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A novel series of non-nucleoside small molecules containing a tricyclic dihydropyridinone structural
motif was identified as potent HCV NS5B polymerase inhibitors. Driven by structure-based design and
building on our previous efforts in related series of molecules, we undertook extensive SAR studies, in
which we identified a number of metabolically stable and very potent compounds in genotype 1a and
1b replicon assays. This work culminated in the discovery of several inhibitors, which combined potent
in vitro antiviral activity against both 1a and 1b genotypes, metabolic stability, good oral bioavailability,
and high C;; (PO)/ECs ratios.

© 2009 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) is a major epidemic causing chronic
infection of an estimated 170 million people globally with 3-4 mil-
lion new infections occurring every year.! While the disease often
does not manifest itself in its initial phase, serious forms of liver
disease including cirrhosis and/or hepatocellular carcinoma are of-
ten observed in the later stages of HCV infection.? In the United
States, with an estimated 4-5 million chronically infected individ-
uals, cirrhosis caused by the disease is now the most common rea-
son for liver transplantation.’

The existing approved HCV therapies consist of a combination of
injected pegylated interferon (peg-IFN) and the orally administered
nucleoside analog ribavirin (RBV).* Unfortunately, these agents af-
ford sustained virologic response rates (SVR) in only ~40% of pa-
tients infected with genotype 1 HCV, which is the most prevalent
form of the virus in the United States, Western Europe and Japan.®
Moreover, the current standard of care is associated with severe ad-
verse effects including flu-like symptoms, anemia, and depression.®
The sub-optimal response rates and considerable side effect burden
of the existing HCV therapies necessitates the identification of new
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anti-HCV agents, particularly for the treatment of patients infected
with genotype 1 HCV. Since the identification of the hepatitis C virus
in 1989,” a number of pharmaceutical companies initiated research
programs focused on discovering inhibitors of specific HCV proteins
required for replication. The most clinically advanced of these direct
antivirals inhibit the HCV NS3/4A protease enzyme® with telaprevir®
and boceprevir'® currently in Phase III studies. Importantly, the
combination of these agents with peg-IFN and RBV significantly
improves antiviral efficacy in genotype-1 HCV-infected patients
relative to that exhibited by the standard of care alone.®!" Further-
more, a telaprevir/peg-IFN/RBV regimen recently demonstrated im-
proved genotype-1 SVR rates in both treatment-naive patients
infected with genotype 1 HCV and patients who previously failed
to achieve SVR on standard of care.'? As was observed for HCV NS3
protease inhibitors, the combination of nucleoside (R7128)'3 or
non-nucleoside (HCV-796)"3® NS5B polymerase inhibitors with
peg-IFN and RBV afforded improved antiviral efficacy in genotype-
1 HCV-infected patients relative to that exhibited by peg-IFN/RBV
alone. These results suggest that, like NS3 protease inhibitors,
NS5B polymerase inhibitors have the potential to significantly im-
prove genotype-1 SVR rates when used in combination with current
standards of HCV care.
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It is well known that the HCV NS5B RNA-dependent RNA poly-
merase plays a central role in the replication of the virus, and
efforts by multiple groups have led to the identification of several
classes of NS5B inhibitors.!* Among the non-nucleoside NS5B
inhibitors described to date, the majority have been shown to bind
to one of four binding pockets distinct from the enzyme’s active
site.’> The Anadys direct antiviral program has focused on the
identification of non-nucleoside agents that bind to the ‘palm’ site
of the NS5B protein,'® and this location has also been targeted by
other groups.!’

Previously, we described the discovery of bicyclic 5,6-dihydro-
1H-pyridin-2-ones, as potent inhibitors of HCV NS5B polymerase
with improved PK properties relative to earlier inhibitor series that
we explored. In particular, compound 1 (Fig. 1)'® exhibited a good
combination of potent antiviral activity (ECso 1b) and favorable
in vitro and in vivo DMPK parameters.'®® However, the diminished
antiviral activity exhibited by 1 against genotype 1a, prompted us
to further explore modifications to this class of molecules in the
hope that more potent agents might be identified. The results of
these efforts are described below.

