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a b s t r a c t

Presented here are initial structure–activity relationship (SAR) studies on a series of novel heteroaryl
fused tetracyclic indole-based inhibitors of the hepatitis C viral polymerase, NS5B. The introduction of
alternative heterocyclic moieties into the indolo-fused inhibitor class significantly expands the reported
SAR and resulted in the identification of pyridino analogs, typified by compounds 44 and 45 that dis-
played excellent potency against the NS5B polymerase of both HCV 1a and HCV 1b genotypes.

� 2012 Elsevier Ltd. All rights reserved.
Figure 1. Aryl-fused tetracyclic indolo NS5B inhibitors 1.5 Generic structure of
fused heterocyclic analogs, 2. [IC50 values are the means of at least 2 experiments
and were obtained using a previously reported enzymatic assay.7]
The hepatitis C virus (HCV) currently infects about 180 million
people globally,1 and frequently results in serious and often fatal
liver disease. The standard of care (SOC) for the treatment of
HCV infection is expected to evolve significantly in coming years,
from the current protocol of co-administration of pegylated inter-
feron-a and ribavirin, (a regime that provides limited efficacy
against HCV genotypes 1a and 1b, and is associated with significant
adverse side-effects2), to protocols incorporating more selective
agents, such the newly approved HCV specific protease inhibitors
VICTRELIS™ and INCIVEK™.3 In addition to the viral protease, the
HCV non-structural protein 5B (NS5B) is an RNA-dependent RNA
polymerase that is essential for viral replication. Several active-site
and allosteric NS5B inhibitors have been reported, and recent clin-
ical data4 on both inhibitor classes have provided support for NS5B
as a viable target for HCV therapy, with inhibitors of this enzyme
expected to have utility in a number of potential combination
therapies.

Described herein is our initial investigation into a series of indole
based inhibitors related to the previously reported indolo analog 1.
Compounds structurally related to 1 have been demonstrated to
bind in the ‘thumb’ domain of NS5B, as evidenced by a consistent
P495L resistance profile, and more definitively, by a reported co-
All rights reserved.
crystal structure.5 A focus of our recent research6 in this area has
been the evaluation of indolo ring systems in which the fused aryl
moiety in 1 has been replaced with a variety of heterocycles, as
shown by 2 in Figure 1.

It can be anticipated that such substitutions would extend the
range of physicochemical properties displayed by these ring
systems and significantly expand the SAR reported in this area.
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Figure 2. Novel heteroaryl-fused, indoloazepine, indolodiazepinone and indolooxazepine NS5B inhibitor classes.
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Several of the heterocyclic intermediates 3–7 required for these
studies are shown in Figure 2.8

The fused thiazolo derivative 9 was prepared in a similar manner
to that used to access compounds 3 and 4, and utilized the previ-
ously reported8 indoloazepinone intermediate 8 in a condensation
reaction with thiourea to give the target thiazolo derivative 9 in
essentially quantitative yield, as shown in Scheme 1.

Additional pyrazino- and imidazolo-fused indoloazepine inter-
mediates 16 and 23 were prepared as shown in Scheme 2. In the
case of the former, this involved an initial Suzuki coupling of 2,3-
dichloropyrazine 11 with the pinacol boronate derivative 10.8 A
subsequent Stille reaction with tributylvinyltin furnished the vinyl
intermediate 13, that was then alkylated using allylbromide to give
the di-olefinic indole 14 in good overall yield. 14 was converted to
the indolo-fused pyrazinoazepine 15 using the Grubb’s metathesis
reaction employing a second generation catalyst, and the desired
target 16 was obtained by a final catalytic hydrogenation and basic
hydrolysis. The related imidazo derivative 23 was prepared in an
essentially analogous fashion using the SEM-protected 4,5-diiodo-
imidazole intermediate (18), prepared as shown in Scheme 2.

