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Abstract

The treatment of HCV with highly efficacious, well-tolerated, interferon-free
regimens is a compelling clinical goal. Trials employing combinations of direct-acting
antivirals that include NS5A inhibitors have shown significant promise in meeting
this challenge. Herein, we describe our efforts to identify inhibitors of NS5A and
report on the discovery of benzimidazole-containing analogs with subnanomolar
potency against genotype la and 1b replicons. Our SAR exploration of 4-substituted
pyrrolidines revealed that the subtle inclusion of a 4-methyl group could profoundly

increase genotype 1a potency in multiple scaffold classes.

Letter

Hepatitis C virus (HCV) affects an estimated 130-170 million individuals
worldwide and is the leading cause of liver transplant and hepatocellular carcinoma.'
Once only treatable with poorly tolerated and moderately efficacious regimens of
pegylated interferon alpha (PEG-IFN-a) and ribavirin (RBV), chronic HCV infection
is now being cured with high rates in clinical trials using IFN-free combinations of
direct-acting antivirals (DAAs). The search for DAAs interfering with HCV
replication has included targeting of the non-structural (NS) viral proteins NS2,

NS3¢4A, NS4B, NS5B and NS5A.%*

*
Corresponding author. Tel.: +1 617 961 7605
E-mail address: james_henderson@vrtx.com (J. A. Henderson)



In clinical monotherapy studies, NS5A inhibitors have proven to produce the
most rapid viral load declines of any HCV antiviral class.’” NS5A is a large
phosphoprotein (49 kDa) with no apparent enzymatic activity or homologues in
prokaryotes and eukaryotes. Although the mechanistic role of NS5A in the HCV
replication cycle currently is unknown, it is thought to play important roles in viral
replication, virion assembly and secretion from infected cells.® The elucidation of
NS5A’s mechanistic role remains an active area of investigation.” Several NS5A
inhibitors are currently in various stages of development,8 including daclatasvir
(BMS-790052, Figure 1), which achieved the first clinical proof of concept in this
inhibitor class by displaying an impressive 3logig reduction of HCV RNA in 24 h

with a single 10 mg oral dose (genotypes 1a and 1b).”
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Figure 1. Structure of daclatasvir (BMS-790052)

Inspired by literature leads and internal screening, our early medicinal
chemistry efforts to identify NSSAcinhibitors with balanced genotype 1a (Gla) and 1b
(G1b) potency focused on benzimidazole-containing scaffolds (Table 1).'*'" Directly
linked bis-benzimidazole 1 showed low nanomolar Glb potency and no activity
against Gla, whereas mono-alkyne inhibitor 2 exhibited a potency increase in both
genotypes, suggesting a minimum distance requirement between the two
benzimidazoles. Reduction of the alkyne linker to flexible ethyl analog 3 resulted in a
3-fold potency reduction in G1b and a 25-fold loss for Gla, suggesting the need for a
rigid linker. Increasing the linker length by introduction of a bis-alkyne (4) had no
affect on Gla and G1b replicon activity. Replacement of the alkynes with a more
lipophilic phenyl ring § improved Gla potency 30-fold (ECsg = 550 pM). The 1,3-
linked analog 6 was inactive but the 2,5-substituted thiophene analog 7 was
equipotent to 5, indicating that up to ~30° deviations from linearity are tolerated in
these molecules. Mono substitution appeared to be tolerated as observed with analogs

8-10 and electronic factors did not play a significant role as methyl, fluoro and



methoxy exhibited similar potencies to unsubstituted phenyl §, and dimethylphenyl

linkers 11 and 12 also had similar potency to phenyl analog S.

Table 1

Activity of bis-benzimidazole analogs

>\\NH 0 HN/Q O/NH

O
Gla Glb
Compd X ECso ECso (Cf\j[“)
@M) (M) K
1 None >2000 26 >20
2 — 28 0.022 >20
3 o~ 638 0.076 >20
4 — = 13 0.024 13
5 @— 0.55 0012 6
6 Q 378 20 6
7 /@\ 0.94 0.01 6
Me
8 <:§ 0.84 0.006 3
OMe
9 <:/< 0.36 0.013 6
F
10 <:§ 0.84 0.012 6
Me
11 @7 0.9 0.006 5
Me
Me, Me
12 2.9 0.01 7

