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HEPATITIS C VIRUS INHIBITORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
non-provisional application Ser. No. 11/835,462, ?led Aug. 
8, 2007, and claims the bene?t of U. S. provisional application 
No. 60/836,996, ?led Aug. 11, 2006. 
[0002] The present disclosure is generally directed to anti 
viral compounds, and more speci?cally directed to com 
pounds Which can inhibit the function of the NS5A protein 
encoded by Hepatitis C virus (HCV), compositions compris 
ing such compounds, and methods for inhibiting the function 
of the NS5A protein. 
[0003] HCV is a major human pathogen, infecting an esti 
mated 170 million persons WorldWideiroughly ?ve times 
the number infected by human immunode?ciency virus type 
1. A substantial fraction of these HCV infected individuals 
develop serious progressive liver disease, including cirrhosis 
and hepatocellular carcinoma. 
[0004] Presently, the most effective HCV therapy employs 
a combination of alpha-interferon and ribavirin, leading to 
sustained ef?cacy in 40% of patients. Recent clinical results 
demonstrate that pegylated alpha-interferon is superior to 
unmodi?ed alpha-interferon as monotherapy. HoWever, even 
With experimental therapeutic regimens involving combina 
tions of pegylated alpha-interferon and ribavirin, a substantial 
fraction of patients do not have a sustained reduction in viral 
load. Thus, there is a clear and long-felt need to develop 
effective therapeutics for treatment of HCV infection. 
[0005] HCV is a positive-stranded RNA virus. Based on a 
comparison of the deduced amino acid sequence and the 
extensive similarity in the 5' untranslated region, HCV has 
been classi?ed as a separate genus in the Flaviviridae family. 
All members of the Flaviviridae family have enveloped viri 
ons that contain a positive stranded RNA genome encoding 
all knoWn virus-speci?c proteins via translation of a single, 
uninterrupted, open reading frame. 
[0006] Considerable heterogeneity is found Within the 
nucleotide and encoded amino acid sequence throughout the 
HCV genome. At least six major genotypes have been char 
acteriZed, and more than 50 subtypes have been described. 
The major genotypes of HCV differ in their distribution 
WorldWide, and the clinical signi?cance of the genetic het 
erogeneity of HCV remains elusive despite numerous studies 
of the possible effect of genotypes on pathogenesis and 
therapy. 
[0007] The single strand HCV RNA genome is approxi 
mately 9500 nucleotides in length and has a single open 
reading frame (ORF) encoding a single large polyprotein of 
about 3000 amino acids. In infected cells, this polyprotein is 
cleaved at multiple sites by cellular and viral proteases to 
produce the structural and non-structural (NS) proteins. In the 
case of HCV, the generation of mature non-structural proteins 
(NS2, NS3, NS4A, NS4B, NS5A, and NS5B) is effected by 
tWo viral proteases. The ?rst one is believed to be a metallo 
protease and cleaves at the NS2-NS3 junction; the second one 
is a serine protease contained Within the N-terminal region of 
NS3 (also referred to herein as NS3 protease) and mediates all 
the subsequent cleavages doWnstream of NS3, both in cis, at 
the NS3-NS4A cleavage site, and in trans, for the remaining 
NS4A-NS4B, NS4B-NS5A, NSSA-NSSB sites. The NS4A 
protein appears to serve multiple functions, acting as a cofac 
tor for the NS3 protease and possibly assisting in the mem 
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brane localiZation of NS3 and other viral replicase compo 
nents. The complex formation of the NS3 protein With NS4A 
seems necessary to the processing events, enhancing the pro 
teolytic e?iciency at all of the sites. The NS3 protein also 
exhibits nucleoside triphosphatase and RNA helicase activi 
ties. NSSB (also referred to herein as HCV polymerase) is a 
RNA-dependent RNA polymerase that is involved in the rep 
lication of HCV. 
[0008] Compounds useful for treating HCV-infected 
patients are desired Which selectively inhibit HCV viral rep 
lication. In particular, compounds Which are effective to 
inhibit the function of the NS5A protein are desired. The 
HCV NS5A protein is described, for example, in Tan, S.-L., 
KatZel, M. G. Wrolog 2001, 284, l-l2; and in Park, K.-J.; 
Choi, S.-H, .1. Biological Chemistry 2003. 
[0009] In a ?rst aspect the present disclosure provides a 
compound of Formula (I) 

(I) 

or a pharmaceutically acceptable salt thereof, Wherein 
[0010] m and n are independently 0, l, or 2; 

[0011] q and s are independently 0, l, 2, 3, or 4; 
[0012] u and v are independently 0, l, 2, or 3; 

[00153] X is selected from O, S, S(O), S02, CH2, CHRS, and 
C(R )2; 
provided that When n is 0, X is selected from CH2, CHR5 , and 

C(R5)2; 
[0014] 
C(R6)2; 
provided that When m is 0,Y is selected from CH2, CHR6, and 
C(R6)2; 
[0015] each R1 and R2 is independently selected from 
alkoxy, alkoxyalkyl, alkoxycarbonyl, alkyl, arylalkoxycarbo 
nyl, carboxy, formyl, halo, haloalkyl, hydroxy, hydroxyalkyl, 
iNRaRb, (R“Rb)alkyl, and (NR“Rb)carbonyl; 
[0016] R3 and R4 are each independently selected from 
hydrogen, R9iC(O)i, and R94C(S)i; 
[0017] each R5 and R6 is independently selected from 
alkoxy, alkyl, aryl, halo, haloalkyl, hydroxy, and iNRaRb, 
Wherein the alkyl can optionally form a fused three- to six 
membered ring With an adjacent carbon atom, Wherein the 
three- to six-membered ring is optionally substituted With one 
or tWo alkyl groups; 

[0018] R7 and R8 are each independently selected from 
hydrogen, alkoxycarbonyl, alkyl, arylalkoxycarbonyl, car 
boxy, haloalkyl, (NR“Rb)carbonyl, and trialkylsilylalkoxy 
alkyl; and 
[0019] each R9 is independently selected from alkoxy, 
alkoxyalkyl, alkoxycarbonyl, alkoxycarbonylalkyl, alkyl, 
alkylcarbonylalkyl, aryl, arylalkenyl, arylalkoxy, arylalkyl, 
aryloxyalkyl, cycloalkyl, (cycloalkyl)alkenyl, (cycloalkyl)a 
lkyl, cycloalkyloxyalkyl, haloalkyl, heterocyclyl, heterocy 

Y is selected from O, S, S(O), S02, CH2, CHR6, and 
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clylalkenyl, heterocyclylalkoxy, heterocyclylalkyl, heterocy 
clyloxyalkyl, hydroxyalkyl, iNRCRd, RcRd)alkenyl, (RcRd) 
alkyl, and (NRcRd)carbonyl. 
[0020] In a ?rst embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein m and n are each 1 . 
[0021] In a second embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein 
[0022] u and V are each independently 0, l, or 2; and 
[0023] each R1 and R2 is independently selected from 
alkoxy, alkoxyalkyl, alkyl, arylalkoxycarbonyl, carboxy, 
formyl, halo, haloalkyl, hydroxyalkyl, (N R“Rb)alkyl, and 
(NR“Rb)carbonyl. 
[0024] In a third embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein 
[0025] u and v are each independently 0 or 1; and 
[0026] When present, R1 and/ or R2 are halo. 
[0027] In a fourth embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein 
[0028] u and v are each independently 0 or 1; and 
[0029] When present, Rl and/or R2 are halo, Wherein the 
halo is ?uoro. 
[0030] In a ?fth embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein at least one of X 
and Y is S. 
[0031] In a sixth embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, WhereinX andY are each S. 
[0032] In a seventh embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein X is 
selected from CHR5 , and C(R5)2; andY is selected from CH2, 
CHR6, and C(R6)2. 
[0033] In an eighth embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein R7 and R8 
are independently selected from hydrogen, alkoxycarbonyl, 
alkyl, arylalkoxycarbonyl, carboxy, haloalkyl, and (NRaRb) 
carbonyl. 
[0034] In a ninth embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein R7 and R8 are each 
hydrogen. 
[0035] In a tenth embodiment of the ?rst aspect the present 
disclosure provides a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, Wherein 
[0036] q and s are independently 0, l, or 2; and 
[0037] each R5 and R6 is independently selected from alkyl, 
aryl, halo, and hydroxy, Wherein the alkyl can optionally form 
a fused three- to siX-membered ring With an adjacent carbon 
atom, Wherein the three- to siX-membered ring is optionally 
substituted With one or tWo alkyl groups. 
[0038] In an eleventh embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein 
[0039] q and s are independently 0 or 1; and 
[0040] When present, R5 and/or R6 are each halo. 
[0041] In a tWelfth embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein 
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[0042] 
[0043] When present, R5 and/or R6 are each halo, Wherein 
the halo is ?uoro. 

[0044] In a thirteenth embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein at least one 
of R3 and R4 is hydrogen. 

[0045] In a fourteenth embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein R3 and R4 
are each R9iC(O)i. 
[0046] In a ?fteenth embodiment of the ?rst aspect the 
present disclosure provides a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, Wherein each R9 is 
independently selected from alkoxy, alkoxyalkyl, alkyl, alky 
lcarbonylalkyl, aryl, arylalkenyl, arylalkoxy, arylalkyl, ary 
loxyalkyl, cycloalkyl, (cycloalkyl)alkyl, cycloalkyloxyalkyl, 
heterocyclyl, heterocyclylalkyl, hydroxyalkyl, iNRCRd, 
(N RcRd)alkenyl, (NRcRd)alkyl, and (N RcRd)carbonyl. 
[0047] In a second aspect the present disclosure provides a 
compound of Formula (II) 

q and s are independently 0 or 1; and 

or a pharmaceutically acceptable salt thereof, Wherein 

[0048] q and s are independently 0, l, or 2; 

[0049] u and v are independently 0, l, or 2; 

[0050] X is selected from S, CH2, CHR5, and C(R5)2; 
[0051] Y is selected from S, CH2, CHR6, and C(R6)2; 
[0052] each R1 and R2 is independently selected from 
alkoxy, alkoxyalkyl, alkyl, arylalkoxycarbonyl, carboxy, 
formyl, halo, haloalkyl, hydroxyalkyl, (NR“Rb)alkyl, and 
(NR“Rb)carbonyl; 
[0053] R3 and R4 are each independently selected from 
hydrogen and R9iC(O)i; 
[0054] each R5 and R6 is independently selected from alkyl, 
aryl, halo, and hydroxy, Wherein the alkyl can optionally form 
a fused three- to siX-membered ring With an adjacent carbon 
atom, Wherein the three- to six-membered ring is optionally 
substituted With one or tWo alkyl groups; 

[0055] R7 and R8 are each independently selected from 
hydrogen, alkoxycarbonyl, alkyl, arylalkoxycarbonyl, car 
boXy, haloalkyl, and (N R“Rb)carbonyl; and 
[0056] each R9 is independently selected from alkoxy, 
alkoxyalkyl, alkyl, alkylcarbonylalkyl, aryl, arylalkenyl, ary 
lalkoxy, arylalkyl, aryloxyalkyl, cycloalkyl, (cycloalkyl)a 
lkyl, cycloalkyloxyalkyl, heterocyclyl, heterocyclylalkyl, 
hydroxyalkyl, iNRCRd, (NRcRd)alkenyl, (NR”Rd)alkyl, and 
(NRcRd)carbonyl. 
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[0057] In a third aspect the present disclosure provides a 
compound of Formula (III) 

(111) 

or a pharmaceutically acceptable salt thereof, Wherein 
[0058] q and s are independently 0, l, or 2; 
[0059] u and V are independently 0 or 1; 

[0060] X is selected from CH2, CHR5, and C(R5)2; 
[0061] Y is selected from CH2, CHR6, and C(R6)2; 
[0062] When present, Rl and/or R2 are halo, Wherein the 
halo is ?uoro; 
[0063] R3 and R4 are each R94C(O)i; 
[0064] When present, R5 and/or R6 are halo, Wherein the 
halo is ?uoro; and 
[0065] each R9 is independently selected from alkoxy, 
alkoxyalkyl, alkoxycarbonyl, alkoxycarbonylalkyl, alkyl, 
alkylcarbonylalkyl, aryl, arylalkenyl, arylalkoxy, arylalkyl, 
aryloxyalkyl, cycloalkyl, (cycloalkyl)alkenyl, (cycloalkyl)a 
lkyl, cycloalkyloxyalkyl, haloalkyl, heterocyclyl, heterocy 
clylalkenyl, heterocyclylalkoxy, heterocyclylalkyl, heterocy 
clyloxyalkyl, hydroxyalkyl, iNRCRd, (NRcRd)alkenyl, 
(NRcRd)alkyl, and (N RcRd)carbonyl. 
[0066] In a fourth aspect the present disclosure provides a 
compound selected from 
[0067] methyl ((1S)-l-(((2S)-2-(5-(4'-(2-((2S)-l-((2S)-2 

((methoxycarbonyl)amino)-3-methylbutanoyl) -2 -pyrro 
lidinyl)-lH-imidaZol-5-yl)-4-biphenylyl)-lH-imidaZol-2 
yl)- l -pyrrolidinyl)carbonyl) -2 -methylpropyl)carbamate; 

[0068] (1R,l'R)-2,2'-(4,4'-biphenyldiylbis(lH-imidaZole 
5,2-diyl(2S)-2, l -pyrrolidinediyl))bis(N,N-dimethyl-2 
oxo -l -phenylethanamine); 

