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Abstract: The FDA has approved several drugs based on the fluorinated nucleoside pharmacophore,
and numerous drugs are currently in clinical trials. Fluorine-containing nucleos(t)ides offer signif-
icant antiviral and anticancer activity. The insertion of a fluorine atom, either in the base or sugar
of nucleos(t)ides, alters its electronic and steric parameters and transforms the lipophilicity, phar-
macodynamic, and pharmacokinetic properties of these moieties. The fluorine atom restricts the
oxidative metabolism of drugs and provides enzymatic metabolic stability towards the glycosidic
bond of the nucleos(t)ide. The incorporation of fluorine also demonstrates additional hydrogen
bonding interactions in receptors with enhanced biological profiles. The present article discusses the
synthetic methodology and antiviral activities of FDA-approved drugs and ongoing fluoro-containing
nucleos(t)ide drug candidates in clinical trials.

Keywords: nucleosides; nucleotides; antiviral; fluoro-nucleosides/nucleotides; ribose sugar;
carbocyclic ring; fluorinated sugar; clinical development; clinical trials

1. Introduction

In the past several decades, many fluoro-containing nucleos(t)ide drugs have been
approved both in antiviral and anticancer therapies [1]. Nucleos(t)ides are fundamen-
tal nucleic acid fragments and are essential molecules for all living systems, including
for the synthesis of DNA and RNA [2]. These molecules also play a significant role as
chemotherapeutic agents in treating cancer and viral infections via selectively targeting
certain enzymes of cancer and enzymes necessary for viral replication [3,4]. In the late 1980s,
the unprecedented condition of acquired immunodeficiency syndrome (AIDS) caused by
the human immunodeficiency virus (HIV) accelerated the discovery and development of
nucleoside molecules as antivirals and since then, several FDA-approved nucleoside drugs
have emerged in clinical practice [5]. Recently, it has been made evident that nucleos(t)ide-
based drugs have played a prominent role in the cure and eradication of the COVID-19
infection, and these molecules have contributed significant aid in helping to overcome the
pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [6].

Medicinal chemists engage in the design and synthesis of modified nucleos(t)ides
with an altered nucleobase or sugar to discover new nucleoside-based therapeutic agents.
The altered nucleobase and sugar techniques increase the selectivity and efficacy of nu-
cleos(t)ides against specific viral enzymes without causing toxicity to the host [3,7]. In
the past two decades, much advancement has been made in the design and synthesis
of modified nucleos(t)ide analogs, and these endeavors invented various new classes of
nucleos(t)ide-based drugs [8]. The selective insertion of fluorine atoms in a naturally or
biologically active moiety often reveals an enhanced biological profile of interest. The elec-
tronegativity of fluorine and its capacity to add an additional hydrogen bond in receptors
has gained much attention in drug design. In the area of nucleos(t)ide drugs, the incor-
poration of a fluorine atom either in the base or sugar also demonstrates better antiviral
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and anticancer activities and several fluoro-nucleos(t)ide drugs are in clinics. It has been
estimated that more than 20% of drug candidates and 50% of agrochemicals contain one or
more F atoms [9,10].

Fluorine is a magical atom in chemistry, which displays diverse pharmacological
effects in biologically active molecules. The unique property of fluorine may substan-
tially change the chemical, physical, and biological properties of active molecules [11].
It modulates and influences the pharmacokinetic and pharmacodynamic properties of
drugs [12]. Incorporating a fluorine atom in organic moiety is beneficial due to its high
electronegativity (3.98 on the Pauling electronegativity scale) [13]. The electronegativity of
fluorine favors a firm and highly polarized C-F bond that improves the stability of small
organic molecules. It also affects the acidic and basic properties of adjacent functional
groups by impacting the overall pK, of the molecule [14]. The greater stability of the C-F
bond compared to the C-H bond can prevent oxidative metabolism, thus making the C-F
bond more resistant to oxidation and degradation than the C-H bond and restricting the
formation of undesired metabolites [15]. The relatively small size of fluorine (van der Waals
radius of 1.47 A) closely mimics hydrogen without changing the geometry of molecules and
demonstrates additional hydrogen bonding to a receptor or enzyme with minimal steric
effects [16]. Fluorine is a bioisostere of hydrogen that expresses better lipophilicity than
hydrogen with a reduced basicity of organic molecules, which enhances the cell penetration
of molecules and drives them for easy delivery to the active site [17]. It also generates
a significant role in the oral bioavailability of drugs via better absorption. Furthermore,
the mentioned rationales underscore the significance of fluorine insertion, elucidating its
pivotal role in drug design and the discovery of novel clinical drug candidates [18].

The presence of a fluorine atom in the ribose or carbocyclic ring of nucleos(t)ide im-
pacts the glycosidic bond strength and increases enzymatic and metabolic stability [19]. It
also affects the dipole—dipole, gauche, and F-base interactions [15]. The potential activity
and stability of fluorinated nucleos(t)ides varies according to the substitution of fluorine
atom(s) in different positions on nucleoside [20]. It is predicated but not proven that fluo-
rine at the 2/-B-position of the ribose favors a south conformation of the molecule and is
linked to DNA virus activity. In contrast, the 2’-a-position favors a north conformation and
demonstrates activity against RNA viruses [21]. The dynamic equilibrium between two fu-
ranose puckering forms is the characteristic 3’-endo/2'-exo or ‘North’ (N) and 2'-endo/3'-exo
or ‘South’ (S) ring conformations [22].

The development of the fluorinated drug 5-fluorouracil (5-FU) as an anticancer agent
prompted extensive interest in developing fluorinated nucleoside /nucleotide analogs (NA)
as therapeutic agents [23]. This has further been accelerated by the rapid development of
synthetic methodologies in organofluorine chemistry. The substitution of the hydroxy or
hydrogen in the sugar part or base of nucleosides by the fluorine atom leads to minimal
steric effects and enhances the metabolic stability of nucleos(t)ides [18]. The present review
article sheds light on the synthesis and antiviral activity of fluorinated nucleos(t)ides. In this
article, we emphasize the synthesis and therapeutic importance of fluorinated nucleos(t)ides
as antiviral drugs, along with candidates that are currently under clinical trials.

2. Synthesis of Fluorinated-Nucleos(t)ides

Two main approaches have been implemented in the synthesis of fluorinated nu-
cleos(t)ides: one is the direct fluorination of the nucleoside moiety (divergent approach),
and the second is a coupling of a fluorinated sugar or nucleobase with each other (conver-
gent approach) [21]. Direct fluorination on the nucleoside is a linear strategy that retains
the original configuration of the nucleoside. However, the coupling of nucleobases or
heterocycles with a ribose sugar or carbocyclic ring limits the construction of the selec-
tive desired B-conformation of the nucleoside and often deals with a poor stereoselective
N-glycosylation or coupling [19].
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3. General Synthetic Approaches for The Fluoro-containing Nucleosides

The N-glycosylation of the fluoro-containing sugar or carbocyclic ring system with
nucleobases is a common strategy. The coupling of the fluorinated sugar with base or
heterocycles is a preferable method, where the direct fluorination on nucleoside is either
not feasible or retains low yields with fluorinating agents. There are several known modi-
fications on ribose and carbocyclic rings at 1/,2/,3 4’ and 5’ that have been reported [3,7].
Among these, 2-deoxy-2'-F-ribo nucleos(t)ides demonstrated potential antiviral activities.
It is well known that the substitution of 2’-OH by fluorine slows or even abolishes the
enzymatic catalysis of the glycosidic bond without changing the nucleoside’s original
confirmation [24,25].

The biological profile of C-2’-transformed nucleosides demonstrates enhanced antiviral
properties of this class of molecules. Initially, Fox and co-workers introduced a series of
2/-deoxy-2'-fluoro analogs of uridine, 5-fluorouridine, and cytidine by treatment of 2,2’-
anhydro nucleosides with hydrogen fluoride [26]. Since then, many strategies have been
invented for the synthesis of 2’-fluoro nucleoside analogs, and these molecules have been
examined thoroughly for biological properties (especially as an antiviral and anticancer
agent). A general strategy for synthesizing fluoro-containing nucleos(t)ide is depicted in
Figure 1.
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Figure 1. A representation of the general modifications at base, sugar, and prodrug forms of the
approved nucleosides or nucleotide molecules, which are either approved drug or in various stages
of clinical development.

The synthesis of the 2’-deoxy-2'-B-fluoro ribanofuranose (ara-F nucleosides) and 2-
deoxy-2'-a-fluoro of nucleos(t)ide analogs are well-explored in the antiviral drug discovery.
The insertion of fluorine at the 2'-position of ribose or carbocyclic rings enhances the
antiviral activity. The convergent approach is more frequently used in the synthesis of
2'-a/ B-fluoro nucleosides. Convergent approaches allow nucleoside chemists to perform
variations in the sugar or carbocyclic moieties in diverse ways. For specific nucleos(t)ides
where a fluorine atom is strategically placed at either purine or pyrimidine bases (as shown in
Figure 1) the desired fluorinated bases are employed in N-glycosylation reactions to synthesize
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the required fluorinated nucleosides. Various drugs have been introduced that contain fluorine
atoms on the nucleobase and are synthesized via a convergent approach [1,3,19].

4. Biological Importance of Fluorinated Nucleos(t)ide

In the past 50 years, based on fluorinated nucleos(t)ide molecules, several clinical
candidates have emerged for the treatment of viral infections and cancers [1,27]. Majorly,
fluoro-nucleos(t)ides and fluoro heterocyclic bases target thymidylate synthase (TS), ri-
bonucleotide diphosphate reductase (RDPR) [28], and viral polymerases by which these
molecules express anticancer and antiviral potency. Installing fluorine in the nucleos(t)ides
also enhances the selectivity and specificity of these moieties towards the viral DNA and
RNA polymerase [29].

5. Synthesis and Antiviral Activity of Fluorinated Nucleos(t)ides

In the past two decades, much progress has been achieved in the synthesis and
development of fluoro-nucleos(t)ides as antiviral agents [30]. Further, the outburst of
emerging viruses has been witnessed in recent years, and a lack of effective antivirals was
slated. SARS-CoV-1 and 2, Middle East Respiratory Syndrome coronavirus (MERS-CoV),
respiratory synthetical virus (RSV), Ebola, Zika, dengue, etc., and the spreading of new
strains of herpes and poxviruses have the potential for a pandemic and epidemic burst [31].
Viral infections may be classified into three main types of infection. The first category
encompasses life-threatening chronic infections caused by the human immunodeficiency
virus (HIV), hepatitis C virus (HCV), and hepatitis B virus (HBV). The second class consists
of acute viral infections such as influenza, and these infections are primarily non-lethal and
self-resolving. The third class includes viral infections that are non-lethal but cause much
economic impact [32].

Nucleos(t)ides represent a special class of molecules for antiviral therapeutics. The
viral polymerase enzyme is a well-established and historically explored target of the
nucleos(t)ides [33]. The presence of fluorine in nucleos(t)ides makes them structurally
unique in terms of various antiviral activities [34]. Mechanistically, nucleos(t)ide analogs
inhibit the insertion of natural nucleos(t)ides either by competing with them or by inhibiting
the viral polymerase enzymes. In general, nucleosides convert into the 5'-triphosphate form
to exert biological activity. The viral polymerase catalytic residue expresses an essential role
in the interaction with the primer and in the insertion of incoming 5'-phosphate nucleotides
for chain elongation [35]. In the effort of viral inhibition, nucleosides demonstrate a
two-way mechanism; they inhibit either the activity of viral polymerase or terminate the
chain elongation of growing DNA or RNA strands and, in some cases, both. Based on
the structural modification, several clinical candidates have been invented. Fluorinated
antiviral nucleos(t)ide analogs and derivatives which are approved by the FDA, candidates
under clinical trials, and molecules that exhibited potent antiviral activity are depicted in
Figure 2.
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5.1. Trifluorothymidine (TFT, 1)

(o)

oy

OH

Trifluorothymidine (TFT)
(1)

5-(trifluoromethyl)-p-D-2'-deoxyuridine, [CF3dUrd, (TFT)], known as trifluridine (Vi-
roptic TM), is an antiherpetic drug approved by the FDA in 1980. TFT is used to treat eye in-
fections caused by herpesviruses [36,37] and also exhibits antitumor activities [38,39]. Mech-
anistically, TFT converts into TFT-MP (monophosphate) by the thymidine kinase enzyme,
which on further phosphorylation by cellular kinases, converts into active TFT-TP (triphos-
phate). After that, TFI-TP incorporate into viral DNA and inhibits viral DNA synthesis [40].
TFT also exhibits potent antiviral activity against herpes simplex virus (HSV-1 and 2), and
it is prescribed to treat herpes simplex keratitis, keratoconjunctivitis, and other herpetic eye
infections [41]. Additionally, the combination of trifluorothymidne/tipiracil is used for the
treatment of metastatic colorectal cancer [42—44].

Initially, for the synthesis of TFT, several conventional methods were reported in the
literature, such as enzymatic nucleic base transfer [45], the late-stage installation of triflu-
oromethylation on the nucleobase of 2’-deoxy-5-halouridine, and deoxyribose coupling
with a silylated trifluoromethyl base [45,46]. These methods were not efficient for large-
scale synthesis. Therefore, Kawakami et al. [47] reported a stereoselective glycosylation of
chloro-sugar 16 with silylated 5-trifluoromethyl uracil trifluorothymine 15 in the presence
of zinc chloride (ZnCly, Scheme 1). This procedure has drawn great attention in synthesis
to obtain the major desired B-isomer (18, in 75% yield) and minor undesired o-isomer (17,
in 25% yield). The deprotection of the p-Cl benzoyl group of 18 in basic sodium methoxide
conditions followed by the crystallization of crude in absolute ethanol affords TFT 1 in
good yields.

