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We describe the structure-activity relationship of the C1-group of pyrano[3,4-blindole based inhibitors
of HCV NS5B polymerase. Further exploration of the allosteric binding site led to the discovery of the sig-
nificantly more potent compound 12.
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Hepatitis C virus (HCV) is a serious disease which often leads to
chronic hepatitis, cirrhosis, and hepatocellular carcinoma.! These
complications are responsible for about 10,000-12,000 deaths/year
in the U.S.! The necessity for liver transplantation in the U.S. is
most often the result of chronic HCV infection.'® Recent worldwide
estimates indicate that approximately 1-3% of the total population
may be infected with HCV.?

Current therapies for HCV involve a combination of ribavirin
and interferon-o. This treatment regimen causes unfavorable side
effects which often results in poor patient compliance. Further-
more, only about 40% of patients infected with HCV achieve a sus-
tained medical benefit3**> Recently, pegylated forms of
interferon-o. (Pegasys™ and PEG-INTRON™) which provide im-
proved patient tolerabilities and response rates of over 50% have
been approved.> Clearly there is a medical need for additional
HCV antiviral agents.

Hepatitis C belongs to the Flaviviridae family of positive-single
stranded RNA viruses.® The HCV genome encodes a 3000 amino acid
polyprotein which is processed into structural and non-structural
proteins.® One of the non-structural proteins that is essential for viral
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replication is the NS5B RNA-dependent RNA polymerase.” The HCV
NS5B is an attractive target owing to the success of other antiviral
agents that inhibit viral polymerases.® One such class is the non-
nucleoside reverse transcriptase inhibitors (NNRTI's) that target
HIV RT. This communication will describe our optimization efforts
and structure-activity relationships on the novel pyranoindole ser-
ies of allosteric HCV NS5B enzyme inhibitors.

Several thumb domain sites of HCV NS5B have been identified.®
The compounds depicted in Scheme 1 occupy the same allosteric
binding site (Thumb Pocket II) of HCV NS5B with their acidic func-
tionalities participating in hydrogen bonding to the Ser*’® and
Tyr*”? residues.

Another critical feature of these ligands is the ability to occupy a
hydrophobic ‘dimple’ region defined by residues Leu®!®, Trp>2%,
Tyr*”?, and Arg*?2, Gopalsamy has reported a series of tetrahydro-
pyrano[3,4-blindole-containing compounds exemplified by struc-
ture 1.'° Compound 1 displayed potent inhibitory activity against
the HCV NS5B A?! polymerase (ICso = 0.3 uM). Co-crystallographic
analysis has determined that the hydrophobic ‘dimple’ on the pro-
tein is occupied by the n-propyl group of these pyranoindole-based
inhibitors (see Fig. 1).

It has been previously shown that n-propyl substitution is
greatly preferred over an ethyl group at this position.!° However,
no other variation of substituents at this position has been
described. We were therefore interested in further examining the
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Scheme 1. Reported allosteric thumb pocket 11 HCV NS5B inhibitors.

Figure 1. (a) Crystal structure of NS5B with tetrahydro[3,4-blindole inhibitor.
Electrostatic potential representation: Red-negative charge; Blue-positive charge;
White-non-polar; Ser*’® & Tyr*”” highlighted in Green. (b) Crystal structure of NS5B
with tetrahydro[3,4-bJindole inhibitor-side view indicating R1 group in hydropho-
bic ‘dimple’.

structure-activity relationship at the Cl-position of these
pyranoindole inhibitors.!® The desired pyranoindole compounds
8 were readily assembled by the Lewis acid-catalyzed cyclization
of the substituted tryptophol 5 with a variety of pB-ketoesters 6

(Scheme 2).'°'* It is important to note that the compounds
depicted in Table 1 were prepared as racemic mixtures. Previous

studies have determined that the R-isomer retains all of the desired
biological activity.!0>1>16

The SAR of the alkyl-containing C1 substituents indicates toler-
ance for several functionalities including small, branched alkyl
groups. Compound 8h (R = sec-butyl), prepared as a mixture of four
stereoisomers, was found to be the most potent analog in this ser-
ies. Subsequent investigation determined that all the biological
activity resided in the (S)-sec-butyl isomer (vide infra).!”

Several analogs were prepared which incorporated heteroatoms
into this C1 substituent (Table 2) however all of these analogs
exhibited poor enzyme inhibition.

Despite several of these 5,8-dichloro-indole analogs displaying
modest activity in the HCV replicon assay (data not shown), many
of these analogs also demonstrated general cellular toxicity.!® We
have observed that the 5-cyano-8-methyl-indole-containing ana-
logs exhibited greater separation of replicon activity and cytotoxic-
ity and therefore we selected this template for further optimization
(Scheme 3).1018

The most active compounds from this series are listed in
Table 3. It was found that the (S)-sec-butyl containing group was
greatly preferred over the (R)-isomer (cf. 11 vs 10). Compound 11
also showed a twofold improvement in replicon cellular activity
compared to the n-propyl containing compound 1. The cellular
activity was further enhanced when the (S)-sec-butyl substitution
was incorporated onto the ethoxy-pyrazole containing scaffold (12
vs 13). Compound 12 has recently been reported to have in vivo
activity in the chimeric mouse model of hepatitis C infection.!92°

While exploring the SAR around the C1 group which occupies
the hydrophobic ‘dimple’ which occupies the C1-groups, we were
also interested in the hydrogen bond interactions of the acetic acid
group with the Ser?’® and Tyr*”” protein residues.

