with hydrogen fluoride (Scheme 5).

This is the first example of a nucleoside with a fluorinated
carbohydrate, and the Sy2 reaction of a 2,2’-anhydro nucleoside by
anhydrous HF became the standard method to introduce a 2’-a-F
moiety into pyrimidine nucleosides [16]. Because HF itself is a
hazardous reagent, the “tamed hydrofluoric acid”, Olah’s reagent,
was used by Shi et al. [17] to fluorinate 2,2’-anhydro nucleosides
(Scheme 6).

In comparison to hydrofluoric acid, Py-nHF is a milder reagent
which can directly fluorinate 2,2’-anhydro-5-fluorouridine (6-1c).
However, an arabinonucleoside (6-3), which can be readily
prepared from (6-1c), can be fluorinated by DAST in excellent
yield. It is noteworthy that 2’-fluoro-2’-deoxycytosine (FdC) (6-6a)
was found to be a potent anti-HCV agent with ECqq value of 5 uM,
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Scheme 4.
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which is more potent than ribavirin, an FDA approved anti-HCV
drug [18]. FdC (6-6a) also exhibits potent antiviral activity against
Borna disease virus (BDV) [19].

Although the fluorination of 2,2’-anhydronucleosides is a short
and direct method to introduce 2’-a-F, the DAST fluorination of an
arabinonucleoside is more versatile. 2’-a-Fluorination of purine
nucleosides [20] and 2’-branch nucleosides [21] can be achieved
only by the second approach (Scheme 7). 2’-Fluoro-2’-methyl
cytosine (7-14) demonstrated potent and selective inhibition of
HCV replication with an ECgq value of 5.4 wM without any toxicity
up to 100 M [21,22].

Taking advantage of electrophilic NFSI, Liotta and coworkers
[23] recently reported a novel 2’-a-fluorinating method (Scheme
8).

NFSI (Fig. 1) is an air stable and easily handleable solid with a
sufficient steric bulk to stereoselectively fluorinate the enolate of
silyl-protected lactone (8-2) in 100% de. The 2’-a-fluorolactone (8-
3) was used as a common intermediate to synthesize a number of
2’ ,3'-dideoxy-2’-fluoro nucleosides [23].

2.3.2. Synthesis of 2'-B-fluoro nucleosides

Introduction of a fluorine atom at the 2’--position of nucleo-
side analogs has produced a variety of interesting antiviral agents
(Fig. 2). FIAC, FEAU, FMAU and their congeners were first
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synthesized in Fox’s group (Schemes 9 and 10) [24] and showed
potent activity against HSV and also demonstrated excellent
activity against hepatitis B virus (HBV), Varicella zoster virus
(VZV), cytomegalovirus (CMV), and Epstein-Barr virus (EBV). In
addition, FMAU showed significant activity against murine
leukemias.

F-ara-A (9-6) was first synthesized by Wright et al. [34]
(Scheme 9) as a fluoro derivative of [3-p-arabinofuranosyladenine
(ara-A), an agent approved by the FDA for HSV-1/2 treatment.
Methyl 2,3-anhydro-5-0-benzyl-B3-p-riboside (9-1) was treated
with KHF;, which gave a mixture of the 3’- and 2’-fluoro-p-
arabinofuranoside (9-2a) and (9-2b) with the 3'-3-F isomer as the
major product. 2’-3-Fluorinated sugar (9-4) was used for coupling
with 2,6-dichloropurine to give nucleosides (9-5) and subse-
quently afforded F-ara-A (9-6). Due to the low yield of the 2-fluoro
sugar (9-2b), Watanabe et al. [24a,b] subsequently developed a
practical synthetic approach to 2-deoxy-2-fluoro-p-arabinose (10-
6) and (10-7) from a readily available p-glucose derivative (10-1,
Scheme 10).

The crucial steps were the fluorination of (10-1) by KF in
acetamide as well as the conversion of 6-O-benzoyl-3-deoxy-3-
fluoro-p-glucofuranose (10-5) into 5-O-benzoyl-2-deoxy-2-fluoro-
arabinofuranose (10-6) by periodate oxidation. A series of
pyrimidine nucleosides, such as FMAU, FEAU and FIAU, were

F
| /T\i
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DMF, o°c 4h Tz OH
HO THPO THPO
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Scheme
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prepared in a large scale for biological evaluation (Fig. 2).
Unfortunately, the phase I trials of FMAU as an antileukemic
agent were terminated due to neurological toxicity [25]. FIAU also
exhibited delayed toxicities due to the interference of mitochon-
drial function resulting in lactic acidosis and hepatic failure [26].

Because of the broad spectrum of biological activities of 2’-F-
arabinofuranosyl nucleosides, a number of structural modifica-
tions of these analogs have been carried out. Chu and coworkers
have demonstrated that the enantiomer of FMAU, .-FMAU (Fig. 2),
is a promising agent against HBV [27]. It showed low toxicity in
rats and woodchucks, potent in vivo antiviral activity against
chronically infected woodchuck (WHV), respectable bioavailability
and showed no significant virus rebound up to 36 weeks after
cessation of the drug treatment. .-FMAU was approved as anti-HBV
drug by the Korean FDA in November 2006 and is under phase III
clinical trials in the USA and Europe. Another interesting congener
is clofarabine which was approved by FDA for the treatment of
acute lymphoblastic leukemia (ALL) [28].

4'-Thio-substituted 2’'--F nucleosides also retain their anti-
viral activity. Machida et al. have reported that 2’-fluoro-4’'-
thioarabinonucleosides are active against HSV-1, HSV-2, VZV, and
HCMV [29]. S-FaraG (Fig. 2) and S-FaraDAP are particularly potent
against all types of herpes viruses and showed a sixfold lower ECsq
value in comparison to ganciclovir against HCMV. A carbocyclic

4~

derivative of FMAU and C-FMAU also showed moderate anti-HSV-
1 activity [30], whereas C-F-ara-A (Fig. 2) is 10-fold more active
than cyclaradine itself against HSV-1 and HSV-2, and is more active
than acyclovir against HSV-2 in mice [31].

