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Worldwide, 176-200 million people are chronically infected

5
with the hepatitis C virus (HCVA. The positive RNA strand cl>\©l/\mu;/[Nf>*NH ~
Z B

Flaviviridae virus replicates primarily in the liver, and while disease E

progression is typically a slow process occurring over many years, o o~ H
ultimately a significant fraction develops serious liver disease Nj)kN H\_/&OHN\E)\& ~
including cirrhosis and hepatocellular carcino®#CV is currently ' N "o /,\ (

a leading cause of death in HIV coinfected patiérend is the

most common basis for liver transplantation surgeiSeveral

promising antiviral targets for HCV have emerged in recent years, BILN-2061 (1) VX950 (2)

with NS3/4A protease inhibitors showing perhaps the most dramatic o
antiviral effectsé Clinical proof of concept has been demonstrated F9ure 1. NS3/4A protease inhibitors.
both for rapidly reversible inhibitors and slowly reversible keto-
amide active site serine trap compounds such as BILN-2Q1 (
and VX-950 (telaprevir?),® respectively (Figure 1).

Examination of published views of a close analog of BILN-2061
bound to the +180 protease domain of NS3 proteasaggests
that the P2 thiazolylquinoline portion of the inhibitor lies on a
relatively featureless enzyme surface with binding interactions that
provide little apparent basis for the dramatic potency derived from
that moiety &30 000-fold) in a related series of tripeptide inhibi-
tors10 In an effort to rationalize this, we chose to modebound
to the full length NS3/4A protein including the significantly larger
helicase domain (Figure 2) to determine the extent of any role the
helicase could play in inhibitor binding. No full length structures
with inhibitors bound are currently available; consequently a
published apoenzyme structiravas used as the starting point.
To mimic the conformational change required to permit inhibitor
binding, the six C-terminal residues (DLEVVT) of the helicase
domain which lie in the active site of the apo X-ray structure were
truncated.

Analysis of 1 docked in the latter structure indicated that the
helicase domain can provide a surface over the P2 moiety including
a pocket to accommodate the thiazolyl substituent. Specific
inhibitor-helicase interactions include His528-carbamate oxygen and
GIn526-quinoline. Also apparent from this study is that there is
space to accommodate a connection between the carbamatg/i
cyclopentane and the quinoline ring. Re-examination of the helicase Displacement of the brosylate of proline derivativavith bromo-
C-terminus from the apo structure (Figure 3), overlaid with BILN- hydroxyquinoline 5 yielded ether6 which was vinylated via
2061, demonstrates that the side chain of Glu628 occupies the sam lladium catalyzed reaction with tributylvinyltin to giva.
space as the proposed linker. Together, these observations suggest%%b\,\_'equent removal of the Boc protecting group and coupling with
that an alternative P4 cyclopenty#*2 quinoline macrocyclization the appropriate norleucine carbamate derivat®asd afforded
to fo_rrn a structurally distinct series of iphipitors was feasible. key RCM precursor®a—d. Ring closure was accomplished in
_Initially targeted were carbamate derivati@s-d (Scdocked o, cqjiont yield (84-93%) with 1,3-bis(2,4,6-trimethylphenyl)-4.5-
in Figure 4), in which the P2P3 macrocyclic linker was discon- dihydroimidazol-2-ylidene[2-(isopropoxy)-SN(N-dimethylamino-

Figure 2. Model of 1 (cyan) bound to full length NS3/4A (protease, green;
helicase, purple) with key protein-inhibitor interactions shown.

nected, the proposed PP4 linker was formed, and a 3-phe-
nylquinoline P2 was used to facilitate rapid synthesis of a range of
analogs. Modeling scores for the different linker lengths by two
methods (Table 1) predicted that the 5- and 6-carbon linkers would
show the greatest activity.

The desired compounds were prepared as outlined in Scheme 1
a a high yielding ring closing metathesis (RCM) strategy.