The co-crystal structure of compound 1 bound to the palm
binding site of the NS5B protein is shown in Figure 2.'° A schematic
diagram depicting enzyme residues near the inhibitor as well as
protein-ligand interactions is provided in Figure 3. Hydrogen
bonds were observed between the enol moiety and the backbone
NH of Tyr 448 and a structural water molecule that interacted with
the backbone NH of Gly 449. Additionally, one of the oxygen atoms
of each of the two sulfonamide groups formed a hydrogen bond
with a second structural water molecule, which itself formed
hydrogen bonds to the backbone NH of Ser 556 and the side chain
of Ser 288. Furthermore, the second oxygen atom of the methyl-
sulfonamide group made a hydrogen-bonding interaction with
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Figure 1. HCV NS5B polymerase inhibitors.

Figure 2. Co-crystal structure of compound 1 bound to the NS5B protein.
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Figure 3. Schematic representation of the key interactions between compound 1
and the NS5B protein. Hydrogen bonds (distance < 3.25A) are represented as
dashed lines, and the residues, which make up the enzyme binding sub-sites, are
shown.

Figure 4. Modeled structure of compound 2¢ docked into the palm binding pocket
of the NS5B protein.

the side chain of Asn 291. Also, another hydrogen bond was ob-
served between the NH of the methyl sulfonamide and the side
chain of Asp 318.

The 4-fluorobenzyl substituent of compound 1 reached into a
deep hydrophobic pocket, while the cyclopentane moiety bound
to a shallower sub-pocket near the surface of the enzyme. Our
analysis of this particular sub-pocket suggested that we could pos-
sibly replace the monocyclic ring system present in 1 with a larger,
and importantly, more space-filling group, in the hope that this lar-
ger moiety would better fill the unoccupied space and lead to im-
proved potencies.

Accordingly, modeling was performed using a compound which
replaced the monocyclic ring present in 1 with an exo-bicyclic moi-
ety (2c, Fig. 1) but which otherwise retained the substitution pat-
tern and stereochemistry (Fig. 4).2° It appeared that the overall
orientation of the new molecule in the palm binding pocket re-
mained essentially unchanged with all key interactions observed
in the co-crystal structure of compound 1 still within the correct
distances (<3.25 A).

Moreover, the new bicyclic moiety contained in compound 2c
appeared to provide better space-filling of the sub-pocket without
clashing with the residues of the enzyme making up its surface.

Encouraged by the modeling results, we decided to pursue the
exploration of molecules that incorporated various bicyclic moie-
ties related to the one present in compound 2c.
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While the syntheses of such compounds are in principle similar
to the chemistries described previously,'® they are complicated by
the presence of up to four stereocenters in each final product.
Scheme 1 depicts the general synthetic approach taken. For com-
pounds containing the bicyclo[2.2.1]heptane moiety 2, the re-
quired racemic-exo- and racemic-endo-amino acid esters 7 were
commercially obtained or were synthesized from available amino
acid precursors 6, thus allowing facile and rapid access to racemic
mixtures of either exo- or endo-products. However, for compounds
incorporating an oxygen atom into the bridge (5), only the race-
mic-exo-products could be obtained through this route. Alterna-
tively, racemic-exo-amino esters 7 (Z= CH,, saturated) could be
accessed from norbornene through p-lactam formation and subse-
quent ring hydrolysis followed by ester formation.?! We were able
to separate the single enantiomers of racemic final products de-
rived from these first two routes using chiral HPLC methods. We
also prepared intermediates 7 via chiral resolution of a diastereo-
meric salt,?? or through the enantioselective desymmetrization of
unsaturated cyclic meso-anhydrides 9 followed by Curtius rear-
rangement and Cbz-deprotection.?®> The latter chemistry also al-
lowed an entry into intermediates 7 (Z=CH,CH,, saturated)
containing a bicyclo[2.2.2]octane moiety, which enabled the syn-
thesis of final products 3 (containing a reduced number of stereo-
centers relative to 2).

In this case, successful anhydride desymmetrization required the
saturation of the olefin present in 9 as the unsaturated analog failed
to undergo ring-opening in accordance with literature precedent.?3?
N-Alkylated amino esters 10 were obtained either via alkylation of
amino esters 7 with halides or by reductive alkylation of 7 with alde-
hydes. Coupling of the resulting secondary amines 10 with acid 1124
using standard methods for amide formation, followed by cycliza-
tion of the amide intermediate under basic conditions afforded the
desired final products either as racemic exo- or endo-mixtures or
enantiopure compounds depending on the route chosen.?®