The potent antiviral activities of FIAC and FMAU prompted Tann
et al.[32] to develop an efficient method for the construction of the
2’-3-F arabino configuration (Scheme 11). The direct displacement
of 2-imidazoylsulfonate (11-3) with KHF, gave a 63% yield of 2’-3-
F sugar (11-4), and subsequent bromination with 30% HBr in HOAc
produced a quantitative conversion to the 1-a-bromo sugar (11-5).
The exclusive formation of the 1-a-glycosyl bromide (11-5),
attributed to the stabilizing interaction between the unshared
electron pairs on fluorine and oxygen with the o* orbital for the
axial C-Br bond, the so-called “anomeric effect” [33], leads to
preferential formation of 3-nucleosides, and (11-5) is being used as
a standard sugar for the preparation of 2’-deoxy-2’-fluoro-
arabinonucleosides, in particular for pyrimidine nucleosides. It
is noteworthy that the condensation of bromosugar (11-5) or (10-
7) with 6-chloropurines is usually difficult [6,34]. In fact, the
reactions of the sugar (10-7) with some purine bases, such as 6-
chloropurine and 2,6-dichloropurine, give a complicated mixture
of four isomers (7-, or 9-substitued, «,3-anomers) from which the
desired isomer was separated in low yield [28a,35]. Starting from
adenosine, after protecting the 3’,5’-dihydroxyls with a bulky trityl

HQ

O;, - 0.25NH,80, HOy, 0.,

KF IVIeCONHg E 5 -MeOH(1:1) F o BzCl, Py
—_—
21000 rt,10h 0 -15°C 4h
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C
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FEAU X=Et,Y=0H
FIAC X=I,Y=NH,

Scheme 10.
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group to make the furanose ring adopt the C-2’-endo conformation,
Watanabe and coworkers [36] synthesized 2’-deoxy-2’-fluoro
arabinoadenosine (12-3) by TASF fluorination of the 2’-OH in
30% yield (Scheme 12). Accordingly, Mikhailopulo and coworkers
[37] chose a bulky pivaloyl group to protect adenosine, from which
F-ara-A derivative (12-6) was prepared in 31% yield via DAST
fluorination of the 2’-OH.

Although the direct coupling of the bromosugar (10-7) with 2,6-
dichloropurine gave an unacceptable yield [28a], Montgomery
et al. [28b] synthesized and evaluated various 2-halo-9-(2-deoxy-
2-fluoro-B-p-arabinofuranosyl)adenines and found that clofara-
bine (Fig. 2) possessed potent anti-tumor activity. Recently, Bauta

BzO F 2-chloroadenine
o KOBut, MeCN
—_—————
ke t-AmOH,DCE
.
BzO 55°C
11-5 BzO

NH;
N S N =
N N
{ f\/k ¢ ] ry
7 NaOMe,MeOH 52
BzO . ENT N gy NeOMeMeOH o eN

13-1 (55-60%)

et al. [28c| reported an efficient manufacturing process for
clofarabine starting from commercially available bromosugar
(11-5) (Scheme 13).

In view of the interesting discovery of L-nucleosides as
biologically active compounds, the Chu’s group synthesized L-
FMAU and its derivatives [38,39] (Scheme 14) and evaluated these
compounds as potential antiviral agents. From this effort, they
discovered .-FMAU as a potent antiviral agent against HBV as well
as Epstein-Barr virus.

2',3’-Dideoxy nucleosides (ddNs) exhibit potent anti-HIV
activity and several in this class of nucleosides, such as ddI and
ddC, are in clinical use. However, the instability of these

0]

HO  clofarabine (60-65%)

Scheme 13.
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compounds in an acidic media complicates oral administration.
Since the fluorine at the 2’-position of a carbohydrate moiety can
provide acidic and enzymatic stabilities to the glycosidic bond of
nucleosides, a number of 2’-F ddNs have been prepared and
evaluated. The 2’-o-F isomers of ara-ddl and ara-ddA were
inactive, but the 2'-3-F isomers, F-ara-ddl and F-ara-ddA, were
just as potent as parent drugs [6a].

As an efficient method to synthesize 2’-3-F ddNs, a standard
sugar moiety (11-5) [40] and related 2’-deoxy-2’-fluoro arabino-
nucleosides (15-1) [41] were extensively used to synthesize F-ara-
ddNs (15-3) via Barton deoxygenation of 3’-OH (Scheme 15). 2,2’-
Anhydro nucleoside (15-4) can also be used to synthesize a 2'-F-

d4T analog (15-5) and 2’,3’-dideoxy-2’,3'-difluoro arabinonucleo-
side (15-6) [41].

The requirement for tributyltin hydride in the deoxygenation
step is especially troublesome as it results in tin contamination of
the final product. Therefore, some convergent methodologies,
which removed the C-3 hydroxyl group in an early stage of sugar
preparation, were developed to synthesize 2’-3-F ddNs (F-ara-
ddNs).

Taking advantage of the anomeric effect of 2’-(3-F (Scheme 11),
Chu and coworkers [42] developed two practical routes to key
intermediates, 1-a-Br-2'-3-F sugar moieties, (16-4) and (16-8),
for the synthesis of p- and 1-2’,3’-dideoxy-2’-fluoro arabinonucleo-

BzO F BzO F HO phbase
¥ DAST
H3 (0] OH S o HBr/HOAc o) — o
F Br
18- 1 482 76% 16-3(50%) 154 16-5 D-F-ara-ddN
"o 0 = OBz Base F OH
@WOH Acemne = s ¢O§ e Q:o:;
—
CUSQ/% «-ﬁ B

HO " -9L-F-ara-

L-xylose 16-7 16-8 16-9L-F-ara-ddN

Scheme 16.
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Scheme 17.

sides, respectively (Scheme 16). Okabe et al. at Roche [43] also
described another efficient procedure to prepare a similar sugar
moiety (Scheme 17).

In fact, for the synthesis of anti-HIV agents, F-ara-ddA, F-ara-ddI
and their analogs, a variety of methods were developed, such as
fluorination at the C2’-(3-position of the purine 3’-deoxynucleo-
sides [44] and hydrogenation of 2’-F d4Ns [45].

