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The discovery and optimization of a novel class of quinolone small-molecules that inhibit NS5B polymer-
ase, a key enzyme of the HCV viral life-cycle, is described. Our research led to the replacement of a hydro-
lytically labile ester functionality with bio-isosteric heterocycles. An X-ray crystal structure of a key
analog bound to NS5B facilitated the optimization of this series of compounds to afford increased activity
against the target enzyme and in the cell-based replicon assay system.

� 2011 Elsevier Ltd. All rights reserved.
Hepatitis C virus (HCV) infection is a major public health prob-
lem with an estimated 170 million patients worldwide.1 Compro-
mised liver function caused by chronic HCV infection can
progress to cirrhosis and hepatocellular carcinoma and is a leading
cause for liver transplants.2 Until recently, HCV therapy consisted
of a combination of peginterferon alfa-2a/b and ribavirin, a regi-
men that has severe limitations including non-response, relapse,
poor tolerability and long duration of treatment. Two new small
molecule inhibitors of NS3 protease, telaprevir and boceprevir,
have completed human clinical trials and been approved for treat-
ment of HCV.3 Developing novel small molecule inhibitors target-
ing additional aspects of the HCV life cycle is an active area of
research. Both nucleoside and non-nucleoside inhibitors targeting
NS5B polymerase are currently in Phase II clinical trials. It is antic-
ipated that NS5B polymerase inhibitors will be used together with
All rights reserved.
NS3 protease inhibitors as the field moves ultimately to combina-
tion, all oral therapy for HCV.

Our research led to the discovery of a quinolone-based series of
lead compounds which inhibit HCV NS5B polymerase.4a The opti-
mization of this new structural class of inhibitors was aided by
an X-ray crystallographic structure of the quinolone 1 bound to
the NNI-2 allosteric binding site of this enzyme. We now describe
efforts to optimize this lead, with the initial goal of replacing the
ester functionality with a hydrolytically stable bio-isostere5

(Fig. 1) to improve activity and metabolic stability. Additionally,
we describe substitution on the phenyl rings and at the C7 position
of the quinolone to improve the pharmaceutical properties of the
series.6

Analysis of the X-ray structure of 1 bound to NS5b reveals that
the carbonyl of the ester acts as a hydrogen bond acceptor for the
backbone NH of Ser 476 in the NNI-2 binding site. An appropriate
iso-steric heterocycle should position an H-bond acceptor hetero-
atom in a similar position. The X-ray structure also reveals that
the aromatic ring of the benzyl ester fits into a hydrophobic pocket

http://dx.doi.org/10.1016/j.bmcl.2011.11.013
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Figure 1. Isosteric replacement of ester with heterocyclic groups.
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and is two atoms away from the carbonyl carbon (C10). We there-
fore initially prepared the heterocycles2, 3, and 4 (Table 1) that pos-
sess an H-bond acceptor that corresponds to the position of the
ester carbonyl, and a phenyl ring two (n = 0) atoms away. The syn-
theses of these heterocycles are described in Schemes 1–3.7 Oxadi-
azoles 2 and 3 are both inactive against NS5B polymerase,8 whereas
the oxazoline 4 displayed some activity but was still much less po-
tent than its ester analog. A reasonable explanation for the observed
SAR is apparent from the crystal structure of 1, where there is a 90�
angle between the plane of the ester and the phenyl ring, allowing
the ring to be deeply buried in a hydrophobic pocket. Direct substi-
Table 1
SAR of C-3 heterocyclic quinolones

# N

O
R3R1

R2

Cl

R1 R2 R3

2 OCH3 OCH3
N O

Ph
N

3 OCH3 OCH3
O N

p-ClPh
N

4 OCH3 OCH3
N

Ph
O

5 OCH3 OCH3
N

N

O Ph

6 OCH3 OCH3
O

N

N Ph

7 OCH3 OCH3
N

O

N p-ClPh

8 OCH3 H
N

O

Ph

9 OCH3 OCH3

N

N
N

N Ph

10 OCH3 OCH3
N

N

O Ph

11 F N
N N

N

O Ph

12 F N
N N

O

N Ph
tution from the heteroaromatic rings of 2 and 3 does not allow the
phenyl to reach deeply into this out-of-plane hydrophobic pocket.
The sp3 linker from the oxazoline ring of 4, on the other hand, al-
lows the required out-of-plane geometry for the phenyl group to
better access the pocket (Fig. 2). Based on this hypothesis, we pre-
pared compounds 5–10 (Schemes 1–3) with a methylene group in-
serted between the heterocycle and the phenyl group to allow the
phenyl group improved access to this hydrophobic pocket.