[0069] methyl ((1S)-2-((2S)-2-(5-(4'-(2-((2S)-l-((2R)-2 
(diethylamino) -2 -phenylacetyl)-2-pyrrolidinyl)- l H-imi 
daZol-5 -yl) -4 -biphenylyl)- l H-imidaZol-2 -yl)- l -pyrrolidi 
nyl)- l -methyl-2 -oxoethyl)carbamate; 

[0070] methyl ((lS)-l -(((2S)-2-(4-(4'-(2-((2S)-4,4-dif 
luoro- l -((2S)-2-((methoxycarbonyl)amino)-3 -methylbu 
tanoyl)-2-pyrrolidinyl)- l H-imidaZol-4 -yl) -4 -biphenylyl) 
lH-imidaZol-2-yl)-4,4-di?uoro-l-pyrrolidinyl)carbonyl) 
2-methylpropyl)carbamate; 

[0071] methyl ((1S)-l-(((lR,3R,5R)-3-(5-(4'-(2-((lR,3R, 
5R)-2-((2S)-2-((methoxycarbonyl)amino)-3-methylbu 
tanoyl)-2-aZabicyclo[3.1.0]hex-3 -yl)- l H-imidaZol-5-yl) 
4-biphenylyl)- l H-imidaZol-2-yl)-2-aZabicyclo [3 .l .0]hex 
2-yl)carbonyl)-2-methylpropyl)carbamate; 

[0072] methyl ((lR)-2-oxo-l -phenyl-2-((2S)-2-(5-(4'-(2 
((2S)- 1 -((2R)-tetrahydro-2-furanylcarbonyl)-2-pyrrolidi 
nyl)-lH-imidaZol-5-yl)-4-biphenylyl)-lH-imidaZol-2 
yl)- l -pyrrolidinyl)ethyl)carbamate; 

[0073] methyl ((lS)-2-methyl-l -(((2S)-2-(5-(4'-(2-((2S) 
l-(N-2-pyrimidinyl-D-valyl) -2 -pyrrolidinyl)- l H-imida 
Zol-5-yl)-4-biphenylyl)- l H-imidaZol-2 -yl)-l -pyrrolidi 
nyl)carbonyl)propyl)carbamate; 

[0074] methyl ((1R)-2-((2S)-2-(5-(4'-(2-((2S)-l-((2R)-2 
(dimethylamino) -2 -phenylacetyl) -2 -pyrrolidinyl) - l H 
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imidaZol-5-yl) -4 -biphenylyl)- l H-imidaZol-2 -yl)-l -pyrro 
lidinyl)-2-oxo-l -phenylethyl)carbamate; 

[0075] dimethyl (4,4'-biphenyldiylbis(lH-imidaZole-5,2 
diyl(2S)-2, l -pyrrolidinediyl(( l R) -2-oxo-l -phenyl-2, l - 
ethanediyl)))biscarbamate; 

[0076] (lR)iN,N-dimethyl-2-oxo-l-phenyl-2-((2S)-2 
(5 -(4'-(2-((2 S)-l -((2R) -tetrahydro -2 -furanylcarbonyl) -2 
pyrrolidinyl)-lH-imidaZol-5-yl)-4-biphenylyl)-lH-imi 
daZol-2-yl)-l -pyrrolidinyl)ethanamine; 

[0077] methyl ((1S)-2-((2S)-2-(5-(4'-(2-((2S)-l-(N-(meth 
oxycarbonyl)-L-alanyl)-2-pyrrolidinyl)- l H-imidaZol-5 - 
yl) -4 -biphenylyl)- l H-imidaZol-2-yl)- l -pyrrolidinyl)- l - 
methyl-2-oxoethyl)carbamate; and 

[0078] methyl ((1S)-l-(((2S)-2-(5-(4'-(2-((2S)-l-((2S)-2 
((methoxycarbonyl)amino)-3,3-dimethylbutanoyl)-2-pyr 
rolidinyl)-lH-imidaZol-5-yl)-4-biphenylyl)-lH-imidaZol 
2-yl)- l -pyrrolidinyl)carbonyl) -2,2-dimethylpropyl) 
carbamate; 

or a pharmaceutically acceptable salt thereof. 
[0079] In a ?rst embodiment of the ?fth aspect the pharma 
ceutically acceptable salt is a dihydrochloride salt. 
[0080] In a sixth aspect the present disclosure provides a 
composition comprising a compound of formula (I), or a 
pharmaceutically acceptable salt thereof, and a pharmaceuti 
cally acceptable carrier. 
[0081] In a ?rst embodiment of the sixth aspect the com 
position further comprises one or tWo additional compounds 
having anti-HCV activity. In a second embodiment at least 
one of the additional compounds is an interferon or a ribavi 
rin. In a third embodiment the interferon is selected from 
interferon alpha 2B, pegylated interferon alpha, consensus 
interferon, interferon alpha 2A, and lymphoblastoid inter 
feron tau. 
[0082] In a fourth embodiment of the sixth aspect the com 
position further comprises one or tWo additional compounds 
having anti-HCV activity Wherein at least one of the addi 
tional compounds is selected from interleukin 2, interleukin 
6, interleukin 12, a compound that enhances the development 
of a type 1 helper T cell response, interfering RNA, anti-sense 
RNA, Imiqimod, ribavirin, an inosine 5'-monophospate 
dehydrogenase inhibitor, amantadine, and rimantadine. 
[0083] In a ?fth embodiment of the sixth aspect the com 
position further comprises one or tWo additional compounds 
having anti-HCV activity Wherein at least one of the addi 
tional compounds is effective to inhibit the function of a target 
selected from HCV metalloprotease, HCV serine protease, 
HCV polymerase, HCV helicase, HCV NS4B protein, HCV 
entry, HCV assembly, HCV egress, HCV NS5A protein, and 
IMPDH for the treatment of an HCV infection. 

[0084] In an seventh aspect the present disclosure provides 
a method of treating an HCV infection in a patient, compris 
ing administering to the patient a therapeutically effective 
amount of a compound of formula (I), or a pharmaceutically 
acceptable salt thereof. 
[0085] In a ?rst embodiment of the seventh aspect the 
method further comprises administering one or tWo addi 
tional compounds having anti-HCV activity prior to, after or 
simultaneously With the compound of formula (I), or a phar 
maceutically acceptable salt thereof. In a second embodiment 
at least one of the additional compounds is an interferon or a 
ribavirin. In a third embodiment the interferon is selected 
from interferon alpha 2B, pegylated interferon alpha, consen 
sus interferon, interferon alpha 2A, and lymphoblastoid inter 
feron tau. 

770



US 2009/0068140 A1 

[0086] In a fourth embodiment the method further com 
prises administering one or tWo additional compounds having 
anti-HCV activity prior to, after or simultaneously With the 
compound of formula (I), or a pharmaceutically acceptable 
salt thereof, Wherein at least one of the additional compounds 
is selected from interleukin 2, interleukin 6, interleukin 12, a 
compound that enhances the development of a type 1 helper T 
cell response, interfering RNA, anti-sense RNA, Imiqimod, 
ribavirin, an inosine 5'-monophospate dehydrogenase inhibi 
tor, amantadine, and rimantadine. 
[0087] In a ?fth embodiment the method further comprises 
administering one or tWo additional compounds having anti 
HCV activity prior to, after or simultaneously With the com 
pound of formula (I), or a pharmaceutically acceptable salt 
thereof, Wherein at least one of the additional compounds is 
effective to inhibit the function of a target selected from HCV 
metalloprotease, HCV serine protease, HCV polymerase, 
HCV helicase, HCV NS4B protein, HCV entry, HCV assem 
bly, HCV egress, HCV NS5A protein, and IMPDH for the 
treatment of an HCV infection. 

[0088] Other embodiments of the present disclosure may 
comprise suitable combinations of tWo or more of embodi 
ments and/or aspects disclosed herein. 
[0089] Yet other embodiments and aspects of the disclosure 
Will be apparent according to the description provided beloW. 
[0090] The compounds of the present disclosure also exist 
as tautomers; therefore the present disclosure also encom 
passes all tautomeric forms. 
[0091] The description of the present disclosure herein 
should be construed in congruity With the laWs and principals 
of chemical bonding. In some instances it may be necessary to 
remove a hydrogen atom in order accommodate a sub stitutent 
at any given location. For example, in the structure shoWn 
below 

?r} % N 

AI / 

R8 may be attached to either the carbon atom in the imidaZole 
ring or, alternatively, R8 may take the place of the hydrogen 
atom on the nitrogen ring to form an N- sub stituted imidaZole. 
[0092] It should be understood that the compounds encom 
passed by the present disclosure are those that are suitably 
stable for use as pharmaceutical agent. 
[0093] It is intended that the de?nition of any substituent or 
variable (e.g., R1, R2, R5, R6, etc.) at a particular location in a 
molecule be independent of its de?nitions elseWhere in that 
molecule. For example, When u is 2, each of the tWo Rl groups 
may be the same or different. 

[0094] All patents, patent applications, and literature refer 
ences cited in the speci?cation are herein incorporated by 
reference in their entirety. In the case of inconsistencies, the 
present disclosure, including de?nitions, Will prevail. 
[0095] As used in the present speci?cation, the folloWing 
terms have the meanings indicated: 

[0096] As used herein, the singular forms “a”, “an”, and 
“the” include plural reference unless the context clearly dic 
tates otherWise. 
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[0097] Unless stated otherWise, all aryl, cycloalkyl, and 
heterocyclyl groups of the present disclosure may be substi 
tuted as described in each of their respective de?nitions. For 
example, the aryl part of an arylalkyl group may be substi 
tuted as described in the de?nition of the term ‘aryl’. 

[0098] The term “alkenyl,” as used herein, refers to a 
straight or branched chain group of tWo to six carbon atoms 
containing at least one carbon-carbon double bond. 

[0099] The term “alkenyloxy,” as used herein, refers to an 
alkenyl group attached to the parent molecular moiety 
through an oxygen atom. 

[0100] The term “alkenyloxycarbonyl,” as used herein, 
refers to an alkenyloxy group attached to the parent molecular 
moiety through a carbonyl group. 
[0101] The term “alkoxy,” as used herein, refers to an alkyl 
group attached to the parent molecular moiety through an 
oxygen atom. 

[0102] The term “alkoxyalkyl,” as used herein, refers to an 
alkyl group substituted With one, tWo, or three alkoxy groups. 

[0103] The term “alkoxyalkylcarbonyl,” as used herein, 
refers to an alkoxyalkyl group attached to the parent molecu 
lar moiety through a carbonyl group. 
[0104] The term “alkoxycarbonyl,” as used herein, refers to 
an alkoxy group attached to the parent molecular moiety 
through a carbonyl group. 
[0105] The term “alkoxycarbonylalkyl,” as used herein, 
refers to an alkyl group substituted With one, tWo, or three 
alkoxycarbonyl groups. 
[0106] The term “alkyl,” as used herein, refers to a group 
derived from a straight or branched chain saturated hydrocar 
bon containing from one to six carbon atoms. In the com 
pounds of the present disclosure, When m and/or n is l or 2; X 
and/orY is CHR5 and/or CHR6, respectively, and R5 and/or 
R6 is alkyl, each alkyl can optionally form a fused three- to 
six-membered ring With an adjacent carbon atom to provide 
one of the structures shoWn beloW: 

Where Z is l, 2, 3, or 4, W is 0, l, or 2, and R50 is alkyl. When 
W is 2, the tWo R5O alkyl groups may be the same or different. 

[0107] The term “alkylcarbonyl,” as used herein, refers to 
an alkyl group attached to the parent molecular moiety 
through a carbonyl group. 
[0108] The term “alkylcarbonylalkyl,” as used herein, 
refers to an alkyl group substituted With one, tWo, or three 
alkylcarbonyl groups. 
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[0109] The term “alkylcarbonyloxy,” as used herein, refers 
to an alkylcarbonyl group attached to the parent molecular 
moiety through an oxygen atom. 
[0110] The term “alkylsulfanyl,” as used herein, refers to an 
alkyl group attached to the parent molecular moiety through 
a sulfur atom. 