2.3.3. Synthesis of 2',2'-difluoronucleosides

Gemcitabine (2'-deoxy-2’,2'-difluorocytidine) is a clinically
effective anti-cancer agent for the treatment of pancreatic cancer.
It has also shown anti-tumor activity against a wide spectrum of
human solid tumors. Researchers at Lilly [46] described the
synthesis of gemcitabine, which constructed the 2,2-difluoro-p-
ribose moiety using a CF,-containing building block (Scheme 18).
Thus, glyceraldehyde (18-1) was coupled with ethyl bromodifluor-
oacetate under Reformatski conditions to give a 1:3 mixture of (18-
2)and (18-3). The major isomer was hydrolyzed to give lactone (18-
4), which was further converted to 2,2-difluoro-p-ribose (18-6). Due
to the strong electron-withdrawing effect of the 2-gem-difluoro
group, the intermediate (18-6) was converted to the 1-O-mesylate
(18-7), which was condensed with cytosine to afford gemcitabine.

Similarly, Chu and coworkers synthesized a series of 1-2/,2'-
difluoro ribonucleosides [47] and their 3’-deoxy derivatives.
However, none of those showed any antiviral activity against
HIV, HSV and HBV [48].

2.3.4. Synthesis of 2’-fluoro-2',3'-didehydro-2',3'-dideoxy nucleosides
(2'F-d4Ns)

2',3’-Unsaturated nucleosides, d4T and abacavir, are clinically
effective anti-HIV agents and a number of 2'- or 3’-substituted d4N

e

analogs also retain their anti-HIV activity. In particular, introduc-
tion of a fluorine atom at the 2’-position produces compounds with
anti-HIV and anti-HBV activity. Chu and coworkers [49] demon-
strated that a series of 2'F-d4Ns have interesting biological profiles
and 1-2'F-d4C and -2'F-d4FC are among the most potent anti-HBV
agents (Table 1).

As shown in Scheme 19, .- and p-glyceraldehyde acetonide were
subjected to Horner-Emmons reaction in the presence of
fluorophosphonoacetate and NaN(TMS), to give 2-fluoro-o,3-
unsaturated carboxylate (19-2) [49a] and (19-6) [49Db], respec-
tively. The esters (17-2) and (19-6) were cyclized under acidic
conditions to 2-fluorobutenolides, and then transformed to the key
intermediates, acetates (19-4) and (19-8), respectively. Condensa-
tions of the sugar moieties (19-4) and (19-8) with various silylated
purines and pyrimidines were carried out to furnish r- and p-2'F-
d4Ns, respectively.

The synthesis of p- and 1-S-2’F-d4Ns [49c¢,d] started from (S)-
and (R)-2-fluorobutenolide (19-7) and (19-3), respectively
(Scheme 20). Lactone (19-7) was hydrogenated to give butyr-
olactone (20-1). The iodo ester (20-2) was generated from
compound (20-1) which was transformed to thiolactone (20-3).
The key intermediate (20-6), 4-thio-p-ribofuranoside, was
obtained after several manipulations. The condensation of sugar
(20-6) with bases gave exclusive [3-nucleosides by virtue of the
bulky a-phenylselenyl group. Oxidation with mCPBA followed by
pyridine catalyzed elimination afforded p-S-2’F-d4Ns.

The synthesis of p- and .-C-2’F-d4Ns is accomplished through a
lengthy sequence (Scheme 21) [49e]. The ketone (21-1), prepared
from p-ribose in 17-step, was fluorinated with DAST to give a
difluorinated compound (21-2), which underwent elimination in
the presence of potassium tert-butoxide to an allylic ether (21-3).
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Table 1
Anti-HIV and anti-HBV activity of 2'F-d4N analogs

HO OH HO
O O ;s;
F
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F F F F
D-2'F-d4C, B=C L-2'F-d4C, B=C D-S-2'F-d4C, L-S-2'F-d4FC, L-C-2'F-d4A,
D-2'F-d4A, B=A L-2'F-d4F C, B=5FC B=C B=5FC B=A
Compound Activity (ECso, LM) Toxicity (ICsg, WM)

HIV HBV PMB CEM Vero
p-2'F-d4C 0.82 - >100 >100 >100
p-2'F-d4A 0.44 - >100 >100 >100
1-2'F-d4C 0.51 0.002 >100 >100 >100
L-2'F-d4FC 0.17 0.004 >100 >100 >100
p-S-2'F-d4C 0.12 - >100 >100 >100
L-S-2'F-d4FC 0.15 - >100 >100 >100
1-C-2'F-d4A 0.77 - >100 >100 >100
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Scheme 19.

After debenzylation using sodium metal in liquid ammonia, the
key intermediate (21-4) was obtained which was coupled with
purines and pyrimidines under Mitsunobu conditions.

2.4. Nucleosides fluorinated at C3’

2.4.1. Monofluorinated at C3’

The effect of a single fluorine atom at various positions of the
carbohydrate moiety in dideoxy nucleosides as reverse transcrip-
tase inhibitors has been investigated extensively. The structure-
activity relationships for these monofluoro ddNs show that a sugar
moiety, a fluorine atom at positions 3’-“down” or 2’-“up”
correlates well with anti-HIV activity. On the other hand, fluorine
atoms at the same positions, but with inverted stereochemistry,

namely 3'-B-F or 2’-a-F configurations,
inactive compounds [50].

A number of 3’-a-fluorinated ddNs display potent antiviral
activity (Fig. 3). 3/-a-Fluoro-2’,3’-dideoxyuridine (FddU) demon-
strated anti-HIV whereas ddU is inactive, and the 3’-a-F
substitution of ddG (FLG) has higher anti-HIV activity in
comparison to the parent nucleoside in MT-4 and CH3 cells
[51]. FAdT (FLT) is one of the most potent inhibitors of HIV reverse
transcriptase (HIV-RT) [52]. Unfortunately, FLT produces profound
toxic effects. However FAdCIU demonstrated significant anti-HIV
activity with low cytotoxicity in human leukemic cells as well as in
bone marrow progenitor cells [53a]. FddCIU is also active against
HIV strains resistant to AZT, ddl, ddC and 3TC [53b]. FddG and -
FddC have also demonstrated their anti-HBV activity [54,55].