Our binding hypothesis was supported by the fact that the
1,2,4-oxadiazole 5 was almost equipotent to the ester analog 1.
Compound 10, with the phenyl group two atoms away from the
IC50
8 (lM) EC50

9 (lM) GI50
9 (lM)

>10 — —

>10 — —

4.3 8.91 —

0.041 10.3 —

0.73 — —

1.6 — —

1.8 — —

>10 — —

>10 — —

0.023 0.84 7.3

0.115 4.4 9.8
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heterocyclic ring, was devoid of NS5b polymerase inhibitory activ-
ity. The isomeric 1,2,4-oxadiazole 6 was also active but 20-fold less
potent than 5, indicating that the oxygen is less capable of forming
the required H-bond than the nitrogen in 5. The 1,3,4-oxadiazole 7
and the oxazole 8 were even less potent while the tetrazole 9 was
inactive.

Despite being a potent inhibitor of the NS5B enzyme, the oxadi-
azole 5 was poorly active in the replicon assay.9 In parallel, com-
pounds were evaluated for their cytotoxic effects in the replicon
cell line.9 To improve the replicon activity, we turned our attention
to improving the biopharmaceutical properties of this class of com-
pounds. The X-ray structure of ester 1 indicates that substituents at
the C7 position point into bulk solvent and positioning hydrophilic
substituents at this site led to good replicon potency in the ester
series.4 We applied the same strategy to the oxadiazole heterocy-
cles 5 and 7. The 6-fluoro-7-(N-methylpiperizine)-analogs of these
compounds, 11 and 12, were synthesized according to Schemes 1
and 3. Compounds 11 and 12 did indeed have improved replicon
potency.4b In particular, the submicromolar replicon potency of
11 encouraged us to continue optimizing this series.

The two phenyl rings were modified with electron withdrawing
substitutents to optimize potency and block potential phenyl ring
oxidative metabolism.7 The results of this work are shown in
Tables 2 and 3. In the 1,2,4-oxadiazole series, replacing the R4 phe-
nyl ring with a 4-F-phenyl (13, Table 2) results in no loss of activity
against NS5B, while replacing it with a 2,4-difluoro phenyl ring
(14) reduces both NS5B and replicon potency. Replacing the
p-chlorine on the N-benzyl group of 11 (Table 2) with 4-trifluoro-
methyl (15) or with 2-fluoro-4-trifluoromethyl (16) maintained
the potency against NS5B and further improved replicon potency.
Compound 17, which has both phenyl rings protected from meta-
bolic oxidation, was highly potent in both assays. These substitu-
tions also improved replicon potency in the 1,3,4-oxadiazole
series, compounds 18 and 19 in Table 3.10

In order to confirm our design paradigm and to guide further
optimization, the structure of 16 bound to NS5B was solved (RCSB
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Table 2
Optimization of the 3-(1,2,4-oxadiazole)-quinolone series

#
N

O

R4

F

N

N

ON

R3

N

IC50

(lM)
EC50

(lM)
GI50

(lM)

R3 R4

13 4-FPh 4-ClPh 0.019 1.43 6.4
14 2,4-DiFPh 4-ClPh 0.075 3.68 4.7
15 Ph 4-CF3Ph 0.024 0.36 15
16 Ph 2-F, 4-CF3Ph 0.014 0.25 7.0
17 4-FPh 2-F, 4-CF3Ph 0.015 0.23 6.0

Table 3
Optimization of the 3-(1,3,4-oxadiazole)-quinolone series

#
N

O

R4

F

N

O

NN

R3

N

IC50

(lM)
EC50

(lM)
GI50

(lM)