A further furano-fused intermediate 30 was prepared as shown
in Scheme 3 using a reaction sequence similar to that outlined
above. 3-Bromofuran (24) was formylated using LDA and DMF to
give intermediate 25. This was then subjected to Suzuki coupling
with the pinacol boronate 10 to afford the di-substituted furan
26. This compound was used without additional protection in a
Wittig reaction using an excess of base and triphenylphosphonium
bromide to give 27. Alkylation of 27 with allylbromide followed by
olefin metathesis under conditions described above provided the
indolo-fused compound 29. This was converted to the desired sat-
urated target 30 by catalytic hydrogenation and basic hydrolysis.

The synthesis of the final heterocyclic intermediate included in
this study, the indolo-pyridooxazepine 37, was prepared using the
chemistry depicted in Scheme 4. Although 37 is a regioisomer of
compound 6, it cannot be accessed by the same intramolecular
Scheme 1. Synthesis of compound 9.
Heck strategy that we have discussed previously.8 Correspond-
ingly, we developed the alternative methodology depicted below
that utilizes an intermolecular Mitsunobu reaction to construct
the oxazepine ring. In this reaction sequence, 3-bromo-2-hydroxy-
pyridine (31) is first derivatized as the O-benzyl ether 32. This
compound was coupled under Suzuki conditions with the pinacol
boronate ester 10 to afford the pyridinyl derivative 33 in good
yield. This intermediate was alkylated using benzyl 2-bromoethy-
lether to give the di-ether 34. Subsequent hydrogenolysis afforded
the hydroxyl-pyridone 35 that under Mitsunobu conditions cy-
clized to give the target indolo-pyridooxazepine indole 36. This
was then hydrolyzed to 37 in moderate overall yield.

With all of the key intermediates in hand, each was subsequently
converted to the desired (E)-3-(4-(1-aminocyclopentanecarboxam-
ido)phenyl)acrylic acid carboxamide9 using the methodology
shown in Scheme 5. Each of the core heterocyclic acids was first
condensed with (E)-methyl 3-(4-(1-aminocyclopentanecarboxa-
mido)phenyl)acrylate using TBTU as coupling agent with the final
target acids obtained by basic hydrolysis with sodium hydroxide,
except in the case of 45. Compound 45 was obtained by the use of
LiI in pyridine as the lactam moiety in the molecule was sensitive
to base-catalyzed hydrolysis conditions. Compound 40 was ob-
tained by treating the SEM-protected imidazole precursor with
TBAF in THF. The structures of the final products are shown in
Scheme 6.

Table 1 lists the activities of these compounds against both
wild-type and P495L mutant genotype 1b NS5B enzymes, as well
as their activities in HCV genotype 1a and 1b replicon systems.10

In general, all of the compounds showed good concordance be-
tween their activities against the isolated wild-type enzyme and in
both replicon systems. The analogs also consistently displayed a
reduced activity toward the P495L mutant enzyme. Given this,
and their close structural relationship to compounds known to
bind in the well-studied5,6,11 NS5B inhibitor binding pocket proxi-
mal to P495, it would appear reasonable to assume that these com-
pounds bind in a similar fashion, vide infra.

In terms of discernable SAR’s, the two fused thiazoles 41 and 42
and the imidazole analog 40 show a significant reduction in po-
tency relative to the phenyl analog 2. In relation to 41 and 42, each
has a pendant functionality that can encounter a steric clash with
the enzyme with an obvious negative impact on potency, vide in-
fra. This is in contrast to the two other oxygen containing five-
membered rings 38 and 39 that display similar potency to 2. With
respect to imidazole 40, reported12 experimental pKa values of the
conjugate acids of dialkylsubstituted imidazoles are between 7.2
and 8.7. Correspondingly, this compound may be significantly



Scheme 2. Reagents and conditions: (a) Pd(PPh3)4, LiCl, Na2CO3, EtOH/toluene, 80 �C, 41–43%; (b) tributylvinyltin, PdCl2(PPh3)2, LiCl, DMF, 100 �C, 29–88%; (c) KH, allyl
bromide, 75%; (d) Grubbs catalyst 2nd generation, CH2Cl2, reflux, 64–100%; (e) H2/Pd-C, 84–91%; (f) NaOH, MeOH/THF, 87–100%; (g) SEMCl, K2CO3, DMF, 92%.