Based on our earlier findings from both the previously described
inhibitors such as 1 and the docking experiments, we synthesized
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the exact analog of compound 1 substituted with a 4-fluorobenzyl
group at the R! position but bearing an all-carbon, saturated bicy-
clo[2.2.1]heptane moiety in place of the cyclopentane ring (2c¢) as
well as its (synthetically) possible isomers. Table 1 shows the
structure-activity relationships (SAR) for various tricyclic pyridi-
nones closely related to 1. Many of the molecules described in this
work exhibited NS5B inhibitory activities that were below (more
potent) the quantitation limit of the routine biochemical assay.
Accordingly, we relied on in vitro antiviral data determined against
both 1a and 1b HCV replicons to differentiate the inhibitors under
study. The majority of the selected compounds shown in the fol-
lowing SAR tables were tested following cutoffs established in
our screening cascade with inhibitors displaying antiviral activity
of equal or less than 20 nM against genotype 1b advancing into
the genotype 1a replicon assay. Generally, stability in human liver
microsomes (HLM) was determined if the ECso (1b) values were
below 100 nM.

As shown in Table 1, both the racemic-di-exo-bicyclo[2.2.1]hep-
tane-analog 2a and the corresponding racemic-di-endo-compound
2b displayed improved anti-HCV properties relative to those
exhibited by compound 1. This result was consistent with the
modeling studies which suggested better hydrophobic recognition
of the larger ring system by the palm binding pocket. We found
that the two (2S,7R)-enantiomers 2c¢ and 2e, were significantly
more potent than the corresponding (2R,7S)-isomers 2d and 2f.
This result confirmed both our assumption based on the stereo-
chemistry of compound 1 as well as the conclusion from docking
experiments that this particular absolute configuration would be
preferred. Moreover, compounds 2c¢ and 2e were also more potent
than compound 1, lending support to our earlier hypothesis that
better space-filling of the sub-pocket should lead to improved
activities. Interestingly, the introduction of a bicyclic moiety also
led to an improvement in the in vitro antiviral potencies against
genotype 1a compared to compound 1.

Similarly improved antiviral properties were noted for several
other racemic compounds structurally related to 2c, such as inhib-
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Scheme 1. Reagents and conditions: R = Me, Et; (a) TMSCHN,, PhH, MeOH (92-99%); (b) (i) CSI, Et,0, 0-20 °C, 4 h; (ii) Na,SO3, H,0, 0-20 °C, 30 min (84%); (iii) aq HCl, 25 °C,
12 h (87%); (iv) SOCl,, ROH, 0 °C-reflux, 5 h (100%); (c) when Z = CH,CH,, first Hy, Pd, EtOAc, 25 °C, 16 h (72%); (i) MeOH, quinine or quinidine, toluene, CCly, —55 °C, 20 h (41-
99%); (ii) EtOCOCI, Et3N, THF, 0 °C, 1 h; (iii) NaNs, H,0, 0-25 °C, 2 h; (iv) PhH, reflux, 2 h; (v) BnOH, EtsN, DCM, reflux, 16 h (59-78% over three steps); (vi) H,, Pd-C, EtOAc;
16 h (69-100%); (d) R'CHO, NaCNBH3, NaOAc, 4 A MS, MeOH, 25 °C, 16 h (44-99%) or R*CHO, NaCNBH3, AcOH, MeOH, 50 °C, 0.5 h (49-100%) or R'X (X = Br, ), EtsN, DMF,
70°C, 16 h; (e) (i) 11, DCC, DCM/DMEF, 25 °C, 2-16 h or 11, EDC, NMM, DMF, 25 °C, 2-16 h; (ii) NaOEt, EtOH, 60 °C, 2-16 h (22-71% over two steps) or (i) 11, HATU, NMM, DMF,

25 °C, 2-16 h; (ii) Et3N, 60 °C, 16 h (5-15% over three steps).
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Table 1
SAR around various closely related bicyclic moieties

Compd Structure/stereochemistry ECso (1b)* (uM) ECso (1a)* (UM) HLM t”z"'c (min) CCso (GAPDH) (uM)

1 <I§ 0.023 (0.016)¢ 0.55 >60 (85%) >100

(4aR,7aS)

H g/
2a @; 0.005 0.33 34 >1
H

Rac-di-exo

(5
2b @E 0.002 0.091 >60 (73%) >1
H

Rac-di-endo

2c @g 0.003 0.018 >60 (75%) >100

H
(1R,2S,7R.8S)

- €X0

g
2d ‘t‘ § 0.55 5.4 20 >33
H

(15,2R,7S,8R)
- exo

&

2e ; ; 0.007 0.065 >60 (85%) >1

H
(1S5,2S,7R,8R)
—endo

v

2f @g 0.27 25 >60 (75%) >33
H

(1R,2R,7S.8S)

- endo

3a @[E 0.0008 0.006 >60 (86%) >1

s
4a @; 0.007 0.081 >60 (87%) >1
H
5a @E\ 0.006 0.066 >60 (100%) >1
H

(1R,25,7R,8S)

- €X0

See Ref. 26 for assay conditions.

