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Replacement of the benzimidazole core of allosteric Thumb Pocket 1 HCV NS5B finger loop inhibitors by
more lipophilic indole derivatives provided up to 30-fold potency improvements in cell-based subge-
nomic replicon assays. Optimization of C-2 substitution on the indole core led to the identification of ana-
logs with EC50 <100 nM and modulated the pharmacokinetic properties of the inhibitors based on
preliminary data from in vitro ADME profiles and in vivo rat PK.
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The hepatitis C virus (HCV) is an RNA virus which is transmit-
ted mostly through contaminated blood (e.g., intravenous drug
users) and is thought to infect some 170 million individuals
throughout the word. While the infection may remain asymp-
tomatic for 20–30 years, approximately 20% of chronic carriers
are at risk for eventually developing serious liver injuries such
as cirrhosis and hepatocellular carcinomas (HCC).1 Much pro-
gress has been realized toward the development of small mole-
cule therapeutics (DAA: Direct Acting Antivirals), such as the
NS3/4A protease inhibitors for the treatment of HCV infection.2

However, the initial use of DAAs will be as an add-on to the cur-
rent standard of care (SOC) combination of oral ribavirin (RBV)
and subcutaneously administered pegylated interferon (PEG-
IFN). Although the new treatment regimens have improved effi-
cacies in treatment naïve patients infected with genotype 1 HCV,
the PEG-IFN/RBV component is associated with severe side ef-
fects and these new therapies are only marginally efficacious
against treatment-experienced null responders.3

Additional classes of DAAs are required to expand therapeutic
options with alternative combinations that include all-oral
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PEG-IFN sparing regimens. Toward this end, we have been report-
ing on the discovery and optimization of specific allosteric inhibi-
tors of the virally encoded NS5B RNA-dependent RNA polymerase
(RdRp) of HCV. These benzimidazole derivatives bind in the thumb
sub-domain of the polymerase and exert inhibition by interfering
with the interaction of a loop that extends from the finger domain
of the enzyme to a well defined pocket in the thumb. These ‘finger-
loop inhibitors’ thus interfere with conformational changes which
are necessary for the formation of a RNA synthesis-competent state
of the enzyme.4 They represent a suitable class of compound that
may be combined with the first wave of NS3/4A protease targeting
DAAs to improve safety and efficacy in the treatment of chronic
HCV infection.

We recently disclosed benzimidazole 5-carboxamide deriva-
tives (e.g., 1, Fig. 1) that feature an amino acid linker (e.g., D-Ala)
between the left-hand-side benzimidazole core and a 4-aminocin-
namic acid on the right-hand-side.5 Further SAR, complemented
with NMR and modeling studies established a conformational role
for the central amino acid, providing rigidification of the backbone
toward a presumed bioactive conformation. Incorporation of an
a,a-disubstituted amino acid at this position enhanced inhibition
of polymerase activity (e.g., 2, IC50 = 40 nM).6 However, despite sig-
nificant advancements in intrinsic potency, the lack of improve-
ment in cell-based subgenomic replicon activity7 in this series
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Figure 1. Thumb Pocket I benzimidazole inhibitors of HCV NS5B polymerase.
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(EC50 >1 lM) jeopardized further progression of the benzimidazole
derivatives toward development as potential drug candidates.

Recently, we and others reported the replacement of the benz-
imidazole core of truncated carboxylic acid versions of these inhib-
itors with more lipophilic indole isosteres. This modification
provided enhanced cellular permeation and resulted in significant
potency improvements in cell culture experiments.8 When applied
to benzimidazole 5-carboxamides such as 2, this strategy increased
cell culture activity 20–30-fold (compounds 3–5, Table 1) despite
small (two- to six-fold) apparent losses in intrinsic potency.

As shown in previous studies on truncated indole 5-carboxylic
acid analogs,8a N-methylation of the indole (compound 4) further
improved potency. Alkylation with larger groups such as Et, iBu
or iPr (not shown) did not provide additional benefit. While
replacement of the benzimidazole scaffold by a N-methylindole
provided a much needed boost in cellular activity (30-fold for 4
vs 2), this change significantly increased lipophilicity. In the case
of 4, the calculated lipophilicity (Calcd Log P = 6.0) was 1.5 log10

greater than benzimidazole 2 (Calcd Log P = 4.4).9 This deviation
in drug-like attributes10 was, in part, suspected to contribute to
the low aqueous solubility of the compound at pH 7.2 (4 lg/
mL),11 modest metabolic stability in the presence of human liver
microsomes (HLM T1/2 = 29 min) and partial inhibition of CYP450
isozymes (2C9 IC50 = 2.4 lM; 2C19 IC50 = 4.2 lM; 2D6
IC50 = 9.0 lM; 3A4 IC50 = 8.7 lM).