IDepartment of Antiviral Research. sulfonyl)phenyllmethyleneruthenium(ll) dichloride (Zhan 1b cata-
58282:%22: o mg%gmg‘rgsg‘gﬁgy- lyst) in 1,2-dichloroethane to give macrocyclic olefit®a—d.
I Department of Drug Metabolism. Conversion to final product3a—d was carried out via hydrogena-
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Scheme 1. Synthesis of Initial Targets 3a—d?
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Figure 3. Model of 1 bound to full length NS3/4A with helicase C-terminus 2 108 Y,

(green) restored and Glu628 highlighted with mesh surface.
aConditions: (a) C££0;, NMP, 40 °C, 86%; (b) BuSnCH=CHj,
Pd(PPBh)4, toluene, 100C, 79%; (9 4 N HCI, dioxane; (d) HATU, DIPEA,
DMAP, DMF, 8a—d; (e) Zhan 1b catalyst, DCEy10 mM, 84-93%; (f)
Hz, 10% Pd/C, EtOAc; (g) LiOH, THF, MeOH, #0; (h) HATU, DIPEA,

DMAP, 11, DMF; (j) LiOH, THF, MeOH, HO.

Figure 5. Additional phenylquinoline analogs.

- Table 2. Pharmacokinetic Profiles of Key Compounds?
Figure 4. Target macrocycl@&c (yellow) overlaid with1. Crax plasma AUC 4hliver

. o compound (nM) 0-4 h (uM*h) concn (uM)
Table 1. In Vitro Activity@
15 7 <0.01 0.2
modeling 1b replicon 1Cs (NM) 16 6 0.01 3.9
compound  Ene®  Xscore®  1bK (M)  10%FBS  50%NHS ggz ﬁg 8:2? ig:i
1 0.3 3 19
2 93 1100 4800 a Compounds dosed at 5 mg/kg P.O. in PEG406=(2—3).
3a —69.5 8.09 2000
3b —70.5 8.26 145 6100 >100 000 . . . .
3c 711 8.36 85 1150 5600 through synthesis of the corresponding 5-substituted derivag8ve
3d —71.4 8.44 25 1200 9100 by an analogous synthetic route, which proved dramatically less
13 4400 active ; 4400 nM). In addition, synthesis of an acyclic analeg
1‘5‘ fg 016 4802 7 >100 O%% demonstrated that potency enhancement, particularly in the replicon
16 <0016 13 o5 assay, _could be achieved through macrocyclizatiqn. _ _
25a 0.07 45 14 Previous work has established that the carboxylic acid function-
25b 0.18 8.7 46 ality can be effectively replaced with a cyclopropylacylsulfona-

mide®> and application of this strategy t&c afforded 15, with
subnanomolar inhibition of NS3/4A proteask; (<0.016 nM).
Disappointingly, given the critical need for liver exposure, oral
tion of the styryl olefin, hydrolysis of the proline ester, coupling administration ofl5 to rat at 5 mpk P.O. provided low (0/2M)
with cyclopropylaminoestet1'? to afford 12a—d, and hydrolysis compound levels in liverta4 h with barely detectable plasma
of the P1 ethyl ester. exposure (Table 2). In contrast, when thei®Butyl residue was
While 3a, with the three carbon linker, proved to have very replaced withtert-butyl, the resultant inhibitod6, with a very
modest activity of 2000 nM in a genotype 1b NS3/4A enzyme similar in vitro activity profile, was effectively partitioned into liver
inhibition assa¥? (Table 1), incremental lengthening of the linker  with a tissue concentratior 4 h of 3.9uM, although plasma levels
afforded dramatic improvements with optimized activity of 8.5 nM were unimproved. The dramatic impact of this minor structural
in the case of the pentyl linkedc. A corresponding improvement  change on liver levels strongly suggests that uptake is via an active
in genotype 1b cell based replicon activityvas also observed.  transporter mediated process. Having successfully demonstrated that
The point of attachment on the quinoline was shown to be critical this macrocyclization approach could yield potent compounds with