See Ref. 16a for assay conditions.

For values >60 min, % remaining at 60 min is given in parentheses. All compounds were tested at 1 pM.

ECso (1b) value in parentheses was determined using bDNA as the detection method as described in Ref. 16a and is given for comparison.
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itor 3a containing a bicyclo[2.2.2]octane-moiety, the unsaturated
analog 4a, or compound 5a containing an oxygen atom in the
bridge. It is also worth noting that while the majority of
compounds in Table 1 exhibited good stability in HLM, the rac-
di-exo-compound 2a was substantially less stable, which after sep-
arately analyzing the two exo-isomers, was found to be caused by
isomer 2d, whereas isomer 2¢ was stable. This can likely be attrib-
uted to differential recognition of this particular enantiomer by the
CYP enzymes responsible for its metabolism.

Having now established the (2S,7R)-configuration to be important
for achieving good antiviral potencies, we next focused our efforts on
the SAR exploration around the R! substituent for molecules that con-
tained the enantiomerically pure exo-bicyclo[2.2.1]heptane-, endo-
bicyclo[2.2.1]heptane-, and bicyclo[2.2.2]octane-moieties identified
above (as present in 2c, 2e, and 3a, respectively). The results of that
SAR study showing selected compounds containing benzylic and ali-
phatic R! substituents are detailed in Table 2.

Focusing first on the SAR for the (1R,2S,7R,85)-exo-enantiomers
(Table 2, left columns) we found that the analog 2ca bearing an
unsubstituted benzyl group exhibited good activity. The para-posi-
tion of the benzyl moiety proved to be sensitive to modifications
and only the introduction of a fluorine atom (2c) at this position
led to an improvement compared to compound 2ca. Larger substit-
uents such as a chlorine atom (2cb) or a trifluoromethyl group
(2cc) were not very well tolerated. Introduction of various substit-
uents in either the ortho- or meta-position did not lead to any sig-
nificant improvements over the unsubstituted compound 2ca,
except for the analog bearing a fluorine atom in the meta-position
(2cf). We also found the meta-position to be sensitive to changes as
illustrated by the reduced activity of the compound containing the
sterically demanding 3-trifluoromethyl group (2cg) compared to
2cf. Interestingly though, the 3-methoxy substituent (2ch) led to
a more than 10-fold improved activity in the replicon assay relative
to the one bearing the 3-trifluoromethyl moiety (2cg).

We next investigated the effect of disubstitution on the benzyl
group where compounds 2ci-2ck lost activity, but where antiviral
potency could be restored by installing a fluorine atom in the para-
position as seen in examples 2cl-2cn. Comparison of compounds
2cn (3-methyl-4-fluoro) and 2co (3-fluoro-4-methyl) clearly illus-
trates this point. After observing the activity of compound 2ch
substituted with a 3-methoxy moiety, we had hoped to gain fur-
ther activity by introducing the 4-fluoro substituent that seemed
a prerequisite for achieving good antiviral potency in the disubsti-
tuted inhibitors described above. However, the effects that were
seen for either one of these substituents individually did not lead
to significantly improved activity in the analog containing a 3-
methoxy-4-fluorobenzyl moiety (2cr) compared to inhibitors 2c
and 2ch. Adding yet an additional substituent such as in the trisub-
stituted example 2cs was tolerated against genotype 1b but ap-
peared to have a negative impact on the compounds’ activity in
the 1a replicon assay compared to the 3,4-difluorosubstituted ana-
log 2¢p. Since the 2,4-difluorobenzyl-containing inhibitor 2cm also
displayed poor activity against the genotype 1a replicon, we be-
lieve that the loss of activity against genotype 1a is likely due to
an undesirable electronic effect of the fluorine atom in the ortho-
position. Interestingly, introduction of a chlorine atom in the ortho
-position, such as in example 2cl, led to improved antiviral 1a po-
tency compared to inhibitor 2cm.