F,C
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| e
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15 16 ] 18 : -
Trifluorothymidine
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(25%) (75%)

Scheme 1. Synthesis of trifluorothymidine (TFT): (a) HMDS, 1,2-dichloroethane, TMS-CI; (b) ZnCl,,
dry CHCl3; (¢) NaOMe in MeOH.

Later, Komatsu et al. [48] reported the synthesis of TFT via green glycosylation to
improve the high stereoselectivity of desired B-isomer (18). In this reported method, an
equimolar quantity of Cl sugar 16 was coupled with silylated trifluorothymine 15 in the
presence of anisole (Scheme 2), which yielded a high B-selective coupled product 18,
compared to a-selective compound 17 in a ratio of 85.7: 14.3 in 71% yield.
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Scheme 2. Improved synthesis of TFT via chloro intermediate 16. (a) anisole 50 °C for 3.5 h; (b) 28%
NaOMe in MeOH.

The deprotection of the p-Cl-benzoyl group with a mixture of 17 and 18 was carried
out with 28% NaOMe in MeOH followed by a neutralization of the reaction mixture by
methanolic HCI solution, which affords a solid precipitate. The crude after treatment with
butyl acetate (AcOBu) yields chiral pure TFT 1 (99.92:0.08 ratio of B:«) in 97% of good yield,
and this process is in practice for the scalable synthesis of TFT.

In the in vitro antiviral evaluation, TFT exhibited potent activity against HSV-1 and
-2 [49]. This drug presents some of the earliest developments of compounds against HSV
infection. The administration of TFT is limited due to its cellular toxicity [50]. TFT is
prescribed for the topical treatment of primary keratoconjunctivitis and recurrent epithelial
keratitis caused by HSV-1 and HSV-2 [36]. It has also been used as a topical treatment
for acyclovir-resistant chronic mucocutaneous genital HSV infections in HIV-infected
patients [51].

5.2. Emtricitabine (FTC, 2)

NH,

Emtricitabine (2)
(FTC)

Emtricitabine is a synthetic (-) enantiomer of 2/,3'-dideoxy-5-fluoro-3'-thiacytidine
(FTC, 2). FTC is one of the most potent drugs for the treatment of human immunodefi-
ciency virus (HIV) and has been licensed under the name of Emtriva™ and, in combination
with tenofovir, known as Truvada™ [52]. FTC exhibited potent antiviral activity against
HIV-1 and HIV-2 [53]. It is prescribed individually or in combination with other an-
tiretroviral drugs. FTC is a chiral pure modified nucleoside reverse transcriptase inhibitor
(NRTIs), in which a sulfur atom replaces the methylene group at the 3’ position of the 2/,3’-
dideoxynucleoside substrate [54]. FTC has two chiral centers, with the S-L-configuration
(2R,55) being more potent (ECsg = 0.009 pM) and having greater metabolic stability and
antiviral activity than its f-D-counter parts (ECsy = 0.84 uM) [55-57]

FTC is a 5-fluorinated analog of lamivudine (3-TC) and shares a common synthetic
route with lamivudine (3-TC) for development [58]. Both are lifesaving drugs and are in
high demand, for which several efficient synthetic routes were initially developed but were
discontinued due to either low synthetic yield or tedious synthesis [54,59-63].

Later, the synthesis of chiral pure oxathiolane ring 23 was developed (Scheme 3),
which, on selective glycosylation with the silylated 5-fluorocytosine, furnishes FTC in large
quantities. Whitehead et al. developed an industrial production of the optically pure
hydroxyoxathiolane ring 22, (Scheme 3), which served as an essential key intermediate for
the large-scale production of FTC. In the reported synthesis, L-menthol 19 serves as a chiral
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auxiliary, which assists in stereochemical outcome. L-Menthol 19 was treated with glyoxylic
acid to render L-menthyl glyoxylate hydrate 20, which, on further reaction with dithiane
diol, gave compound 21 as a mixture of four diastereomers. The initial crystallization of
21 in n-hexane with catalytic triethylamine (Et3N) afforded the desired diastereomer 22.
5-hydroxy-oxathiolane 22 was treated with SOCl,, in the presence of cat. DMF to give
the reactive chloro intermediate 23. The coupling of pre-silylated fluorocytosine 24 with
chloro intermediate 23 constructs glycosylated product 25 with a high stereoselectivity in
B (desired)/« (undesired) isomeric ratio of 10:1. Further, the isomeric purity of 25 was
enriched by solvent treatment. The 5'-ester reduction in 25 was carried out with NaBH, in

EtOH to give FTC (2) [64,65].
HO..
o

(‘j\ °/\n/°H j/
NHSiMe, l @

NH, NHz F
o
Tray o
Y
23

N X
)\)T O H Me38|0
07N OH
o -
FTC (2)
Scheme 3. Synthesis of FTC via L-menthol 19. (a) 50% w/v glyoxylic acid, p-TSA, cyclohexane;
(b) toluene, AcOH (cat.); (c) n-Hexane, NEt; (cat.), crystallization; (d) SOCl,, DMFE, DCM,; (e) (i) NEt3,
toluene, (ii) NEt;, HyO, n-hexane; (f) NaBH,, EtOH.

Recently, Kashinath et al. reported a more robust and novel synthetic protocol with
readily available, inexpensive starting materials (Scheme 4) [66]. The esterification of
thioglycolic acid with L-menthol 19 gave intermediate 26, which, via in situ treatment with
sulfuryl chloride, afforded sulfenyl chloride intermediate 27, which on further treatment
with vinyl acetate gave 28. Compound 28 was treated with H,O/CH3CN to give key
intermediate 21. The crystallization of 21 with 1% NEt;/hexanes gave the chiral pure
compound 29, which was further converted to the reactive chloro intermediate 30 through
treatment with MsCl/SOCL,.

@ RS éL (5\ (EL "
. @ A st "o (b) (i) PPN ~cl (b) (ii) )K( oac (© Ho"iyj( 9
A

19 26 27

(d)
NH
NH, 2 NHSiMe,

NZ

ZT\TOH%o b% 9 )7 [ (_% ?% Qym 9
FTC(2)

Scheme 4. Improved synthesis of FTC, 2. (a) thioglycolic acid, p-TSA-H,O, toluene; (b) (i) SO,Cl,,
toluene; (ii) vinyl acetate; (¢) HO, CH3CN, 1M NaHCOg3; (d) 1% NEt3 in hexanes; (e) MsCl, DME,
SOCl,; (f) HMDS, MsOH, DCM; (g) NaBH,, KH,PO,, MeOH-H,O.

Intermediate 30 was condensed with silylated 5-fluorocytosine (24) to give coupled
product 31. After that, the reduction in 31 with NaBH, furnished the final molecule FTC
2 [66]. Over the last three decades, significant contributions from various groups have led
innovative synthetic methods like the crystallization of the diastereomeric mixture of 21 to
produce the selective desired isomers 29, and stereoselective -N-glycosylation with chiral
pure oxathiolane 29 has accelerated the scalable synthesis of FTC.
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FTC(emtricitabine) is approved to treat HIV patients, with a 200 mg/day dosage in
adults [67]. The in vitro evaluation of FTC against HIV in the lymphoblastoid, MAGI-CCR5,
and peripheral blood mononuclear line expressed ECs values of 0.64 uM to 1.3 nM, ranging
from sub micromolar to nanomolar levels [67]. Also, in rats, no toxicity was observed in
concentrations up to 31 times compared to normal human doses [68].

The preclinical toxicological assessment of FTC was extensively conducted and was
very favorable for its clinical development. Taking the lead from the preliminary antiviral
activities of FTC, various studies have been conducted to determine its potency in human
lymphoblastoid T-cell lines (MT-4, CEM, or HT4-6C) acutely infected with a standardized
infectious dose of a laboratory-adapted strain of HIV-1 (HIV-1j;;3 or HIV-1p ay) or HIV-2
(HIV-2zy).

In these cell lines against laboratory-adapted strains of HIV-1, FTC demonstrated
ECs5¢ ranges of 0.009-1.5 uM in comparison to zidovudine (0.005-0.06 uM), lamivudine
(0.07-9.8 uM), didanosine (8.5-16.0 uM) and zalcitabine (0.03-0.05 uM, Table 1) [69]. FTC
expressed up to 10-fold enhanced activity than lamivudine against all viruses tested in
all T-cell lines. FTC also exhibited synergistic antiviral effects in combination with other
NRTI (abacavir, lamivudine, stavudine, tenofovir, zalcitabine, and zidovudine) and with
non-nucleoside reverse transcriptase inhibitors (NNRTIs) like delavirdine, efavirenz, and
nevirapine [52]. FTC, in combination with elvitegravir/cobicistat/tenofovir disoproxil
fumarate as a single-tablet regimen (Stribild®), [manufacturer Gilead Sciences, Inc., Fosters
City, CA, USA] is being prescribed for managing HIV infection in adults [70].

Table 1. Emtricitabine (FTC) antiviral activity against laboratory-adopted HIV strains in the human

cell lines.
ECso (uM)
HIV Strains Cells Line Ref.
FTC 3TC AZT dd1 ddc
CEM 0.100 0.30 0.030 8.5 0.03
HIV-1111B
MT-4 0.500 3.20 0.060 16.0 0.05
CEM 0.009 0.07 0.005 NA NA
HIV-1LAV [55]
HT4-6C 0.020 NA NA NA NA
CEM 0.100 0.30 0.030 NA NA
HIV-27Y
MT4 1.500 9.80 0.040 NA 0.04

ECsg: 50% effective concentration; FTC, emtricitabine; 3TC, lamivudine; AZT, zidovudine; ddl, didanosine;
ddc, zalacitabine; CEM, and MT-4, human T-lymphoblastoid cell lines; HT4-6C, Cd4-expressing HeLa Cell line;
NA, not available.

5.3. Sofosbuvir (3)

o @ok_g

Sofosbuvir (3)

NH

I= (%2)
O—'U=O

Sofosbuvir, also known as Sovaldi®, is a direct-acting antiviral (DAA) nucleotide
drug that inhibits the NS5B polymerase of hepatitis C virus (HCV). Sofosbuvir, a phospho-
ramidate prodrug, is chemically named (S)-isopropyl 2-((S)-(((2R,3R 4R ,5R)-5-(2,4-diox0-3,4-
dihydropyrimidin-1(2H)-yl)-4-fluoro-3-hydroxy-4-methyltetrahydrofuran-2-yl)methoxy)-
(phenoxy) phosphorylamino)propanoate [71]. In this molecule, the 2’-position of the
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sugar is occupied by the B-methyl-a-fluoro group, which demonstrates interactions in the
binding pocket of HCV-NS5B [72]. The published crystal structure of sofosbuvir diphos-
phate (PDB code 4WTG) revealed that the replacement of 2'-a-hydroxy of uracil with
2'-a-fluoro-B-methyl is beneficial. 2’-a-fluoro of sofosbuvir retains the hydrogen bonding
with ASN 292 and disrupts the normal hydrogen bonding pattern that is usually expressed
by the natural nucleotide substrates [73,74]. Sofosbuvir is a monophosphate prodrug that
converts into its active uridine triphosphate in hepatocytes, exhibits chain termination
during viral genome replication and hinders viral growth [75]. In combination with other
drugs, sofosbuvir was approved by the USFDA to treat chronic HCV infection in adults
and children ages > 3 years [76]. The antiviral regimens, in combination with sofosbuvir,
have revolutionized HCV management with a success rate of >90% and have provided a
therapeutic tool to eradicate HCV infection. Sofosbuvir is administered orally, once daily,
with no meal restriction. This drug also demonstrates good safety and efficacy with fewer
side effects and exhibits minimal drug—drug interactions with pan-genotypic activity [77].

Synthesis of Sofosbuvir: In 2005, Clark et al. first reported the synthesis of pyrimi-
dine nucleoside B-D-2'-deoxy-2’-fluoro-2’-C-methyluridine (Scheme 5) and its anti-HCV
activity [78]. Cytidine 32 was reacted with benzoic anhydride in DMF, followed by the
treatment with TIDPSCI, to afford 3’ and 4’ cyclic protected compound 33.

NH, NHBz NHBz NHBz
| N | N | N f%N
oo A, oo LA Noo LA o0 LA,
0 >0 >0 0
N —> O © OH
OH OH @ Si~9  oH (b) Si<g o BzO CH,
32 33 34 35
o
(d)
NH
|
HO o N“~0 | (e)
CH, NHBz NHBz NHBz
OH F | SN ﬁn ﬁN
39 A
BzO o NAO BzO o NAO BzO o N ©
+ +
BzO F BzO CH, BzO OH
NH, 38 37 36
C
L, |-0
iU
HO o N 0
CH,
OH F
PSI-6130

Scheme 5. Synthesis of sofosbuvir precursor PSI-6130 via cytidine 32. (a) (i) benzoic anhydride,
DMEF; (ii) TIDPSCl,, DMF, (b) DMSO, TFAA, NEts; (c) (i) MeLi, anhydrous Et,O (ii) 1M TBAF in
THE, AcOH, THF,; (iii) BzCl, anhydrous pyridine; (d) DAST, anhydrous toluene; (e) (i) 80% AcOH;
(i) NH3 /MeOH; (f) methanol/NHs.