[0111] The term “alkylsulfonyl,” as used herein, refers to an 
alkyl group attached to the parent molecular moiety through 
a sulfonyl group. 
[0112] The term “aryl,” as used herein, refers to a phenyl 
group, or a bicyclic fused ring system Wherein one or both of 
the rings is a phenyl group. Bicyclic fused ring systems con 
sist of a phenyl group fused to a four- to six-membered 
aromatic or non-aromatic carbocyclic ring. The aryl groups of 
the present disclosure can be attached to the parent molecular 
moiety through any substitutable carbon atom in the group. 
Representative examples of aryl groups include, but are not 
limited to, indanyl, indenyl, naphthyl, phenyl, and tetrahy 
dronaphthyl. The aryl groups of the present disclosure are 
optionally substituted With one, tWo, three, four, or ?ve sub 
stituents independently selected from alkoxy, alkoxyalkyl, 
alkoxycarbonyl, alkyl, alkylcarbonyl, a second aryl group, 
arylalkoxy, arylalkyl, arylcarbonyl, cyano, halo, haloalkoxy, 
haloalkyl, heterocyclyl, heterocyclylalkyl, heterocyclylcar 
bonyl, hydroxy, hydroxyalkyl, nitro, iNRxRy, (N RxRy ) 
alkyl, oxo, and iP(O)OR2, Wherein each R is independently 
selected from hydrogen and alkyl; and Wherein the alkyl part 
of the arylalkyl and the heterocyclylalkyl are unsubstituted 
and Wherein the second aryl group, the aryl part of the aryla 
lkyl, the aryl part of the arylcarbonyl, the heterocyclyl, and 
the heterocyclyl part of the heterocyclylalkyl and the hetero 
cyclylcarbonyl are further optionally substituted With one, 
tWo, or three substituents independently selected from 
alkoxy, alkyl, cyano, halo, haloalkoxy, haloalkyl, and nitro. 
[0113] The term “arylalkenyl,” as used herein, refers to an 
alkenyl group substituted With one, tWo, or three aryl groups. 
[0114] The term “arylalkoxy,” as used herein, refers to an 
aryl group attached to the parent molecular moiety through an 
alkoxy group. 
[0115] The term “arylalkoxyalkyl,” as used herein, refers to 
an alkyl group substituted With one, tWo, or three arylalkoxy 
groups. 
[0116] The term "arylalkoxyalkylcarbonyl,” as used 
herein, refers to an arylalkoxyalkyl group attached to the 
parent molecular moiety through a carbonyl group. 
[0117] The term “arylalkoxycarbonyl,” as used herein, 
refers to an arylalkoxy group attached to the parent molecular 
moiety through a carbonyl group. 
[0118] The term “arylalkyl,” as used herein, refers to an 
alkyl group substituted With one, tWo, or three aryl groups. 
The alkyl part of the arylalkyl is further optionally substituted 
With one or tWo additional groups independently selected 
from alkoxy, alkylcarbonyloxy, halo, haloalkoxy, haloalkyl, 
heterocyclyl, hydroxy, and iNRCRd, Wherein the heterocy 
clyl is further optionally substituted With one or tWo substitu 
ents independently selected from alkoxy, alkyl, unsubstituted 
aryl, unsubstituted arylalkoxy, unsubstituted arylalkoxycar 
bonyl, halo, haloalkoxy, haloalkyl, hydroxy, and iNRxRy. 
[0119] The term “arylalkylcarbonyl,” as used herein, refers 
to an arylalkyl group attached to the parent molecular moiety 
through a carbonyl group. 
[0120] The term “arylcarbonyl,” as used herein, refers to an 
aryl group attached to the parent molecular moiety through a 
carbonyl group. 
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[0121] The term “aryloxy,” as used herein, refers to an aryl 
group attached to the parent molecular moiety through an 
oxygen atom. 
[0122] The term “aryloxyalkyl,” as used herein, refers to an 
alkyl group substituted With one, tWo, or three aryloxy 
groups. 
[0123] The term “aryloxycarbonyl,” as used herein, refers 
to an aryloxy group attached to the parent molecular moiety 
through a carbonyl group. 
[0124] The term “arylsulfonyl,” as used herein, refers to an 
aryl group attached to the parent molecular moiety through a 
sulfonyl group. 
[0125] The terms “Cap” and “cap” as used herein, refer to 
the group Which is placed on the nitrogen atom of the terminal 
nitrogen-containing ring, i.e., the pyrrolidine rings of com 
pound le. It should be understood that “Cap” or “cap” can 
refer to the reagent used to append the group to the terminal 
nitrogen-containing ring or to the fragment in the ?nal prod 
uct, i.e., “Cap-5 l” or “The Cap-51 fragment found in LS- l 9”. 
[0126] The term “carbonyl,” as used herein, refers to 
%(O)i. 
[0127] The term “carboxy,” as used herein, refers to 
%O2H. 
[0128] The term “cyano,” as used herein, refers to iCN. 
[0129] The term “cycloalkyl,” as used herein, refers to a 
saturated monocyclic, hydrocarbon ring system having three 
to seven carbon atoms and Zero heteroatoms. Representative 
examples of cycloalkyl groups include, but are not limited to, 
cyclopropyl, cyclopentyl, and cyclohexyl. The cycloalkyl 
groups of the present disclosure are optionally substituted 
With one, tWo, three, four, or ?ve substituents independently 
selected from alkoxy, alkyl, aryl, cyano, halo, haloalkoxy, 
haloalkyl, heterocyclyl, hydroxy, hydroxyalkyl, nitro, and 
iNRxRy, Wherein the aryl and the heterocyclyl are further 
optionally substituted With one, tWo, or three substituents 
independently selected from alkoxy, alkyl, cyano, halo, 
haloalkoxy, haloalkyl, hydroxy, and nitro. 
[0130] The term “(cycloalkyl)alkenyl,” as used herein, 
refers to an alkenyl group substituted With one, tWo, or three 
cycloalkyl groups. 
[0131] The term “(cycloalkyl)alkyl,” as used herein, refers 
to an alkyl group substituted With one, tWo, or three 
cycloalkyl groups. The alkyl part of the (cycloalkyl)alkyl is 
further optionally substituted With one or tWo groups inde 
pendently selected from hydroxy and iNRCRd. 
[0132] The term “cycloalkyloxy,” as used herein, refers to a 
cycloalkyl group attached to the parent molecular moiety 
through an oxygen atom. 

[0133] The term “cycloalkyloxyalkyl,” as used herein, 
refers to an alkyl group substituted With one, tWo, or three 
cycloalkyloxy groups. 
[0134] The term “cycloalkylsulfonyl,” as used herein, 
refers to a cycloalkyl group attached to the parent molecular 
moiety through a sulfonyl group. 
[0135] The term “formyl,” as used herein, refers to iCHO. 
[0136] The terms “halo” and “halogen,” as used herein, 
refer to F, Cl, Br, or I. 
[0137] The term “haloalkoxy,” as used herein, refers to a 
haloalkyl group attached to the parent molecular moiety 
through an oxygen atom. 

[0138] The term “haloalkoxycarbonyl,” as used herein, 
refers to a haloalkoxy group attached to the parent molecular 
moiety through a carbonyl group. 
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[0139] The term “haloalkyl,” as used herein, refers to an 
alkyl group substituted by one, tWo, three, or four halogen 
atoms. 

[0140] The term “heterocyclyl,” as used herein, refers to a 
four-, ?Ve-, six-, or seVen-membered ring containing one, 
tWo, three, or four heteroatoms independently selected from 
nitrogen, oxygen, and sulfur. The four-membered ring has 
Zero double bonds, the ?Ve-membered ring has Zero to tWo 
double bonds, and the six- and seVen-membered rings have 
Zero to three double bonds. The term “heterocyclyl” also 
includes bicyclic groups in Which the heterocyclyl ring is 
fused to another monocyclic heterocyclyl group, or a four- to 
six-membered aromatic or non-aromatic carbocyclic ring; as 
Well as bridged bicyclic groups such as 7-aZabicyclo[2.2.l] 
hept-7-yl, 2-aZabicyclo[2.2.2]oc-2-tyl, and 2-aZabicyclo[2.2. 
2]oc-3 -tyl. The heterocyclyl groups of the present disclosure 
can be attached to the parent molecular moiety through any 
carbon atom or nitrogen atom in the group. Examples of 
heterocyclyl groups include, but are not limited to, benZothie 
nyl, furyl, imidaZolyl, indolinyl, indolyl, isothiaZolyl, isox 
aZolyl, morpholinyl, oxaZolyl, piperaZinyl, piperidinyl, pyra 
Zolyl, pyridinyl, pyrrolidinyl, pyrrolopyridinyl, pyrrolyl, 
thiaZolyl, thienyl, thiomorpholinyl, 7-aZabicyclo [2.2.1]hept 
7-yl, 2-aZabicyclo[2.2.2]oc-2-tyl, and 2-aZabicyclo[2.2.2]oc 
3-tyl. The heterocyclyl groups of the present disclosure are 
optionally substituted With one, tWo, three, four, or ?ve sub 
stituents independently selected from alkoxy, alkoxyalkyl, 
alkoxycarbonyl, alkyl, alkylcarbonyl, aryl, arylalkyl, arylcar 
bonyl, cyano, halo, haloalkoxy, haloalkyl, a second heterocy 
clyl group, heterocyclylalkyl, heterocyclylcarbonyl, 
hydroxy, hydroxyalkyl, nitro, iNR‘Ry, (NRxRy)alkyl, and 
oxo, Wherein the alkyl part of the arylalkyl and the heterocy 
clylalkyl are unsubstituted and Wherein the aryl, the aryl part 
of the arylalkyl, the aryl part of the arylcarbonyl, the second 
heterocyclyl group, and the heterocyclyl part of the hetero 
cyclylalkyl and the heterocyclylcarbonyl are further option 
ally substituted With one, tWo, or three substituents indepen 
dently selected from alkoxy, alkyl, cyano, halo, haloalkoxy, 
haloalkyl, and nitro. 
[0141] The term “heterocyclylalkenyl,” as used herein, 
refers to an alkenyl group substituted With one, tWo, or three 
heterocyclyl groups. 
[0142] The term “heterocyclylalkoxy,” as used herein, 
refers to a heterocyclyl group attached to the parent molecular 
moiety through an alkoxy group. 
[0143] The term "heterocyclylalkoxycarbonyl,” as used 
herein, refers to a heterocyclylalkoxy group attached to the 
parent molecular moiety through a carbonyl group. 
[0144] The term “heterocyclylalkyl,” as used herein, refers 
to an alkyl group substituted With one, tWo, or three hetero 
cyclyl groups. The alkyl part of the heterocyclylalkyl is fur 
ther optionally substituted With one or tWo additional groups 
independently selected from alkoxy, alkylcarbonyloxy, aryl, 
halo, haloalkoxy, haloalkyl, hydroxy, and iNRCRd, Wherein 
the aryl is further optionally substituted With one or tWo 
substituents independently selected from alkoxy, alkyl, 
unsubstituted aryl, unsubstituted arylalkoxy, unsubstituted 
arylalkoxycarbonyl, halo, haloalkoxy, haloalkyl, hydroxy, 
and iNRXRy. 