We also explored the effect of replacing the benzene ring of the
above benzylic substituents with 5-membered aromatic heterocy-
cles. Installation of a 2-furyl moiety (2ct) had a detrimental effect
on the resulting analog’s activity, while introduction of a 2-thio-
phenyl group (2cu) led to similar antiviral activity against both
genotype 1b and 1a as the compound containing an unsubstituted
benzyl moiety (2ca). However, substituting the benzene ring for a
2-thiazolyl group led to a complete loss of activity (2cv).

The SAR for the corresponding (1S,2S,7R,8R)-endo-enantiomers
(Table 2, middle columns) for the most part paralleled that of the
exo-analogs described above. However, absolute antiviral poten-
cies observed for the endo-isomers were generally slightly weaker.
There were only a few exceptions where the endo-compounds
were more potent against genotype 1b (2eb and 2eq) but in case
of compound 2eq (as well as 2ep) they also were significantly less
active in the 1a replicon assay compared to their exo-counterparts
(2cq and 2cp). However, the SAR observed for the analogs contain-
ing a bicyclo[2.2.2]octane moiety (Table 2, right columns) was
quite distinct from that observed in the exo- or endo-series of bicy-
clo[2.2.1]heptane-containing molecules. Interestingly, the com-
pound bearing the 4-fluorobenzyl moiety (3a) displayed
improved antiviral potency against genotype 1a and 1b compared
to the corresponding exo- and endo-analogs (2c and 2e). The mol-
ecule containing the unsubstituted benzyl group (3aa) also exhib-
ited improved 1b activity compared to both the corresponding exo-
and endo-analogs and similar activity as compound 3a, but its
activity against genotype 1a was inferior to that of inhibitor 3a.
Introduction of the 3-methoxy substituent in this subset (3ah)
led to very potent activity in the 1b replicon assay, however the
compound showed only marginal activity against genotype 1la.
Other notable differences include compounds 3al, 3ap, and 3agq,
where potencies against both genotypes tracked more closely with
those observed in the exo-series (2cl, 2¢p, 2¢q) than with the cor-
responding endo-analogs (2el, 2ep, 2eq).

It is interesting to note that compound 3ar, bearing a 3-meth-
oxy-4-fluoro-benzyl moiety, did display improved antiviral poten-
cies against both 1a and 1b genotypes compared to the analogous
exo- and endo-compounds 2cr and 2er.

In general, inhibitors containing a bicyclo[2.2.2]octane moiety
exhibited greater in vitro antiviral activity against a broad range
of R! substituents. Also, all compounds across all three subsets de-
scribed above that were tested in our HLM assay were very stable
with half-lives typically greater than 60 min.

Table 2 also shows the SAR for selected compounds bearing ali-
phatic R' substituents. Again, starting with the exo-enantiomers
(Table 2, left columns), we found the incorporation of aliphatic
moieties afforded only moderately active compounds. While the
ECso (1a) data for 2cw was reasonable, the stability of the iso-
amyl-containing compound to HLM was low. In the series contain-
ing the bicyclo[2.2.2]octane ring system (Table 2, right columns)
potencies against both genotypes 1a and 1b were generally im-
proved with the analogs bearing a tert-butylethyl or cyclohexylm-
ethyl group (3ax and 3az, respectively) showing the biggest
improvement in activity. However, similar to what we observed
in the exo- (2cx) and endo-series (2ex), the tert-butylethyl substitu-
ent led to a compound with poor microsomal stability (3ax). Over-
all, finding a balance between microsomal stability and robust
antiviral activity was more difficult in this subset of compounds
compared to the analogs containing benzylic R! substituents.

In summary, our key conclusions from this SAR exploration
were as follows: (1) Introduction of a fluorine atom in the 4-posi-
tion of the benzyl moiety led to increased potencies, while larger
substituents in the 4-position were detrimental to antiviral activi-
ties; (2) introduction of various substituents in the ortho- or meta-
position did not lead to any significant improvements over the cor-
responding unsubstituted or para-substituted compounds; (3)
disubstitution of the benzyl moiety was generally tolerated, how-
ever, the presence of a 4-fluoro atom was required to achieve good
antiviral activity against genotype 1b; (4) while replacement of the
benzene ring of the above benzylic R' substituents with 5-mem-
bered aromatic heterocycles was tolerated, the antiviral activities
were sensitive to both the nature and position of the heteroatom;
(5) inhibitors containing the (1R,2S,7R,8S)-exo-bicyclo[2.2.1]hep-
tane- and (2S,7R)-bicyclo[2.2.2]octane-moieties were typically