Scheme 3. Reagents and conditions: (a) LDA, DMF, �78 �C to rt, 60%; (b) 10, Pd(PPh3)4, LiCl, Na2CO3, EtOH/toluene, 80 �C, 50%; (c) n-BuLi, methyl triphenylphosphonium
bromide, 65 �C, 54%; (d) KH, allyl bromide, 67%; (e) Grubbs catalyst 2nd generation, CH2Cl2, reflux, 85%; (f) H2/Pd-C, 80%; (g) NaOH, MeOH/THF, 90%.
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ionized under our assay conditions (pH 7.2–7.5), and this may ac-
count for the observed reduction in potency.
The six-membered isosteric fused heterocyclic systems 43, 44,
46 and 47 are essentially equipotent with the phenyl analog 2, as



Scheme 4. Reagents and conditions: (a) NaH, benzyl bromide, DMF, 52%; (b) Pd(PPh3)4, LiCl, Na2CO3, EtOH/toluene, 80 �C, 70%; (c) NaH, benzyl 2-bromoethyl ether, DMF,
49%; (d) H2/Pd-C, 90%; (e) PPh3, DBAD, THF, 85 �C, 58%; (f) NaOH, MeOH/THF, 65%.

Scheme 5. Reagents and conditions: (a) TBTU, diisopropylethyl amine, DMF, 30–
87%; (b) NaOH, MeOH, THF, H2O, 90 �C, microwave, 26–86%; (c) LiI, pyridine, 150 �C,
69%.
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is analog 45 which possesses a more conformationally constrained
bridging element. Collectively these molecules demonstrate that
polarity can be tolerated both in the bridge as well as the fused
heterocyclic moieties. Interestingly, analogs 46 and 47 are isomeric,
differing only in the placement of a nitrogen atom. 47 displays
similar activity to the other six-membered heterocycles, but its
positional isomer 46 shows a significant reduction in potency
against genotype 1a. To date, we have not been able to obtain a
co-crystal of any of the analogs discussed above with NS5B geno-
type 1a (and correspondingly, can only speculate on the origin of
the observed potency differences).

However, we have previously reported the co-crystal structure
of compound 48 with a genotype 1b NS5B construct,13 the model
of which is shown in Figure 3.

In an effort to elucidate the origin of the reduced potency of 41
and 42 relative to the most potent analog 47, the A-chain from the
NS5B 1b/48 co-crystal structure (PDB: 3Q0Z) was used to model
the binding of these three compounds to NS5B. The initial NS5B
1b/48 model was prepared by assigning bond orders and adding
hydrogen atoms to the atoms associated with the A-chain in the
co-crystal structure followed by optimization of the hydrogen
bonding network. These operations were performed with the Pro-
tein Preparation Wizard16 in Maestro™ v. 9.2.17 The resultant mod-
el was then subjected to 500 steps of PRCG18 minimization using
the OPLS2005 force-field19 and implicit water solvation20 with
the positions of all non-hydrogen atoms fixed. Two additional
rounds of 100 steps of steepest descent energy minimization were
then performed. In the first, the positions of the protein backbone
atoms were fixed, and in the second round, no positional restraints
were imposed. All energy minimization calculations utilized Mac-
roModel� v. 9.9.21 Models of compounds 41, 42, and 47 in their
putative bioactive conformations were then created by manual
editing of the structure of 48 from the refined complex model in
Maestro™.17 Models of the complexes of 1b NS5B with compounds
41, 42, and 47 were then each energy minimized (OPLS2005, impli-
cit water solvation, 500 steps PRCG) with the positions of all atoms
except those of the ligands held fixed. Figure 4 shows the three
compounds in the NS5B 1b P495 binding site after energy minimi-
zation. Both of the less potent compounds 41 and 42 are displaced
slightly upward and sit less deeply in the binding pocket compared
to potent analog 47. Furthermore, the methyl and amino substitu-
ents of 41 and 42, respectively, make close contacts with Ala393
and/or Leu492. This suggests that the relatively poor potency of
the two thiazole analogs may be a result of steric interactions
between the substituents and the protein which prevent the poly-
cyclic cores from achieving optimal contact with the enzyme. In



Scheme 6. Final product acids that were examined in enzymatic and replicon assay
systems.

