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The HCV non-structural protein NS5A has been established as a viable target for the development of
direct acting antiviral therapy. From computational modeling studies strong intra-molecular hydrogen
bonds were found to be a common structural moiety within known NS5A inhibitors that have low
pico-molar replicon potency. Efforts to reproduce these c-turn-like substructures provided a novel
NS5A inhibitor based on a fluoro-olefin isostere. This fluoro-olefin containing inhibitor exhibited picom-
olar activity (EC50 = 79 pM) against HCV genotype 1b replicon without measurable cytotoxicity. This level
of activity is comparable to the natural peptide-based inhibitors currently under clinic evaluation, and
demonstrates that a peptidomimetic approach can serve as a useful strategy to produce potent and struc-
turally unique inhibitors of HCV NS5A.

� 2012 Elsevier Ltd. All rights reserved.
Chronic hepatitis C virus (HCV) infection afflicts approximately
160 million people worldwide and is the leading cause of liver cir-
rhosis and hepatocellular carcinoma in the US.1 Among first gener-
ation direct acting antivirals (DAAs), two NS3/4a protease
inhibitors, telaprevir and boceprevir, in combination with pegylat-
ed interferon (PEG-IFN) and ribavirin (RBV) have been approved for
the treatment of HCV infection in mid-2011.2 Both of these combi-
nation treatments have shown improved sustained virological
response (SVR) and reduced treatment duration compared to
PEG-IFN/RBV. However, they are limited to treating only genotype
1 patients, still require PEG-IFN/RBV adjunct therapy and bring
with them additional side effects which require further medical
attention.3 Therefore, the search continues for novel agents with
complementary mechanisms of action that can be combined with
existing or future DAA therapies and that have improved safety
profiles over existing therapy.4

The NS5A inhibitor, BMS-790052 (daclatasvir, 1) has recently
been reported to produce promising clinical outcomes among
HCV infected patients.5 Consequently remarkable interest within
the pharmaceutical community has been focused on related
NS5A inhibitors.6 Currently known development candidates in this
series include BMS-790052, & BMS-824393, GS-5885, PPI-461, PPI-
437, PPI-668, & PPI-833, ABT-267, EDP-239, ACH-2928 & ACH-
3102, GSK-2336805, MK-4882, and IDX-719. Although the exact
structures of many of these agents are undisclosed, a majority of
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the efforts described in recent patent applications concentrate on
simple modifications of the central linker, and the two pyrrolidine
(B,B0) units (Fig. 1).7

A general structural feature found in the known NS5A inhibitors
having low pico-molar replicon potency is a peptide substructure
containing multiple functional groups which can act as hydrogen
bond donors or acceptors. In order to better understand if these
chemical features conferred an energetically favored three dimen-
sional shape which could be correlated to potency, we applied the
following molecular modeling approach to all of the compounds.
Conformers were generated using torsional sampling (MCMM)8

followed by energy minimization to a convergence gradient of
0.001 using MMFFs with a distance dependent dielectric of 2r.9

An RMSD of 0.25 and a 12 or 20 kcal/mol energy window were
used as criterion to limit the number of conformers output with
an upper limit of 1000 being possible. Of the 297 conformers gen-
erated for compound 1 within the range of 88–108 kcal/mol
(Fig. 2), the 12 lowest energy conformers were observed to make
internal hydrogen bonds between the valine C@O and imidazole
N–H (distance = 2.22 Å) on both sides of the dimer. The observed
lowest energy conformations were similar to c-turns typically
found in polypeptide structures: the c-turn is a three amino acid
residue turn which contains a seven-membered ring constructed
by the hydrogen bond between the carbonyl C@O of the ith residue
and the amide N–H of the i + 2 residue.10

We envisaged that the intra-molecular hydrogen bonds within
the NS5A inhibitor structure might play a crucial role in holding
the molecule in an optimized binding conformation. As an effort
to both verify our hypothesis and to discover a novel inhibitor
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Figure 1. Current HCV NS5A inhibitors.6a

Figure 2. Energy-minimized structures of HCV NS5A inhibitors.
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class, a number of structural motifs that could potentially repro-
duce the c-turn were evaluated computationally. Among them,
the fluoro-olefin based proline analogue 2 was predicted to effec-
tively mimic the c-turn. Analog 2 was shown to generate low en-
ergy conformers that are internally hydrogen-bonded between
the fluoro-olefin @C–F and imidazole N–H (distance = 2.29 Å) on
both sides of the dimer. This fluoroalkene isostere maintain steric
and electronic character similar to a peptide bond,11 and has been
previously employed in thermolysin inhibitor,12 cyclophilin A
inhibitors,13 dipeptidyl peptidase IV inhibitors,14 neuropeptide
substance P analogs,15 and human parathyroid hormone analogs.16

If the peptidomimetic substructure is able to maintains the desired
inhibitor conformation and demonstrate potent inhibition of HCV
replication, a new approach to the development of novel NS5A
inhibitors with a distinctive structural feature is possible. There-
fore, we decided to prepare the fluoro-olefin based structures
and study their anti-HCV activities.