-

Our goal of identifying a NS5A inhibitor with balanced Gla and 1b potency

necessitated further optimization of the benzimidazole-phenyl-benzimidazole scaffold



(e.g., compound 5) and ultimately led to the investigation of substituted pyrrolidines.
Activity profiles from our exploration of 4-substituted pyrrolidines (13-23) are
compared to unsubstituted pyrrolidine S in Table 2. Modifications at the 4-position
for compounds 13-23 had modest effects on G1b potency, yet a profound effect was
observed with respect to Gla potency. While mono-fluorinated pyrrolidines 13 and
14 were less potent than 5, geminal difluoride 15 was equipotent to § in Gla activity.
A marked drop in activity for both genotypes was observed with 4R-hydroxyl 16,
presumably due to intolerance of polar functionality at this position given that activity
returned with the corresponding methyl ether 17. The 4S-methyl ether 18
demonstrated an unanticipated 10-fold increase in Gla activity and further exploration
revealed 4-methyl pyrrolidines 19 and 20 were 20-fold more potent (Gla ECso= 26
pM and 28 pM, respectively) than 5, providing analogs with exceptional G1a/G1b

Table 2

Activity of analogs containing 4-substituted pyrrolidines
R

,g

\W
(¢}
R
Compd R g(]fo gé?o “Cso
M) (M) (M)
5 H 0.546 0.012 6
13 (S)-F 4.9 0.082 11
14 (R)-F 1.1 0.018 14
15 gem-di-F 0.5 0.004 13
16 (R)-OH 15 0.1 >20
17 (R)-OMe 1.22 0.034 6
18 (S)-OMe 0.053 0.031 >20
19 (R)-Me 0.028 0.007 14
20 (S)-Me 0.026 0.037 >20
21 (S)-CF; 0.030 0.005 13
22 (S)-Et 0.085 0.019 >20

23 gem-di-Me 0.03 0.011 >20



potency ratios. The 4S-trifluoromethyl analog 21 displayed similar Gla activity to 20,
while 4S-ethyl 22 showed a 3-fold drop in activity. Substitution of the 4-position of
the pyrrolidines with geminal dimethyl (23) also resulted in potent Gla and 1b
activity.

Gratifyingly, the incorporation of 4-methyl substituted pyrrolidines into
additional scaffolds was also effective in boosting Gla potency (Figure 2). A
dramatic 1000-fold increase in Gla potency is observed when diyne-linked bis-
benzimidazole 4 (Gla ECsyp = 18 nM) is compared to 4S-methyl pyrrolidine-
containing analog 24 (Gla ECsyp = 18 pM). In order to investigate the methyl effect'”
in an analog where scaffold symmetry had been broken, we replaced one of the
benzimidazoles of 5 with a phenyl-imidazole unit to provide compound 25.
Incorporation of 4S-methyl pyrrolidines into 25 (Gla ECso = 139 pM) resulted in a
35-fold increase in Gla activity for 26 (Gla ECsy = 4 pM), providing a single digit
picomolar inhibitor of NS5A Gla and 1b (CCs = >20 puM)."*"*
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Figure 2: Activity of 4(S)-Me pyrrolidine-containing analogs

With excellent Gla and 1b potencies in hand, the ADME properties of 26
were investigated. Metabolic stability in both rat and human hepatocytes was high,
with > 90% remaining after incubation at 5 pM for 60 minutes. The cellular
permeability as measured in the Caco-2 cell line was good, and evaluation of PGP
efflux potential in the human Mdrl overexpressing cell line MDCK-Mdr1 indicated
26 was not a PGP efflux substrate (ER = 1.8). Compound 26 was moderately bound
to plasma proteins in vitro (98.6% human, 91.7% rat), displayed no hERG channel
inhibition (ICsy > 40 uM), and did not inhibit a panel of CYP enzymes (ICso > 30 uM

across tested isoforms). The in vivo pharmacokinetic profile of 26 in rats indicated



low clearance (Cl = 9.0 mL/min/kg) and moderate bioavailability (F = 26%) after
dosing as a 3 mg/kg solution in 30% aqueous PEG-400. Key pharmacokinetic data

for compound 26 are included in Table 3.

Table 3

Selected in vitro and in vivo DMPK data for compound 26.