[0145] The term “heterocyclylalkylcarbonyl,” as used 
herein, refers to a heterocyclylalkyl group attached to the 
parent molecular moiety through a carbonyl group. 
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[0146] The term "heterocyclylcarbonyl,” as used herein, 
refers to a heterocyclyl group attached to the parent molecular 
moiety through a carbonyl group. 
[0147] The term “heterocyclyloxy,” as used herein, refers to 
a heterocyclyl group attached to the parent molecular moiety 
through an oxygen atom. 
[0148] The term “heterocyclyloxyalkyl,” as used herein, 
refers to an alkyl group substituted With one, tWo, or three 
heterocyclyloxy groups. 
[0149] The term “heterocyclyloxycarbonyl,” as used 
herein, refers to a heterocyclyloxy group attached to the par 
ent molecular moiety through a carbonyl group. 
[0150] The term “hydroxy,” as used herein, refers to iOH. 
[0151] The term “hydroxyalkyl,” as used herein, refers to 
an alkyl group substituted With one, tWo, or three hydroxy 
groups. 
[0152] The term “hydroxyalkylcarbonyl,” as used herein, 
refers to a hydroxyalkyl group attached to the parent molecu 
lar moiety through a carbonyl group. 
[0153] The term “nitro,” as used herein, refers to iNOZ. 
[0154] The term “iNRaRb,” as used herein, refers to tWo 
groups, R“ and Rb, Which are attached to the parent molecular 
moiety through a nitrogen atom. R“ and Rh are independently 
selected from hydrogen, alkenyl, and alkyl. 
[0155] The term “(NR“Rb)alkyl,” as used herein, refers to 
an alkyl group substituted With one, tWo, or three iNRaRb 
groups. 
[0156] The term “(N R“Rb)carbonyl,” as used herein, refers 
to an iNRaRb group attached to the parent molecular moiety 
through a carbonyl group. 
[0157] The term “iNRCRd,” as used herein, refers to tWo 
groups, R” and Rd, Which are attached to the parent molecular 
moiety through a nitrogen atom. RC and Rd are independently 
selected from hydrogen, alkenyloxycarbonyl, alkoxyalkyl 
carbonyl, alkoxycarbonyl, alkyl, alkylcarbonyl, alkylsulfo 
nyl, aryl, arylalkoxycarbonyl, arylalkyl, arylalkylcarbonyl, 
arylcarbonyl, aryloxycarbonyl, arylsulfonyl, cycloalkyl, 
cycloalkylsulfonyl, formyl, haloalkoxycarbonyl, heterocy 
clyl, heterocyclylalkoxycarbonyl, heterocyclylalkyl, hetero 
cyclylalkylcarbonyl, heterocyclylcarbonyl, heterocyclyloxy 
carbonyl, hydroxyalkylcarbonyl, (N ReRf)alkyl, (NReRf) 
alkylcarbonyl, (N ReRjjcarbonyl, (N ReRjjsulfonyl, 
4C(NCN)OR', and 4C(NCN)NRXRy, Wherein R' is selected 
from alkyl and unsubstituted phenyl, and Wherein the alkyl 
part of the arylalkyl, the arylalkylcarbonyl, the heterocycly 
lalkyl, and the heterocyclylalkylcarbonyl are further option 
ally substituted With one iNReRf group; and Wherein the 
aryl, the aryl part of the arylalkoxycarbonyl, the arylalkyl, the 
arylalkylcarbonyl, the arylcarbonyl, the aryloxycarbonyl, and 
the arylsulfonyl, the heterocyclyl, and the heterocyclyl part of 
the heterocyclylalkoxycarbonyl, the heterocyclylalkyl, the 
heterocyclylalkylcarbonyl, the heterocyclylcarbonyl, and the 
heterocyclyloxycarbonyl are further optionally substituted 
With one, tWo, or three substituents independently selected 
from alkoxy, alkyl, cyano, halo, haloalkoxy, haloalkyl, and 
nitro. 
[0158] The term “(NRcRd)alkenyl,” as used herein, refers 
to an alkenyl group substituted With one, tWo, or three iNR 
cRd groups. 
[0159] The term “(NRcRd)alkyl,” as used herein, refers to 
an alkyl group substituted With one, tWo, or three iNRCRd 
groups. The alkyl part of the (NRcRd)alkyl is further option 
ally substituted With one or tWo additional groups selected 
from alkoxy, alkoxyalkylcarbonyl, alkoxycarbonyl, alkylsul 
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fanyl, arylalkoxyalkylcarbonyl, carboxy, heterocyclyl, het 
erocyclylcarbonyl, hydroxy, and (NReRf)carbonyl; wherein 
the heterocyclyl is further optionally substituted With one, 
tWo, three, four, or ?ve substituents independently selected 
from alkoxy, alkyl, cyano, halo, haloalkoxy, haloalkyl, and 
nitro. 
[0160] The term “(NRcRd)carbonyl,” as used herein, refers 
to an iNRCRd group attached to the parent molecular moiety 
through a carbonyl group. 
[0161] The term “iNReRf,” as used herein, refers to tWo 
groups, Re and RfWhich are attached to the parent molecular 
moiety through a nitrogen atom. Re and Rf are independently 
selected from hydrogen, alkyl, unsubstituted aryl, unsubsti 
tuted arylalkyl, unsubstituted cycloalkyl, unsubstituted (cy 
cloalkyl)alkyl, unsubstituted heterocyclyl, unsubstituted het 
erocyclylalkyl, (N R‘Ry )alkyl, and (N R‘Ry )carbonyl . 
[0162] The term “(N ReRjjalkyl,” as used herein, refers to an 
alkyl group substituted With one, tWo, or three iNReRf 
groups. 
[0163] The term “(NReRf)alkylcarbonyl,” as used herein, 
refers to an (N ReRf)alkyl group attached to the parent 
molecular moiety through a carbonyl group. 
[0164] The term “(NReRf)carbonyl,” as used herein, refers 
to an iNReRf group attached to the parent molecular moiety 
through a carbonyl group. 
[0165] The term “(NReRf)sulfonyl,” as used herein, refers 
to an iNReRf group attached to the parent molecular moiety 
through a sulfonyl group. 
[0166] The term “*NRxRy,” as used herein, refers to tWo 
groups, R’C and Ry, Which are attached to the parent molecular 
moiety through a nitrogen atom. R’C and Ry are independently 
selected from hydrogen, alkoxycarbonyl, alkyl, alkylcarbo 
nyl, unsubstituted aryl, unsubstituted arylalkoxycarbonyl, 
unsubstituted arylalkyl, unsubstituted cycloalkyl, unsubsti 
tuted heterocyclyl, and (NRxRy)carbonyl, wherein R"’ and Ry ' 
are independently selected from hydrogen and alkyl. 
[0167] The term “(NRxR’§alkyl,” as used herein, refers to 
an alkyl group substituted With one, tWo, or three iNR‘Ry 
groups. 
[0168] The term “oxo,” as used herein, refers to :O. 
[0169] The term “sulfonyl,” as used herein, refers to 
isozi. The term “trialkylsilyl,” as used herein, refers to 
iSiR3, Wherein R is alkyl. The R groups may be the same or 
different. 
[0170] The term “trialkylsilylalkyl,” as used herein, refers 
to an alkyl group substituted With one, tWo, or three trialkyl 
silyl groups. 
[0171] The term “trialkylsilylalkoxy,” as used herein, refers 
to a trialkylsilylalkyl group attached to the parent molecular 
moiety through an oxygen atom. 
[0172] The term “trialkylsilylalkoxyalkyl,” as used herein, 
refers to an alkyl group substituted With one, tWo, or three 
trialkylsilylalkoxy groups. 
[0173] Asymmetric centers exist in the compounds of the 
present disclosure. These centers are designated by the sym 
bols “R” or “S”, depending on the con?guration of substitu 
ents around the chiral carbon atom. It should be understood 
that the disclosure encompasses all stereochemical isomeric 
forms, or mixtures thereof, Which possess the ability to inhibit 
NSSA. Individual stereoisomers of compounds can be pre 
pared synthetically from commercially available starting 
materials Which contain chiral centers or by preparation of 
mixtures of enantiomeric products folloWed by separation 
such as conversion to a mixture of diastereomers folloWed by 
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separation or recrystallization, chromatographic techniques, 
or direct separation of enantiomers on chiral chromato 
graphic columns. Starting compounds of particular stere 
ochemistry are either commercially available or can be made 
and resolved by techniques knoWn in the art. 
[0174] Certain compounds of the present disclosure may 
also exist in different stable conformational forms Which may 
be separable. Torsional asymmetry due to restricted rotation 
about an asymmetric single bond, for example because of 
steric hindrance or ring strain, may permit separation of dif 
ferent conformers. The present disclosure includes each con 
formational isomer of these compounds and mixtures thereof. 
[0175] The term “compounds of the present disclosure”, 
and equivalent expressions, are meant to embrace compounds 
of Formula (I), and pharmaceutically acceptable enanti 
omers, diastereomers, and salts thereof. Similarly, references 
to intermediates are meant to embrace their salts Where the 
context so permits. 

[0176] The compounds of the present disclosure can exist 
as pharmaceutically acceptable salts. The term “pharmaceu 
tically acceptable salt,” as used herein, represents salts or 
ZWitterionic forms of the compounds of the present disclosure 
Which are Water or oil-soluble or dispersible, Which are, 
Within the scope of sound medical judgment, suitable for use 
in contact With the tissues of patients Without excessive tox 
icity, irritation, allergic response, or other problem or com 
plication commensurate With a reasonable bene?t/risk ratio, 
and are effective for their intended use The salts can be 
prepared during the ?nal isolation and puri?cation of the 
compounds or separately by reacting a suitable nitrogen atom 
With a suitable acid. Representative acid addition salts 
include acetate, adipate, alginate, citrate, aspartate, benZoate, 
benZenesulfonate, bisulfate, butyrate, camphorate, camphor 
sulfonate; digluconate, dihydrobromide, dihydrochloride, 
dihydroiodide, glycerophosphate, hemisulfate, heptanoate, 
hexanoate, formate, fumarate, hydrochloride, hydrobromide, 
hydroiodide, 2-hydroxyethanesulfonate, lactate, maleate, 
mesitylenesulfonate, methanesulfonate, naphthylene 
sulfonate, nicotinate, 2-naphthalenesulfonate, oxalate, pal 
moate, pectinate, persulfate, 3-phenylproprionate, picrate, 
pivalate, propionate, succinate, tar‘trate, trichloroacetate, tri 
?uoroacetate, phosphate, glutamate, bicarbonate, para-tolu 
enesulfonate, and undecanoate. Examples of acids Which can 
be employed to form pharmaceutically acceptable addition 
salts include inorganic acids such as hydrochloric, hydrobro 
mic, sulfuric, and phosphoric, and organic acids such as 
oxalic, maleic, succinic, and citric. 
[0177] Basic addition salts can be prepared during the ?nal 
isolation and puri?cation of the compounds by reacting a 
carboxy group With a suitable base such as the hydroxide, 
carbonate, or bicarbonate of a metal cation or With ammonia 
or an organic primary, secondary, or tertiary amine. The cat 
ions of pharmaceutically acceptable salts include lithium, 
sodium, potassium, calcium, magnesium, and aluminum, as 
Well as nontoxic quaternary amine cations such as ammo 
nium, tetramethylammonium, tetraethylammonium, methy 
lamine, dimethylamine, trimethylamine, triethylamine, 
diethylamine, ethylamine, tributylamine, pyridine, N,N-dim 
ethylaniline, N-methylpiperidine, N-methylmorpholine, 
dicyclohexylamine, procaine, dibenZylamine, N,N-diben 
Zylphenethylamine, and N,N'-dibenZylethylenediamine. 
Other representative organic amines useful for the formation 
of base addition salts include ethylenediamine, ethanolamine, 
diethanolamine, piperidine, and piperaZine. 
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[0178] When it is possible that, for use in therapy, thera 
peutically effective amounts of a compound of formula (I), as 
Well as pharmaceutically acceptable salts thereof, may be 
administered as the raW chemical, it is possible to present the 
active ingredient as a pharmaceutical composition. Accord 
ingly, the disclosure further provides pharmaceutical compo 
sitions, Which include therapeutically effective amounts of 
compounds of formula (I) or pharmaceutically acceptable 
salts thereof, and one or more pharmaceutically acceptable 
carriers, diluents, or excipients. The term “therapeutically 
effective amount,” as used herein, refers to the total amount of 
each active component that is su?icient to shoW a meaningful 
patient bene?t, e. g., a reduction in viral load. When applied to 
an individual active ingredient, administered alone, the term 
refers to that ingredient alone. When applied to a combina 
tion, the term refers to combined amounts of the active ingre 
dients that result in the therapeutic effect, Whether adminis 
tered in combination, serially, or simultaneously. The 
compounds of formula (I) and pharmaceutically acceptable 
salts thereof, are as described above. The carrier(s), diluent 
(s), or excipient(s) must be acceptable in the sense of being 
compatible With the other ingredients of the formulation and 
not deleterious to the recipient thereof. In accordance With 
another aspect of the present disclosure there is also provided 
a process for the preparation of a pharmaceutical formulation 
including admixing a compound of formula (I), or a pharma 
ceutically acceptable salt thereof, With one or more pharma 
ceutically acceptable carriers, diluents, or excipients. The 
term “pharmaceutically acceptable,” as used herein, refers to 
those compounds, materials, compositions, and/ or dosage 
forms Which are, Within the scope of sound medical judg 
ment, suitable for use in contact With the tissues of patients 
Without excessive toxicity, irritation, allergic response, or 
other problem or complication commensurate With a reason 
able bene?t/risk ratio, and are effective for their intended use. 

[0179] Pharmaceutical formulations may be presented in 
unit dose forms containing a predetermined amount of active 
ingredient per unit dose. Dosage levels of betWeen about 0.01 
and about 250 milligram per kilogram (“mg/kg”) body 
Weight per day, preferably betWeen about 0.05 and about 100 
mg/kg body Weight per day of the compounds of the present 
disclosure are typical in a monotherapy for the prevention and 
treatment of HCV mediated disease. Typically, the pharma 
ceutical compositions of this disclosure Will be administered 
from about 1 to about 5 times per day or alternatively, as a 
continuous infusion. Such administration can be used as a 
chronic or acute therapy. The amount of active ingredient that 
may be combined With the carrier materials to produce a 
single dosage form Will vary depending on the condition 
being treated, the severity of the condition, the time of admin 
istration, the route of administration, the rate of excretion of 
the compound employed, the duration of treatment, and the 
age, gender, Weight, and condition of the patient. Preferred 
unit dosage formulations are those containing a daily dose or 
sub-dose, as herein above recited, or an appropriate fraction 
thereof, of an active ingredient. Treatment may be initiated 
With small dosages substantially less than the optimum dose 
of the compound. Thereafter, the dosage is increased by small 
increments until the optimum effect under the circumstances 
is reached. In general, the compound is most desirably admin 
istered at a concentration level that Will generally afford anti 
virally effective results Without causing any harmful or del 
eterious side effects. 
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[0180] When the compositions of this disclosure comprise 
a combination of a compound of the present disclosure and 
one or more additional therapeutic or prophylactic agent, both 
the compound and the additional agent are usually present at 
dosage levels of betWeen about 10 to 150%, and more pref 
erably betWeen about 10 and 80% of the dosage normally 
administered in a monotherapy regimen. 
[0181] Pharmaceutical formulations may be adapted for 
administration by any appropriate route, for example by the 
oral (including buccal or sublingual), rectal, nasal, topical 
(including buccal, sublingual, or transdermal), vaginal, or 
parenteral (including subcutaneous, intracutaneous, intra 
muscular, intra-articular, intrasynovial, intrasternal, intrathe 
cal, intralesional, intravenous, or intraderrnal injections or 
infusions) route. Such formulations may be prepared by any 
method knoWn in the art of pharmacy, for example by bring 
ing into association the active ingredient With the carrier(s) or 
excipient(s). Oral administration or administration by inj ec 
tion are preferred. 
[0182] Pharmaceutical formulations adapted for oral 
administration may be presented as discrete units such as 
capsules or tablets; poWders or granules; solutions or suspen 
sions in aqueous or non-aqueous liquids; edible foams or 
Whips; or oil-in-Water liquid emulsions or Water-in-oil emul 
sions. 
[0183] For instance, for oral administration in the form of a 
tablet or capsule, the active drug component can be combined 
With an oral, non-toxic pharmaceutically acceptable inert car 
rier such as ethanol, glycerol, Water, and the like. PoWders are 
prepared by comminuting the compound to a suitable ?ne 
siZe and mixing With a similarly comminuted pharmaceutical 
carrier such as an edible carbohydrate, as, for example, starch 
or mannitol. Flavoring, preservative, dispersing, and coloring 
agent can also be present. 