The synthesis of Leu-trans-Pro mimetic 2 was initiated with
stereoselective organocatalytic aldol reaction of cyclopentanone
where it was treated with L-threonine and aqueous formaldehyde
(Scheme 1).17 After silyl protection of the hydroxyl group, ketone
6 was obtained in 55% yield and its enantiomeric excess (ee) was
determined to be 60% by chiral SFC. Then, the Horner-Emmons
reaction of the cyclopentanone and ethyl 2-(diethoxyphospho-
ryl)-2-fluoroacetate provided (Z)-fluoro-olefin 7, which was easily
separated from the (E)-isomer by regular column chromatogra-
phy.18 A two-step sequence which included DIBALH reduction
and a Dess–Martin oxidation afforded a-fluoro-a,b-unsaturated
aldehyde 8. An Ellman’s sulfinyl imine was subsequently con-
structed using (S)-tert-butanesulfinamide and titanium(IV)
ethoxide.19 Diastereoselective addition of isopropyl lithium to b-
fluoroimine 9 (dr 3:1) established the L-Leu moiety in a similar
fashion as the previously reported example.20 The sulfinyl group
of compound 10 and the silyl protecting group were readily
removed under acidic conditions. Introduction of the methyl car-
bamate functionality to amine 11 provided a crystalline solid, ure-
thane 12, of which regio- and absolute stereochemistries were
unambiguously verified by a single crystal X-ray structure (Fig. 3,
CCDC 866508). Jones oxidation of the primary alcohol 12 yielded
carboxylic acid 13,14a which was then reacted with symmetric
1,10-([1,10-biphenyl]-4,40-diyl)bis(2-bromoethanone) to give di-
meric ester 14. Finally, the two ketoester groups of 14 were cy-
clized upon microwave irradiation for 30 min at 155 �C in the
presence of excess ammonium acetate, thus providing the bis-
imidazolic fluoro-olefin 2.

Separately, fluoro-olefin 23 which does not include the neigh-
boring cyclopentane rings (Leu-NMe-trans-Ala mimic) was also
prepared. Unlike proline analog 2, N-methylalanine analog 23 con-
tains a freely rotatable r-bond next to the fluoro-olefin and there-
fore, is less likely to induce the c-turn sub-structure anticipated for
analog 2. By examining the biological activities of the two fluoro-
olefin analogs 2 and 23, we hoped to determine whether the c-turn
predicted for 2 is actually an important NS5A inhibitory conforma-
tional element. The synthesis of flouro-olefin 22 started from com-
mercially available (S)-methyl 3-hydroxy-2-methylpropanoate 15
(Scheme 2). First, the alcohol was protected with a TBDPS group
to give silyl ether 16 and a Weinreb amide was introduce to the es-
ter moiety. Methyl Grignard reagent was subsequently reacted
with the Weinreb amide 17 at �10 oC to provide ketone 18 in
excellent yield. Unlike the previous example of cyclopentanone 6,
the Horner-Emmons reaction of methyl ketone 18 with ethyl 2-
(diethoxyphosphoryl)-2-fluoroacetate gave (Z)-olefin 19 as a minor
regioisomer in a 1:1.5 ratio. The remainder of the synthesis mir-
rored that used to prepare compound 2, and gave alanine mimetic
23 in 6.5% overall yield.