Selected In vitro Data Selected In vivo Data
CYP Isoform Inhibition IC5p (M) IV Rat PK
3A4,2C9, 2D6, 2C19, 1A2  >30 Cl (mL/min/kg) 9.0
hERG Channel IC50 (“M) T]/z(h) 2.0
Planar-, QPatch > 30 Vs (/kg) 1.4
Plasma Protein Binding % Bound
Human 98.6 PO Rat PK
Rat 91.7 AUC g,(ng h/mL) 2.08
Permeability, Efflux Ty, (h) 3.5
Caco-2, A-B (10'6cmlsec) 4.1 Cinax (ng/mL) 0.03
Mdrl, Efflux Ratio 1.8 % F 26

The benzimidazole-containing NS5A inhibitors described in this letter were
prepared by the methods outlined’ in. Schemes 1-3. The syntheses of iodo-
benzimidazole building blocks, represented by 29a, were accomplished in a
straightforward manner by coupling of 4-iodo-benzene-1,2-diamine with N-Boc-L-
prolines, followed by -amidation of the deprotected pyrrolidine with (S)-2-
((methoxycarbonyl)-amino)-3-methylbutanoic acid wunder standard conditions
(Scheme 1). Symmetrical bis-benzimidazole analogs 1-5 were prepared from iodo-
benzimidazole building block 29a (or the corresponding pinacolboronate derivative)
by a series of Sonagashira and Suzuki dimerization couplings (Scheme 2). The
preparation of nonsymmetrical benzimidazole/imidazole-containing analogs 25 and
26 was ultimately accomplished by the union of boronates 31a-b with iodo-
benzimidazoles 29a-b under Suzuki conditions (Scheme 3).

In summary, we have described the identification of symmetrical and
nonsymmetrical benzimidazole-containing NS5SA inhibitors with subnanomolar
potency against both genotype 1a and 1b replicons. In the bis-benzimidazole series,
several linkers designed to explore aspects of varied geometry, length and polarity
were prepared, with most exhibiting excellent potency against the genotype 1b HCV
replicon. A major breakthrough in genotype la potency was realized when the

incorporation of 4-substituted pyrrolidines into these scaffolds was explored.



Specifically, it was demonstrated that incorporation of 4-methyl proline into both
symmetrical and nonsymmetrical scaffolds has a profound effect on increasing Gla
potency, delivering analogs with balanced Gla and 1b potency and good rodent PK

profiles.
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Scheme 1: Synthesis of building blocks 29a-b. Reagents and conditions: (a) 4-iodo-benzene-1,2-diamine,
HATU, DIPEA, THF, 0 °C; (b) TFA, DCM, rt; (c) (S)-2-((methoxycarbonyl)-amino)-3-methylbutanoic acid,
HATU, DIPEA, DMF, rt.
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Scheme 2: Synthesis of analogs 1-5. Reagents and conditions: (a) bis(pinacolato)diboron, PdCl,dppf, KOAc,
DMF, 85 °C; (b) 29a (1.0 eq), Pd(PPh;),, Na,CO; (aq), iPrOH, 80 °C; (c) ethynyltrimethylsilane,
PdCl,(PPhs),, Cul, DBU, H,0, CH;CN, 60 °C; (d) 10 wt % Pd/C, H,, EtOH (e) ethynyltrimethylsilane,
PdCl,(PPh;),, Cul, Et;N, MeCN, 1t; (f) K,CO3, MeOH, rt; (g) PdCL(PPh;),, Cul, Et;N, THF, 1t; (h) 1,4-
benzenediboronic acid (0.5 eq), PdCl,dppf (10 mol%), Na,COs;, MeCN, H,0, 85 °C.
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Scheme 3: Synthesis of analogs 25 and 26. Reagents and conditions: (a) 2-bromo-1-[4-(4-
bromophenyl)phenyl Jethanone, DIPEA, MeCN, rt; (b) ammonium acetate, PhMe, 100 °C; (c) TFA, DCM,
rt;  (d) (5)-2-((methoxycarbonyl)-amino)-3-methylbutanoic acid, HATU, DIPEA, DMF, r1t; (e)
bis(pinacolato)diboron, PdCl,dppf, KOAc, DMF, 85 °C; (f) 29a or 29b (1.0 eq); PdCLdppf (10 mol%),
Na,CO;, MeCN, H,O0, 85 °C.
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