[0184] Capsules are made by preparing a poWder mixture, 
as described above, and ?lling formed gelatin sheaths. 
Glidants and lubricants such as colloidal silica, talc, magne 
sium stearate, calcium stearate, or solid polyethylene glycol 
can be added to the poWder mixture before the ?lling opera 
tion. A disintegrating or solubiliZing agent such as agar-agar, 
calcium carbonate, or sodium carbonate can also be added to 
improve the availability of the medicament When the capsule 
is ingested. 
[0185] Moreover, When desired or necessary, suitable bind 
ers, lubricants, disintegrating agents, and coloring agents can 
also be incorporated into the mixture. Suitable binders 
include starch, gelatin, natural sugars such as glucose or 
beta-lactose, corn sWeeteners, natural and synthetic gums 
such as acacia, tragacanth or sodium alginate, carboxymeth 
ylcellulose, polyethylene glycol, and the like. Lubricants 
used in these dosage forms include sodium oleate, sodium 
chloride, and the like. Disintegrators include, Without limita 
tion, starch, methyl cellulose, agar, betonite, xanthan gum, 
and the like. Tablets are formulated, for example, by prepar 
ing a poWder mixture, granulating or slugging, adding a lubri 
cant and disintegrant, and pressing into tablets. A poWder 
mixture is prepared by mixing the compound, suitable com 
minuted, With a diluent or base as described above, and 
optionally, With a binder such as carboxymethylcellulose, an 
aliginate, gelating, or polyvinyl pyrrolidone, a solution retar 
dant such as para?in, a resorption accelerator such as a qua 
ternary salt and/ or and absorption agent such as betonite, 
kaolin, or dicalcium phosphate. The poWder mixture can be 
granulated by Wetting With a binder such as syrup, starch 
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paste, acadia mucilage, or solutions of cellulosic or polymeric 
materials and forcing through a screen. As an alternative to 
granulating, the powder mixture can be run through the tablet 
machine and the result is imperfectly formed slugs broken 
into granules. The granules can be lubricated to prevent stick 
ing to the tablet forming dies by means of the addition of 
stearic acid, a stearate salt, talc, or mineral oil. The lubricated 
mixture is then compressed into tablets. The compounds of 
the present disclosure can also be combined With a free ?oW 
ing inert carrier and compressed into tablets directly Without 
going through the granulating or slugging steps. A clear or 
opaque protective coating consisting of a sealing coat of 
shellac, a coating of sugar or polymeric material, and a polish 
coating of Wax can be provided. Dyestuffs can be added to 
these coatings to distinguish different unit dosages. 
[0186] Oral ?uids such as solution, syrups, and elixirs can 
be prepared in dosage unit form so that a given quantity 
contains a predetermined amount of the compound. Syrups 
can be prepared by dissolving the compound in a suitably 
?avored aqueous solution, While elixirs are prepared through 
the use of a non-toxic vehicle. SolubiliZers and emulsi?ers 
such as ethoxylated isostearyl alcohols and polyoxyethylene 
sorbitol ethers, preservatives, ?avor additive such as pepper 
mint oil or natural sWeeteners, or saccharin or other arti?cial 
sWeeteners, and the like can also be added. 

[0187] Where appropriate, dosage unit formulations for 
oral administration can be microencapsulated. The formula 
tion can also be prepared to prolong or sustain the release as 
for example by coating or embedding particulate material in 
polymers, Wax, or the like. 

[0188] The compounds of formula (I), and pharmaceuti 
cally acceptable salts thereof, can also be administered in the 
form of liposome delivery systems, such as small unilamellar 
vesicles, large unilamellar vesicles, and multilamellar 
vesicles. Liposomes can be formed from a variety of phop 
holipids, such as cholesterol, stearylamine, or phophatidyl 
cholines. 

[0189] The compounds of formula (I) and pharmaceuti 
cally acceptable salts thereof may also be delivered by the use 
of monoclonal antibodies as individual carriers to Which the 
compound molecules are coupled. The compounds may also 
be coupled With soluble polymers as targetable drug carriers. 
Such polymers can include polyvinylpyrrolidone, pyran 
copolymer, polyhydroxypropylmethacrylamidephenol, 
polyhydroxyethylaspartamidephenol, or polyethyleneoxide 
polylysine substituted With palitoyl residues. Furthermore, 
the compounds may be coupled to a class of biodegradable 
polymers useful in achieving controlled release of a drug, for 
example, polylactic acid, polepsilon caprolactone, polyhy 
droxy butyric acid, polyorthoesters, polyacetals, polydihy 
dropyrans, polycyanoacrylates, and cross-linked or amphip 
athic block copolymers of hydrogels. 
[0190] Pharmaceutical formulations adapted for transder 
mal administration may be presented as discrete patches 
intended to remain in intimate contact With the epidermis of 
the recipient for a prolonged period of time. For example, the 
active ingredient may be delivered from the patch by ionto 
phoresis as generally described in Pharmaceutical Research 
1986, 3(6), 318. 
[0191] Pharmaceutical formulations adapted for topical 
administration may be formulated as ointments, creams, sus 
pensions, lotions, poWders, solutions, pastes, gels, sprays, 
aerosols, or oils. 
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[0192] Pharmaceutical formulations adapted for rectal 
administration may be presented as suppositories or as 
enemas. 

[0193] Pharmaceutical formulations adapted for nasal 
administration Wherein the carrier is a solid include a course 
poWder having a particle siZe for example in the range 20 to 
500 microns Which is administered in the manner in Which 
snuff is taken, i.e., by rapid inhalation through the nasal 
passage from a container of the poWder held close up to the 
nose. Suitable formulations Wherein the carrier is a liquid, for 
administration as a nasal spray or nasal drops, include aque 
ous or oil solutions of the active ingredient. 

[0194] Pharmaceutical formulations adapted for adminis 
tration by inhalation include ?ne particle dusts or mists, 
Which may be generated by means of various types of 
metered, dose pressuriZed aerosols, nebuliZers, or insuf?a 
tors. 

[0195] Pharmaceutical formulations adapted for vaginal 
administration may be presented as pessaries, tampons, 
creams, gels, pastes, foams, or spray formulations. 

[0196] Pharmaceutical formulations adapted for parenteral 
administration include aqueous and non-aqueous sterile 
injection solutions Which may contain anti-oxidants, buffers, 
bacteriostats, and soutes Which render the formulation iso 
tonic With the blood of the intended recipient; and aqueous 
and non-aqueous sterile suspensions Which may include sus 
pending agents and thickening agents. The formulations may 
be presented in unit-dose or multi-dose containers, for 
example sealed ampoules and vials, and may be stored in a 
freeZe-dried (lyophiliZed) condition requiring only the addi 
tion of the sterile liquid carrier, for example Water for inj ec 
tions, immediately prior to use. Extemporaneous injection 
solutions and suspensions may be prepared from sterile poW 
ders, granules, and tablets. 
[0197] It should be understood that in addition to the ingre 
dients particularly mentioned above, the formulations may 
include other agents conventional in the art having regard to 
the type of formulation in question, for example those suit 
able for oral administration may include ?avoring agents. 

[0198] The term “patient” includes both human and other 
mammals. 

[0199] The term “treating” refers to: (i) preventing a dis 
ease, disorder or condition from occurring in a patient that 
may be predisposed to the disease, disorder, and/or condition 
but has not yet been diagnosed as having it; (ii) inhibiting the 
disease, disorder, or condition, i.e., arresting its development; 
and (iii) relieving the disease, disorder, or condition, i.e., 
causing regression of the disease, disorder, and/ or condition. 
[0200] The compounds of the present disclosure can also be 
administered With a cyclosporin, for example, cyclosporinA. 
Cyclosporin A has been shoWn to be active against HCV in 
clinical trials (Hepalalogy 2003, 38, 1282; Biochem. Bio 
phys. Res. Commun. 2004, 313, 42; J. Gaslroenlerol. 2003, 
38, 567). 
[0201] Table 1 beloW lists some illustrative examples of 
compounds that can be administered With the compounds of 
this disclosure. The compounds of the disclosure can be 
administered With other anti-HCV activity compounds in 
combination therapy, either jointly or separately, or by com 
bining the compounds into a composition. 
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TABLE 1 

Physiological Type of Inhibitor or Source 
Brand Name Class Target Company 

NIM81 1 Cyclophilin Novartis 
Inhibitor 

ZadaXin Irnrnunornodulator Sciclone 
Suvus Methylene blue Bioenvision 
Actilon (CPG10101) TLR9 agonist Coley 
Batabulin (T67) Anticancer [5-tubulin inhibitor Tularik Inc., 

South San 
Francisco, CA 

ISIS 14803 Antiviral antisense ISIS 
Pharmaceuticals 

Inc, 
Carlsbad, 
CNElan 
Phalnaceuticals 
Inc., NeW 
York, NY 

Surnrnetrel Antiviral antiviral Endo 
Pharrnaceuticals 
Holdings 
Inc., Chadds 
Ford, PA 

GS-9132 (ACH-806) Antiviral HCV Inhibitor Achillion/ 
Gilead 

Pyrazolopyrirnidine Antiviral HCV Inhibitors ArroW 
compounds and salts Therapeutics 
From WO- Ltd. 
2005047288 
26 May 2005 
Levovirin Antiviral IMPDH inhibitor Ribapharrn 

Inc., Costa 
Mesa, CA 

Merirnepodib Antiviral IMPDH inhibitor Vertex 
(VX-497) Pharrnaceuticals 

Inc., 
Cambridge, 
MA 

XTL-6865 (XTL-002) Antiviral rnonoclonal XTL 
antibody Biopharrnaceuticals 

Ltd., 
Rehovot, 
Isreal 

Telaprevir Antiviral NS3 serine protease Vertex 
(VX-950, LY-570310) inhibitor Pharrnaceuticals 

Inc., 
Cambridge, 
MNEli Lilly 
and Co. Inc., 
Indianapolis, 
IN 

HCV-796 Antiviral NSSB Replicase Wyeth/ 
Inhibitor Viropharrna 

NM-283 Antiviral NSSB Replicase Idenix/ 
Inhibitor Novartis 

GL-59728 Antiviral NSSB Replicase Gene Labs/ 
Inhibitor Novartis 

GL-60667 Antiviral NSSB Replicase Gene Labs/ 
Inhibitor Novartis 

2'C MeA Antiviral NSSB Replicase Gilead 
Inhibitor 

PSI 6130 Antiviral NSSB Replicase Roche 
Inhibitor 

R1626 Antiviral NSSB Replicase Roche 
Inhibitor 

2'C Methyl adenosine Antiviral NSSB Replicase Merck 
Inhibitor 

JTK-003 Antiviral RdRp inhibitor Japan 
Tobacco Inc., 
Tokyo, Japan 

Levovirin Antiviral ribavirin ICN 

Pharrnaceuticals, 
Costa 

Mesa, CA 
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TABLE 1 continued 

Mar 
1 1 

Brand Name 
Physiological 
Class 

Type of Inhibitor or 
Target 

Source 
Company 

Ribavirin 

Viramidine 

Heptazyme 

BILN-2061 

SCH 503034 

Zadazim 

Ceplene 

CellCept 

C ivacir 

Albuferon- 0t 

Infergen A 

Omega IFN 

IFN-[5 and EMZ701 

Rebif 

Roferon A 

Intron A 

Intron A and Zadaxin 

Antiviral 

Antiviral 

Antiviral 

Antiviral 

Antiviral 

Immune 
modulator 

Immunomodulator 

Immunosuppressant 

Immunosuppressant 

Interferon 

Interferon 

Interferon 

Interferon 

Interferon 

Interferon 

Interferon 

Interferon 

ribavirin 

Ribavirin Prodrug 

ribozyme 

serine protease 
inhibitor 

serine protease 
inhibitor 
Immune modulator 

immune modulator 

HCV IgG 
immunosuppressant 

immunosuppressant 

albumin IFN-otZb 

IFN alfacon-I 

IFN-[5 and EMZ701 

IFN-Bla 

IFN-otZa 

IFN-aZb/otl 
thymosin 

Schering 
Plough 
Corporation, 
Kenilworth, 
NJ 
Ribapharm 
Inc., Costa 
Mesa, CA 
Ribozyme 
Pharmaceuticals 

Inc., 
Boulder, CO 
Boehringer 
Ingelheim 
Pharma KG, 
Ingelheim, 
Germany 
Schering 
Plough 
SciClone 
Pharmaceuticals 
Inc., San 
Mateo, CA 
Maxim 
Pharmaceuticals 
Inc., San 
Diego, CA 
F. Hoffmann 
La Roche 

LTD, Basel, 
Switzerland 
Nabi 
Biopharmaceuticals 
Inc., 
Boca Raton, 
FL 
Human 
Genome 
Sciences Inc., 
Rockville, 
MD 
InterMune 
Pharmaceuticals 

Inc., 
Brisbane, CA 
Intarcia 
Therapeutics 
Transition 
Therapeutics 
Inc., Ontario, 
Canada 

Serono, 
Geneva, 
Switzerland 
F. Hoffmann 
La Roche 

LTD, Basel, 
Switzerland 
Schering 
Plough 
Corporation, 
Kenilworth, 
NJ 
RegeneRx 
Biopharmiceuticals 
Inc., 
Bethesda, 
MD/ 
SciClone 
Pharmaceuticals 

Inc, San 
Mateo, CA 
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TABLE l-continued 

Physiological Type of Inhibitor or Source 
Brand Name Class Target Company 

Rebetron Interferon IFN-0t2b/ribavirin Schering 
Plough 
Corporation, 
Kenilworth, 
NJ 

Actimmune Interferon INF-y InterMune 
Inc., Brisbane, 
CA 

Interferon- [5 Interferon Interferon- [5-1a Serono 
Multiferon Interferon Long lasting IFN Viragen/Valentis 
Wellferon Interferon lymphoblastoid GlaxoSmithKline 

IFN-anl plc, 
Uxbridge, UK 

Omniferon Interferon natural IFN-ot Viragen Inc., 
Plantation, FL 

Pegasys Interferon PEGylated IFN-0t2a F. Hoffmann 
La Roche 

LTD, Basel, 
Switzerland 

Pegasys and Ceplene Interferon PEGylated IFN- Maxim 
(12a/ Pharmaceuticals 
immune modulator Inc., San 

Diego, CA 
Pegasys and Ribavirin Interferon PEGylated IFN- F. Hoffmann 

(12a/ribavirin La Roche 

LTD, Basel, 
Switzerland 

PEG-Intron Interferon PEGylated IFN-0t2b Schering 
Plough 
Corporation, 
Kenilworth, 
NJ 

PEG-Intron/ Interferon PEGylated IFN- Schering 
Ribavirin (12b/ribavirin Plough 

Corporation, 
Kenilworth, 
NJ 

IP-501 Liver protection anti?brotic Indevus 
Pharmaceuticals 

Inc., 
Lexington, 
MA 

IDN- 6556 Liver protection caspase inhibitor Idun 
Pharmaceuticals 
Inc., San 
Diego, CA 

ITMN-191 (R-7227) Antiviral serine protease InterMune 
inhibitor Pharmaceuticals 

Inc., 
Brisbane, CA 

GL-59728 Antiviral NSSB Replicase Genelabs 
Inhibitor 

ANA-971 Antiviral TLR-7 agonist Anadys 

[0202] The compounds of the present disclosure may also laboratory instruments and garments, and blood collection or 
be used as laboratory reagents. Compounds may be instru 
mental in providing research tools for designing of viral rep 
lication assays, validation of animal assay systems and struc 
tural biology studies to further enhance knowledge of the 
HCV disease mechanisms. Further, the compounds of the 
present disclosure are useful in establishing or determining 
the binding site of other antiviral compounds, for example, by 
competitive inhibition. 
[0203] The compounds of this disclosure may also be used 
to treat or prevent viral contamination of materials and there 
fore reduce the risk of viral infection of laboratory or medical 
personnel or patients who come in contact with such materi 
als, e.g., blood, tissue, surgical instruments and garments, 

transfusion apparatuses and materials. 