generally produced
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Scheme 20.
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Fig. 3. Biologically active 3’-a-fluorinated 2’,3’-dideoxy nucleoside analogs.
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Two approaches are used for the synthesis of 3’-aF-ddNs: (i)
transformation of natural 2’-deoxyribonucleosides [56] or ribo-
nucleosides [57] to the desired dideoxyfluoro derivatives, and (ii)
coupling of heterocyclic bases with suitable sugar moieties
containing 3’-aF- [58] or a C3-xylo-hydroxyl group [59], which
may be replaced by a fluorine atom. Natural ribonucleosides,
although being the most synthetically accessible nucleosides, are
less amenable for the synthesis of 3’-aF-ddNs, probably due to
lengthy transformation procedures. However, two recently pub-
lished methods are of interest, in which Robins et al. [60]
developed a facile sequence with deoxygenative [1,2]-H shift
rearrangement as the key step (Scheme 22). The transformation

&

23.2 (88%)

HO A

(1 )MeC(OMe)3
(0]

HO (Z}AcBr

2341
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o) BUESnHIAIBN
7/; “NHyMeOH |
F

23-6 (86%2-step)

OH

23-5

Scheme

NH2NH2H20 2N -SF3

from ribonucleoside (22-2) to 2’-deoxy xylonucleoside (22-3)
consists of a [1,2]-hydride shift with the departure of a leaving
group from the opposite face. Transient formation of a C=0 group
is followed by rapid transfer of a hydride-equivalent from the same
face from which the leaving group departed, which results in a
double inversion of the stereochemistry at the two vicinal carbon
atoms. Thus, 3’-aF-ddNs (22-6) were prepared from ribonucleo-
side (22-1) in six steps in good yield.

Takamatsu et al. [61] described another facile six-step
synthesis of 3’-aF-ddNs using a similar deoxygenative rearrange-
ment which involved a [1,2]-bromo shift during 3’-a fluorination
(Scheme 23).

AcO Adenine

Br I?zr

0

OSF,NR;
23-3(70%)

Rearrangement lﬂuorlnauon

‘l r Adenine

23-4 (86%)

23.



754

o)
& 5 W [O)‘CHZMgBr
—_—

(2)DMSO,(CICO)
CHO
244

0] 5steps
oy 2
OH
OH

L-arabinose
HO B

F
24-10

o

2-Deoxy-Dribose

L-Arabinose

D-Ribose

P. Liu et al./Journal of Fluorine Chemistry 129 (2008) 743-766

Y

0 O/w _DAST_Q o o/w )0.2MHCI BzO  OH o/ﬁ o BzO o
—_— OAc
2)BzCI (2)H2S04,Ac20
F HOAc,15min F
o] F 245
24-2 244
0] OBz
HO HCl Swern _()DAST F
MeO AcO 0
OH 2 BzCl Ac20
OH st04
249 F
246 247 24-8
, BzO— OBz , 8 OH
-step o) F -step E
- bOAC Acod - = kog
F s F
B=T.C,UA,G 2411
Scheme 24.
TolO BnSH, TolO SBn TolO SBn
steps BF3Et0 OH Tf,0 F ot
OMe - SsBh ——m SBn
CH.Cl, F 2 6-lutidine F
25-1 25-2 253
BaCO,
TBAI
B G oTol 0Tol
F F F
d | Ao ~— BrswS
F F F
256 B=UT,C AG 25 25-4
B
o Bz0— HO—
oy e | oo | —— s
OH
F F
OH 257

2-Deoxy-L-ribose

25-9

25-10

25-8B=U,T,C,A G

TBDF’SOT —|

25-11 25-12B=U,T,C,A G

HO o OTr  pasT g[OTr E OTBDPS B g OH
OH 4"___ e — —
H
HO  OH B o Eng F © F F

D-Ribose

2513

25-14

Scheme 25.

2515 2516 B=U, T,C,A G



P. Liu et al./Journal of Fluorine Chemistry 129 (2008) 743-766 755

0 0 BrF,C~ X (1)BnClI 3
— = 0 = _—> 0 p OH 0 . OH
I DMF it o F (2)mMCPBA 5 F * o F
CHO F F F
241 26-1(80%) 26-2 26-3
HO BzO F BzO OAc OBz B OH
? F / - F
F 0 - o Deoxy-Fluor F 0 H OAG 0 0 F
- D — -
E
F OH F OAc BzO F HO F
26-6 B=U,T,C,A 26-5 (88%) 26-4 26-7 26-8B=U,T,C,A
Scheme 26.

2.4.2. 3,3'-Difluoro and 3'-fluoro-2',3'-didehydra-2',3'-dideoxy
nucleosides (3'F-d4Ns)

For the synthesis of 3/,3’-difluoronucleosides, two methods are
used for a CF, introduction: (i) difluorination of a carbonyl group
(C=0); (ii) construction of appropriate sugar moieties with CF,-
containing building blocks. The former is a direct and facile
approach, but only applicable to cyclic ketone substrates with less
steric hindrance (no substituent adjacent to carbonyl group).

Chu and coworkers [62] developed a general synthetic method
to prepare both p- and 1-2’,3’-dideoxy-3’,3’-difluoronucleoside and
their analogs (Scheme 24). Resorting to difluorination of an
appropriate ketone, the key CF,-containing sugar intermediates
(24-5) or (24-9) were prepared, which were subsequently
condensed with bases to afford the corresponding 3’,3'-difluor-
onucleosides (24-10) and (24-11), respectively.

Using the same strategy, Chu and coworkers also synthesized
thiosugar [63] as well as carbocyclic analogs [64] of 2/,3’-dideoxy-
3',3’-difluoronucleosides (Scheme 25). None of the synthesized
nucleosides showed any antiviral activity.

For the preparation of 3’,3’-difluoronucleosides bearing vicinal
2’-OH, Qing and coworkers [65] provided a stereoselective
procedure using a CF,-containing building block (Scheme 26).
The method involves a sequence that includes a coupling reaction
of a gem-difluorohomoallylic metallic reagent with p-glyceralde-
hyde acetonide, sharpless asymmetric dihydroxylation of the
resulting homoallylic alcohol, followed by a stereoselective ring
forming reaction provided both p- and L-3’-deoxy-3’,3’-difluoror-
ibonucleosides (26-6) and (26-8).

Like 2’F-d4Ns (Table 1), 3’-fluoro-2’,3’-unsaturated nucleosides
and their 4’-thiofuranosyl analogs as well as carbocyclic analogs
were synthesized via an elimination reaction of 3’,3’-difluoronu-
cleosides, which were synthesized as described in Schemes 24 and
25, in the presence of ‘BuOK (Scheme 27), and their antiviral
activity were evaluated [62-64] (Table 2).