Table 2
SAR around selected benzylic and aliphatic R! substituents for various left-hand moieties

O\\S,/O H
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R! Compd

ECso (1b)? ECso (1a)* HLM t;,°¢ Compd ECso (1b)*  ECso (1a)? HLM t;,"¢ Compd ECso (1b)? ECso (1a)? HLM t;,°¢

(UM) (nM) (min) (LM) (min) (HM) (LM) (min)
4-F-Bn 2c 0.003 0.018 >60 (75%) 2e 0.007 0.065 >60 (85%) 3a 0.0008 0.006 >60 (86%)
Bn 2ca 0.029 ND¢ >60 (80%) 2ea 0.01 0.34 >60 (90%) 3aa 0.001 0.055 >60 (82%)
4-Cl-Bn 2¢cb 0.203 0.76 >60 (84%) 2eb 0.073 ND >60 (100%) 3ab 0.031 0.25 >60 (100%)
4-CF5-Bn 2cc >3.3 ND ND 2ec >33 ND ND 3ac 1.1 ND ND
2-F-Bn 2cd 0.07 ND >60 (89%) 2ed 0.063 ND >60 (83%) 3ad 0.026 ND >60 (81%)
2-Cl-Bn 2ce 0.09 ND >60 (100%) 2ee 0.130 ND ND 3ae 0.017 0.66 >60 (100%)
3-F-Bn 2cf 0.01 0.33 >60 (85%) 2ef 0.022 0.29 >60 (96%) 3af 0.004 0.098 >60 (88%)
3-CF5-Bn 2cg 0.82 ND ND 2eg 0.940 ND ND 3ag 0.39 ND ND
3-OMe-Bn 2ch 0.07 ND >60 (61%) 2eh 0.062 ND >60 (83%) 3ah 0.005 0.27 >60 (50%)
2-F,5-Cl-Bn 2ci 0.25 ND ND 2ei 0.3 ND ND 3ai 0.08 ND >60 (100%)
2,5-Di-F-Bn 2¢j 0.26 ND ND 2ej 0.26 ND ND 3aj 0.22 ND ND
2,3-Di-F-Bn 2ck 0.13 ND ND 2ek 0.1 ND ND 3ak 0.082 ND >60 (75%)
2-Cl,4-F-Bn 2cl 0.005 0.033 >60 (98%) 2el 0.14 ND ND 3al 0.001 0.025 >60 (100%)
2,4-Di-F-Bn 2cm 0.010 0.29 >60 (100%) 2em 0.055 ND >60 (100%) 3am 0.002 0.28 >60 (100%)
3-Me,4-F-Bn 2cn 0.006 0.034 >60 (70%) 2en 0.009 0.087 >60 (65%) 3an 0.002 0.016 >60 (81%)
3-F,4-Me-Bn 2co 0.77 ND >60 (78%) 2eo0 1.7 ND ND 3ao 0.24 ND ND
3,4-Di-F-Bn 2cp 0.007 0.037 >60 (100%) 2ep 0.013 0.11 >60 (97%) 3ap 0.002 0.023 >60 (81%)
3-Cl,4-F-Bn 2cq 0.01 0.032 >60 (87%) 2eq 0.004 0.2 >60 (100%) 3aq 0.002 0.019 >60 (100%)
3-OMe,4-F-Bn 2cr 0.01 0.046 >60 (66%) 2er 0.059 ND >60 (64%) 3ar 0.002 0.021 >60 (67%)
2,3,4-tri-F-Bn 2cs 0.015 0.26 >60 (100%) 2es 0.046 ND >60 (87%) 3as 0.008 0.15 >60 (100%)
Furan-2-yl-methyl 2ct 0.25 ND ND 2et 0.170 ND ND 3at 0.08 ND >60 (96%)
Thiophen-2-yl- 2cu 0.018 0.066 >60 (81%) 2eu 0.027 0.82 >60 (63%) 3au 0.006 0.12 51

methyl
Thiazol-2-yl- 2¢cv >1 ND ND 2ev >1 ND ND 3av 33 ND ND
methyl

iso-Amyl 2cw 0.012 0.072 37 2ew 0.089 ND 18 3aw 0.029 ND 59
tert-Butylethyl 2cx 0.02 0.18 4 2ex 0.05 ND 3 3ax 0.004 0.06 6
Cyclopentyl-methyl  2cy 0.072 ND 46 2ey 0.16 ND 17 3ay 0.024 ND 47
Cyclohexyl-methyl 2cz 0.022 ND 44 2ez 0.063 ND 15 3az 0.011 0.055 50

See Ref. 26 for assay conditions.
See Ref. 16a for assay conditions.