The oxidation of the 2’-alcohol of 33 with trifluoroacetic anhydride/DMSO under
Swern oxidative condition gives 2'-ketone 34. The methylation of the ketone with methyl-
lithium at —78 °C exclusively affords 2’-B-methyl arabinoside intermediate. The de-
protection of the 3',5'-silyl groups with TBAF/AcOH, followed by benzoylation with
BzCl/pyridine, produces 2’-a-hydroxy alcohol 35. The nucleophilic fluorination of 2’-a-
hydroxy of 35 with (diethylamino)sulfur trifluoride (DAST) gives the desired S-fluorinated
intermediate 38 along with elimination and hydrolyzed byproducts 36 and 37 in low yields.
To synthesize uridine analog 39, compound 38 was refluxed in 80% AcOH, followed by
debenzylation under basic conditions, which gave 39. Similarly, the debenzylation of 38
yielded a cytidine analog (PSI-6130).
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Although in the earlier reported studies cytidine analog PSI-6130 expressed potent ac-
tivity against HCV, uridine analog compound 39 was found neither active nor cytotoxic [78].
Later, it was identified by Sofia et al. that due to the inadequate first step rate-limiting mono-
phosphorylation of uridine, compound 39 was inactive [71]. However, in vivo metabolic
studies indicate that cellular enzymes cytidine deaminase (CDA) convert PSI-6130 to its
uridine analog 39 [71]. Taking the lead from this finding, the phosphoramidate prodrug
of uridine analog (39) was synthesized, which led to the invention of sofosbuvir 3. Later,
based on PSI-6130, several cytidine analogs (Figure 3) were developed as potential clinical
candidates as anti HCV agents [71,79].

NHZ NHZ NHZ
CL Y Y
HO o A
o (o] o N (o)
CH3 N3“‘-
(o) (o) OH (o) lo) lo) (o)
HzNj\%/ I I

RG7128 NM-283 R1626

Figure 3. Modified 2- cytosine analogs of PSI-6130.

Initially, cytidine analog PSI-6130 with 2-B-methyl-a-fluoro substituents was syn-
thesized via the synthetic route depicted in Scheme 5. However, after the discovery of
sofosbuvir 3, this low-yielding process was incompatible for the large-scale synthesis
of PSI-6130.

In 2009, Wang et al. published an efficient, scalable synthetic route for the prepara-
tion of the PSI-6130 that is also being utilized for the extensive synthesis of sofosbuvir
3 [80]. To achieve large scale-synthesis, intermediate 47 was identified as a key scaf-
fold (Scheme 6). The synthesis of 47 was commenced with commercially available 2,3-
isopropylidene protected D-glyceraldehyde 40, which, on reaction with (carbethoxyethyli-
dene)triphenylmethyl phosphorane under Wittig conditions, gives the desired pentanoate
ester 41 as an E/Z mixture in a ratio of 97:3. After that, intermediate 41 was treated with
KMnOy in acetone to construct syn diol 42. Furthermore, 42 was treated with SOCl, to form
the cyclic sulfite, which on further oxidation with catalytic TEMPO/NaOClI renders cyclic
sulfate 43. The treatment of cyclic sulfate 43 with tetraethylammonium fluoride hydrate
in dioxane gives a regiospecific -fluorinated product 44 [81]. Compound 44 was treated
with con. HCl in the presence of 2,2-dimethoxypropane in dioxane to give crude acyclic
intermediate 45, which on further treatment with con. HCl in EtOH at room temperature
converts to unprotected lactone 46. The diol protection of lactone 46 was carried out with
benzoyl chloride in pyridine to afford fully protected key ribonolactone 47. The reduction
in the 47 with lithium tri fert-butoxyaluminium hydride gives an intermediate lactol, which
in situ reacts with Ac,O in the presence of the DMAP of ribonolactol 48 in a ratio of 2:1.
Next, the glycosylation of 48 with silylated N* benzoylcytosine was performed with stannic
chloride in chlorobenzene that exclusively gives the  form of protected nucleoside 49.
Finally, the debenzylation of 49 in methanolic ammonia affords PSI-6130 in good yield.

Metabolic studies showed that PSI-6130 triphosphate, an active metabolite in primary
human hepatocytes, expresses a lower concentration and a shorter half-life. In prelimi-
nary in vitro studies, uridine nucleoside 39 in HCV replication assays was found inactive,
whereas in later studies it was discovered that the triphosphate of 39 demonstrated the
potent inhibition (Ki = 0.42 uM) of HCV NS5B [75,82,83]. Furthermore, it was evident that
PSI-6130 metabolizes to uridine 5'-triphosphate through cytidine-MP (monophosphate)
via the cytidine deaminase enzyme (Figure 4). Due to the restricted first step rate-limiting
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monophosphorylation of compound 39, it was unable to convert in its active form of
triphosphate; for this reason, in initial studies, the core compound 39 was found inactive in
HCV-cell replication assays, whereas the uridine triphosphate form of 39 reveals excellent
potency with better stability and half-life in the intracellular system [71]. The metabolic
conversion of PSI-6130 and uridine analog 39 has been depicted in (Figure 4). To overcome
the blockage of the first-step rate-limiting phosphorylation of 39, phosphoramidate prodrug
approaches were adopted. Phosphoramidate prodrug also caps the polarity of the free
5'-OH of nucleoside and enhances the lipophilicity of parental molecules that increase
the cellular uptake of nucleotide. After penetration into the cell via facilitated passive
diffusion, phosphoramidate prodrugs enzymatically cleaved off inside the cells to release
the monophosphate of the parental molecule. Further sequential phosphorylation events
lead to the formation of di or tri-phosphate derivatives, which subsequently generate the
intended therapeutic effect [84,85].

o (o] _ﬁ( _3(0
e o g S R .= Y O

coEt] (®  He BH / Q  COoEt
SO;H
42 & 043 3H 44

41
E/Z ratio (97:3)

l(e)
HO 0,
B0 | ac BzO o_ _o 0._0O 'ﬁ( .
. CH. <— CH;| =— Or- 5
@ws (h) (@ ® H=

B0 F BzO F HO F HG  CO.Et
NHBz 47 46 45
()

(i) P>
N)\OTMS
NH, NH,

BnO F OH F
49 PSI-6130

Scheme 6. Scalable synthetic route of PSI-6130. (a) Ph3PC(Me)CO,Et, DCM; (b) KMnOy, acetone;
(c) () SOCl,, NEts, DCM; (ii) TEMPO, NaOC]; (d) tetraethylammonium fluoride hydrate, dioxane;
(e) 2,2-dimethoxypropane, con. HCI; (f) Con. HCI, EtOH; (g) BzCl, pyridine; (h) (i) lithium tri-tert-
butylaluminium hydride, dry THF; (ii) DMAP, Ac,0; (i) neat SnCly; (j) 7M NH3z /MeOH.

Sofia M. J. et al. at Pharmasset have adopted phosphoramidate prodrug approaches for
the development of sofosbuvir 3 and explored the complete structure-activity relationship
(SAR) of these prodrugs on uridine nucleoside (GS-331007 or compound 39) [71].

Sofia et al. first described the diastereomeric separation of phosphoramidate pro-
drug isomers and reported that the in vitro Sp isomer was 10-fold more potent than its
Rp isomer [71]. As shown in Scheme 7, the conventional synthesis of sofosbuvir faces
several limitations regarding scalability and cost due to the chiral pure desired Sp iso-
mer isolates from a series of recrystallizations and chiral separation steps. Additionally,
moisture-sensitive phosphorochloridate intermediate 52 poses rigor in handling and purifi-
cation. To address these challenges, Ross et al. have developed a novel diastereomerically
pure phosphoramidate synthesis of sofosbuvir 3 via coupling with the diastereomerically
pure Sp intermediate 57 in the presence of tert-BuMgCl as shown in Scheme 8 [86]. It is
also noteworthy that various phosphoramidate prodrugs of PSI-6206 were synthesized
with altered L-alanate esters in combination with various substituted phenoxy groups.
However, the phenoxy substitute phosphoramidate prodrug with isopropyl-L-alanate ester
demonstrated better anti-HCV activity, and later, it was named sofosbuvir (PSI-7977).
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Scheme 8. Synthesis of diastereomerically pure sofosbuvir (3) via intermediate 57. (a) NEt3, DCM;
(b) purification and recrystallization; (c) t-BuMgCl, THE.

Commercially available p-nitrophenyl dichlorophosphate 55 was condensed with
phenol 56 and L-alanine isopropyl ester hydrochloride 51 in the presence of triethylamine
to give a 1:1 diastereomeric mixture of 57 and 58. The diastereomeric mixture of 57 and 58
via repeated recrystallizations enriches single Sp isomer 57 in 96% diastereomeric excess
(de) in 22% yield. The 57 mixture, on coupling with uridine nucleoside GS-331007 or
PSI-6206 in the presence of tert-BuMgCl in THF, affords sofosbuvir in a diastereomeric
ratio of 98:2 (Sp/Rp). During these process developments, various phenolate leaving
groups were evaluated; based on pKa values, 2,4-dinitrophenol-driven phosphoramidate
reagents were found most reactive with nucleoside GS-331007 or PSI-6206 and lead to
5" and 3’-disubstituted products. Eventually, it was determined that pentafluoro phenol-
driven phosphoramidate reagent is the most optimum and promising for the synthesis
of the desired Sp isomer of sofosbuvir 3 with a greater than 98% diastereomeric excess
(de) [86]. As depicted in Scheme 9, phenyl phosphorodichloridate 50 was reacted with
L-alanine ester hydrochloride 51 in dry DCM and subsequently reacted with pentafluoro
phenol 59, resulting in a 1:1 crude mixture 60 and 61. Trituration with 20% EtOAc/hexanes
provides pure desired Sp isomer 60 (99:1 ratio, Sp/Rp) in 34% yield, which on coupling
with GS-331007 or PSI-6206 gives sofosbuvir 3 in good yield.

¢l i F F
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o + \(OY\NHZHCI + HO F —>(a) HN-P o HN- P o
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F F
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Scheme 9. Synthesis of sofosbuvir via pentafluoro phosphoramidate reagent 60. (a) NEt;, DCM;
(b) purification and recrystallization; (c) t-BuMgCl, THE.
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Currently, sofosbuvir is an FDA-approved oral drug for HCV treatment with an
approved dose of 400mg/day in adults [87]. It is also used in combination with ledipasvir,
known as Harvoni, and also prescribed in combination with daclatasvir [88].

Sofosbuvir demonstrated in vitro activity against all HCV genotypes. In HCV replicon
assays, sofosbuvir showed ECsy values ranging from 0.014 uM to 0.11 uM for multiple
full-length replicons across multiple genotypes (Table 2). During the outbreak of COVID-19,
sofosbuvir was tested against SARS-CoV-2. However, it was found ineffective against this
virus. Additionally, sofosbuvir has been tested against Zika virus in Huh? cells, where it
demonstrated an ICsy value of 4.1 uM and a CCs value of >100 uM [89]; against the West
Nile and dengue viruses in the Huh? cell, sofosbuvir expressed an ICsy of 1.2 uM and ECsg
of 4.9 uM, respectively (Table 2) [90,91].

Table 2. In vitro antiviral activity of sofosbuvir against different viruses.

Viruses Cells ECsg or ICs CCsg Ref.
Zika Huh7 IC59 = 4.1 uM >100 uM [89]
HCV Replicon Assays—full-length replicons from
HCV genotype 1a, 1b, 2a, 3a and 4a, and chimeric 1b replicons  ECs, = 0.014-0.11 uM >100 uM [87]
encoding NS5B from genotype 2b, 5a or 6a
West Nile Huh?7 1C50 =12+ 03 uM >400 uM [90]
Dengue Huh7 EC50 =49 + 1.3 uM >100 uM [91]

ECs0: 50% effective concentration; CCsg: 50% effective cytotoxic concentration.

5.4. Clevudine (CLV, 4)

0]

oy

CHj

OH

OH

Clevudine (4)
(L-FMAU)

Clevudine (CLV), chemically known as 2'-fluoro-5-methyl-f-L-arabinofuranosyluracil
(L-FMAU), was initially synthesized in 1995 and has shown both anti-HBV and
anti-Epstein—Barr virus (EBV) activity [92,93]. Clevudine is the unnatural L-analog of
D-FMAU and is being marketed both in South Korea and the Philippines to treat hepatitis
B virus (HBV) infection under the trade names Levovir™ and Revovir™. Chu et al. re-
ported the first synthesis of it in 1995 involving a six-step initial synthesis from L-arabinose
(Scheme 10). L-arabinose was benzylated with benzyl alcohol in HCI to give compound
62, which was selectively protected with an isopropylidene group by treating with 2,2-
dimethoxypropane (2,2-DMP) in the presence of catalytic p-TsOH to give 63. The oxidation
of the 2-hydroxy of 63 with PDC in dichloroethane (DCE), followed by the reduction with
NaBHy, provides compound 65. The debenzylation of 65 was performed with 4% TFA solu-
tion to render 66, which on treatment with 1% HCl/MeOH solution via ring rearrangement
furnishes the five-carbon ring sugar 67 (Scheme 10) [94].