Part 1 of this report describes optimization of the C-2 indole
substituent that aimed to replace the furyl structural alert12 in
compound 4 with aryl and heterocyclic groups with the potential
Table 1
Indole diamides—N1 SAR

N N
H

O

O O

N
HR

COOH

Compds R IC50
a (nM) EC50

a (nM) Calcd Log P9

3 H 172 ± 31 55, 121 5.7
4 Me 106 ± 22 54, 64 6.0
5 Et 282 ± 80 100 6.3
6 iBu 623, 685 620 7.2

a n P 2: arithmetic mean ± standard deviation is reported.
to reduce lipophilicity and improve physicochemical and ADME
properties, while maintaining good cell culture activity. The
accompanying Part 2 focuses on the central amino acid linker
and right-hand-side SAR.13

The synthesis of inhibitors is depicted in Scheme 1. N-Alkylin-
dole-5-carboxylic acid intermediates bearing various substituents
at C-2 were prepared from 2-bromo- or 2-tributylstannyl indoles
using palladium-catalyzed cross-coupling protocols as previously
described.8a 2-Aminoisobutyric acid was coupled to ethyl 4-amino-
cinnamate via its acid chloride hydrochloride in the presence of
pyridine as a base.14 Coupling of this hindered amine to the indole
carboxylic acid derivatives was performed under standard condi-
tions using HATU and diisopropylethylamine in DMSO. Saponifica-
tion using aqueous NaOH generated inhibitors that were purified
by reversed-phase HPLC.15

Results for inhibitors bearing five-membered heterocycles,
aromatic rings or heterobicyclic systems at the C-2 position of
the indole scaffold are presented in Table 2 along with available
data for metabolic stability in the presence of human liver micro-
somes (HLM), Caco-2 cell apical to basolateral permeability, solu-
bility at pH 7.2 (amorphous solids) and Calcd Log P. As observed
previously for benzimidazole-based inhibitors16,8a small five-
membered heterocycles provided strongest inhibition of polymer-
ase activity (compounds 4, 8 and 9). These compounds also dis-
played good potency in the cell-based replicon (EC50 = 45–
60 nM). While solubility at pH 7.2 and Caco-2 permeability were
acceptable for some of these analogs, metabolic stability re-
mained an issue, particularly for thiazole 8 and oxazole 9. Nota-
bly, substituted thiazole 10 also had good replicon potency
despite significantly reduced activity against the enzyme assay
(IC50 = 270 nM) and reasonable lipophilicity (Calcd Log P = 5.3). A
similar profile was seen with a phenyl (11) or 4-chlorophenyl
(14) substituent, displaying modest activity against the enzyme
but good replicon potency. In general, substitution ortho- or meta-
to the attachment point on the indole core negatively impacted
intrinsic potency (IC50 >270 nM). We believe this is attributable
to steric interactions that affect the conformation of the critical
cyclohexyl moiety.17 Nevertheless, the high lipophilicity of some
analogs (e.g., 19, 21, and 23) still resulted in relatively good activ-
ity in the benchmark replicon assay (EC50 <100 nM).

Achieving improvements in cell culture potency through in-
creased lipophilicity was not a desirable strategy as such an ap-
proach would predictably compromise aqueous solubility and
ADME-PK profile. This path could eventually lead to significant
challenges for the development of such compounds. When six-
membered heterocycles were introduced at C-2 of the indole core,
more promising results were obtained as depicted in Table 3. 2-
Pyridyl analog 24 had excellent intrinsic potency (IC50 = 36 nM),
good cell-based activity (EC50 = 60 nM), excellent Caco-2 perme-
ability and both solubility and lipophilicity were satisfactory.
Unfortunately, metabolic stability in liver microsomes remained
modest for this compound (HLM T1/2 = 37 min). Further SAR was
developed around this initial finding by scanning isomeric and
substituted pyridines, as well as pyrimidines and pyrazines. The
impact of modulating the pKa