Anti-HCV activity of fluoro-olefins 2 and 23 was measured in a
clone A replicon whole cell assay (Table 1). Inhibitor 23 based on
(Z)-Leu-w[CF@C(Me)]-Ala, which displayed a less favorable
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Figure 3. ORTEP drawing of carbamate 12.
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tendency to induce a c-turn in computational modeling, did show
nano-molar in vitro activity (EC50 = 27.3 nM) in a genotype 1b rep-
licon assay. However, the proline mimetic 2, which was calculated
to induce a more stable c-turn as is seen for other NS5A inhibitors,
exhibited pico-molar anti-HCV activity (EC50 = 79 pM) in a geno-
type 1b replicon assay. Thus 2 was shown to be >300-fold more po-
tent than the acyclic analog 23 providing support for the c-turn
substructure as an important conformational motif in the binding
interaction with the NS5A protein that ultimately results in the
inhibition of HCV replication by this class of molecules. In addition,
the (Z)-Leu-w[CF@C]-Pro based inhibitor 2 did not exhibit any
cytotoxicity up to the highest concentration tested (CC50 >10 lM)
rendering a large selectivity index. It was also observed that 2 pro-
duced significantly reduced potency against genotype 1a replicon
relative to genotype 1b. This is in contrast to the result observed
for 1 and consistent with the genotype activities observed for pre-
viously reported NS5A inhibitors.6,21 Consequently, in order to
achieve comparable potency across multiple genotypes further
work is needed.

In 2010, Urban and co-workers, reported ab initio calculation of
simple fluoro-olefins as peptide mimics, where the structure of
(R,Z)-4-fluoro-N,2-dimethylpent-3-enamide (NFA) was predicted
to closely resemble the structure of its natural peptide congener,
(S)-2-acetamido-N-methylpropanamide (ADA).22 However, the in-
ter-atomic distance between the fluorine in the @C–F and the
hydrogen in the N–H in NFA was calculated to be 2.407 Å, which
was significantly longer than the calculated length of the c-turn
hydrogen bond (2.026 Å) in ADA. This calculated result showed
that the hydrogen-bond accepting ability of the fluorine atom in
a fluoro-olefin analog is less strong than that of the oxygen in a car-
bonyl group.23 Comparing the fluoro-olefins 2 and 23 described
here, the (Z)-Me-w[CF@CH]-Ala model (NFA) imparts significantly
less conformational restriction. Consequently, our results demon-
strate that by imposing appropriate conformational constraint
around the putative internal hydrogen bond, even a weak hydro-
gen-bond-acceptor such as fluorine can stabilize a c-turn substruc-
ture and produce effective HCV NS5A inhibitor. Further studies
toward more potent NS5A inhibitors that incorporate strong inter-
nal hydrogen bonds are currently in progress.



OH

O

O
a

OTBDPS

O

N
MeO

e,f
OTBDPS

F
O g,h F

N
H

S
O

tBu

OTBDPS

i,j F
N
H

OH

O

O
k,l,m

15 17

20 21

22

23

H
N

N N

H
N

F F

NH

O O

HN

OO

OTBDPS

O

O
b

16

c
OTBDPS

O

18

d

OTBDPS

F
EtO

19

O

Scheme 2. Reagents and conditions: (a) TBDPSCl, imidazole, DCM, rt, 61%; (b) N,O-dimethylhydroxylamine hydrochloride, iPrMgCl, THF, �20 to �5 �C, 99%; (c) MeMgBr, THF,
�10 �C, 99%; (d) ethyl 2-(diethoxyphosphoryl)-2-fluoroacetate, NaH, ether, 33% (E:Z = 1.5:1); (e) DIBALH, ether, �78 �C; (f) Dess–Martin periodinane, DCM, rt, 60%; (g) (S)-2-
tert-butanesulfinamide, Ti(OEt)4, DCM, rt; (h) iPrLi, toluene, �78 �C, 50% (dr 7:3); (i) 2 N HCl, dioxane/EtOH; (j) methylchloroformate, Et3N, DCM/EtOH, 54%; (k) CrO3, aq
H2SO4, acetone, 0 �C; (l) 1,10-([1,10-biphenyl]-4,40-diyl)bis(2-bromoethanone), iPrNEt2, CH3CN; (m) NH4OAc, o-xylene, microwave, 140 �C, 40%.

Table 1
HCV replicon activity and cytotoxicity

Compd EC50 (nM) CC50 (nM)

GT 1B GT 1A GT 2A

23 27.3 659 397 1,400
2 0.079 189 167 >10,000
1 0.009 0.050 0.063 2,800
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In conclusion, a series of novel HCV NS5A inhibitors were de-
signed and prepared where a fluoro-olefin moiety replaced the
intramolecular hydrogen bonded amide group in a known class
of HCV NS5A inhibitors (1). The fluoro-olefin based proline mimic
2 demonstrated pico-molar in vitro activity supporting the hypoth-
esis that the c-turn substructure is an active conformation impor-
tant for the inhibition of HCV by NS5A inhibitors. Therefore,
structurally distinct NS5A inhibitors with strong anti-HCV potency
can be obtained via the peptidomimetic approach where the opti-
mal molecular conformer for inhibition is reproduced.
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