The complete SAR study of the synthesized 3’F-d4Ns showed
that several compounds possess potent anti-HIV activity (Table 2)
[62-64]; p-3'F-d4C and p-3'F-d4A show modest anti-HIV activity in

HO F B KOBut HO B
X —_— X

HO cells, whereas L-3'F-d4C, L-3'F-d4FC and their 4’-thio analogs, L-
S-3'F-d4C, 1-S-3'F-d4FC, exhibit potent anti-HIV agents without
significant toxicity. Carbocyclic p-3’F-d4G also exhibited potent
anti-HIV activity (ECsp 0.4 wM). In addition, p-C-3’F-d4G and 1-3'-
d4C showed significant activity against lamivudine-resistant virus
(H[V']M184V) in PBM cells.

The 2’,3’-double bond along with the fluoro group significantly
enhanced the antiviral activity of the nucleosides (Tables 1 and 2)
[66]. Recent modeling studies (Fig. 4a) [67] highlighted the
additional hydrophobic interaction mediated by the 2’,3’-double
bond with the active site residue (Tyr115) of HIV-1 reverse
transcriptase to enhance the overall binding affinity. Further, the
fluoro group at 2’-position orients the sugar moiety towards
Met184 residue and reduces antiviral potency in M184V (Fig. 4b)
[67]. In another study, the fluoro group at the 3’-position reveals a
different biological profile for p- and L-nucleoside. The L-nucleo-
sides such as 1-S-3'F-d4C showed potent anti-HIV activity while b-
S-3’-d4C was found to be inactive. Modeling studies (Fig. 5) [63]
suggest the favorable binding mode of .-S-3’F-d4C in the active site
without any steric hindrance with Met184, while the p-S-3'F-d4C
displays an unfavorable overall conformation due to presence of
the intramolecular interaction between 3’F and 3-phosphate.

4'-Substituted nucleosides are believed to function as ‘delayed
chain terminators’ [68] which arise from the rigid north-conforma-
tion of their sugar rings [69] and have a novel anti-HIV mechanism
which differs from the conventional 2’,3’-dideoxy nucleosides. Ohrui
et al. [70a] reported a number of 4’-ethynyl-2’-deoxy nucleosides,
some of which were identified as among the most potent anti-HIV
compounds which blocked the replication of a wide spectrum of
laboratory and clinical HIV-1 strains. In view of this observation, Chu
and coworkers [71] also synthesized p- and 1-4'-ethynyl-3’-fluoro
2/,3’-unsaturated nucleosides (28-11) and (28-12)(Scheme 28).

Fluorine-containing lactone (20-1), which was prepared form p-
glyceraldehyde acetonide (19-5), was converted to the o,p-
unsaturated ketone (28-4), the key intermediate, which was
subjected to the standard Grignard reaction with ethynylmagne-
sium bromide to give a separable mixture of (28-5) and (28-6) in a

B _[OH koBu B OH
ch;g _— ki%
F

F F F
24-10 X=0 D-3'F-D4NsX=0 B=UT.CAG 24-11 X=0 L-3'F-d4NsX=0

25-8 X=S D-S-3'F-d4NsX=S e 25-6 X=S L-S-3'F-d4NsX=S
25-12 X=CH, D-C-3'F-d4NsX=CH , 25-16 X=CH, L-C-3'F-d4NsX=CH ,

Scheme 27.
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Table 2
Anti-HIV and anti-HBV activity of 2'F-d4N analogs

B OH B OH HO G

F F F
d4C, B=C

L-3'F-d4C, L-S-3'F-d4C, B=C )
L-3'F-d4FC, B=5FC L-S-3'F-d4FC, B=5FC D-C-3'F-d4G
Compound Activity (ECsg, LM) Toxicity (ICsg, WM)

HIV-1 M184V PBM CEM Vero
1-3/F-d4C 0.089 2.4 >100 >100 >100
1-3'F-d4FC 0.018 - >100 >100 >100
1-S-3'F-d4C 0.13 - >100 >100 >100
1-S-3'F-d4FC 0.031 - >100 >100 >100
p-C-3'F-d4G 0.41 3.8 >100 >100 >100

ratio of 3:2 with a total yield of 72%. Tertiary alcohol (28-5) and
(26-6) underwent a series of reactions including the deprotection,
oxidation, and acetylation to furnish the p- and L-3-fluoro-2,3-
unsaturated-4-ethynylfuranose (28-9) and (28-10), respectively.
p- and L-4’-Ethynyl-3’-fluoro-2’,3’-unsaturated nucleosides were
thus synthesized from (28-9) and (28-10). Unfortunately, none of
these nucleosides showed any potent anti-HIV activity.

2.5. Nucleosides fluorinated at C4'

Although natural nucleocidin (Scheme 29) was isolated in 1957,
4’-substituted nucleosides were not identified as a new class of
anti-HIV nucleosides until Maag et al. [72] found that 4’-azido-2’-
deoxythymidine (4’AZT) exerted potent activity against HIV-1 in
1992. Extensive structure-activity studies found that other
substituents, such as methyl, fluoromethyl, ethynyl and cyano at
4'-position also exhibited high antiviral activity against HIV [73].
The unique anti-HIV activity of these nucleosides may be due to the
rigid north-conformation of their sugar rings which related to 4'-
substitution.

(a)
DAT D4FC |
T~

B
3.5A 35A
— Tyrii5———

2’Fd4C 2’F-4Sd4C Carbovir
35A

Tyr115

As shown in Scheme 29, Moffatt and coworkers [74] developed
a method for the introduction of fluorine atom at the C4’-position
from 4',5'-dehydronucleoside (29-2). Thus, the 4',5'-olefin (29-2)
was subjected to electrophilic addition of iodine fluoride which
gave a mixture of 4’- and 5'-fluorinated nucleosides unselectively.
The desired 4’-fuoro-5'-iodo nucleoside (29-3) is the key inter-
mediate for nucleocidin. The 4/,5'-dehydronucleoside can also be
converted to the 4’'-B-OH intermediate (29-4), followed by
selective introduction of the 4’-a-F by fluorination with DAST.