For values >60 min, % remaining at 60 min is given in parentheses. All compounds were tested at 1 uM.

ND = not determined.
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Table 3

In vitro and in vivo DMPK parameters for selected compounds

F. Ruebsam et al./Bioorg. Med. Chem. Lett. 19 (2009) 6404-6412

Compd Structure/ R! MLM t;5% Papp“'b ((cm/s) Fpo© (%) AUC;n (ng/h/mL) CL (IV)© C12n (PO)/ECsg
stereochemistry (min) x 107°) PO/IV (mL/min/kg) (1b)¢
H : e
1 <:[§ \@\ >60 (~100%) 16 21 6041/29,086 0.63 10.5
H F
(4aR,7a8)
H§ .
2a @E \@\ >60 (91%) 2.1 48 30,667/63,919 0.27 1670
H F
Rac-di-exo
HE wAn
2b @E ‘\@\ >60 (92%) 3.4 25 1351/5495 3.2 27.0
H F
Rac-di-endo
H : o
2¢ | ; ‘\@\ >60 (98%) 1.3 52 49,388/94,911 0.18 1013
F
(1R,28,7R,8S) - exo
H : e
2df § \@\ >60 (58%) 0.9 12 163/1394 6.5 0.02
H F
(18,2R,75,8R) - exo
H g A
2f° % U >60 (95%) 2.0 26 409/1566 5.7 <0.05
H F
(1R,2R,75,8S) - endo
iy i
2cn @E \(i 49 4.0 35 8784/25,045 0.67 27.3
H F
(1R,28,7R,8S) - exo
H 1 i
T F
2cp i E >60 (95%) 1.05 45 20,278/44,847 0.37 176
H F
(1R,28,7R,8S) - exo
H : e
5a Sy \©\ >60 (~100%)  0.08 3 90/2648 6.3 0.8
: F
(1R,2S,7R,8S) - exo
2 See Ref. 16¢ for assay conditions.
b Controls: P,pp Atenolol (low) =(0.2-0.6) x 107 (cm/s), P.pp Propranolol (high) = (10-15) x 10-% (cm/s).
¢ Cynomolgus monkeys; Dose: 1 mg/kg; Formulation (for both PO and IV administration): 1% DMSO, 9.9% Cremophor EL in 50 mM PBS, pH 7.4.
4" Cy2n (PO)/ECso = Plasma concentration 12 h after oral administration divided by ECsq (1b) value.
e

Chiral PK analysis of racemic-endo-material. Dose: 0.5 mg/kg.
f Chiral PK analysis of racemic-exo-material. Dose: 0.5 mg/kg.
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more potent than the corresponding analogs containing the
(15,2S,7R,8R)-endo-bicyclo[2.2.1]heptane structural motif; (6) gen-
erally, the (2S,7R)-bicyclo[2.2.2]octane-containing molecules
exhibited greater in vitro antiviral potencies against both geno-
types 1a and 1b across a broad range of R! substituents; (7) ben-
zylic substituents in the R! position generally resulted in more
metabolically stable inhibitors compared to molecules containing
aliphatic R! moieties; (8) activities against genotype 1b were better
than those observed against genotype 1a.