Compound 67 was taken in pyridine and benzoylated with BzCl to give compound
68, which was further treated with acetic acid and acetic anhydride with con. H,SO4 to
give 69 (Scheme 10). Intermediate 69 was treated with saturated HCl gas in a solution
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of DCM followed by the hydrolysis and migration of benzoyl group from the carbon-2
to carbon-1 position to give tri benzoylated derivative 70. To install the fluorine in the
carbon-2 position, the hydroxy of 70 was converted to an imidazole sulfonate leaving group
by treating 70 with thionyl chloride (SOCl,) in DMF and DCM, followed by imidazole to
give 71. The fluorination of 71 was carried out by triethylamine trihydrofluoride (Et3N.3HF)
to afford compound 72, which was further brominated with HBr/AcOH to obtain 1-bromo
derivative 73. The coupling of 73 with silylated thymine in chloroform yielded B-isomer 74
as a major compound with a trace of a-isomer, which was purified by the recrystallization
in ethanol to give pure S-isomer 74 (Scheme 10) [92]. The final deprotection of benzoyl
groups in ammonia methanol solution gave clevudine 4 in good yield.
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Scheme 10. Synthesis of clevudine 4 from L-arabinose. (a) BnOH, HCI gas; (b) DMP, p-TsOH,
acetone; (c) PDC, Ac,O, DCE; (d) NaBH4, MeOH; (e) 4% CF3;CO,H; (f) 1% HCl in MeOH; (g) BzCl,
pyridine; (h) Ac,O, AcOH, con, H,SOy; (i) (i) HCl (gas), dry DCM; (ii) H,O, acetonitrile; (j) (i) SOCl,,
DCM, DMF,; (ii) imidazole; (k) Et3N.3HE, EtOAc; (1) 45% HBr/AcOH; (m) silylated thymine, CHCl3;
(n) NH3/MeOH.

To develop a scalable synthetic route of clevudine 4, a more robust and efficient
synthesis was reported by several groups [95,96]. Tremblay et al. recently reported an
efficient synthetic route with higher yields and fewer steps (Scheme 11) compared to the
original synthesis to achieve this goal. Starting from the fluorinated galactopyranose, the
isomerization of the pyranose was performed with acetic anhydride in pyridine to give
75. The anomeric bromination of 75 with HBr in acetic acid in DCM, constructed bromo
intermediate 76, which on coupling with silylated thymine render coupled compound
77. The deacetylation of the 5" and 6’ hydroxyl with NHj in methanol was performed,
followed by the oxidative cleavage of diol with sodium periodate to produce compound
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79, which on reduction with sodium borohydride afforded clevudine 4 [96]. The reported
synthesis in Scheme 11 represents a shortened six-step synthesis with the removal of the
excessive protection of groups and is more efficient and safer for the multigram synthesis
of clevudine 4.

OH
HO, _O _‘J
OH

2-deoxy-2-fluoro-D-
galactopyranose

HN
PN

—>

(a)

(o)

CH,3
| -
N (f)
0 OH
vl
OH

Clevudine (4)

Scheme 11. Synthesis of clevudine 4 from 2-deoxy-2-fluoro-D-galactopyranose. (a) Ac;O, pyridine;
(b) 33% HBr/AcOH, DCM,; (c) silylated thymine, CHCl3; (d) 7 N NH;3/MeOH; (e) NalO4, MeOH,
HzO,’ (f) NaBH4, MGOH, Hzo.

Clevudine (L-FMAU), as mentioned, exhibited potent anti-HBV activity and is being
prescribed for the treatment of chronic hepatitis B (CHB) infections. In early in vitro screen-
ing, clevudine has shown potent antiviral activity against multiple viruses. It expressed
an ECsg value of 0.1 uM against HBV and an ECsg of 5.0 uM against EBV (Table 3) [92]. In
P3HRI cells infected with EBV, an ECqg of 5.0 uM was observed, with a CCsg of 1mM [97].
In HepAD38 cells infected with HBV, it showed an ECsy of 0.11 pM [98]. Clevudine has
demonstrated effective HBV growth inhibition in various cells (Table 3). During the clinical
trials in humans infected with CHB, median serum HBV DNA reductions of 4.49 and
4.45 log10 copies for 30 mg and 50 mg doses of clevudine were observed after 12 weeks
compared to 0.20 log10 copies for placebo [99,100].

Table 3. In vitro antiviral activity of clevudine against HBV and EBV.

Anti-HBV Activity ~ Anti-HBV Activity Anti-EBV Anti-EBV HBV Growth Inhibition (ID50, uM)
Compound in 2.2.15 Cell in HepAD38 Cell Activity Activity within the Following Cells: Ref
4 n 2.2 ells In bep ells in H1 Cells in P3HR1 Cells g ) :
(ECso, HM) (ECso uM) (ECgp, M) (ECgp, M)
MT2 CEM H1 2.2.15
Clevudine 0.1 0.11 £ 0.04 5+08 5.0 uM 100 >100 913 £ 70 >200 [92]

ECsp = 50% effective concentration. ECgy = 90% inhibitory concentration determined by bioassay. IDsy = 50%
inhibitory dose.

Furthermore, in a woodchuck HBV model, four weeks of clevudine therapy was
well tolerated by chronically infected woodchucks, and clevudine showed an inhibition of
woodchuck hepatitis virus (WHYV) replication in a dose-dependent manner. Also, in this
model, no toxicity was observed, and a significant antiviral effect was noted at a dosage of
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0.1 mg/kg [101]. Clevudine also exhibited favorable antiviral effects in combination with

other nucleoside antiviral drugs [98].

5.5. Elvucitabine (5)

NH,
N/

oo
<

Elvucitabine (5)

Elvucitabine, chemically known as L-B-2,3'-didehydro-2’,3'-dideoxy-5-fluorocytidine
(B-L-FD4C), is an L-cytosine nucleoside analog. Currently, elvucitabine is under inves-
tigation in phase 2 clinical trials (clinical trials.gov number: NCT00675844) [102]. It is a
nucleoside reverse transcriptase inhibitor (NRTI), demonstrating potent antiviral activity
against HIV. Elvucitabine intracellularly phosphorylates into its active 5'-triphosphate
metabolite, which further inhibits the activity of HIV reverse transcriptase by competing

with natural substrates, subsequently causing DNA chain termination after incorporation

into viral DNA [103].

The initial synthesis of elvucitabine commenced with compound 80. A trans-glycosylation
of 80 with silylated 5-fluorouracil was carried out in the presence of TMSOTT as a catalyst
to produce both « and f anomers in a 2:1 ratio (Scheme 12). The desired f-anomer of 81

was separated via silica gel column chromatography. After that, benzoyl groups were

removed by treatment with the methanolic ammonia solution (NH3 /MeOH) to afford 3’
and 5 hydroxy intermediate 82, which was treated with mesyl chloride to produce the
cyclic ether 83. Compound 83 was converted to cytosine analog 84 through the treatment
of 83 with 4-chlorophenylphosphorodichloridate and 1,2,4-triazole in pyridine, followed
by the addition of NH4OH in 1,4-dioxane. Finally, cyclic ether intermediate 84 was con-

verted to the desired targeted elvucitabine 5 by treatment with potassium tert-butoxide in

DMSO [104].
o , NH, NH,
07N OBz Me:sm)'\,( 07N OBz 07N OH 07N 07N N OH
e o o Crr — <&
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80 81 82 83 84 Elvucitabine (5)

Scheme 12. Synthesis of elvucitabine. (a) TMSOTf, CH3CN; (b) NH3/MeOH, sealed vessel; (c) pyri-
dine, MsCl; (d) (i) 1,2 4-triazole, p-CICgH,OPOCIy; (ii) NH,;OH/dioxane; (e) 'BuOK, DMSO.

Considering the impressive anti-HIV and anti-HBV activity of elvucitabine, a high-
yielding and practical synthesis was needed. Chen et al. revisited the synthesis of
elvucitabine and developed a robust, efficient, scalable, and stereoselective synthesis via
lactone 85 (Scheme 13) [105]. A highly stereoselective phenylselenation of 85 was carried
out with bulkier N-(phenylseleno)pthalimide to obtain carbon-2 phenylseleno intermediate
86 in a high selectivity (84« /84p > 40:1), affording the desired diastereomer 86« in good
yield. To perform the N-glycosylation at C-1, first, the reduction in lactone 86a was accom-
plished with DIBAL-H in toluene to render lactol 87. The acetylation of lactol 87 afforded
the corresponding C-1 acetylated lactol 88 in qualitative yield. The coupling of 88 with
the silylated fluoro cytosine in the presence of trimethylsilyl trifluoromethane sulfonate
(TMSQOTY) furnishes the desired cis nucleoside 89. Furthermore, the treatment of 89 with
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hydrogen peroxide in the presence of pyridine constructs 90, which, on desilylation with
triethylamine trihydrofluoride, affords elvucitabine 5.
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Scheme 13. Stereoselective synthesis of elvucitabine from lactone 85. (a) LiHMDS, THF then TMS-
Cl, N-(phenylseleno)pthalimide, THF; (b) DIBAL-H, toluene; (c¢) Ac;O, NEt3, cat. DMAP, DCM;
(d) TMSOTf dichloroethane; (e) 30% aq. HyO,, THE, then pyridine; (f) triethylamine trihydrofluoride.

Antiviral evaluations showed that elvucitabine retains antiretroviral activity against
NRTI-resistant viruses. Elvucitabine is generally well tolerated and after 10 days of
monotherapy in 30 treatment-naive subjects with doses of 50, 100, or 200 mg q.d., a decrease
in plasma HIV-1 RNA levels was reported [106]. This molecule is also in investigation
in combination with other NRTIs for the cure of HIV infection [107]. In the preliminary
in vitro evaluation, elvucitabine has demonstrated potent activity against both HIV and
HBV. In CEM cell lines, it showed an ECs( value of 0.008 uM against HBV, while against
HIV, it expressed an ECs( value of ~0.15 uM with a toxicity CCsp of 7 uM and SI values of
875 and 46, respectively [108]. In PBM cells, elvucitabine showed an ECsj value of 0.034 uM
and CCsg value > 100 pM (Table 4) [109]. In the woodchuck model [woodchuck chronically
infected with woodchuck hepatitis virus (WHV)], elvucitabine has demonstrated potent
activity in suppressing HBV by inhibiting intrahepatic viral DNA synthesis [106].

Table 4. In vitro antiviral activity of elvucitabine.

Compound Virus Cells ECsg CCsp Ref.
HBV CEM 0.008 uM 7 uM [108]
Elvucitabine HIV CEM 0.15 uM 7 uM [108]
HIV PBM 0.034 uM >100 uM [109]

ECsp = 50% effective concentration. CCsp = 50% effective cytotoxic concentration.

5.6. Fiacitabine (6)

NH,
B

o

HO

OH
Fiacitabine (6)

Fiacitabine (FIAC), 2’-deoxy-2’-fluoro-1-B-D-arabinofuranosyl-5-iodo-cytocine, is a
pyrimidine nucleoside analog currently under a phase 2 study to treat cytomegalovirus
(CMV) viremia infection in HIV infected patients [110]. Fox and his colleagues first reported
the synthesis of fluoroiodoarabinosylcytosine or fiacitabine (FIAC) as an inhibitor of herpes
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simplex virus (HSV) and varicella-zoster virus (VZV) replication in the early 1980s, and
the same group conducted phase 1 and phase 2 clinical trials. It demonstrates high in vitro
activity against herpesvirus and hepadnaviruses and inhibits viral growth in its active
triphosphate form. However, FIAC was not found to be a better analog compared to the
currently used drugs acyclovir or zidovudine (AZT). Current clinical trials aim to develop
FIAC in place of ganciclovir as an effective orally available therapeutic for HIV patients co-
infected with CMV. The disadvantage associated with ganciclovir is that it is intravenously
administered and associated with hematologic toxicity [110].

The synthesis of fiacitabine 6 was carried out by acetyl-fluoro intermediate 91 (Scheme 14).
The bromination of 91 with the HBr gas in DCM affords C-1 anomeric bromo compound
92. The coupling of 92 with tris(trimethylsilyl)-5-iodo-cytosine (93) produces B-nucleoside
94. The benzoyl deprotection of 94 was carried out by methanolic ammonia solution
(NH3;/MeOH) to give fiacitabine 6 as the final compound in 82% yield [111].
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Scheme 14. Synthesis of fiacitabine 6 via intermediate 92. (a) dry DCM, HBr gas bubbling for 20 min
at 0 °C then at 4 °C, 12h; (b) in situ added intermediate 93; (c) NHz /MeOH.

In initial in vitro screening, fiacitabine (FIAC) exhibited potent activity against HSV-1
and 2; however, later, it was found that it demonstrated antiviral activity against numerous
other viruses. Preliminarily FIAC expressed an ECsj value of 0.01 uM against HSV 1 and 2,
respectively, with IDs, value of 8.6 uM (Table 5). In in vitro assays in rabbit kidney3 (RK;3)
monolayers against equine rhinopneumonitis virus 1 (EHV-1), Aujeszky’s disease virus
also known as Suid herpes virus 1 (SHV-1), and infectious bovine rhinotracheitis (BHV-1),
fiacitabine showed an activity of ICs( values of 0.09-0.18 uM, 0.25-7.0 pM, and 0.1-3.0 uM,
respectively [112]. Additionally, fiacitabine revealed an ECsg value of 0.4 uM against EBV
in P3HR-1 cells and an ECs of 1.1 uM against Kaposi’s sarcoma-associated herpesvirus
(KSHYV) in BCBL-1 cells, with CCsq values of 22 uM and 49 uM [113]. In vitro, FIAC proved
to be very active against cytomegalovirus (CMV) EDs of 0.6 uM, compared to brivudine
and acyclovir [114].

Table 5. Antiviral activity of fiacitabine (FIAC) against various viruses.