Hong et al. [75] reported the synthesis of a chiral fluorine-
containing building block (30-3), which was utilized in the
convergent synthesis of 4’-fluorinated apionucleosides (30-6) [75]
and carbocyclic 2’,3’-dideoxy nucleosides (30-12) [76] (Scheme 30).

2.6. Nucleosides fluorinated at other positions
2.6.1. C6'-fluorinated carbocyclic nucleosides
Carbocyclic nucleosides are quite unique and as a result it is

difficult to identify biologically active agents with respect to their
furanose counterparts [77], probably due to their different

(b)

Fig. 4. (a) 2/,3'-Double bonds of (D4T, D4FC, 2'Fd4C, 2'F-4'Sd4C and carbovir) are separated from the aromatic side chain of Tyr115 by 3.5 A situated in parallel by the
hydrophobic -1 interaction. (b) No steric hindrance is found between 4’-CH, group (blue) of carbovir with Val184. However, 2'F-4'Sd4C with 4'-sulfur (red) experiences
steric hindrance. L-Configured 3TC (yellow) also has steric hindrance with Val184. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)
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(a) 4
Met 184

L-3’-F-4'S d4CTP

©

Met 184

D-3-F-4'S d4CTP
D-2-F-4'S d4CTP

(b)

 Val1s4

L-3'-F-4’S d4CTP

Template

Fig. 5. (a) .-3’F-4/Sd4C binds in the active site without steric hindrance with Met184. 3'-F showing H-bond with NH of Asp185. (b) .-3'F-4'Sd4C in M184V HIV-1-RT, showing
steric hindrance with V184. (c) 3'-F group of p-3'F-4'Sd4C showing intramolecular interaction with 3-phosphate causing unfavorable binding conformation.

conformational factors of the carbocyclic ring. The way to make the
conformation of the carbocyclic ring similar to their furanose
equivalents would be to put electronegative substituent(s) such as
a fluorine atom into the ring. The CF, group has been suggested by

Blackburn et al. [78] as an isopolar and isoteric substituent for
oxygen. Thus Qing and coworkers [79] synthesized 6',6'-difluoro
d4U (Scheme 31). The key intermediate, gem-difluorinated 2,3-
unsaturated cyclopentyl alcohol (31-5), was prepared from (Z)-
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but-2-ene-1,4-diol via ring-closing metathesis, and the introduc-
tion of gem-difluoromethylene group was accomplished by a
silicon-induced Reformatskii-Claisen reaction of chlorodifluoroa-
cetic ester (31-1).

a-Fluorination of the cyclopentanone derivative with selecfluor
is another way to synthesize 6’-fluoro carbocyclic nucleosides.
Samuelsson and coworkers [80] described an asymmetric synth-
esis of 6'-a- and 6’-3-monofluorinated carbanucleosides (Scheme
32). Thus, silylenol ether (32-2) which was prepared from
cyclopentanone was treated with selecfluor in DMF to give 1:1
inseparable mixture of the fluoroketones (32-3) and (32-4).
Selective reduction of the ketone gave two diastereomeric
alcohols, the key intermediate (32-5) and (32-6) for 6’-fluoronu-
cleosides, in 41 and 49%, respectively.

2.6.2. Nucleosides bearing exocyclic fluorocarbon substituents

The influence of a trifluoromethyl group in biologically active
molecules is often associated with its increased lipophilicity. In
addition, its electronegativity (similar to fluorine) and the size (in
between methyl and isopropyl) are also contributing factors. The
unique nature of the fluoromethyl group has prompted interestin the
synthesis of nucleosides bearing exocyclic fluorocarbon substituents.

Several methods have been described in the literature for
introducing a CF5 group into nucleoside analogs [81]. However, the
utilization of Ruppert’s reagent, (trifluoromethyl)trimethylsilane
(TMSCF3), as a nucleophilic trifluoromethylating reagent is rapidly
becoming the method of choice. Such methodology requires the
previous preparation of a suitable 2- or 3-keto sugar intermediate,
which then accepts the nucleophilic attack of CF; carbanion. 3’-
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Trifluoromethyl nucleosides were reported [82] (Scheme 33) via
this method. The Barton-type deoxygenation of the unreactive
tertiary hydroxyl function using imidazole-1-thiocarbonyl or the
phenoxythiocarbonyl derivative was unsuccessful. However, with
amodification of the radical deoxygenation using the methyloxalyl
ester derivative, the tertiary hydroxyl group (33-2) underwent
stereospecific deoxygenation wherein the hydrogen atom abstrac-
tion from BusSnH occurred from the (3-face to give 3-trifluor-
omethylated sugar (33-3) in good yield. Similarly, a CF3 group can
be introduced at the C2-position of a sugar to prepare 2’'-
trifluoromethylated nucleosides [83].

The carbonyl group in the sugar unit can also be utilized to
introduce a difluoromethyl group via a Wittig-type reaction or a
nucleophilic addition with a CF,-containing reagent. Serafinowski
et al. [84] treated 2’-oxo (or 3’-oxo) nucleosides with bromodi-
fluoro[tris(dimethylamino)] phosphonium bromide and zinc to
afford the corresponding 2’- (or 3’-) difluoromethylene nucleosides
(Scheme 34). The difluoromethylene function of (34-5) can be
transformed to a difluoromethyl group by hydrogenation or by
TBAF-mediated rearrangement.

Besides the above-mentioned Wittig-type olefination with the
reagent generated in situ from CF,Br,/(Me,N)3P, McCarthy et al.
[85] reported a modified Julia’s approach to introduce a
difluoromethylene function at the 2’-keto position (Scheme 35).
The a-face addition of the carbanion of difluoromethyl phenyl
sulfone, PhSO,CF,H, into the protected 2-keto nucleoside (35-1)
gave a sulfone (35-2) in 85% yield. The subsequent reductive
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321 32-2
HO F B TBDPSO
el
B OH
HO TBDPSO
32‘7 32_5

elimination of tertiary mesylate (35-4), prepared from (35-2) in
70% yield using Sml,, was effective to build up the desired
difluoromethylene group at C2’-position.