18 and lipophilicity of the C-2 sub-
stituent on potency and in vitro ADME parameters (metabolic sta-
bility and Caco-2 permeability) is shown in Table 3. The 2- and
4-pyridyl analogs 24 and 26 were two- to three-fold more potent
in the replicon than the 3-pyridyl analog 25, however the in-
creased basicity of 26 had a negative impact on caco-2 permeabil-
ity. Addition of methyl groups at various positions on the
pyridine ring revealed that some substitution patterns were more
tolerated than others. For example, and consistent with previous
findings, substitution ortho- to the attachment point to the indole
scaffold (compd 30) was not tolerated. Interestingly, the sterically
shielded meta-substituted pyridine 27 retained good potency and
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Scheme 1. Synthesis of indole-5-carboxamide inhibitors.
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Caco-2 permeability, however the isomeric 28 was significantly
less active in the polymerase assay. This finding suggests a pre-
ferred orientation for the pyridiyl nitrogen in the bound confor-
mation that can only accommodate meta-substitution as
displayed in isomer 27. Unfortunately, analog 27 showed in-
creased susceptibility to CYP450-mediated metabolism (HLM T1/

2 = 21 min). para-Substitution was well tolerated and compound
29 had a similar profile to unsubstituted pyridyl 24. The substi-
tuted 3-pyridyl isomer 31 also had comparable potency to 24 or
29 however in this case, Caco-2 permeability was reduced. In
an attempt to further decrease the lipophilicity of this class of
inhibitors, polar amino functions were displayed on the pyridine
contour (compounds 32–36). Even with a substantial reduction
in lipophilicity (Calcd Log P = 3.3 vs 4.9 for 24) the 2-aminopyr-
idyl analog 32 showed cell-based potency in the desired range
(EC50 = 60 nM). Furthermore, the increased polarity of this analog
improved metabolic stability in liver microsomes (HLM T1/

2 = 91 min). Unfortunately, the decrease in Calcd Log P also im-
pacted Caco-2 permeability which was 10-fold lower relative to
24. The addition of methoxy groups on the pyridyl ring reduced
the pKa of the nitrogen atom (compounds 37 and 38), was rela-
tively well tolerated for potency, and did not jeopardize meta-
bolic stability or permeability. However, lipophilicity was
increased substantially as suggested by Calcd Log P values >5.5.
A trifluoromethyl group was somewhat tolerated potency wise
(compd 39), but further reduced basicity as lipophilicity increased
to Calcd Log P = 6.1. As a result, metabolic stability and solubility
were both compromised. Finally, introduction of an additional
nitrogen atom into the C-2 indole substituent provided less basic
pyrimidine and pyrazine analogs (40–42) with adequate lipophil-
icity (Calcd Log P = 4.2–4.7). Pyrazine 41 had good potency (com-
parable to pyridine 24), caco-2 permeability and solubility.
However, metabolic stability was reduced compared to the pyri-
dyl analog.

Several representative analogs were also tested in a panel of
CYP450 isozyme inhibition assays (1A2, 2C9, 2C19, 2D6 and 3A4).
As a result of greater lipophilicity, indole-based inhibitors generally
displayed increased inhibition of CYP450 enzymes compared to the
corresponding benzimidazoles. For example, compound 1 did not
inhibit 1A2, 2C9, 2C19 and 2D6 (IC50 >30 lM) and displayed only
moderate inhibition of CYP3A4 (IC50 = 12.3 lM).5a In comparison,
indole derivative 24 had IC50 = >30, 7.9, 2.7, 16.6, and 8.9 lM
against the same panel of enzymes.

To summarize results presented in Tables 1–3, replacement of
the benzimidazole scaffold in lead diamide derivative 2 by a more
lipophilic N-methyindole isostere provided significant improve-
ments in cell-based replicon potency and several analogs meeting
our criteria for further advancement (EC50 <100 nM) were identi-
fied. Optimization of the C-2 indole substituent led to promising
analogs such as compound 24 where the initial 3-furyl moiety
was replaced by a less controversial pyridyl group while maintain-
ing replicon potency and improving solubility. Overall lipophilicity
was reduced in some cases to more acceptable values (Calcd
Log P <5) while generally preserving Caco-2 permeability. However,
metabolic stability in this class remained modest and moderate
inhibition of CYP450 enzymes was observed (CYP3A4 IC50 = 5–
15 lM).

Several representative inhibitors were also tested for specificity
against another RNA-dependent RNA polymerase from polio virus
and a mammalian DNA-dependent RNA polymerase II isolated
from calf thymus.7a Selectivity indices (S.I.) were >150-fold in all
cases.