Viruses In Vitro Cells of Screening Antiviral Activity in (uM) Ref.
HSV-1 and 2 Vero cells EDsy = 0.01 uM [111]
Equine rhinopneumonitis (EHV-1) (rabbit kidney) RK13 monolayer ICs5p = 0.09-0.18 uM [112]
Aujeszky’s disease virus (SHV-1) (rabbit kidney) RK13 monolayer ICsy = 0.25-7.0 uM [112]
Bovine rhinotracheitis virus (BHV-1) (rabbit kidney) RKy3 monolayer IC5p = 0.1-3.0 uM [112]
EBV P3HR-1 cells EC59 =04 £ 0.3 uM [113]
KSHV BCBL-1 cells EC50=1.1+ —0.8 uM [113]
Human cytomegalovirus (HCMYV) human foreskin fibroblasts ED50 = 0.6 + 0.13 uM [114]

EDsy: indicates the effective dose to suppress viral replication by 50% (HSV-1, strain 2391; HSV-2, strain G).
ICsp: indicates the inhibitory concentration necessary for 50% inhibition of growth of viruses. ECsy: indicated
50% effective concentration: the drug concentration required to reduce 50% of cytopathic effect (CPE) or viral
DNA copies.

In a double-blind clinical trial on VZV treated with fiacitabine at a dosage of 200 mg/m?
twice daily, fiacitabine expressed better antiviral potency compared to vidarabine (a now
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discontinued drug for the treatment of VZV infection) [115]. It was licensed to Bristol
Myers Squibb (BMS) for further development as an antiviral agent to cure HIV patients
coinfected with the CMV [110].

5.7. Islatravir (EFdA, 7)
NH,
N X
HO QN%
0 N

Islatravir (7)
(EFdA)

Islatravir (ISL, MK-8591), 4’-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA), is an inves-
tigational drug. Currently, it is under phase 3 clinical trials (clinical trials.gov number:
NCT04233879) in the form of a fixed-dose combination (doravirine + islatravir) for the
treatment and prevention of HIV-1 infection [116-118]. Islatravir is a nucleoside reverse
transcriptase translocation inhibitor (NRTTI) that is different than other inhibitors of such
class and inhibits HIV growth through multiple mechanisms. It is a modified analog of
2'-deoxyadenosine (95) at the 2- position of the base and 4’-position of sugar (Figure 5) and
was first reported by Ohuri and co-workers [119,120].
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Figure 5. Chemical modification of 2’-deoxyadenosine (95) for the development of islatravir (EFdA).

During the early structure-activity relationship (SAR) studies, the lead compound
4’-ethynyl-2’-deoxyadenosine (EdA) exhibited excellent activity against HIV through the
inhibition of HIV-1 reverse transcriptase. However, it was examined that EAA was sus-
ceptible to adenosine deaminase (ADA) degradation. To address this issue, a fluorine
atom was inserted at the 2-position of the base; this change made 4’-ethynyl-2-fluoro-2'-
deoxyadenosine (EFdA) as off-target for the ADA and expressed a prolonged intracellular
half-life in its active triphosphate form [120]. The following exclusive key features make
islatravir a unique clinical NRTTL

e The 3’-OH group of EFdA resembles the natural substrate and readily inhibits
viral polymerase.

e  2-Fsubstitution on the adenine base imbues resistance towards oxidative adenosine
deaminase (ADA) and contributes to its long half-life.

e The 4'-ethynyl group (4'-E) of EFdA is responsible for blocking the primer translocation and
causes immediate chain termination, which mimics HIV reverse transcription [117,121,122].

The synthesis of islatravir was originally reported by Ohuri et al. [123], and started
from 2’-deoxyadenosine 96 via protection and deprotection methods to produce inter-
mediate 97 (Scheme 15). Compound 97 was subjected to Moffatt oxidation to obtain
5 -carbaladehyde, which on aldol condensation gives 5’-diol 98. The selective protection of
the 5'-a-hydroxymethyl group of diols 98 was carried out with 4,4-dimethoxytrityl chloride
in the presence of triethyl amine (Et3N) to afford the selective trityl-protected compound
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99. The protection of 5'-B-hydroxymethyl of 99 with TBDMS and the deprotection of
DMTr furnishes the critical intermediate 100. The oxidation of the 5'-a-hydroxymethyl of
100 by Moffatt oxidation renders aldehyde 101, which on treatment with bromomethylt-
riphenylphosphonium bromide, furnishes bromo olefin compound 102. Furthermore, the
dehydrobromination of 102 with #-BuOK in THF results in an alteration to the 4’-ethynyl
103 derivative. Finally, the sequential deprotection of TBS and benzoyl-protecting groups
yielded 4’-ethynyl-2-fluoro-2’-deoxyadenosine (EFdA, 7).
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Scheme 15. Synthesis of islatravir from the compound 96. (a) TBS-Cl, imidazole, DMF; (b) TsOH.H,O,
MeOH, CHCI3; (c) (i) EDC.HCI, pyridine, TFA, toluene, DMSO; (ii) aq. CH,O, 1N NaOH, dioxane;
(iii) NaBHy, EtOH; (d) DMTrCl, NEt;, DCM,; (e) (i) TBSCI, imidazole, DMF; (ii) TsOH.H,O, MeOH,
CHCl3; (f) EDC.HCI, pyridine, TFA, toluene, DMSO; (g) PPh3=CHBr, THF; (h) ‘BuOK, THF; (i) TBAF,
THF; (j) NH4OH, MeOH.

Due to the clinical importance of islatravir, several groups have developed linear
synthetic routes for this clinical candidate via multiple protecting group manipulation
approaches [124-126]. However, in these efforts, significant challenges were involved in
inserting a stereo chemically pure ethynyl at the B-position of 4’-C, retaining the desired
anomeric 1’-C configuration of islatravir. Recently, researchers at Merck & Co., Inc., Rahway,
NJ, USA, using a bio-catalytic cascade method, have published two novel approaches for
the large-scale synthesis of islatravir [127,128].

The synthesis began with pyruvic aldehyde dimethyl acetal 105, which reacted with
cyclohexylamine and calcium chloride in methyl tert-butyl ether (MTBE) to produce crude
imine, which was treated with NBS in MTBE /hexanes to give brominated compound 106
(Scheme 16). The intermediate 106 was further reacted with potassium benzoate in the
presence of cat. tetrabutylammonium bromide in acetonitrile to obtain benzoate protected
diethyl acetal 107. The enantioselective addition of TMS acetylene to the ketone of 107 was
carried out in the presence of diethylzinc with respective (1R,25)-1-phenyl-2-(pyrrolidin-1-
yl)propan-1-ol ligand to afford highly enantioselective additive product 108 with a 95% ee.

The absolute stereochemistry of 108 was established by single X-ray diffraction. Inter-
mediate 108 was subjected to one pot deprotection by using NaOEt to give diol 109. The
selective phosphorylation of the primary alcohol of 109 with diethyl phosphorochloridate
afforded the key scaffold 110, which, on the hydrolysis of phosphate esters with TMS-Br
in the presence of 2-methyl-2-butene, rendered phosphoric acid 112. Finally, the one-pot
enzymatic aldol glycosylation of 112 with 2-F-adenine afforded islatravir in a 74% yield.
Alternatively, intermediate 112 can also be synthesized by enzymatic phosphorylation by
utilizing acetyl phosphate and adenosine triphosphate via intermediate 109, as shown in
Scheme 16 [127].

Merck has initiated phase 3 clinical studies of oral islatravir in combination with
doravirine to cure HIV-1 infection. Preliminarily, islatravir has shown excellent activity
against both mutant and wild-type HIV. In in vitro studies against wild-type HIV, islatravir
expressed an ECsy of 0.068 nM, while against mutant M184V, an IC5y of 3.1 nM was
expressed; against multiple drug resistant (MDR) HIV, an ICs of 0.15 nM was expressed
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(Table 6). Comparably, the cytotoxicity (CCsp) of islatravir in the MT-4 cells was 7500 nM,
with a very high selectivity index (SI) [123].
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Scheme 16. Synthesis of islatravir via a bio catalytic cascade method from compound 105.
(a) 5 mol% CaCly, cyclohexylamine, then NBS, 16 h, rt, then IRA-120, 4 h; (b) KOBz, cat.Me;sNBr,
CH3CN; () ZnEty, TMS acetylene, (1R,25)-1-phenyl-2-(pyrrolidin-1-yl)propan-1-ol, toluene, THF
(1:1); (d) NaOEt, EtOH; (e) diethyl phosphorochloridate, pyridine, DCM; (f) TMSBr, 2-methylbut-
2-ene, DCM; (g) Amberlite IRA-120; (h) co-immobilized pantothenate kinase—acetate kinase, acetyl
phosphate, ATP; (i) sucrose, acetaldehyde, 2-F-adenine, deoxyribose 5-phosphate aldolase (DERA),
phosphopentomutase (PPM), purine nucleoside phosphorylase (PNP), sucrose phosphorylase (SP),
Cat. MnCl,, PIPES/ TEOA in H,O, pH 7.6-7.5, 35 °C.

Table 6. Invitro anti-HIV activity of islatravir in MT-4 cell line against wild-type and drug
resistant HIV.

Compound Virus Cells ECsp CCsg Ref.
WT HIV MT-4 0.068 nM 7500 nM [123]

Islatravir M184V HIV MT-4 3.1nM 7500 nM [123]
MDR HIV MT-4 0.15nM 7500 nM [123]

ECsp: inhibitory concentration; CCs: cytotoxicity concentration.

Furthermore, the anti-HIV activity of islatravir was evaluated in primary human cells
and HIV-infected humanized mice. Similarly, it exhibited potent antiviral activity against
HIV in phytohemagglutinin-stimulated peripheral blood mononuclear cells (PBMCs), and
an ICsg value of 0.25 nM with a SI of 184,000 [129]. Islatravir also retained anti-HIV
potency against 12 different HIV clinical isolates from multiple clades (A, B, C, D, and
CRFF01_AE) [129]. Studies revealed that islatravir is quickly absorbed by oral administra-
tion and crosses the blood-brain barrier (BBB). Initial dosage indicated that the daily oral
administration of islatravir at a low dose (1 to 10 mg/kg/Day) was highly effective in pro-
tecting humanized mice from the HIV infection, and within a week of therapy at a higher
dose of 10 mg/Kg/day oral, islatravir completely suppressed HIV RNA to undetectable
levels [129]. Currently, it is an investigational drug and is being developed in combination
to prevent and treat HIV infections.
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5.8. Mericitabine (8)

Mericitabine (8)

7

Mericitabine, [(2'R)-2’-deoxy-2'-fluoro-2'-methylcytidine 3',5'-bis(2-methylpropanoate)],
is a 3',5'-diisobutyryl ester prodrug of the cytidine nucleoside analog that is directly pre-
pared from compound PSI-6130 [78]. This drug is orally administered and is a potent and
selective inhibitor of HCV NS5B viral RNA dependent RNA polymerase (RdRp). After
oral administration, mericitabine prodrug (RO4995855) is rapidly absorbed and converted
to its parent molecule (B-D-2'-deoxy-2'-fluoro-2’-C-methylcytidine, PSI-6130) which is
subsequently metabolized to its inactive uridine (RO5012433) metabolite. The parental
molecule is absorbed by hepatocytes, where it undergoes phosphorylation to form cytidine
monophosphate. It is then further converted into its active forms of cytidine triphosphate
(RO4995855-tp) and uridine triphosphate (RO5012433-tp) [82,130-132].

In vitro studies have demonstrated that that two structurally distinct metabolites,
cytidine triphosphate (RO4995855-tp) and uridine triphosphate (RO5012433-tp), exhibit
selective, potent, and non-cytotoxic inhibitors of the viral HCV NS5B RdRp replication.
This finding led to the discovery of sofosbuvir [71]. It was also speculated that mericitabine
might express high potency in combination therapy. Currently, mericitabine is under phase
2 clinical trials (clinical trials.gov number: NCT01482403, NCT01482390) in combination
with other drugs to treat chronic HCV infection [133].

In early 2013, a large-scale synthesis of mericitabine was reported [134]. The procedure
entails the reduction of ribanolactone scaffold 47 (a common scaffold used in the synthesis
of sofosbuvir as shown in Scheme 6). with Red-Al (Vitride®), in a mixture of toluene and
butyl acetate. Subsequently, a catalytic amount of tetrabutylammonium bromide (TBAB)
was added, and then treated with sulfuryl chloride to give chloride 113 as a /8 anomeric
mixture. Furthermore, the coupling of the silylated cytosine 114 with chloro intermediate
113 was carried out in the presence of tin (IV) chloride in DCM to afford the coupled
product 115 as a major B-isomer (Scheme 17). The debenzylation of 115 with NaOMe in
MeOH yielded the cytidine analog of PSI-6130, which on esterification with isobutyryl
chloride gives targeted mericitabine, 8 [134].

NHBz NHBz NH, NH,

| N
BzO N/go
o N OS|Me 0.
CHa @ CHy  (d) CHy
Oy O F

OBz F OBz F OBz F OH F
13 115 PSI-6130 j/\Mericitabine ®)

Scheme 17. Large scale synthesis of mericitabine from intermediate 47. (a) Red-Al, TBAB, SO,Cl,,
toluene and butyl acetate; (b) SnCly, DCM; after that aq. AcOH (93:7); (c) NaOMe (25% w/w) in
MeOH,; (d) isobutyryl chloride, NEt;, DMAP, THE.

In vivo, after absorption, mericitabine metabolizes into the parental molecule, PSI-
6130. This molecule is an advanced nucleoside inhibitor of HCV RdRp with excellent oral
bioavailability. In preliminary screenings, mericitabine and its active triphosphate have
shown potent activity against HCV in a Huh7 replicon assay (IC5¢ 0.6 uM), along with
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activity against both native HCV replicase (ICsy 0.34 M) and HCV recombinant RdRp
cell-free enzyme assay (ICsp 0.13 uM, Table 7) [82,135].

Table 7. In vitro activity of mericitabine in various HCV assays.