Incorporation of a-ketoesters into the synthetic process pro-
vided formate-based analogs (18, Scheme 4) with HCV polymerase
inhibition comparable to the acetate analogs (1) but with poor
activity against other NS5B isolates (data not shown).!41821

These formic acid analogs, however, showed poorer cellular rep-
licon activities and high potential for efflux as exemplified by high
basolateral to apical permeabilities in Caco-2 assays (Table 4).2223

Co-crystallographic analysis of 1, and related pyranoindole-
based ligands, bound to HCV NS5B indicated an open region lo-
cated proximal to the C1 position of 1 (Fig. 2). We reasoned that
a suitable substituent tethered from the a-carbon of the acetate
moiety of 1 would allow access to this region of the binding site.
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Table 1

HCV NS5B inhibitory activities of (+) pyranoindole analogs 8

Compd R HCV pol (BK) ICso, M
8a Methyl 27
8b Ethyl 6.3
8c n-Pr 0.37
8d 3,3,3-Trifluoropropyl 04
8e n-Bu 0.76
8f 1-Butenyl 1.7
8g 2-Propyl 7
8h" rac-sec-Butyl 0.15
8i 1-Cyanoethyl 0.3
8j c-Pr 7.3
8k c-Bu 0.35
81 c-Pent 33
8Sm c-Hex >30
8n c-Propylmethyl 1.9
80 c-Pentylmethyl 9.4

*

Mixture of four stereoisomers.

Table 2
HCV NS5B inhibitory activities of (+) pyranoindole analogs 8

Compd R HCV pol (BK) ICso, pM
8p Methoxymethyl >30

8q Methylthiomethyl 7

8r Ethoxymethyl 26

8s Ethylthiomethyl 3.7

8t Methoxyethyl >24

We were encouraged when it was later disclosed that the structur-
ally-unrelated ligand (4, PF00868554) projected a heteroaromatic

substituent into this area of the protein.®d Our strategy opted to
incorporate a nitrogen atom at the a-position that would allow dif-
ferent trajectories via amide, carbamate, and sulfonamide
substitutions.

For the preparation of the amino-substituted pyranoindoles, we
employed chemistry described by Maurer et al. to synthesize the
ketone component (Scheme 5).24 Opting to prepare the two diaste-
reomers in racemic form, we treated dI-Cbz-serine (19) with an ex-
cess of n-propylmagnesium chloride affording the desired n-propyl
ketone (20) in good yield. The key transformation was performed
using 4-cyano-7-methyltryptophol 14 and 1 equiv of BF3-Et;0 in
DCM at ambient temperature to give 21 and 22 in an ~2:1 ratio
by TLC, 'H NMR analysis, and isolated yield.

Interestingly, the diastereoselection of this cyclization is under
thermodynamic control since independent treatment of either
pure 21 or 22 under the BF;-Et,O conditions reproduced 21 and
22 in an ~2:1 ratio suggesting the intermediacy of carbocationic
species 23 (Fig. 3).

The assignment of relative stereochemistry was established by
the synthetic intersection of 22 beginning from r-N-phenylsulfo-
nylserine (not shown) and later confirmed by single crystal X-ray
analysis (Supplementary data).

Having secured a reliable synthetic route to the racemates (21
and 22), we next sought to functionalize the amino groups within
each isomer series. For illustrative purposes, the methanol group in
21 (or 22) was oxidized in two steps ((i) IBX; (ii) NaClO,) and ester-
ified. The Cbz group was removed under standard conditions (H,,
Pd/C, Scheme 6).

An initial set of simple amides and sulfonamides were prepared
to identify the stereochemical preference at the o-position. In vitro
inhibition of HCV NS5B was evaluated using the truncated BB7A?!

Scheme 3. 5-Cyano-8-methylpyranoindoles.
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Table 3
HCV NS5B inhibitory and cellular activities of pyranoindoles
Compd HCV pol (BK) HCV pol (BB7) HCV NS5A HCV GAPDH
ICs0, UM ICs0, M ECso, tM  RNA, UM pM
1 0.3 0.4 131 4.8 >160
9 0.4 1.1 29.7 nd nd
(¥)10 3.2 4.9 nd nd nd
11 0.13 0.26 2.2 2.1 >10
12 0.009 0.002 0.12 0.02 >20
13 0.012 0.005 0.88 0.14 >90

(genotype 1b) NS5B enzyme and cellular activity was evaluated
using a replicon-containing cell line (Huh7-BB7, genotype 1b,
Apath, LLC, St. Louis, MO); inhibition of viral replication was mon-
itored using an ELISA assay (HCV NS5A).1% Replicon results were
qualified with a counter assay for general cytotoxicity (BrdU
incorporation).