Table 1
Inhibitory activities of indolo-fused heterocycles as determined in biochemical assays
with NS5B wild-type and P495L mutant enzymes. Inhibitory activities in HCV
replicon 1b and 1a systems are also provided

Final product
acid

Enzyme WT
IC50

a (lM)
Enzyme P495L
IC50

a (lM)
Replicon 1b/1a
EC50

a (lM)

2 0.034 3.39 0.014/0.071
38 0.044 5.85 0.078/0.380
39 0.034 3.72 <0.069/ND
40 0.228 ND 0.738/2.51
41 0.108 5.1 0.683*/4.19*

42 0.250 4.84 1.81/3.78
43 0.024 2.28 0.024/0.089
44 0.030 1.731 0.009/0.035
45 0.024 3.1 0.012/0.039
46 0.015 >0.6 0.022/0.157
47 0.014 2.80 0.021/0.028

a Values are means of at least three experiments, unless otherwise noted. Com-
pounds 2, 44 and 45 had CC50’s of 30, 63 and 45 lM, respectively in the replicon
system.
* Data from a single test occasion.

Figure 3. The co-crystal structure of compound 48 bound to the thumb domain of
HCV genotype 1b NS5B (Bartenschlager).14 The proximity of the binding site to
P495 is clearly shown. The binding site is represented by a surface (gray) and
cartoon (green). The side chains of Pro495, Arg498, and Arg503 and compound 48
are represented by sticks (cyan and yellow carbon atoms, respectively). Image
created with PyMOL.15

Figure 4. Compounds 41, 42, and 47 (shown with purple, orange, and green carbon
atoms, respectively) are shown modeled into the P495 binding site in NS5B 1b.
Potent analog 47 sits more deeply in the binding pocket than either of the less
potent analogs which also have unfavorable steric interactions with Ala393 and/or
Leu492. Figure created with Maestro™.17
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the case of 42, the presence of the polar amino moiety in a rela-
tively hydrophobic protein environment may also contribute to
the observed sub-optimal potency.

A number of compounds from this series were investigated in
pharmacokinetic (PK) studies in the rat, with the data on two
analogs, 44 and 45 compiled in Table 2. Compound 44 displayed
low oral bioavailability (4%) with an AUC of 1.7 lM h, but had
relatively low clearance characteristics (CL = 7.2 mL/min/kg; T1/

2 = 1 h), suggesting the molecule suffered from poor absorption.
Compound 45 had essentially no oral bioavailability and dis-
played similar clearance characteristics to 44 (CL = 8.7 mL/min/
kg). We attributed this lack of oral exposure to a combination
of poor solubility and membrane permeability. [In a Caco-2
assay designed to determine if these analogs were substrates
for P-gp, their poor solubility prevented the generation of inter-



Table 2
Rat PK results observed with select examples of the indolo-fused tetracyclic NS5B
inhibitors shown in Scheme 6

Compound Fa (%) AUC (lM h) Clearanceb (mL/min/kg)

44 4 1.7 7.2
45 <1 Not detected 8.7

The above results are the average values calculated from n = 3. Vehicle iv and po
PEG400.

a Oral bioavailability.
b Iv (dose 2 mg/kg).
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pretable data.] Addressing this issue will be the subject of a fu-
ture manuscript.

In summary, we have described the syntheses of a series of
novel heteroaryl fused tetracyclic indole-diamide compounds and
have provided data on their inhibition of NS5B. Pyridino-fused ana-
logs with different bridging elements displayed excellent potency
against both HCV 1a and HCV 1b genotypes, with compounds 44
and 45 demonstrating EC50’s of 9 and 12 nM, respectively against
1b.
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