Table 3 details the in vitro and in vivo DMPK parameters for se-
lected inhibitors identified in the course of this work. All com-
pounds in Table 3 exhibited good solubility (>100 pM)?’ and
generally displayed low to moderate in vivo clearance. Stability ob-
served against monkey liver microsomes (MLM) did not correlate
well with the corresponding in vivo clearance, suggesting that
clearance may be mediated by mechanisms other than oxidative
biotransformation. Except for compound 5a, which contains an
oxygen atom in the bridge of the bicyclic moiety, the Caco-2 per-
meabilities of these compounds were similar to compound 1 from
a previously reported series.!”® The poor permeability exhibited by
compound 5a translated into marginal bioavailability, similar to
what we observed in previously reported series of inhibitors. Com-
paring the in vivo DMPK parameters of the two exo-enantiomers 2¢
and 2d, it is interesting to note that the exposure levels (AUCs) dif-
fered significantly, where only the (1R,2S,7R,8S)-isomer 2c
achieved good exposure levels, consistent with its combination of
good microsomal stability and slower in vivo clearance. Similarly,
the in vivo clearance rates were different for different isomers
(2¢, 2d, and 2f), with compound 2c¢ exhibiting the slowest in vivo
clearance. Bioavailabilities and AUCs observed in monkeys follow-
ing oral dosing for the enantiomerically pure inhibitors 2c, 2cn,
and 2cp were significantly improved relative to those exhibited
by compound 1. Additionally, compounds 2c, 2cn, and 2cp also
showed plasma levels in monkeys that significantly exceeded their
replicon (1b) ECsq values for at least 12 h following oral adminis-
tration and such exposures were considerably improved relative
to those noted for compound 1. Overall, with the exception of
inhibitor 5a, the differences in the in vivo parameters were not eas-
ily predicted from the corresponding in vitro DMPK data (MLM,
Caco-2). The differences in PK properties exhibited by structural
isomers 2c, 2d, and 2f also suggest that the in vivo performance
of this series of compounds may be determined by interactions
with one or more biological systems.?%2°

In summary, we describe a novel series of non-nucleoside small
molecule inhibitors of HCV NS5B polymerase that contain a tricy-
clic 5,6-dihydro-1H-pyridin-2-one structural motif. Driven by
structure-based design and building on previous related series of
molecules disclosed by our group, we undertook extensive SAR
studies that identified a number of very potent compounds in
genotype 1a and 1b replicon assays. This work led to the discovery
of inhibitors that displayed not only potent antiviral activity
against both genotypes 1a and 1b, but also excellent bioavailabili-
ties and high C;, (PO)/ECsq ratios compared to our previously re-
ported compound 1.
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The optical purity (ee) of compound 2c¢ prepared from anhydride 9 via
enantioselective desymmetrization was rigorously determined by chiral HPLC
to be >98.5% (using enantiomer 2e and racemic analog 2a as HPLC references).
This result also established that the chemistries depicted in Scheme 1 which
transform B-amino acid esters 7 to inhibitors 2 do not result in significant
racemization. The optical purities of other chiral inhibitors 2, 4, and 5
described in this work were therefore assumed to be similar to those of the
corresponding starting materials (typically >96% ee).

(a) Luciferase-based HCV Replicon Assay Protocol (ECsg 1b): The cell culture
component of the assay is performed essentially as described by
Bartenschlager et al., Hepatology 2002, 35, 694, wherein exponentially
growing HCV Huh-luc/neo-ET replicon cells were seeded at 6 x 10> cells/well
in 96 well assay plate. 24 h later the cells were treated with various

27.

28.

29.
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concentrations of compound in triplicate. After 72 h exposure to the
compound the luciferase activity in the wells was determined using Bright-
Glo reagent (Promega, Madison, Wisconsin) with a luminometer (Wallac 1420
Multilabel HTS Counter Victor 2). The background control was replicon cells
treated with 100 nM BILN-2061, an inhibitor of the HCV protease. % Inhibition
was determined for each compound concentration in relation to the negative
(no compound) control to calculate the ECso (1b).; (b) (b) Transcripts of the
HCV genotype 1a-1b chimera replicon were generated using the Megascript T7
kit (Applied Biosystems). Exponentially growing Huh7-Lunet cells were
transfected with 4 ng of replicon RNA with a Gene Pulser MXcell (Bio-Rad).
Transfected cells were plated into 96-well plates with 7500 cells per well.
Compounds at various concentrations were added to the cells after 2 h and
were cultured for 4 days. The cells were lysed with the Bright-Glo Reagent and
luciferase activity was measured with a Victor 2 luminometer. The ECsq values
were determined using a standard four-parameter dose-response equation.
Dose responses were performed in triplicate for a single experiment and the
values were averaged. Potent compounds were repeated at least two times to
verify reproducibility.

Aqueous compound solubility was determined using 20 mM Tris, pH 7.5,
20 mM NacCl, 5 mM MgCl,, 2% DMSO.

The exact nature of the biological systems is currently unknown, but
possibilities include transporters, conjugation enzymes or other drug
metabolizing enzymes.

We cannot exclude the possibility that the improved in vivo properties of
compounds 2c¢, 2cn, and 2¢p result from increased aqueous solubility that was
not detected in our solubility assessments.
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