Compound Cells ICsg Ref.
Huh7 cells contalrslglfi :13 Is_llag Vgi;c))lrir(li)cngenotype 1b Conl 0.13 + 0.001 uM 82]

PSI-6130-TP
(RO4995855-TP) native HCV replicase complex isolated from replicon cell 0.34 uM [135]
recombinant RdRp in a cell-free enzyme assay (HCV) 0.13 uM [135]

PSI-6130-TP: PSI-6130-triphosphate. IC50: 50% inhibitory concentration.

Mericitabine is active against all HCV genotypes but was most extensively examined
against genotype 1. Its active triphosphate form (RO4995855-TP, Figure 6) and deaminated
uracil triphosphate form (RO5012433-TP) have almost similar potency to mimic the RNA
synthesis of HCV with an ICsg value of 0.34 and 1.19 uM, respectively. In in vitro studies in
a transient replicon system, PSI-6130 was equipotent against genotype la and 1b, with an
ECsp ranging from 0.6 to 1.4 uM for various subtype 1b clinical isolates and 0.20 to 0.43 uM
for the different subtype 1a isolates [136]. In a phase 1 monotherapy study conducted
with 32 patients, mericitabine demonstrated a mean 2.7 logj reduction in the viral RNA
with a dose of 1500 mg BID [137]. However, its combination with interferon/ribavirin
(IFN/RBV) achieved undetectable RNA levels, and in one of the phase 2b clinical trials,
mericitabine in combination with IFN/RBA has demonstrated potency in the suppression
of HCV RNA [138].
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Figure 6. Active metabolic intermediates of mericitabine.

5.9. Bemnifosbuvir (AT-527, 9)

Bemnifosbuvir (AT-527, 9) is an orally active double prodrug of the guanosine nu-
cleotide analog of 2'-fluoro-2’-C-methylguanosine-5'-monophosphate that demonstrated
potent in vitro and in vivo activity against HCV [139]. AT-527 is a phosphoramidate pro-
drug in which the sugar moiety is identical to the clinically approved anti-HCV drug
sofosbuvir. During the COVID-19 pandemic, it was found that the free base of AT-527,
AT-511 (Figure 7) expressed excellent antiviral activity against SARS-CoV-2 by selectively
inhibiting the viral RdRp [140]. In in vitro evaluations, AT-511 did not hinder human DNA
polymerases or exhibit cytotoxicity, including mitochondrial toxicity at concentrations up
to 100 uM. In the host cell, AT-527 (Sp isomer) metabolizes to its pharmacologically active
triphosphate form (AT-9010, Figure 7), also known as 2'-fluoro-2’-C-methylguanosine-5'-
triphosphate, which unveiled a dual mechanism of action including the chain termination
of SARS-CoV-2 and the inhibition of the Nidovirus RdRp-associated nucleotidyl transferase
(NiRAN) domain [140,141]. ATEA Pharmaceuticals is currently developing bemnifosbuvir
(AT-527, 9), and it has entered phase 3 clinical trials for the treatment of COVID-19 dis-
eases and is currently in phase 2 clinical trials for HCV infection as a combination therapy
(AT-527+ Ruzasvir) [142].
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Figure 7. Structures of bemnifosbuvir (AT-527, 9) and AT-511.

The scalable synthesis of a critical nucleoside of bemnifosbuvir, 121, is depicted in
Scheme 18 [143]. The synthesis commenced with the protection of 3- and 5-hydroxyl groups
of lactone 116; it was treated with 4-Cl benzoyl chloride in pyridine to give protected
lactone 117. Fully protected lactone 117 was subjected to reduction with a bulkier reducing
reagent tri-tert-butoxyaluminium hydride to afford lactol 118, which on crystallization
in MeOH/H,O renders 1-B-lactol with >95% purity exclusively. The bromination of 118
with CBry in the presence of triphenylphosphine in DCM yielded 1-a-bromo ribofuranose
119. After that, the coupling of 6-Cl purine with 119 was carried out via Sy2 glycosylation
under basic potassium tert-butoxide condition to produce coupled product 120. The N-
methylation at the C-6 position of the base was achieved by treating intermediate 120 with
28% MeNH, to afford the final targeted nucleoside 121.
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Scheme 18. Synthesis of bemnifosbuvir key nucleoside 121 from lactone 116. (a) 4-Cl-benzoyl chloride,
NEt;, THF; (b) LiAl(OBu')sH, THF; (c) TPP, CBry, DCM; (d) KOBu!, ‘BuOH, CH3CN; (e) 28% aq.
MeNH,, THE.

The synthesis of the phosphoramidate prodrug, bemnifosbuvir (AT-527, 9), is shown
in Scheme 19. Phenyl dichlorophosphate 50 was reacted with benzyl alcohol in the presence
of triethylamine (NEt3) in isopropyl acetate to give intermediate 122, which on further
reaction with L-alanine isopropyl ester hydrochloride (51) constructed compound 123. The
debenzylation of 123 under hydrogenation conditions using quinine and Pd/C afforded
intermediate 124 as a dihydroquinine salt. The coupling of intermediate 124 with nucleoside
121 was carried out with HATU/DIPEA in DCM to yield AT-511, which after isolation
was triturated with isopropyl acetate to produce the diastereomerically pure Sp isomer
of phosphoramidate prodrug AT-511. The sulfuric acid salt of AT-511 was prepared by
treating it with con. HySOj4 to give bemnifosbuvir (AT-527, 9) as a sulfate salt [143].

Bemnifosbuvir has expressed potent anti-HCV activity in the preliminary in vitro
screening. The ECsp of AT-511 was determined against the various laboratory strains
of HCV and clinical isolates with genotype 1-5 and was found in a range of 5-28 nM.
Additionally, AT-511 exhibited 10-fold more antiviral activity than sofosbuvir against
various laboratory strains and clinical isolates of HCV genotypes 1-5. This molecule also
retained its activity against S282T resistance-associated variants and was 58-fold more
potent than sofosbuvir without causing human DNA toxicity [139]. The triphosphate of AT-
527 is active metabolite, which readily generates from its phosphoramidate prodrug, and
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has a 10 h half-life in hepatocytes. When orally administered AT-527 in rats and monkeys, it
preferentially produces a high concentration of triphosphates in the liver. These beneficial
clinical properties of bemnifosbuvir support its ongoing clinical development and suggest
that it may increase the sustained viral response (SVR) rate in combination with other
classes of anti-HCV drugs. In combination, AT-527 may potentially shorten the treatment
duration for patients infected with HCV. Amid the COVID-19 pandemic, the free base
AT-511 was tested against several coronaviruses, including SARS-CoV-2. In human airway
epithelium (HAE) cells, AT-511 demonstrated ECqg of 0.47 uM, which was very similar to
its ECqg against human coronavirus (HCoV)-229E, HCoV-OC43, and SARS-CoV-2 in Huh-7
cells. Across various coronaviruses, AT-511 has shown multiple different micromolar ECsg
and ECy values. This includes HCoV-229E (ECsy = 1.8 uM), HCoV-OC43 (ECgy = 0.5 uM),
MERS-CoV (ECsg =26 uM), SARS-CoV-2 (ECgg = 0.47 uM), and SARS-CoV (ECgqg = 0.34 uM,
Table 8) [140]. Additionally, an overall high selectivity of AT-511 was observed, with CCsg
values ranging from 86 to >100 M depending on the cell line [140].
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Scheme 19. Synthesis of bemnifosbuvir (AT-527, 9) and AT-511. (a) BnOH, NEts, isopropyl acetate;
(b) L-alanine isopropyl ester. HCI, NEts, isopropyl acetate; (c) IPA, dihydroquinine, 5% Pd/C, Hyp,
1 atmospheric pressure; (d) (i) HATU, DIPEA, DCM; (e) HySOj4.

Table 8. In vitro activity of AT-511 against various human coronaviruses.

Compound Virus Cell Line E%I;f(ﬁs];g,’o CCs Ref.
HCoV-229E BHK-21 ECs = 1.8 M >100 UM [140]

HCoV-0C43 Huh?7 ECyy = 0.5 uM >86 uM [140]

AT-511 MERS-CoV Huh7 ECs9 =26 uM >86 uM [140]
SARS-CoV-2 HAE ECqg = 0.47 uM >86 UM [140]

SARS-CoV Huh?7 ECyy = 0.34 uM >86 uM [140]

The antiviral activity of AT-511 was measured in cells infected with different coronaviruses using the cyto-
pathic effect (CEP neutral red dye) assay. ECsy = 50% inhibition of the virus induced cytopathic effect (CPE).
ECgp = 90% inhibition of the virus induced cytopathic effect (CPE). CCs, = drug to cause death to 50% of viable
cells without virus.

Pharmacokinetic studies indicated that administering AT-527 orally at 550 mg twice in
nonhuman primates produces an efficient concentration of its active triphosphate form in
the lungs and effectively inhibits the replication of SARS-CoV-2. This finding indicates that
AT-527 holds promise as a clinical candidate for treating COVID-19 infections. Currently,
AT-527 is in phase 2 investigation for the possible treatment of SARS-CoV-2 infection [144].

5.10. AT-752 (10)

AT-752 is a hemisulfate salt of AT-281’s free base (Figure 8) and has potent in vitro
activity against dengue virus 2 (DENV 2) and DENV 3 serotypes, including all other
flaviviruses. AT-752 is an orally available double prodrug of a guanosine nucleotide,
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currently under phase 2 pre-clinical development [145]. AT-281 is a congener of AT-511
with a Rp stereocenter at phosphorous, while AT-511 has a Sp stereocenter. In vitro,
in Huh 7.5 cells, AT-281 demonstrates ECsy values of 0.48 and 0.77 uM against DENV
serotypes 2 and 3, respectively. AT-281 also exhibited potent antiviral activity against other
flaviviruses, with ECsg values ranging from 0.19 to 1.41 uM without expressing cytotoxicity
at concentrations up to 170 pM. AT-281 goes through the same metabolic pathway as
AT-527, intracellularly in peripheral blood mononuclear cells of mice, rats, and monkeys; it
converts to its active triphosphate and inhibits DENV2 RNA polymerase. RNA polymerase
is essential for viral replication; the inhibition of this enzyme by active AT-281 triphosphate
and its incorporation in the prolongating RNA chain results in the termination of viral RNA
synthesis. Thus, it is considered a direct-acting antiviral (DAA) [146]. So far, the revealed
in vitro and in vivo activity of AT-752 indicates that it is a promising clinical candidate
for the treatment of dengue virus infection and is currently under evaluation in clinical
studies [147]. Furthermore, recently, Kai et al. reported that AT-752 has potential in vitro
activity against yellow fever virus (YFV) [148].
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Figure 8. Structures of AT-752 hemisulfate salt and its free base AT-281.

5.11. AL-335 (11)
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AL-335 is a next-generation investigational HCV therapeutic nucleotide analog de-
veloped by Alios Biopharma. Currently, it is under phase 2 clinical trials as a mono-
therapeutic agent (clinical trials.gov number: NCT02339207) [149] or in combination with
simeprevir and odalasvir (clinical trials.gov number: NCT02569710) [150]. AL-335is a
phosphoramidate prodrug and a modified ribose analog of uridine with 4’-fluoro-2'-a-
hydroxy-2'-B-methyl sugar moiety. AL-335 inhibits HCV nonstructural protein NS5B and
in vitro expressed ECsg values ranging from 0.04 to 0.06 uM [151]. It acts as a DAA by
inhibiting viral RdRp via chain termination without causing any cytotoxicity to the host
and demonstrates in vitro and in vivo a better safety and efficacy profile in comparison to
currently used drugs [152]. In the subgenomic HCV replicon assay, the Sp isomer of AL-335
(ECsp = 0.07 uM) was found 13-fold more active than the Rp isomer (ECsy = 0.94 uM).

Wang et al. reported a range of uridine analogs featuring diverse sugar-modified
nucleoside substitutions at the 4'-F-2’-C positions. Among these, AL-335 emerged as
a prominent nucleotide candidate effective against HCV. The synthesis of AL-335 was
initiated with commercially available intermediate 125 as shown in Scheme 20 [151,153].
The oxidation of 2-hydroxy of 125 with Dess-Martin periodinane gives 2-keto ribofuranose
126. Intermediate 126 was treated with MeMgBr to yield 127, which on treatment with
benzoyl chloride, in the presence of catalytic amount of DMAP with NEt; in DCM to afford
tetra benzoate sugar 128.
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Scheme 20. Synthesis of AL-335 from intermediate 126. (a) Dess—Martin periodinane,
DCM; (b) MeMgBr, —70 to —40 °C, THF; (c¢) BzCl, DMAP, NEt;, DCM; (d) uracil, N,O-
bis(trimethylsilyl)acetamide, SnCly; (e) NHj3, MeOH; (f) (i) I, imidazole, pyridine, THF; (ii) DBU,
THEF; (g) NIS, 3HENEt;3; (h) BzCl, DMAP, DCM; (i) NaOBz, 15-crown-5, DMSO; (j) MeNH,, EtOH;
(k) (i) NMI, THEF; (ii) prep HPLC separation.

Compound 128 was coupled with silylated uracil base under Vorbriiggen glycosylation
conditions to give the desired intermediate 129. The deprotection of benzoyl group of 129
was carried out under a basic condition to afford 2’-C-substituted uridine 130. Next, to
install fluoro at the 4'-position of uridine 130, it was treated with I, under basic conditions
to afford 4',5'-alkene intermediate 131. Compound 131 was further treated with NIS and
3HENE; to produce 4'-E5'-iodo intermediate 132. The benzoylation of 132 was followed
by the substitution of iodo with sodium benzoate to obtain compound 134. Furthermore,
the debenzylation of 134 with MeNH; produces the key nucleoside 135 [154]. Compound
135 was coupled with isopropyl (chloro(phenoxy)phosphoryl)-L-alaninate in the presence
of NMI furnishes racemic phosphoramidate prodrug, which on chiral separation vis HPLC
affords the desired Sp isomer of AL-335 [151].