[0204] This disclosure is intended to encompass com 
pounds having formula (I) when prepared by synthetic pro 
cesses or by metabolic processes including those occurring in 
the human or animal body (in vivo) or processes occurring in 
vitro. 

[0205] The abbreviations used in the present application, 
including particularly in the illustrative schemes and 
examples which follow, are well-known to those skilled in the 
art. Some of the abbreviations used are as follows: HATU for 
O-(7 -aZabenZotriaZol-1 -yl)-N,N,N',N'-tetramethyluronium 
hexa?uorophosphate; Boc or BOC for tert-butoxycarbonyl; 
NBS for N-bromosuccinimide; tBu or t-Bu for tert-butyl; 
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SEM for -(trimethylsilyl)ethoxymethyl; DMSO for dimeth 
ylsulfoxide; MeOH for methanol; TFA for tri?uoroacetic 
acid; RT for room temperature or retention time (context Will 
dictate); tR for retention time; EDCI for l-(3-dimethylamino 
propyl)-3-ethylcarbodiimide hydrochloride; DMAP for 
4-dimethylaminopyridine; THF for tetrahydrofuran; DBU 
for l,8-diaZabicyclo[5.4.0]undec-7-ene; t-Bu; DEA for 
diethylamine; HMDS for hexamethyldisilaZide; DMF for 
N,N-dimethylformamide; BZl for benZyl; EtOH for ethanol; 
iPrOH or i-PrOH for isopropanol; Me2S for dimethylsul?de; 
Et3N or TEA for triethylamine; Ph for phenyl; OAc for 
acetate; EtOAc for ethyl acetate; dppf for l,l'-bis(diphe 
nylphosphino)ferrocene; iPrZEtN or DIPEA for diisopropyl 
ethylamine; CbZ for carbobenZyloxy; n-BuLi for n-butyl 
lithium; ACN for acetonitrile; h or hr for hours; In or min for 
minutes; s for seconds; LiHMDS for lithium hexamethyldisi 
laZide; DIBAL for diisobutyl aluminum hydride; TBDMSCl 
for tert-butyldimethylsilyl chloride; Me for methyl; ca. for 
about; OAc for acetate; iPr for isopropyl; Et for ethyl; Bn for 
benZyl; and HOAT for l-hydroxy-7-aZabenZotriaZole. 
[0206] The abbreviations used in the present application, 
including particularly in the illustrative schemes and 
examples Which folloW, are Well-knoWn to those skilled in the 
art. Some of the abbreviations used are as folloWs: 
[0207] The compounds and processes of the present disclo 
sure Will be better understood in connection With the folloW 
ing synthetic schemes Which illustrate the methods by Which 
the compounds of the present disclosure may be prepared. 
Starting materials can be obtained from commercial sources 
or prepared by Well-established literature methods knoWn to 
those of ordinary skill in the art. It Will be readily apparent to 
one of ordinary skill in the art that the compounds de?ned 
above can be synthesiZed by substitution of the appropriate 
reactants and agents in the syntheses shoWn beloW. It Will also 
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be readily apparent to one skilled in the art that the selective 
protection and deprotection steps, as Well as the order of the 
steps themselves, can be carried out in varying order, depend 
ing on the nature of the variables to successfully complete the 
syntheses beloW. The variables are as de?ned above unless 
otherWise noted beloW. 

Scheme 1 

Symmetric or Asymmetric Biphenyls 

[0208] Aryl halide l and boronic ester 2 can be coupled to 
produce biaryl 3 using standard SuZuki-Miayura coupling 
conditions (Angew Chem. Int. Ed. Engl 2001, 40, 4544). It 
should be noted that the boronic acid analog of 2 may be used 
in place of the ester. Mono-deprotection of the pyrrolidine 
moiety may be accomplished when R12 and R13 are different. 
When RIZIbeIIZYl, and RB?-butyl treatment to hydro 
genolytic conditions produces 4. For example, Pd/C catalyst 
in the presence of a base such as potassium carbonate can be 
used. Acylation of 4 can be accomplished under standard 
acylation conditions. A coupling reagent such as HATU in 
combination With an amine base such as Hunig’s base can be 
used in this regard. Alternatively, 4 may be reacted With an 
isocyanate or carbamoyl chloride to provide compounds of 
formula 5 Where R9 is an amine. Further deprotection of 5 can 
be accomplished by treatment With strong acid such as HCl or 
tri?uoroacetic acid. Standard conditions analogous to those 
used to convert 4 to 5 can be used to prepare 7 from 6. In 
another embodiment Where R12:Rl3?-Bu, direct conver 
sion to 8 can be accomplished by treatment of 3 With strong 
acid such as HCl or tri?uoroacetic acid. Conversion of 8 to 7 
is accomplished in analogous fashion to the methods used to 
prepare 5 from 4 or 7 from 6. In this instance hoWever, the 
caps in 7 Will be identical. 
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Scheme 2 an amine base, such as Hunig’s base. Deprotection can be 
accomplished With strong acid such as HCl or tri?uoroacetic 
acid affording 11. Compound 1 1 can then be converted to 12, 

[0209] Conversion of 6 (from Scheme 1) to 10 can be done 13, or 14 using an acid chloride, an isocyanate or carbamoyl 
using standard amide coupling conditions such as HATU With chloride, or a chloroformate respectively. 

Asymmetrically Capped Biphenyls 
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Scheme 3 

Symmetric Cap Elaborated Biphenyls 

[0210] Compound 15 (15:7 (Scheme 1) Wherein each R9 is 
iCH(NHBoc)Rl8) can be converted to 16 Via treatment With 
strong acid such as HCl or tri?uoroacetic acid. Compounds 
17, 18, and 19 can be prepared from 16 by treating 16 With an 
appropriate chloroformate, isocyanate or carbamoyl chloride, 
or an acid chloride respectively. 
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Fluorine in Medicinal Chemistry
Hans-Joachim Bohffi,* David Banner, Stefanie
Bernd Kuhn, Klaus Muller, Ulrike Obst-Sander,

Fluorinated compounds are synthesized in pharmoceutical re-

search on a routine basis and many marketed compounds con-

tain fluorine. The present review summarizes some of the most
frequently employed strategies for using fluorine substituents in

medicinal chemistry. Quite often, fluorine is introduced to im-
prove the metobolic stability by blocking metabolically labile
sites. However, fluorine can also be used to modulate the physi-

1. lntroduction

Carbon-bound fluorine atoms are unique in organic chemistry.

Fluorine is a small atom with a very high electronegativity.t']
With a van der Waals radius of .1.47 A,t'l covalently bound fluo-
rine occupies a smaller volume than a methyl, amino, or hy-

droxyl group, but is larger than a hydrogen atom (van der
Waals radius of t.Z A).

While synthetic fluoro-organic chemistry has matured over
recent decades, the specific use of fluorine in small-molecule
drug-discovery research is more recent. Traditional medicinal
chemistry was very much based on the use of natural com-
pounds or closely related derivatives thereof. Traditional Chi-

nese medicines, for example, do not contain fluorinated mole-
cules"t3l As a consequence, until the 1970s fluorinated com-
pounds were rare in medicinal chemistry.rol This has changed
quite dramatically over the last 20 years, and fluorinated com-
pounds are nowadays synthesized in pharmaceutical research

on a routine basis.ts-7l According to the World Drug Index
(WDl), there are 128 fluorinated compounds with US trade
names.ttl Of the 31 new chemical entities approved in 2002,

nine compounds contained fluorine.tel

In the present contribution, we select a few examples to
illustrate how fluorine substitution is used in contemporary medici-

nal chemistry. We are not attempting to provide an exhaustive

review of the subject. Instead, we will discuss representative exam-
ples and comment on how we see the use of fluorine evolving.

Current strategies for the introduction of fluorine atoms
center on the following topics:
1) Metabolic stability is one of the key factors in determining

the bioavailability of a compound. Rapid oxidative metabo-
lism by the liver enzymes, in particular the P450 cyto-

chromes, is often found to limit bioavailability. A frequently
employed strategy to circumvent this problem is to block
the reactive site by the introduction of a fluorine atom.
There are many examples tlo-tol illustrating that the replace-

ment of an oxidizable C-H group by a C-F group increases

metabolic stability of the molecule.
2) Fluorine can change the basicity of a compound. Highly

basic groups can have a limiting effect on the bioavailabili-

ChemBioChem 2004, s, 637-643 DOI: 10.1002/cbic.200301023

cochemical properties, such as lipophilicity or basicity. lt may

exert o substantial effect on the conformation of a molecule. ln-

creasingly, fluorine is used to enhance the binding affinity to the

target protein. Recent 3D-structure determinations of protein

complexes with bound fluorinated ligonds have led to an im-
proved understanding of the nonbonding protein-ligand interac-

tions that involve fluorine.

ty. A fluorine atom introduced close to a basic group re-

duces its basicity; this results in better membrane permea-

tion of a compound and thus improved bioavailability.

3) lncreasingly, fluorine substituents are introduced to in-

crease the binding affinity of a compound. For example,

most of the NKl antagonists currently in clinical develop-
ment contain a 3,5-di(trifluoromethyl)phenyl group to in-

crease binding affinity.tlsl ln a recent review on the use of

QSAR and computer-aided design methods, Wermuth de-

scribed the 3,5-di(trifluoromethyl)phenyl group as

"magiq"rtol because it is found in many published NKl an-

tagonists and classical QSAR does not account for this

strong effect of fluorine.

2. lmproving Metabolic Stability with Fluorine

Low metabolic stability is a recurring challenge in many drug-

discovery projects. Lipophilic compounds have a tendency to
be oxidized by liver enzymes, in particular cytochrome P450.

There are several strategies to counter this issue. One of them

is to make the molecule more polar. An alternative strategy is

to block the metabolically labile site with a fluorine substituent
and hope that the small fluorine atom will not impair the bind-

ing to the target protein. Indeed, this approach is frequently

employed and has led to many successful compounds.['0-14]

A particularly nice example is the discovery of the cholester-

ol-absorption inhibitor Ezetimibe (Scheme'!).1r2-131 Starting
from the moderately potent compound SCH48461, blockade

of two metabolically labile sites in the molecule by fluorine
substituents contributed significantly to the discovery of
5CH58235 (Ezetimibe), which is a very potent compound that
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was recently approved by the FDA. Introduction of fluorine
atoms prevent oxidation of the phenyl ring to phenol and
dealkylation of the methoxy group.
Another interesting recent example demonstrating the

strong effect of fluorine on metabolic stability, is the discovery
of the cyclo-oxygenase 2 (COX 2) inhibitor Celecoxib
(Scheme 2).[10,14] In this case, the extremely high metabolic sta-
bility of the lead compound, which results in a very long bio-
logical half life, could be reduced to more acceptable levels by
replacing a fluorine atom by a metabolically labile methyl
group.
Interestingly, there are also a few cases known for which the

introduction of a fluorine substituent does not prevent oxida-
tion at that site.[5, 17,18] This phenomenon is observed in particu-
lar for phenyl rings with a nitrogen substituent in the para po-
sition to the fluorine substituent. During P450-catalyzed oxida-
tion, a rearrangement takes place in which the fluorine atom
moves to an adjacent carbon and the phenol metabolite is
formed para to the nitrogen substituent.

3. The Effect of Fluorine on Physicochemical
Properties

3.1 The effect of fluorine on the pKa

As the most electronegative atom, fluorine has a very strong
effect on the acidity or basicity of nearby functional groups.

Depending on the position of the fluorine substitu-
ent relative to the acidic or basic group in the mole-
cule, a pKa shift of several log units can be observed.
For example, the pKa's of acetic acid and its a-
fluorinated analogues are 4.76 (CH3COOH), 2.59
(CH2FCOOH), 1.24 (CHF2COOH), and 0.23
(CF3COOH).

[15] Likewise, the basicities of ethylamine
and its b-fluorinated analogues, measured by the
pKa's of the protonated amines, decrease in an ap-
proximately linear fashion upon introduction of
fluorine, the pKa's being 10.7 (CH3CH2NH2), 8.97
(CH2FCH2NH2), 7.52 (CHF2CH2NH2), and 5.7
(CF3CH2NH2).