R3 R4

18 Ph 2-F,4-CF3Ph 0.038 0.61 4.6
19 p-FPh 2-F,4-CF3Ph 0.045 0.73 5.7
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ID code: RCSB068620; PDB ID code: 3UDL). The construct of NS5B
had the N-terminal 21 residues removed and included a His tag at
the C-terminus. The structure was refined to 2.15 Å resolution
(R = 0.191, FreeR = 0.243, RMS bonds = 0.03 Å, RMS angles = 0.69�).
Generally, each of the four molecules in the asymmetric unit
showed clear electron density for the inhibitor, although the den-
sity for the N-methyl piperazine, which points into solution was
less well defined. The crystal structure revealed a binding mode
consistent with that observed for compound 1. The ligand occupies
the NNI-2 binding site located in the thumb region (Fig. 3a), mak-
ing several hydrogen bonds and occupying two hydrophobic pock-
ets. The quinolone ring sits on a shelf formed by Ile 482. As
expected, a hydrogen bond exists between the quinolone carbonyl
oxygen atom and the backbone amide NH of Tyr 477. In addition,
the N2 nitrogen atom of the oxadiazole is nicely positioned to re-
ceive a hydrogen bond from the backbone amide NH of Ser 476.
The benzyl group off the oxadiazole occupies a hydrophobic pocket
formed by the collapse of Leu 419, Arg 422, Met 423, and Trp 528. A
second shallow hydrophobic pocket is occupied by the CF3-phenyl
group which contacts Leu 419, Val 485, Ala 486, Leu 489, Leu 497,
and Met 423. Finally, the piperazine ring is solvent exposed, consis-
tent with the suitability of this location for modulating the overall
physico-chemical properties of the molecule.

An overlay of the X-ray structures for compounds 1 and
16 ( Fig. 3b) confirms the design hypothesis used to drive the
replacement of the benzyl ester with a benzyl oxadiazole. The
methylene linker of the benzyl group allows the phenyl ring to
adopt the preferred out-of-plane geometry and the two rings are
nearly superimposable, despite the longer overall linker length of
the oxadiazole when compared to the ester. The CF3 group at the
phenyl R4 position overlays well with the methylsulfone of 1,
although the benzyl rings are twisted approximately 45� relative
to each other.

The origin of this rotational difference is not readily apparent.
The ortho-fluoro substituent on the N-benzyl ring of 16 does not
make any specific interactions with the proximal residues of the
binding pocket. Thus the twist is likely a consequence of either
an intramolecular interaction between the ortho-fluoro and meth-
ylene of the benzyl group or the influence of the methyl sulfone on
the phenyl ring of 1. In the absence of additional structural data, it



Figure 3. (a) X-ray structure of 16 bound to NNI-2 site (PDB ID code: 3UDL). (b)
Overlay of compounds 16 (yellow) and 1 (white), showing a high degree of overlap
between the two ligands and very similar protein conformations. Small differences
in Leu 419 and Ile 482 are highlighted.
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is difficult to assess the validity of either of these hypotheses.
However, this observation suggests that the interactions made by
the aromatic portion of the benzyl substituent in this region of
the binding pocket are weak, non-specific, and easily influenced
by subtle chemical changes.

Scheme 1 describes the conversion of a C3 carboxylic acid to
various ester isosteric heterocycles. Activation of the acid as the
acid chloride affords an intermediate that reacts with a hydroxami-
dine, 1,2-amino alcohol or hydrazide to afford a 1,2,4-oxadiazole
(3, 6), 1,3-oxazoline (4), and a 1,3,4 oxadiazole respectively (7, 8,
12, 19). Scheme 2 describes the conversion of the C3 quinolone
nitrile to the C3 oxazole and tetrazole derivatives. Reaction of the
nitrile with TMSN3 affords the intermediate tetrazole that is benzy-
lated to afford compound 9.11 Oxazole 8 is obtained by reacting the
nitrile with 1-diazo-3-phenylpropan-2-one.

Scheme 3 describes the conversion of quinolone C3 nitriles to
the intermediate hydroxyamidine through reaction with hydroxyl
amine. The resulting hydroxyamidine intermediates are converted
to a variety of 1,2,4-oxadiazole target compounds by reacting with
appropriate carboxylic acids.

In conclusion, we have described a new series of allosteric-site
(NNI-2) inhibitors of the HCV NS5B polymerase enzyme. These
compounds are an improvement on a previous series of quinolones
through the replacement of an ester with either a 1,2,4- or a 1,3,4-
oxadiazole. The most potent compounds in this series, 16 and 17,
have replicon EC50s below 250 nM. The continued optimization
of this series will be described in forthcoming papers.
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