In order to assess the potential of this class for oral exposure,
two representative analogs (compound 24 and 32) were selected
for oral administration in rat (10 mg/kg dose).19 Oral pharmacoki-
netic parameters are summarized in Table 4.

For both compounds, Tmax was 60.5 h, indicative of rapid
absorption. For pyridyl analog 24, maximum exposure (Cmax) was
reasonable as predicted from the good Caco-2 permeability. How-
ever, AUC was low and the oral MRT was short, indicative of rapid
elimination, an observation that is consistent with the short mea-
sured T1/2 = 9 min in the presence or rat liver microsomes. Com-
pound 32 on the other hand had slightly improved metabolic
stability that resulted in a longer MRT, but the reduced Caco-2 per-
meability only had a limited impact on oral exposure. These results
indicate this class of compound is likely cleared through hepatic
metabolism and that Caco-2 permeability is a good predictor of oral
exposure. Part 2 of this account focuses on optimization of the cen-
tral amino acid linker and the right-hand-side of the molecules and
takes into account learnings from this initial investigation.13



Table 2
Indole 5-carboxamide C-2 SAR: five-membered heterocycles, heterobicycles and aryl groups

N N
H

O

X O

N
H

COOH

N N
H

O

X O

N
H

COOH

N N
H

O

X O

N
H

COOH

Compds X IC50
a (nM) EC50

a (nM) HLM T1/2
b (min) Caco-2 (10�6cm/s) Solubility11 pH 7.2 (lg/mL) Calcd Log P9

4
O

106 ± 22 54, 64 29 6.0 4 6.0

7
S

180 56 100 < 0.1 6.2

8
N

S
46, 49 36, 64 29 8.5 39 5.2

9
O

N
34, 49 46 12 5.0 60 4.4

10 N

S

N
270 57 26 0.2 5 5.3

11 345 77 6.8

12

Cl
414 193 7.3

13

Cl
362 122 7.3

14 Cl 228 87 91 0.6 7.3

15

Cl
298 332 7.8

16
N

S
690 6.6

17
N

N
980 2800 4.9

18 NH 420 133 6.9

19 NH 500 110 6.9

20
N
H

440 6.9

21
N

400 86 125 BDL 0.3 5.8

22
N

290 160 6.0

23
N

270 70 180 3.4 18 6.0

a n P 2: arithmetic mean ± standard deviation is reported.
b T1/2 measured in human liver microsomes at 10 lM initial concentration.
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Table 3
Indole 5-carboxamide C-2 SAR: six-membered heterocycles

N N
H

O

X O

N
H

COOH

Compds X Calcd pKa
18 IC50

a (nM) EC50
a (nM) HLM T1/2

b (min) Caco-2 (10�6cm/s) Solubility11 pH 7.2 (lg/mL) Calcd Log P9

24
N

5.4 36 ± 8 57, 62 37 16 50 4.9

25
N

5.3 109 144 25 9.4 34 4.4

26 N 6.0 110 46, 47 19 0.3 25 4.3

27 N 6.1 61, 91 36, 36 21 6.9 43 4.5

28

N
6.1 458, 543 4.9

29
N

5.7 71 47 16.4 16 5.1

30

N
5.7 1000 5.0

31
N

6.1 83, 94 39 ± 23 36 2.6 44 4.0

32 N
NH 2

6.5 76, 95 63 91 1.5 50 3.3

33
N

NH 2
6.7 177 161 2.9

34

N
NH2 7.0 628 3.1

35
N

NH 2 6.3 18, 45 168 238 3.9

36
N

N 7.2 867 360 4.1

37 N
MeO

3.6 80, 124 50 39 24 78 6.1

38
N

MeO 3.5 318 90 53 6 5.7

39
N

F3C 3.0 157 110 33 0.8 6.3

40
N

N
2.0 41, 46 136 11 3.3 434 4.7

41
N

N
1.2 20, 25 58 28 7.0 129 4.6

42
N

N
NH2 4.0 150 300 4.2

a n P 2: arithmetic mean ± standard deviation is reported.
b T1/2 measured in human liver microsomes at 10 lM initial concentration.
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Table 4
RLM metabolic stability and rat oral PK parameters for 24 and 32 at 10 mg/kg oral
dose

Compds RLM T1/2 (min)a Cmax (lM) AUC (lM�h) Oral MRT (h)

24 9 1.23 0.87 0.5
32 21 0.99 1.18 3.4

a T1/2 measured in rat liver microsomes (RLM) at 10 lM initial concentration.
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