By choosing a different reductive reagent, sodium amalgam,
Piccirilli and coworkers [86] transformed a CF,-containing sulfone
into the difluoromethyl group instead of difluoromethylene
(Scheme 36), and thus prepared 2’-difluoromethyl ribonucleosides
(36-4). The key steps included nucleophilic addition of difluor-
omethyl phenyl sulfone to 2-keto-ribose (36-1) followed by mild
and efficient reductive desulfonation.

The terminal monofluoro olefinic group (CHF=C-) is a useful
functionality in the design of mechanism-based enzyme inhibitors.
McCarthy and Matthews [87] developed a stereospecific method to
construct a terminal E- and Z-fluoromethylene group from a
carbonyl moiety and found that (E)-2’-fluoromethylene-2’-deox-
ycytidine, (E)-FMC (Scheme 37) shows potent anti-tumor activity
against leukemias and solid tumors. Using the Hornor-Wittig
reaction, 2’-ketonucleoside (37-2) was converted to a mixture of
readily separable fluorovinyl sulfones E- and Z-(37-3), which can
be transformed to fluorovinylstannanes with tributyltin hydride
with retention of configuration. (E)-FMC was obtained directly
from E-fluorovinylstannane in excellent yield.

3. Biological applications of fluorinated nucleosides

Fluorinated nucleosides (Fig. 6) exhibit a wide variety of
biological activity and have been used extensively as anti-tumor
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[88] and antiviral [89] agents. In many cases, the stability of the
nucleoside analog, particularly the stability of the glycosyl bond, is
an important factor determining the biological activity as well as
the therapeutic usefulness of nucleosides as drug candidate.
Fluorine substitution at the 2’- or 3’-position of a sugar is known to
increase the chemical stability of nucleoside analogs, particularly
in an acidic environment [49b]. Fluorine substitution also has a
favorable effect of increasing the metabolic stability [62]. These
findings suggest the importance of a fluorine moiety in the
nucleoside as therapeutic agents. Thymidylate synthase (TS),
ribonucleotide diphosphate reductase (RDPR) and viral poly-

merases are the major targets by fluoronucleosides and fluor-
oheterocyclic bases [90].

3.1. Antiviral activity of fluoronucleosides

Viral polymerase is one of the most common and established
targets of nucleoside reverse transcriptase inhibitors (NRTIs) in
antiviral therapy [91], and the presence of a fluoro group in the
nucleoside makes it unique in terms of their chemical, biological
and structural properties [92]. For the past several years, Chu and
coworkers have been involved in understanding the molecular
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mechanism of HIV and HBV polymerases and their interaction with
nucleoside triphosphates using molecular modeling techniques
[93]. Several fluoro nucleosides have been also investigated in
terms of their structural and biological profile as polymerase
inhibitors. A right-hand structure (fingers, palm, and thumb
subdomains) were assigned for the structural model of polymerase
(Fig. 7) with respect to HIV reverse transcriptase crystal structure
[94].

Polymerase catalytic residues are highly conserved [95] and are
responsible for the interaction with the template, primer and
incoming nucleoside triphosphate. The NRTIs include those
compounds which can mimic endogenous pyrimidine or purine
nucleosides, and all of them require an intracellular phosphoryla-
tion to their triphosphate forms for activity. The first phosphor-
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(2) Nalo, Ph” " CHs  (2) Oxone
73%
NH2 NH»>
AN NN

ylation step, often considered as rate limiting, is dependent on
deoxynucleoside kinases, such as thymidine kinase (TK), deox-
ycytidine kinase (dCK) and deoxyguanosine kinase (dGK). Deox-
ycytidine kinase does not discriminate between the enantiomeric
(p and 1) forms of substrates and is able to phosphorylate L-
nucleosides in a number of cases [96].

Clevudine (.-FMAU a 3-1-2'-fluoro-thymidine) is an r-nucleo-
side of thymidine with potent anti-HBV activity [97]. .-FMAU
requires step-wise biotransformation to its triphosphate form to
exert its pharmacological activities (Scheme 38) [98]. The
monophosphorylation is catalyzed by thymidine kinase along
with deoxycytidine kinase [99]. The diphosphate formation may be
associated with thymidylate kinase (TMPK) activity [100] and
finally triphosphate formation is carried out by 3-phosphoglyce-
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palm

Fig. 7. A viral polymerase model structure with DNA double strand (primer and template) and natural nucleoside, highlighting the position of catalytic polymerase site.

rate kinase [101]. Experimental evidence suggests that there is no
incorporation of -FMAU into DNA (Scheme 38) [102], an
observation that makes this molecule unique in contrast to other
nucleoside anti-HBV agents.

In addition, .-FMAU does not inhibit human cellular polymerases
and does affect mitochondrial function or host DNA synthetic
machinery [102]. The toxicological studies in mice (50 mg/kg per
day) and woodchucks (10 mg/kg per day) suggest no apparent
toxicity [97]. The short-term oral administration of .L-FMAU to a duck
model induced a significant decrease in the level of viremia, without
liver toxicity [103]. Another study that included dose-dependent
responses in woodchuck showed no drug-related toxicity and
exceptional potency against chronic HBV infection [104].

L-FMAU (clevudine) is an oral antiviral agent for the treatment
of chronic HBV that has been shown to be well tolerated and has
demonstrated potent antiviral activity in clinical studies [105].
Clevudine has been approved for the treatment of chronic hepatitis
B virus infection in South Korea in 2006 and is currently
undergoing Phase III clinical trials in the US and Europe. Recent
phase Il clinical trials for 24 weeks [106] at 30 mg clearly
demonstrated a potent and sustained antiviral effect associated
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with sustained normalization of alanine aminotransferase (ALT)
levels. This sustained antiviral effect after discontinuation of the
drug makes this molecule a unique antiviral agent in comparison to
other approved anti-HBV agents. The plausible mechanism of
sustained viral suppression may be attributed to the reduction of
intrahepatic cccDNA [107]. In addition, immunological factors
might be another reason for a sustained anti-HBV activity. These
combined mechanisms along with the favorable pharmacokinetic
properties may be the reason for the unique antiviral properties of
clevudine. Emtricitabine (Fig. 6) is another important 5-fluorinated
nucleoside that acts as a NRTI, approved for the treatment of HIV
infection. A potential disadvantage of this agent is that it may be
ineffective against lamivudine-resistant HBV strains and may be
associated with the development of similar HBV-resistant
mutants. Elvucitabine (3-1-Fd4C) is another fluoro nucleoside in
phase II as a NRTL

3.2. Anti-cancer activity of fluoronucleosides

Among the important nucleoside analogs [108], fluoronucleo-
sides are well documented and explored as potential anti-cancer
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Scheme 38. A plausible metabolic path of .-FMAU as a HBV polymerase inhibitor.
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agent [109,110]. It has been suggested that the induction of
apoptosis is the final pathway through which these drugs exert
their anti-cancer activity [111]. These nucleoside analogs mimic
natural nucleosides in terms of uptake and metabolism. Further,
they can incorporate into newly synthesized DNA resulting in
chain termination. Some of these drugs also inhibit key enzymes
involved in the biosynthesis of purine and pyrimidine nucleotides
and RNA synthesis as well as directly activate the apoptosis as an
anti-cancer agent.