Table 5 lists the results from a small set of analogs prepared
beginning with the major diastereomer rac-21. In general, each
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Figure 2. Crystal structure of NS5B with tetrahydro[3,4-b]-indole.

of the amino substituents were tolerated but only the acetate ana-
log (26a) exhibited NS5B inhibition comparable to the lead 1.
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o
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Scheme 4. Reagents: (a) BF;-OEt,, DCM; (b) NaOH, EtOH.

Table 4
Formic acid versus acetate analogs

Compd  HCV pol (BK) HCV pol (BB7) HCV RNA GAPDH RNA Papp (A-B) cm/s Papp (B-A) cm/s Papp(B-A)//Papp(A-B)
ICs0, UM ICs0, UM ECso, UM CCso, UM (107%) (10°%) cm/s (107)
1 0.3 0.4 48 >30 24 22 0.09
12 0.009 0.002 0.02 >20 nt nt nt
18 0.7 3.4 12 >30 3.2 24.2 7.5
OH
CN
N
OH OH N 14
n-PrMgCI Me
Hoj([NHCbz Mev\([NHCbz
0 (0] BFS-OEtZ
19 20
CN
O NHCbz { O NHCbz
*—OH N OH
H
Me Me

rac-21 (major)

rac-22 (minor)

Scheme 5. Preparation of amino-alcohol intermediates.
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An analogous set of analogs was prepared beginning with the
minor isomer rac-22 (Table 6). It is apparent that these analogs
were much less active than those listed in Table 5 suggesting that
the S-configuration is preferred at the a-position. None of these
amino-substituted analogs displayed activity in the whole cell as-
say of HCV replication suggesting that, in addition to their modest
anti-polymerase activity, these analogs suffered from either high
protein binding and/or poor membrane transport properties.

A final set of carbamate analogs were prepared beginning with
the more active diastereomer rac-21 (Table 7). The racemic Cbz-
capped amine (24, Scheme 6) was the most active analog in the
enzymatic (ICso=0.72 pM) and cellular assays (ECso=35 pM).
Unfortunately, inhibition of replication in the cellular assay does
not appear to be specific for HCV since incorporation of bromode-
oxyuridine (BrdU) into cellular DNA was also inhibited at compara-
ble levels. From a ligand design perspective, however, the enzyme
inhibition may suggest that the carbamate moiety projects the
phenyl ring of the Cbz group into the targeted sub-site in a fashion
analogous to 4.5¢

We have described the SAR of the C1-position of tetrahydropyr-
ano[3,4-blindole based inhibitors of HCV NS5B polymerase.
Through structure-based design, we have identified and detailed
the preparation and biological activities of novel series containing
either formic acid functionalities or a-amino-substituted-acetates.
From these investigations on the pyranoindole template, a potent
analog 12 was realized which was significantly more potent than

CN
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Table 5
Bioactivities of amides and sulfonamides derived from rac-21
Compd R HCV pol (BB7) HCV NS5A BrdU CCso,
ICs0, pM ECs0, UM UM
1 — 0.4 13 >100
26a -C(0)CH3 1.7 >100 >100
26b -C(0)(CH,)3CH3 5 >100 >100
26¢ -C(0)Ph 4.5 >100 >100
26d -S0,Me 6 >100 >100
26e -S0,(CH;);CH;3 3.6 >100 >100
26f -SO,Ph 4 >100 >100
Table 6
Bioactivities of amides and sulfonamides derived from rac-22
Compd R HCV pol (BB7) HCV NS5A BrdU CCsy,
1G5, UM ECso, pM [
27a -C(0)CH; 17 >100 >100
27b -C(0)(CH3)3CH3 >30 >100 >100
27c -C(0)Ph >30 >100 >100
27d -S0,Me 13 >100 >100
27e -S0,(CH;);CH;3 22 >100 >100
27f -SO,Ph 16 >100 >100
Table 7
Bioactivities of carbamates derived from rac-21
Compd R HCV pol (BB7) HCV NS5A BrdU CCsy,
1C50, M ECso, uM [
26g -C(0)OMe 5.6 >100 >100
26h -C(O)OEt 7.2 >100 >100
26i -C(0)OAllyl 5.9 >100 >100
26i -C(0)O'Pr 11 >100 >100
26k -C(0)0'Bu 9.5 >100 >100
261 -C(0)0'Bu 18 >100 >100
24 -C(0)0OBn 0.72 35 45

CN
5.R-CI s N-r
6.NaOH N co,
Me : Me
rac-26
CN
6-steps A O H‘R
N CO,H
Me Me
rac-27

Scheme 6. Preparation of rac-amino-ester intermediate.
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HCV-371 (1) and showed in vivo activity in chimeric mouse model
of HCV infection.!®
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