[19] Similarly, a fluorine substituent at the
3 and 4 position of a piperidine ring lowers the pKa
by about 2 log units.[20±21]

Quite often, a change in the pKa has a strong effect on both
the pharmacokinetic properties of the molecule and its bind-
ing affinity. For example, a strongly basic group may be re-
quired for binding within a certain lead series, but at the same
time this basic group may also be found to result in com-
pounds with low bioavailability due to the limited ability of a
strong basic group to pass through membranes. The drug dis-
covery project team is then faced with the challenge of finding
an optimum between these conflicting effects.
This challenge is very nicely highlighted by the work of

van Niel et al.[22] on the discovery of novel fluorinated indole
derivatives as selective 5HT1D receptor ligands. The incorpora-
tion of fluorine was found to significantly reduce the pKa of
the compounds, and this reduction of basicity, with a concomi-
tant weakening of the affinity to the receptor, was shown to
have a strong beneficial influence on oral absorption
(Figure 1).

3.2 The effect of fluorine on molecular lipophilicity

Lipophilicity is a key molecular parameter in medicinal chemis-
try. Typically, groups of substantial lipophilicity on the ligand
are required to obtain a good binding affinity to the target
protein.[23] However, a high lipophilicity typically results in a re-
duced solubility and a number of other undesirable properties
for a compound. Therefore, the right balance between a re-
quired lipophilicity and a certain minimal overall polarity of the
molecule is one of the recurring challenges for medicinal
chemists.
We investigated the effect of replacing a hydrogen by a fluo-

rine atom on the lipophilicity of a compound. We selected 293
pairs of molecules from the Roche in-house database with
measured logD values that just differ by one fluorine atom.
LogD is the logarithmic coefficient of the distribution of the
compound between octanol and water at a given pH (typically
7.4). A histogram of changes in logD upon one H/F exchange
is shown in Figure 2. The plot reveals a Gaussian distribution
with the maximum slightly higher than 0. On average, the sub-
stitution of a hydrogen atom by fluorine increases lipophicity
slightly, by roughly 0.25 log units. This is in line with expecta-
tions and atomic increments published by others.[24] Interest-

Scheme 2. Development of the COX 2 inhibitor Celecoxib.[14] Replacement of a
fluorine group by a methyl group reduces the very long half-life to an accepta-
ble level.

Scheme 1. Development of Ezetimibe (SCH58235) by optimization of the lead
SCH48461.[12,13] As part of the optimization, two metabolically labile sites are blocked by flu-
orine substituents.
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ingly, the tail of the Gaussian distribution extends to values
below zero. In other words, there are quite a number of cases
for which an H to F substitution decreases lipophilicity. A
closer inspection of these cases reveals that there are a few re-
curring structural patterns that appear to correlate with this
effect. The substructures are shown in Scheme 3. At the pres-
ent, we cannot offer a conclusive explanation for this effect. In-
terestingly, the compounds are characterized by the presence
of an oxygen atom close to the fluorine. We carried out confor-
mational analyses for 14 compounds with a negative logD
shift associated with one single H/F exchange. All compounds
were found to have at least one low-energy conformer with an
O¥¥¥F distance smaller than 3.1 ä. In order to better understand
this observation, we calculated the solvation free energies for

ethylbenzene, ortho-fluoroethylbenzene, acetophe-
none, and ortho-fluoroacetophenone in water and in
chloroform (we used chloroform instead of n-octanol
for technical reasons) by using an ab initio quantum-
chemical method.[25] These results indicate that, for
ethylbenzene, the fluorine substituent has little effect
on the solvation energy both in water and in chloro-
form, whereas for acetophenone, the fluorine sub-
stituent enforces the solvation energy in water more
strongly than in chloroform. Taken together with the
results from the conformational analysis, one possi-
ble explanation, is that fluorine in close vicinity to an
oxygen atom increases the overall polarity of the
molecule, leading to a more pronounced gain in sol-
vation energy in the polar medium relative to the
nonpolar solvent. However, it is also possible that the
fluorine polarizes the neighboring oxygen atoms and
this leads to stronger hydrogen bonds between the
oxygen and neighboring water molecules.
The concept of increased lipophilicity due to H/F

exchange does not appear to hold in general and
should therefore be used with care. Moreover, our
results might point to strategies to reduce the lipo-
philicity of a compound while, at the same time, in-
creasing its metabolic stability.

We have also examined the other end of the Gaussian distri-
bution shown in Figure 2, which contains compounds with a
much stronger positive shift in logD than expected for a single
H/F exchange. Most of these compounds contain one or more
basic nitrogen atoms. The fluorine substituent reduces the ba-
sicity of the nitrogen functionality, leading to an increased
logD which was measured at pH 7.4.
In interpreting the data, we should keep in mind that our

data set of 293 molecular pairs might contain a certain struc-
tural bias. Therefore, it is very likely that further substructural
elements will be discovered that will also give rise to interest-
ing effects of a fluorine substituent on lipophilicity.

4. The Effect of a F Substituent on Molecular
Conformation

A fluorine substituent can lead to a change in the preferred
molecular conformation. Again, this effect can be explained by

Figure 2. Histogram of change in logD observed upon substitution of a hydro-
gen atom by a fluorine atom. On average, logD is increased by roughly 0.25.

Scheme 3. Chemical substructures observed in compounds for which a fluorine
substituent decreases logD.

Figure 1. Effect of pKa value on the bioavailability and receptor binding for a set of 5HT1D

agonists.[22] The nonfluorinated parent compound is a very potent receptor ligand, but has a
very low bioavailability. The monofluorinated compound has a lower pKa that is still com-
patible with the requirements for receptor binding, but now results in a compound of sub-
stantially increased bioavaliability. The difluoro compound has a pKa of 6.7. This compound
is no longer basic enough to achieve high binding affinity for the 5HT1D receptor.

ChemBioChem 2004, 5, 637 ± 643 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 639
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the size and electronegativity of fluorine. Based on a van der
Waals radius of 1.47 ä for fluorine, the volume of a trifluoro-
methyl group is roughly twice that of a methyl group. As a
result, the effect of fluorine substitution on molecular confor-
mation is quite subtle and sometimes difficult to predict.
For example, methoxybenzenes without ortho substituents

favor a planar conformation. We have carried out a search for
trifluoromethoxybenzenes without substituents in the ortho
positions using the November 2003 release of the Cambridge
Structural Database (CSD)[26] and found six entries.[27] None of
them has the�OCF3 group in the plane of the phenyl ring. For
five entries, the dihedral angle C�C�O�C is around 908, while
for one crystal structure the dihedral angle is about 368. Inter-
estingly, similarly twisted conformations are also found for aryl-
bound difluoroalkyloxy groups. Spectroscopic studies and
high-level quantum-mechanical calculations further show that
preference for the planar arrangement in anisole (DE~3 kcal -
mol�1) is inverted to the orthogonal orientation in trifluorome-
thylanisole (DE~�0.5 kcalmol�1).[28]
These observations can have important consequences in a

lead-optimization program. Clearly, the OCF3 group is not just
a simple isosteric replacement of a OCH3 group, because it
adopts a different conformation. The R group in Ph�OCF2�R
will point in a different direction from that of the R group in
Ph�OCH2�R. A nice example illustrating this point is the work
by Massa et al.[29] on inhibitors of cholesteryl ester transfer pro-
tein (CETP) containing 3-tetrafluoroethoxy substituents. This
paper suggests that the steric and electronic properties of Ph�
OCF2CF2H are very similar to 2-phenyl-furan, which according
to Massa et al.[29] is also nonplanar. From a medicinal chemistry
perspective, this is a very interesting finding because mono-
substituted furan is generally considered to be an undesirable
group due to its metabolic instability and its potential to gen-
erate reactive metabolites. The OCF2CF2H side chain is there-
fore a promising route forward to converting a biologically
active furane into a more stable group.

5. The Role of Fluorine in Protein±Ligand
Interactions

Fluorine can have significant effects on the binding affinity in
protein±ligand complexes. This effect can be direct by interac-
tion of the fluorine with the protein, or it can be indirect by
modulation of the polarity of other groups of the ligand that
interact with the protein.
Frequently, it is found that a fluorine substituent leads to a

slight enhancement of the binding affinity due to an increased
lipophilicity of the molecule (see section 3.2) that results in an
increased (nonspecific) affinity for the protein. If F increases
the affinity by lipophilic interactions, then one will typically see
a gradual increase of the affinity for the series H±F±Cl±Br.
Indeed, such behavior has been frequently reported, for exam-
ple, in ref. [30], and it is indicative of unspecific lipophilic inter-
actions of fluorine. However, sometimes within the H±F±Cl±Br
series, the observed binding affinity is maximum for F, for ex-
ample in ref. [31] . This behavior may be consistent with the oc-

currence of specific polar interactions involving F or simply in-
dicate that only limited space is available in the protein cavity.
Probably the strongest indirect effect of fluorine on binding

affinity is the change of basicity or acidity of the ligand mole-
cule. One example is the set of 5HT1D agonists described by
van Niel et al. [22] discussed above (Figure 1). Another striking
example is the binding of CX3SO2NH2 (X=H or F) to carbonic
anhydrase II (CA II).[32] CA II is a metalloenzyme with a zinc
cation in the active site. It is known from 3D X-ray structure
determination that the deprotonated sulfonamide group binds
at the active site through a direct interaction of the negatively
charged R�SO2NH� group and the positively charged Zn2+

cation. CH3SO2NH2 is an extremely weak acid with a pKa of 10.5
and binds to CA II with Ki=100mm. CF3SO2NH2 is much more
acidic due to the electron-withdrawing effect of the three fluo-
rine atoms and has a pKa of 5.8; at neutral pH, CF3SO2NH2 is
dissociated. As an anion, it binds to carbonic anhydrase more
strongly with Ki=2 nm. This simple fluoroaliphatic sulfonamide
is thus almost as potent an inhibitor of carbonic anhydrase as
some more complex heteroaromatic compounds that have
been in use for the treatment of glaucoma for more than 50
years. That the binding affinity to carbonic anhydrase is direct-
ly linked to the pKa of the sulfonamides is evidenced by a
linear correlation between the acid pKa (ranging from 5.8 to
11.1) and the binding constant Ki (ranging from 2 nm to
250 mm).[32]

Benzylic a,a-difluorophosphonates, a,a-difluorosulfonates,
and a,a-difluorocarboxylates have been described as inhibitors
of the protein tyrosine kinase 1B (PTB1B).[33,34] Difluoro com-
pounds are relatively good inhibitors of PTB1B, while the non-
fluorinated counterparts are very poor inhibitors. X-ray crystal-
lographic and kinetic studies suggest that this effect is due to
direct interactions of at least one of the fluorine atoms with
the enzyme active site. The effect appears not to be attributa-
ble to pKa shifts.

[33,34]

The enzyme carbonic anhydrase II has also been used to
study direct protein±ligand interactions involving fluorine.[35±38]

Abbate et al.[35] synthesized analogues of the CA II inhibitor
methazolamide. The perfluorobenzoyl analogue binds almost
ten times more strongly to CA II than methazolamide. The X-
ray crystallographic structure determination reveals a stacking
interaction between the perfluorophenyl ring of the inhibitor
and the aromatic ring of Phe131.
A similar interaction of fluoroaromatic inhibitors of human

CA II was studied by Doyon et al.[36] and by Kim et al.[37±38] Fluo-
rination of a phenyl side chain interacting with the side chain
of Phe131 improves the binding affinity.

5.1 The role of F in polar interactions

Olsen et al. have demonstrated for a set of fluorine-substituted
thrombin inhibitors that C�F¥¥¥C=O interactions can play an im-
portant role in protein±ligand interactions and can lead to sig-
nificantly increased binding affinities.[39] A fluorine scan of
thrombin inhibitors led to the discovery of a monofluorinated
compound that binds five times more strongly to thrombin
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than the nonfluorinated parent compound. The binding mode
of the fluorinated compound was determined by X-ray struc-
ture analysis and shows that the F atom is in remarkably close
contact with the H�Ca�C=O moiety of Asn98 of thrombin. The
authors suggest that this H�Ca�C=O fragment should be con-
sidered fluorophilic because it offers several favorable polar
interactions with F.
Interestingly, a very similar structural arrangement has also

been observed in some other protein±ligand complexes with
fluorinated ligands, for example in many fluorinated inhibitors
of p38 kinase.[40±42] One example[42] is shown in Figure 3. A simi-
lar interaction pattern for fluorine was also observed for a
factor Xa inhibitor.[43]

5.2 Does fluorine form hydro-
gen bonds?

The question of whether cova-
lently bound fluorine atom en-
gages in hydrogen bonds in
protein±ligand complexes has
been the subject of quite a con-
siderable debate. Dunitz[44] has
pointed out that the number of
cases in small-molecule crystal
structures in which a covalently
bound fluorine atom engages in
a nonbonding interaction that
could legitimately be termed a
hydrogen bond is very small. In
most cases, the interactions of
C�F units appear to be better
described in terms of weak
polar interactions.
We would like to report one

example from our own work. In

our effort to discover novel serine protease inhibitors with
antithrombotic activities, we synthesized a pair of molecules
(Figure 4) that differ just by one fluorine atom. The fluorinated

compound is a good inhibitor of thrombin with Ki= 260 nm.
The compound without fluorine is six times less potent (Ki=
1.6 mm). We determined the X-ray structures of both com-
pounds bound to human thrombin. They are shown side-by-
side in Figure 5. Interestingly, there is a conformational change
of the ligand on going from R=H to R=F. In the fluorinated
compound, the fluorine is within hydrogen-bonding distance
of the N�H group of Gly216 of thrombin, although the dis-
tance is somewhat at the upper end of what would be consid-
ered to be geometrically compatible with a hydrogen bond
(RF.N=3.47 ä). Therefore, this interaction mode certainly consti-
tutes a favorable dipolar interaction. Whether one wants to call
this a hydrogen bond remains a matter of personal taste.