aData are geometric averages:08 determinations? Molecular model-
ing details in the Supporting Information.
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Scheme 2. Synthetic Approach to Isoquinolines 25a and 25b?
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aConditions: (a) KOtBu, DMF; (b) HCI, EtOH, 65% (2 steps); &%),
HATU, DIPEA, DMAP, DMF, 74%; (d) BYSnCH=CH,, Pd(PPb)a,
toluene, 100°C, 87%; (e) Zhan 1b catalyst, DCE,10 mM, 83%; (f) H,
10% Pd/C, EtOAc, quant.; (g) LIOH, THF, MeOH,.8; (h) HATU,
DIPEA, DMAP, 24, DMF, 93%.

significant liver exposure, we sought to broaden the strategy to
include alternative P2 moieties. The use of an isoquinoline P2 to
generate potent inhibitors has been reported previdtsind an
unsubstituted form would also offer somewhat reduced molecular
weight inhibitors which might be reflected in improved systemic
exposure. To this end, the isoquinoline anal@fa and 25b
possessing the optimal five carbon macrocycle linker length were
prepared (Scheme 2). ReactiontiEhs-hydroxyproline derivative
18 with 7-bromo-1-chloroisoquinoling7, under basic conditions,
afforded the crude substitution product which was treated with
ethanolic HCI to effect concomitant esterification of the acid and
deprotection of the Boc group providirik in 65% overall yield.
Coupling with the pentenyl carbamate tefit-leucine 20 to give
21 (74%) was followed by vinylation t®2 (87%). RCM then
afforded almost exclusivelf-olefin 23ain 83% isolated yield.
Hydrolysis and coupling with aminoacylsulfonamig4'¢ afforded
25a The corresponding saturated anaRigh was prepared from
23a analogously, following an initial hydrogenation step. Both
analogs showed very potent inhibition in both in vitro enzyme and
replicon assays, but, more importantly, liver exposure was dramati-
cally improved wih 4 h liver concentrations of 18.6 and 13.M,
respectively, fo25aand25b. Furthermore, both compounds were
now clearly detectable in plasma with AUCs of 0.36 and 0.27
uM*h, respectively. Sustained exposure in liver is clearly an
important factor for any potential treatment for HCV infection, and
high compound levels relative to activity in the replicon assay (500
nM, 35 x replicon EGq in the presence of 50% NHS) are
maintained in rat liver for 24 h followigp a 5 mg/kg dose o25a

A detailed evaluation of the more potent analka revealed
no significant activity vs other serine proteases5Q 000-fold
selectivity over trypsin and chymotrypsin), hERG bindingsf €30
uM), or in a broad based Panlabs screed@00-fold selectivity).
While 25ahas a number of functionalities that might be viewed as
potentially susceptible to metabolis2bais primarily excreted in
bile as an unchanged parent after rat IV dosing.

An additional attraction of this class of macrocycles is the
potential to use a range of macrocyclization strategies in any

advanced development including intramolecular Heck or Suzuki
reactions, proline amide coupling, or RCM, in contrast te-P3
compounds such ds where an RCM step appears unavoiddble.

While there are reports of compounds employing a related P2
P4 cyclization strategy®19the inhibitors had modest micromolar
potencies. Synthesis of the cyclopropylacylsulfonamide analog of
one of these compounds had little effect on poteficy.

In summary, molecular modeling of inhibitor bound full length
NS3/4A protease structures proved a valuable tool in the design of
a new series of potent NS3 protease inhibit®as-d which was
optimized to compoun@5a Compound25a is accessible via a
9-step longest linear sequence in 35% overall yield leading to a
straightforward preparation of 10 g of material. The in vitro
activity and selectivity as well as the rat pharmacokinetic profile
of 25acompare favorably with the data for other NS3/4A protease
inhibitors currently in clinical development for treatment of HCV
infection.

Supporting Information Available: Synthetic procedures and
characterization data for new compounds, molecular modeling methods,
and complete references for 7a, 7b, 8a, and 14. This information is
available free of charge via the Internet at http://pubs.acs.org.
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