AL-335 has expressed potent activity against the wild-type (WT-GT1b) HCV ECs
value of 0.04 uM and was further tested against various HCV genotypes. As shown in
Table 9, AL-335 retained a potent antiviral activity against all HCV genotypes GT1a, GT1b,
GT2b, GT3b, and GT4a, with ECs( values ranging from 0.04 to 0.06 pM. In addition, it did
not show any significant cytotoxicity in multiple cell lines as depicted in Table 10.

Table 9. HCV pan-genotypic replication activity of AL-335.

Compound Virus Strains ECso (uM) Ref.
WT-GT1b 0.04 £ 0.02
GTla 0.06 £+ 0.01

AL-335 GT2b 0.04 £+ 0.01 [151]
GT3b 0.06 £ 0.01
GT4a 0.06 £+ 0.01

ECs0: 50% effective concentration.



Molecules 2024, 29, 2390 30 of 44

Table 10. Results of eight-day cytotoxicity data of AL-335.

Compound Cell Lines CCs¢ (uM) Ref.
Hau-7 96.1
HepG2 >100
A549 >100

AL-335 [151]
Hela >100
U937 >100
MT-4 >100

CCsp: 50% effective cytotoxic concentration.

5.12. FMCAP (12)

FMCA is chemically known as 2'-fluoro-6'-methylene carbocyclic adenosine. To im-
prove the antiviral potency of FMCA, its phosphoramidate prodrug FMCAP (Figure 9) was
invented. Both these molecules have demonstrated potent activity against drug-resistant
HBYV and are currently in preclinical evaluation for the treatment of chronic hepatitis B
(CHB) [155]. These molecules belong to a special class of nucleoside moiety called carbo-
cyclic nucleosides. In a carbocyclic nucleoside, the oxygen of the five-membered sugar
ring is replaced with a carbon atom, which provides enzymatic and metabolic stability to
the glycosidic bond. FMCA is a mimetic analog of the anti-HBV drug entecavir, in which
the 2'-position of a carbocyclic moiety contains a 3-fluorine atom with an adenine base in
place of guanine. The design, synthesis, and antiviral evaluation of FMCA also proves the
concept that the insertion of fluorine at the 2'-position of the nucleoside strengthens the
glycosidic bond toward metabolic and chemical degradation. It may maintain additional
hydrogen bonding/or interaction in the binding pocket of viral polymerase. The incor-
poration of the 2'-fluorine in FMCAP was advantageous to antiviral activity, and it has
demonstrated promising anti-HBV activity against lamivudine/entecavir triple mutants
(L180M + S202G + M204V) [156]. To cross the rate-limiting first step monophosphoryla-
tion, the phosphoramidate prodrug (FMCAP) of FMCA was synthesized, which expressed
10 times more potency than the parental molecule [156].
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Figure 9. Structures of FMCA and its phosphoramidate prodrug FMCAP.

The initial synthesis of FMCA was started with carbocyclic ketone 136, which was
synthesized in nine steps from D-ribose [157,158]. The sixth position methylene was added
to ketone 136 by treating it with lithium diisopropylamide (LDA) and Eschenmoser’s
salt and methyl iodide, which on selective reduction under Luche reduction conditions
furnished allylic alcohol 137 [159]. The allylic hydroxyl group of 137 was protected with a
benzyl group to give 138 that, on subsequent deprotection of acetonide and the tert-butyl
group, produces triol 139. The selective protection of the 3,5-hydroxy groups of 139 with
1,3-dichloro-1,1,2,2-tetraisopropyl disilazine (TIPDSCl,) afforded compound 140.

Intermediate 140 was treated with diethylaminosulfur trifluoride (DAST) to convert
the 2-a-hydroxyl group of 140 to the 2-B-fluoro intermediate 141 via an Sn2 mechanism. The
silyl deprotection of 141 with TBAF/AcOH in DCM produces 142, which on reprotection
with a benzoyl group constructed compound 143. The debenzylation of 143 afforded key
intermediate 144, which was further coupled with N,N-diboc-protected adenine under
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Mitsunobu conditions to render coupled intermediate 145. After the benzoyl and boc
deprotection of 145, the final nucleoside FMCA was furnished (Scheme 21) [155,160].
Finally, the phosphoramidate prodrug, FMCAP, was synthesized through the coupling
of FMCA with the L-alanine isopropyl ester chlorophosphoramidate reagent in THF in
basic conditions using N-methyl imidazole (NMI) to afford the phosphoramidate prodrug
FMCAP, 12 in good yield [155,156].
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Scheme 21. Synthesis of FMCA and its prodrug FMCAP, 12 via carbocyclic ketone 136. (a) (i) LDA, Es-
chenmoser’s salt; (ii) Mel; (iii) NaHCOj3; (iv) NaBHy /CeCl-7H,O; (b) NaH, BnBr, DMF,; (c¢) TFA/H,0O;
(d) TIDPSCI, /imidazole, DMF; (e) DAST, DCM,; (f) TBAF, AcOH, THF; (g) BzCl, pyridine; (h) BCls,
DCM,; (i) 6-N,N-diboc adenine, DIAD, PPhs, THF; (j) TFA/DCM,; (k) DIBAL-H, DCM; (1) L-alanine
isopropyl ester chlorophosphoramidate, NMI, THE.

The preliminary antiviral results of FMCA and FMCAP have demonstrated effective
anti-HBV activity against both wild-type and drug-resistant HBV mutants. To overcome
the lengthy synthetic steps in the original synthetic method described in Scheme 21, a new
synthetic methodology, in 16 steps, was developed for the synthesis of FMCA from Vince
lactam, as shown in Scheme 22 [161].
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Scheme 22. Synthesis of FMCA via Vince lactam. (a) (Boc),O, DMAP, THF, rt; (b) savinase, THF,
buffer solution, rt; (c) OsO4, NMO, acetone, rt; (d) (i) BzCl, DMAP, DCM,; (ii) NaBH,, MeOH,
rt; (e) HCl/ether, MeOH, rt; (f) NaNO,, acetic acid, water, acetonitrile; (g) NaOMe, MeOH, rt;
(h) TIPDSCI,, imidazole, DMF; (i) m-CPBA, DCM, rt; (j) DAST, DCM,; (k) n-BuLi, trimethylsulfonium
iodide, THF; (1) (i) Dess-Martin periodinane, DCM, rt; (ii) NaBHy, CeCl3.7H,0, MeOH; (m) N'N-
diBoc-adenine, DIAD, TPP, THF, rt; (n) TFA, TBAF/THF, rt.

The N-Boc protection of a commercially available (+) y-lactam yielded Boc-protected
(%) v-lactam, which, on the enzymatic resolution, produced a chiral pure (-) y-lactam 147.
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The resolution of Boc-protected (£) y-lactam was performed by savinase in 50% THEF-Buffer
solution (pH 8.0) to afford optically pure (-) y-lactam 147 with an enantiomeric excess (ee)
of more than 99%. The hydroxylation of optically pure (-) y-lactam 147 was carried out
with OsO4/NMO to furnish the -diol. Subsequently in terms of benzyl protection was
performed followed by the opening of the lactam with sodium borohydride (NaBH,4) and
the deprotection of N-Boc with 2 M solution of HCl/ether yielded intermediate amine
148 as an hydrochloric salt. Diazotization followed by the elimination of the amine 148
gave the alkene intermediate. Further, the deprotection of the benzoyl group of the alkene
intermediate with sodium methoxide yielded triol 149. The 3- and 5-hydroxyl groups of
triol 149 were selectively protected with TIPDSCI, in DMF to give compound 150. The
epoxidation of the alkene was followed by the fluorination of 150 with DAST furnished
B-fluoro compound 151. The selective opening of the epoxide 151 with dimethylsulfonium
methylide yielded the B-allylic alcohol 152. The inversion of the hydroxyl group of 152
via oxidation followed by the Luche reduction [162] generated 153. The key intermediate
153 was coupled with Boc-protected adenine under Mitsunobu conditions to produce the
coupled nucleoside 154. The deprotection of silyl and Boc-groups of 154 generated the final
target compound FMCA in moderate yield.

The synthesis of FMCA described in Scheme 22 from Vince lactam was reasonable
for a medium scale synthesis (2-10 gm) [161]. However, due to the overall low yield, this
process was not viable for the large-scale synthesis of FMCA. A significant drawback of
Scheme 22 was the low yield of diazotization elimination, as well as the inversion of a
hydroxyl group of 152. Furthermore, certain costly reagents and materials were required
in the process, which makes the process unattractive for large-scale synthesis of FMCA.
To overcome the drawback associated with Scheme 22, Singh et al. developed another
synthetic route with fewer steps and milder conditions [163]. The revised synthesis was
again started with the carbocyclic ketone 136. The sixth position methylene group was
inserted by treating ketone 136 with a mixture of paraformaldehyde and diisopropylamine
TFA salt, followed by a selective Luche reduction to give allylic alcohol 137. The selective
isopropylidene opening of 137 was carried out with trimethylaluminum in hexane to
produce 2,3-dihydroxy compound 155. The selective protection of the first-positioned
hydroxy of 155 was performed with a TBDPS group to afford intermediate 156.

The fluorination of the 2-hydroxy of 156 was accomplished with DAST to give the
fluorinated compound 157. The deprotection of TBDPS afforded hydroxy key intermediate
158, which, on coupling with 6-N,N-diboc adenine under Mitsunobu coupling, furnished
coupled nucleoside 159. The final deprotection of the protecting groups of 159 by 2 M
solution of TFA in DCM afforded FMCA (Scheme 23) [163]. The condensation of FMCA
with L-alanine isopropyl ester chlorophosphoramidate in the presence of NMI gave phos-
phoramidate prodrug FMCAP, 12. The synthetic route of FMCAP explained in Scheme 23
utilizes fewer steps with more economical reagents that enhance the relevancy of synthetic
route for large-scale synthesis.
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Scheme 23. Revised scalable synthesis of FMCAP from ketone 156. (a) (i) (HCHO)n, i-Pro,NH.TFA,
diisopropylamine, THF; (ii) NaBHy, CeCl3-7H,0, MeOH; (b) Al(Me); (2.0 M in hexane), DCM;
(c) TBDPSC], imidazole, DCM; (d) DAST, DCM,; (e) TBAF, THE; (f) 6-N,N-diboc-adenine, DIAD, PPh;,
THF; (g) TFA, DCM,; (h) L-alanine isopropyl ester chlorophosphoramidate, NMI, THF.
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FMCA demonstrated significant antiviral activity against the wild-type, as well as
adefovir- and lamivudine-resistant mutants HBV (Table 11).

Table 11. In vitro anti-HBV activity of FMCA against lamivudine and adefovir drug-resistant mutants
on the intracellular HBV DNA replication assay.

FMCA Adefovir Lamivudine
(uM) (uM) (uM)

Strains

ECsp? ECyp ¢

Fold Fold Fold Ref.
CCs 9 Resistance ECs ECyqg Resistance ECs ECqg Resistance
(ECqp) (ECogp) (ECop)

Wild Type

15

45

>100 - 1.3 71 - 0.2 0.6 -

rtM204V

1.8

47

>100 1.0 1.6 7.0 1.0 >100 >100 >166

rtM2041

1.0

5.0

>100 1.1 1.9 8.0 1.1 >100 >100 >166

rtL180M

2.1

51

[164]
>100 1.1 5.5 7.7 1.1 15 220 36.7

rtLM/rtMV @

22

55

>100 1.2 21 8.5 1.2 >100 >100 >166

rtN236T

1.7

4.6

>100 1.0 7.8 36.0 5.1 0.2 0.9 1.5

2 rtLM/rtMV = rt180M/rtM204V double mutant. ° Effective concentration required to inhibit 50% of HBV-DNA.
¢ Concentration required to reduce infectious virus titer by 90%. ¢ The > sign indicates that the 50% inhibition
was not reached at the highest concentration tested. ¢ The drug concentration required to reduce the viability of
cell as determined by MTT assay by 50% of untreated control after 3 days.

FMCA showed antiviral activity against wild-type (WT) HBV with an ECs value of
1.5 uM. In WT, its antiviral potency was analogous to adefovir, while it was 7-fold less
potent than lamivudine. The concentration of FMCA required to inhibit 90% (ECyp) of
wild-type HBV is 4.5 uM, which is 1.5-fold more potent than adefovir (EC59 = 7.1 uM).
However, it is important to note that FMCA was more active against both lamivudine-
and adefovir-associated HBV mutants. FMCA demonstrated that it is 4.5-fold more potent
than adefovir for the ECs( value (1.7 uM) and 7.8-fold more potent for ECqg value (4.6 uM),
respectively, against adefovir mutant rtN236T. For rtM204V, FMCA showed a similar ECsg
value with respect to adefovir, while, in rtM2041, FMCA showed an ECsj of 1.0 uM that
is approximately 2-fold more potent than adefovir. For the rtM204] mutant, FMCA also
exhibited higher potency with an ECgg 5.0 uM.

For the mutant rtL.180M, the antiviral activity of FMCA exhibited similarly to that
of lamivudine in ECsg value (2.1 vs. 1.5), while for the ECqy (5.1 vs. 22.0) value, it
showed a 4.3-fold increased antiviral activity. However, in the case of the double mu-
tant rtL180M /rtM204V, FMCA exhibited a similar ECgy value (2.2 uM) to adefovir, but it
showed a superior ECgg value (5.5 pM) than adefovir (8.5 uM).