A recent study showed the importance of one of the fluoro
nucleoside, clofarabine [2-chloro-(2-deoxy-fluoro-f3-p-arabino-
furanosyl)adenine], as a developed new-generation nucleoside
analog for acute lymphoblastic leukemia [112]. Like other
nucleoside analogs, clofarabine exerts its anti-cancer effect by
inducing “apoptosis” by blocking DNA synthesis as well as through
inhibition of DNA repair [113].

Clofarabine is a newer generation nucleoside anti-cancer agent
related to fludarabine. Fludarabine phosphate (Fig. 6) [114] is a C2-
fluorinated analog of a purine nucleoside antiviral agent vidar-
abine (ara-A). Unlike vidarabine, fludarabine phosphate is resistant
to deamination by adenosine deaminase. Fludarabine phosphate is
a water-soluble prodrug that is rapidly dephosphorylated to 2-
fluoro-vidarabine (2F-ara-A). 2F-ara-A is actively transported into
cells and is then rephosphorylated via deoxycytidine kinase to the
active triphosphate derivative 2F-ara-ATP. 2F-ara-ATP competi-
tively inhibits DNA synthesis via inhibition of DNA polymerase,
ribonucleotide reductase, DNA primase, and DNA ligase. 2F-ara-
ATP prevents elongation of DNA strands through direct incorpora-
tion into DNA as a fraudulent nucleotide. The degree of inhibition
of these enzymes is stronger in the case of clofarabine. The
monophosphorylation of clofarabine is substantially more efficient
than that of fludarabine [115]. In addition, intracellular retention of
clofarabine triphosphate in acute myeloid leukemia (AML) is
longer than that of fludarabine, which contributes to the higher
potency of clofarabine as an anti-cancer agent. In addition to its
potential effect it can also be given in combination with other anti-
cancer agent such as cytarabine [116]. In recent years, a
combination of radiotherapy and chemotherapy has emerged as
a potential approach in cancer therapy. The current experimental
evidence showed that a moderate dose of clofarabine along with
radiotherapy led to a significant inhibition of tumor growth [117].
This result suggests the potential of clofarabine as a significant
radiosensitizer.

Other well-known fluoronucleosides, such as 5-fluorouracil (5-
FU), have been used for the treatment of cancer for about 60 years
[118]. 5-FU inhibits thymidylate synthase, interrupting the action of
an enzyme that converts 2’-deoxyuracilmonophoshate (dUMP) to
2’-deoxythyminemonophosphate (dTMP) via C5-methylation. Some
of 5-FU’s principal use is in treatment of colorectal cancer as well as
pancreatic cancer. 5-Fluorocytosine (flucytosine) is an inhibitor of
sterol C-14 demethylase, an enzyme involved in the biosynthesis of
ergosterol, an element of fungal cell wall. It is being marketed as an
anti-fungal agent [119]. Trifluridine is an anti-herpesvirus drug
acting on thymidylate synthase [120]. It is phosphorylated to the
triphosphate by the virus-encoded thymidine kinase. The tripho-
sphate inactivates the enzyme thymidine synthetase thus inhibiting
DNA synthesis, both in the virus as well as in the host cell. It also
competes with naturally occurring thymidine and gets integrated
into DNA chain, thus producing fraudulent DNA and thus inhibiting
virus replication. Tezacitabine is currently in phase III trial for the
treatment of solid tumors, such as lung, prostate, ovary, cervix and
hematopoietic tissues. Its cytotoxicity has been proposed to
originate from synergistic effects between its triphosphate, a DNA
chain terminator, and its diphosphate, a stoichiometric inactivator
of ribonucleotide reductase.

Another milestone in fluoronucleoside is the development of
gemcitabine (2/,2’-difluorodeoxycytidine, dFdC) as an anti-cancer
agent with a broad spectrum of activity that includes activity
against solid tumors such as pancreatic cancer. It acts by inhibiting
DNA synthesis via competitive incorporation into the growing DNA
[121].1t has also a potential role in the treatment of central nervous
system malignancies both as a cytotoxic agent as well as a potent
radiosensitizer [122,123].

Gemcitabine (Fig. 6) [124] was launched as Gemzar™® by Eli Lilly
in 1996 and is currently approved as a first-line treatment for the
pancreas adenocarcinoma. It is being used in combination with
cisplatin for the treatment of non-small cell lung cancer and with
paclitaxel for the treatment of breast cancer. It is proposed as an
inhibitor of the ribonucleotide diphosphate reductase, a homo-
dimeric enzyme catalyzing the conversion of nucleotides into
deoxynucleotides [125]. It has also been investigated for use in
esophageal cancer, and is also used experimentally in lymphomas
and various other tumor types. A recent study suggests a
differential higher uptake of gemcitabine in brain tumors [126]
and it can facilitate higher cytotoxicity to brain tumor cells.

4. Conclusion

As highlighted in this review, a number of important
pharmaceuticals have been discovered and developed based on
fluorinated analogs of biologically active nucleosides. The intro-
duction of fluorine atom(s) into a nucleoside structure at an
appropriate position, as a mimic of hydrogen or hydroxyl group or
as a fluorinated methyl group, has modulated and/or improved the
pharmacological properties of a molecule with minor stereo-
chemistry changes. With progress in synthetic methodologies for
selective fluorine-introduction, fluorinated nucleosides will likely
continue to be an excellent lead in drug discovery.
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