Furthermore, FMCA and its prodrug FMCAP were screened against the wild-type, as
well as the lamivudine-entecavir resistant clone (L180M + M204V + S202G). The results are
listed in Table 12 [156].

Table 12. Invitro anti-HBV activity of FMCA and its phosphoramidate (FMCAP) in the cor-
relation of lamivudine and entecavir against wild-type and entecavir drug-resistant mutant
(L180M + M204V + S202G) in Huh7 cells.

Compounds

HBYV Strains

Wild-Type L180M + M204V + S202G Ref.

ECsp (uM) ECqp (uM) CCsp (uM) ECsp (uM)

FMCA

0.548 £ 0.056 6.0 £ 0.400 >300 0.67

FMCAP

0.062 £ 0.011 0.46 + 0.060 >300 0.054

[156]

Lamivudine

0.056 £ 0.003 0.142 £ 0.008 >300 >500 [164]

Entecavir

0.008 0.033 28 1.20 [165]
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FMCA and FMCAP exhibited significant anti-HBV activity with an ECsg of 0.548 £ 0.056
and 0.062 £ 0.011 uM, respectively, against the wild-type virus (Table 12). In the wild type,
FMCAP exhibited an eight-fold enhanced activity compared to FMCA.

The further antiviral evaluation of FMCA and FMCAP in vitro activity against the
triple resistant lamivudine-entecavir clone (L180M + M204V + S5202G) demonstrated an
ECsp of 0.67 and 0.054 uM, respectively, which confirmed the antiviral potency of these
preclinical candidates against the drug-resistant mutants. In the drug-resistant clone
(L180M + M204V + S202G), FMCAP was found 12 times more potent than FMCA, while
entecavir lost its potency by 150-fold in comparison to its wild type and lamivudine
exhibited complete incompetence against the resistant clone [164]. The preliminary in vivo
studies in chimeric mice having the lamivudine/entecavir triple mutants FMCA and
FMCAP reduced HBV viral load, whereas entecavir was found ineffective. Also, in female
NOD/SCID mouse models, these molecules showed a higher rate of reduction in liver HBV
DNA levels in comparison to entecavir [165].

5.13. NITD-17 (13)

In 2010, Ganapati et al. reported cyclic prodrugs of 2’-deoxy-2'-fluoro-2'-f-C-methyl
guanosine PSI-352938 [137] and Chang et al. described linear phosphoramidate PSI-
353661 [166]; these analogs have demonstrated strong potent HCV inhibitors [137].

Encouraged by these antiviral activities of common guanosine analogs, Karuna et al.
described a cyclic phosphoramidate prodrug of 2'-deoxy-2-B-fluoro-2’-C-methylguanosine
(NITD-17, Figure 10) that in vitro and in vivo demonstrated excellent activity against
dengue virus (DENV). Intracellular enzymes unmask the prodrug NITD-17 (13) and me-
tabolize it into an active triphosphate form to inhibit viral replication. To identify a potent
analog against the dengue virus, more than 150 cyclic phosphoramidate prodrugs were
prepared with variations in the amino acid ester and C-6 position of the guanosine base.
Among these, it was concluded that cyclic phosphoramidate prodrugs have several ad-
vantages over linear phosphoramidates. Cyclic phosphoramidate prodrug strategies also
mask polar 3’-OH, reduce the degree of rotational freedom of molecule, and enhance cell
permeability and cellular uptake. Cyclic prodrugs further offer metabolic stability in the
liver and alleviate the circulation of drug molecules in other parts of the body. Keen, using
these explained findings, discovered NITD-17 (13) to cure dengue infection [167].

PSI-352938

OEt OMe

A *Sp/trans N

N SN
| S

Z i+ P2

P, Y°\n/\u"’.”° o NN,
CH3 (o] o CH3

ij OH
PSI-353661 NITD-17 (13)

Figure 10. Structures of PSI-352938, PSI-353661 and NITD-17 (13).

The synthesis of NITD-17 has been described in Scheme 24 from compound 160. Com-
pound 160 was treated with 21% wt. solution of sodium ethoxide to obtain guanosine
intermediate 161. Nucleoside 161 was further coupled with pentafluorophenyl phospho-
ramidate reagent 162 under basic conditions using t-BuMgCl to afford linear phosphorami-
date prodrug 163, which was further treated with potassium tert. butoxide to produce a
racemic mixture of cyclic phosphoramidate prodrug 164.

The chiral pure cyclic phosphoramidate prodrug NITD-17 was obtained via a prepara-
tive HPLC separation that afforded the desired chiral pure Rp isomer (cis configuration
at phosphorous center) of NITD-17. Furthermore, the Rp stereochemistry of NITD-17
was confirmed via single-crystal X-ray data analysis. Additionally, it was found that in
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the 3'P-NMR analysis, the phosphorous peak of the Rp isomer of NITD-17 appears in
the higher field region than its congener Sp (trans configuration at phosphorous center)

isomer 165.
cl OEt OEt
«NfN </N | SN S o F F \—o>_\ o </Nf
4-C1Bz0— N N/)\NHZ HO N N/)\NHZ ¢’ HN-P-0 F 0 HN- ('F; o N
CHy (@) CH, * /©/° e /©/ jq
4CiBzO  F HO F o OH F
160 161 162 163
mixture as both Rp/Sp-
diastereomers
OEt OEt l OEt
N BN N X
e e T
Spltrans o )\ "Rp/Cis O— N N/)\NH = 5 <N N/)\NHZ
o, «w 0\\*/ —wcus T 0\\/ QCM
o "t~ o 1~¢ ° ¢ ¢
NH NH NH
o 165 o NITD-17 o 164
for Dengue (13) Rp/Sp; racemic mixture
Synthesis of phosphoramidate reagent 162
NS
o’F{\o R F o
+ HO‘QF + \Hj\o/\ N HNVP o«Q
NH, HCI ()
F F
Cl 166 59 51 Q 162
Cl Rp/Sp-diastereomeric mixture
Scheme 24. Synthesis of NITD-17 from compound 160. (a) NaOEt, EtOH; (b) reagent 162, -BuMgCl
in THF; (c) ‘BuOK, DMSO; (d) separation of pure isomer by reverse phase prep HPLC; (e) NEt3, DCM.
NITD-17 expressed pan-serotype and good antiviral activities in multiple cell lines.
The antiviral activities of NITD-17 were examined in primary human PBMCs and other cell
lines against all four DENV serotypes (Table 13). NITD-17 demonstrated potent antiviral
activity against all DENV serotypes. In the PBMC cell line, NITD-17 showed ECs values
of 0.18, 0.23, 0.36, and 0.37 uM against DENV serotype 14, respectively. An ECsy of
0.46 uM was obtained in the THP-1 cell line against DENV-2. In the DENV-2 replicon
assay in the Huh 7 cell line, it demonstrated 1.73 uM activity with cellular toxicity up to
>100 uM (CC50).
Table 13. In vitro activity of NITD-17 across multiple serotypes and cell lines.
Compound Cell Type Assay Type ECsp in uM Ref.
DENV-1 (48 h) 0.18 %+ 0.06
PBMC DENV-2 (48 h) 0.23 £0.04
DENV-3 (48 h) 0.36 £ 0.33
DENV-4 (48 h) 037 £0.14
NITD-17 THP-1 DENV-2 0.46 £ 0.20 [167]
KU812 DENV-2 high content imaging 1.41
K562 DENV-2 279 £0.22
293T DENV-2 3.40
Huh7 DENV-2 replicon expressing luciferase 1.73 £ 1.06

ECsp: effective concentration of drug for 50% inhibition, PBMC: peripheral blood mononuclear cell; THP-1: human
monocyte cells; KU812: basophils that were isolated from the peripheral blood of a 38-year-old Asian male;
K562: lymphoblast cells isolated from the bone marrow; 293T: highly transfect derivative of human embryonic
kidney 293 cells; Huh?: cell line established from male hepatoma tissue.



Molecules 2024, 29, 2390

36 of 44

NITD-17 expressed significant activity in various cell lines, which prompted further
evaluation of its in vivo efficacy against DENV infection had exhibited a broad tissue
tropism. During the preclinical study, it was proven that NITD-17 converted to the ac-
tive triphosphate form in PBMCs across multiple species, and in in vivo studies in an
AG129 mouse model, it effectively reduces 1.6- and 2.2-log viremia at 100 and 300 mg/kg
twice a day (BID). Later, during the toxicological assessment, this molecule expressed
pulmonary inflammation and hemorrhage and was discontinued for further preclinical
development [167].

5.14. AL-611 (14)

AL-611 (14)

AL-611 was developed by Janssen Biopharma (formerly Alios) to treat chronic hepatitis
C (CHCQ). In oral treatment, AL-611 in dogs demonstrated a high concentration of AL-611-
triphosphate (TP). AL-611 expressed an excellent anti-HCV activity and was selected as
a clinical candidate. Later, it was discontinued due to the similar effectiveness of already
approved drugs. AL-611 is a guanosine phosphoramidate prodrug and contains a modified
sugar moiety identical to sofosbuvir with an additional 4’-fluoro-substitution on the sugar
ring. AL-611 design demonstrates a fixed base and altered sugar approach of nucleosides.
AL-611 exhibited potent antiviral activity in its triphosphate form by inhibiting the HCV
NS5B polymerase. Due to its potent in vitro activity as indicated by its ECs5g value of 5 nM
against viral HCV polymerase, the researchers at Janssen BioPharma aimed to develop
AL-611 as a safe, effective, and shortened treatment as a HCV cure [168]. Unfortunately, it
was halted in phase 1 clinical trials because the overall efficacy and effectiveness of AL-611
were not superior when compared to other prescribed drugs.

Nucleoside 167 was synthesized from the reported protocol (Scheme 25) [137]. First,
2-amino of 167 was protected with monomethoxytrityl; after that, installation of 6-O-ethyl
was carried out by treating it with sodium ethoxide (NaOEt) in EtOH to give debenzylated
compound 168. Furthermore, the 5'-hydroxy of 168 was converted to 5'-iodo compound 169.
Compound 168 was treated with iodine in the presence of TPP/imidazole in THF to produce
169, which, on treatment with DBU in THF, furnished essential alkene nucleoside 170.

OEt OEt OEt OEt

</ | f </ | J\ </N l\N <NfN
Bz0 /l\ )\NHMMTr ! o NHMMTr o )\NHMMTr ! o N N/)\NHMMTr
‘w @ ‘w _wcm —»ﬁcu, — CH,
(c) (d)

OBz F OH F OH F OH F OH F
167 168 169 170 171
l(eb
OEt OEt OEt
N N A
: sp0 . 4 N % N
ISP j\)\ >—O 3 R_F <f\)\ ¢ A
O ~N-§—0 9 HO N“SNZSNHMMT B20 N"SNZSNHMMTE
\r TR d HN-P-0 F+ |0 - =
o F ph F CHs (U] F CHs
OH F ¢ OF MMTO  F MMTIO  F
AL-611 (14) 60 173 172

Sp isomer

Scheme 25. Synthesis of AL-611 from nucleoside 167. (a) (i) MMTrCl, AgNO3, collidine, DCM;
(ii) NaOEt, EtOH; (b) I,, PPh3, imidazole, THF; (¢) DBU, THF; (d) NEt3.3HF, NIS; (e) (i) MMTrCl,
AgNO;, collidine, DCM, rt; (ii) NaOBz, DMEF, 15-crown-5; (f) n-butylamine, rt; (g) (i) +-BuMgCl, THF;
(ii)) HCl/CH3CN.
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The insertion of 4’-fluoro was accomplished by the reaction of N-iodosuccinimide
(NIS) and triethylamine trihydrofluoride with the alkene of 170 to produce 5'-iodo-4'-fluoro
nucleoside analog 171 as a single isomer. The further protection of 3'-OH of 171 with
monomethyoxytrityl followed by the replacement of iodo with O-benzoyl afforded nucleo-
side 172. The debenzylation of 172 with n-butylamine produced the key nucleoside 173.
The coupling of 173 with phosphoramidate reagent 60 in the presence of --BuMgCl in THF
followed by the deprotection of the 3/-trityl group afforded the targeted phosphoramidate
prodrug AL-611, 14 [168].

In an HCV replicon assay against the NS5B polymerase, AL-611 showed nanomolar
potency, an ECs of 5 nM, and a subsequent cytotoxicity CCs value of >100 uM, having a
respective SI greater than 20,000 (Table 14) [168].

Table 14. Antiviral potency of AL-611 against HCV in replicon assay.

Virus Cells ECsp CCsp/tox Ref.
HCV Replicon Assay 5nM >100 uM [168]

6. Conclusions

Nucleos(t)ides (NAs) are widely known for their antiviral and anticancer potency;
among them, fluoro-containing nucleos(t)ides exert more prominent clinical candidates
than their non-fluoro parent counterparts. Several fluoro-containing nuclosi(t)des have
emerged as FDA-approved drugs for the treatment of viral infections. The insertion of
fluorine/CFj3 at the sugar or bases moiety of a nucleoside and the installation of 5-F/CFs,
especially at the pyrimidine ring of nucleosides, have resulted in the invention of nu-
merous antiviral drug candidates. The therapeutic molecules of this class selectively and
specifically target the viral DNA/RNA polymerase and inhibit viral growth. This review
article elucidates the synthesis and antiviral activity of FDA-approved fluro-nucleos(t)ide
drugs and covers various fluoro nucleosides, which are at the various stages of clinical
development as antiviral agents.
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