Figure 3. Binding of a fluorinated inhibitor to p38 kinase (pdb refcode 1au9[41]).
The fluorine is in close proximity to two carbonyl groups of the protein. The dis-
tances between the fluorine atom and the carbon atoms of the C=O units are
3.21 and 3.47 ä. Oxygen atoms are in red, nitrogen atoms in blue, carbon
atoms are light gray, fluorine atoms are green, and sulfur atoms are shown in
yellow.

Figure 4. Structure and binding affinity of a pair of thrombin inhibitors with
and without fluorine substituent.

Figure 5. Structure of two inhibitors with and without fluorine bound to thrombin. In the right-hand structure, the
F¥¥¥N distance is 3.47 ä.
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A similar interaction of fluorine with a protein N�H group in
a series of inhibitors for the serine protease complex Tissue
Factor/Factor VIIa (TF/VIIa) has been described by Parlow
et al.[45±47] . They report a fluorinated compound (Figure 6) with

a benzene core that is a good inhibitor of TF/VIIa with Ki=
340 nm.[45] The X-ray structure of the protein±ligand complex
reveals a hydrogen bond between the fluorine and the N�H
group of Gly216 of the protein with (RF.N=3.4 ä). However,
Parlow et al. also report that the fluorinated compound has a
weaker binding affinity than the pyrazinone inhibitors, which
form strong hydrogen bonds to the N�H group of Gly216
through the pyrazinone carbonyl group.[46]

6. Fluorine as Key Component in Drugs

As indicated in the Introduction, there are now many marketed
drugs containing one or more fluorine atoms. In many cases,
fluorine was introduced to modulate the molecular properties,
for example, as described in Section 2 for Ezetimibe.[12±13] In
the case of fluorouracil,[48] the unique properties of fluorine are
exploited to generate a potent irreversible inhibitor of thymi-
dylate synthase (actually, the active compound is a metabolite
that is formed in vivo).
The discovery of the fluoroquinolones as antibacterials is a

striking example of the strong effect of fluorine atoms on mo-
lecular properties.[31,49,50] Fluoroquinolones are highly active
and safe antibacterial agents that are widely used. The usage
of a first generation of molecules, exemplified by nalidixic acid
(Scheme 4), was limited by a rather narrow antibacterial spec-
trum and a comparatively weak activity. These problems could
be overcome by the discovery of the fluoroquinolones such as
ciprofloxacin (Scheme 4). The role of the fluorine atom has
been investigated in detail by Domagala et al.[49] A comparison
of several fluoroquinolones and their nonfluorinated parent
compounds revealed that i) F increases binding affinity by a
factor of 2±17, ii) F reduces plasma protein binding leading to
a higher free fraction of the drug, and iii) F increases cell pene-

tration by a factor of 1±70. The combination of these effects
results in a dramatically improved antibacterial activity. Inter-
estingly, the same effect is also found when the fluorine atom
is introduced into the first generation compound nalidixic
acid.[50]

Conclusion

Fluorinated compounds are frequently synthesized in modern
medicinal chemistry and have led to a large number of highly
effective drugs. Most frequently, fluorine is introduced to block
a metabolically labile site in the molecule. Increasingly, fluorine
is also introduced to modulate the physicochemical properties
and to increase binding affinity by exploiting specific interac-
tions of F with the target protein.
Modern fluorine-organic chemistry has dramatically widened

the synthetic repertoire for the specific introduction of fluorine
into organic molecules. Our continuously improving under-
standing of the diverse physicochemical, biophysical, and phar-
macological effects of H/F substitution offers interesting new
opportunities in medicinal chemistry.
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Hepatitis C virus (HCV) is the causative agent of the ma-
jority of chronic liver disease throughout the world. More than
170 million individuals are estimated to be infected with this
virus (27). The size of the HCV epidemic and the limited
efficacy of current therapy (based on the use of alpha inter-
feron) have stimulated intense research efforts towards the
development of antiviral drugs that are both better tolerated
and more effective. The most widely established strategy for
developing novel anti-HCV therapeutics aims at the identifi-
cation of low-molecular-weight inhibitors of essential HCV
enzymes.

RNA-dependent RNA polymerase (RdRP) activity, carried
out by the NS5B protein, is essential for virus replication (13)
and has no functional equivalent in uninfected mammalian
cclls. It is thus likely that spccific inhibitors of this cn,rymc can
be found that block HCV replication with negligible associated
toxicity. The NS5B RdRP has been expressed in a variety of
recombinant forms (2, 4).The production of higlrly soluble
forms of the enzyme (I2,24), devoid of the C-terminal mem-
Lrrane anchoring domain (23), has allowed considerable
progress toward the determination of the enzyme's three-di-
mensional structure and mechanism of action. The crystal
structure of NS5B revealed a classical "right hand" shape,
showing the characteristic fingers, palm, and thumb subdo-
mains (I,7, 14). More recently, the three-dimensional struc-
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The RNA'dependent RNA polymerase of hepatitis C virus (HCV) is the catalytic subunit of the viral RNA
amplification machinery and is an appealing target for the development of new therapeutic agents against HCV
infection. Nonnucleoside inhibitors based on a benzimidazole scaffold have been recently reported. Compounds
of this class are efficient inhibitors of HCV RNA replication in cell culture, thus providing attractive candidates
for further development. Here we report the detailed analysis of the mechanism of action of selected benz-
imidazole inhibitors. Kinetic data and binding experiments indicated that these compounds act as allosteric
inhibitors that block the activity of the polymerase prior to the elongation step. Escape mutations that confer
resistance to these compounds map to proline 495,a residue located on the surface of the polymerase thumb
domain and away from the active site. Substitution of this residue is sufficient to make the HCV enzyme and
replicons resistant to the inhibitors. Interestingly, proline 495 lies in a recently identified noncatalytic GTP-
binding site, thus validating it as a potential allosteric site that can be targeted by small-molecule inhibitors
of HCV polymerase.

ture of the HCV polymerase was solved in complex with RNA
(20) as well as in a complex with nucleoside triphosphates (6).
Three distinct nucleotide-binding sites were observed in the
catalytic center of HCV RdRP whose geometry was remark-
ably similar to that observed in the initiation complex of the
RNA phage 06 RdRP (8), strengthening the proposal that the
two enzymes initiate replication de novo by similar mecha-
nisms. An unexpected result of this study was the observation
of a GTP-binding site on the enzyme surface at the interface
between the finger and thumb domains. 30 A away from the
polymerase catalytic center (6). This previously unidentified
GTP pocket was proposed to be a potential allosteric regula-
tory site that could modulate alternative interactions between
the two domains during the conformational change of the
cn2rymc rcquircd lor cllicicnt initiation. Tho prcscnce of a

unique nucleotide-binding site away from the enzyme catalytic
center could potentially provide an attractive target for allo-
steric inhibitors of the HCV polymerase reaction.

A number of structurally diverse nonnucleoside inhibitors
(NNI) of the HCV polymerase have now been reported (10).
Among these, two promising compound series that share a

common benzimidazole scaffold have been described (P.-L.
Beaulieu, G. Fazal, J. Gillard, G. Kukolj, and V. Austel, July
2002, World Intellectual Property Organization; H. Hashi-
moto, K. Mizutani, and A. Yoshida, Dec. 2001, World Intel-
Iectual Property Organization). Interestingly, an orally bio-
available benzimidazole analogue (JTK-003) is currently under
investigation in early clinical trials (18). We have synthesized
two benzimidazole-containing inhibitors of the HCV RdRP
that are representative of each series. We show that these
compounds act as allosteric inhibitors that block the activity of
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the polymerase prior to the polymerization step. By taking
advantage of the recently developed subgenomic replication
system (15), we demonstrate that at least one compound of this
class is able to interfere with the replication of the HCV RNA
in cell culture. Replicon clones that are resistant to inhibition
were selected that allowed the identification of the possible
inhibitor interaction site on the enzyme. This site, which we
show to be common to the two compounds tested, corresponds
to the previously identified surface GTP-binding site and
thereby validates its relevance as a target for allosteric inhibi-
tors of the HCV polymerase.

MATERIALS AND METHODS

Compound synthesis. Compound A (2-[4-({4�-chloro-4-[(4-hydroxypiperidin-
1-yl) carbonyl]-1,1�-biphenyl-2-yl}methoxy)-2-fluorophenyl]-1-cyclohexyl-1H-
benzimidazole-5-carboxylic acid) and compound B (N-{[1-cyclohexyl-2-(3-furyl)-
1H-benzimidazol-5-yl]carbonyl}-5-hydroxy-L-tryptophan) were synthesized as
previously described (Hashimoto et al., World Intellectual Property Organiza-
tion; Beaulieu et al., World Intellectual Property Organization).

Plasmids. pHCVNeo17.B (25) encodes an HCV replicon identical to I377neo/
NS3-3�/wt (15) but containing the adaptive mutations E176G in NS3 and a AAA
triplet (coding for K) insertion after the GTG triplet, coding for V67 in NS5A.
All other replicon plasmids were derived from pHCVNeo17.B and contain the
following mutations: pHCVNeo17.BR1 and pHCVNeo17.BR2, replacement of
CCG codon for P495 in NS5B with CTG (coding for L) or GCG (coding for A),
respectively; pHCVNeo17.D, replacement of ATC codon for I585 in NS5B with
GTC (coding for T); pHCVNeo17.DR2, replacement of CCG codon for P495
with CTG (coding for L) and of ATC codon for I585 with GTC (coding for T).

pT7-NS5B�C55 contains the HCV-BK sequence coding for the NS5B protein
lacking 55 C-terminal residues (residues 1 to 536) in the pT7-7 expression vector.
pT7-GB/NS5B�C23 encodes a GB virus B (GBV-B) NS5B protein lacking 23
C-terminal residues (residues 1 to 567).

NS5B expression and purification. Expression of the HCV and GBV-B NS5B
proteins in Escherichia coli BL21(DE3) and purification of the proteins were
carried out as described previously (5).

Polymerase assays. Primer-dependent assays were performed with either the
heteropolymeric RNA template Dcoh (4) or the homopolymeric template-
primer couple poly(A)-oligo(U)18 as previously described (24). Compounds were
dissolved and diluted in dimethyl sulfoxide. Unless otherwise specified, com-
pounds, polymerase, and template RNA were incubated at room temperature
(RT) for 25 min before the addition of nucleoside triphosphates (NTPs). Alter-
natively, compounds were added to the preformed polymerase-template complex
(15 min at RT) and incubated at RT for 10 min before the addition of NTPs.
Elongation proceeded for 1 h at RT and the activity was measured as acid-
insoluble radioactivity. Fifty percent inhibitory concentration (IC50) values were
calculated by using a three-parameter logistic equation, and inhibition data were
fitted by use of Kaleidagraph software.

Kinetic parameters were calculated from a least-square fit of initial rates as a
function of substrate concentration, assuming Michaelis-Menten kinetics.

Inhibition mechanisms were determined by performing substrate titration
experiments. In the single-turnover experiments, elongation reactions were
started by the addition of nucleotides and 50 ng of heparin per �l.

Polymerase-inhibitor binding. The polymerase-inhibitor complex was moni-
tored essentially as previously described (21). Polymerase and compound (10 �M
each) were mixed in 60 �l of incubation buffer (20 mM Tris-HCl [pH 7.5], 3 mM
dithiothreitol, 100 mM NaCl, 0.03% n-octyl-�-D-glucopyranoside, 10% glycerol)
with or without 15 �M poly(A)-oligo(U)18. After a 10-min incubation at RT, the
mixture was applied to a gel filtration G-25 spin column (Pharmacia) prewashed
with incubation buffer. The eluate, containing the protein-inhibitor complex and
the unbound protein, was recovered by centrifugation for 2 min at 1,450 � g. The
eluting protein was quantified by Bradford assay (Bio-Rad), and the inhibitor
was quantified by mass spectrometry as follows. The column eluate (0.4 �l) was
injected into a reverse-phase C18 column coupled online with an ion trap mass
spectrometer (LCQ DECA; Thermoquest, San Jose, Calif.) operated with se-
lected reaction monitoring. The flow from the column was split 1:10 towards the
electrospray ionization (ESI) inlet of the ion trap mass spectrometer and the
diode array detector. All spectra were acquired at unit resolution and 0.3% mass
accuracy. The inhibitor was quantitated from a five-point calibration curve.

Tissue culture, replication analysis selection, and sequencing of resistant
replicons. Huh-7 and HBI10A cells were cultured as previously described (25).
Transient transfections by electroporation of in vitro-transcribed RNAs were
performed using cells that are highly competent for HCV replication, obtained
by curing HBI10A cells of the endogenous replicons with human alpha inter-
feron 2b as described previously (25). The effect of compounds on viral replica-
tion was monitored by cell enzyme-linked immunosorbent assay (cell-ELISA)
(25) or by in situ RNase protection assay (isRPA) (9). Clones resistant to
compound A were selected as previously described (25). HBI10A cells were
plated at 3 � 103/cm2 and cultured in the presence of 1 mg of G418 per ml and
increasing concentrations of compound A, from 1.6 to 4 �M. Approximately 15
days after beginning selection, small colonies of cells resistant to the inhibitor
and the antibiotic became visible and were isolated. Replicon RNAs extracted
from resistant clones were retrotranscribed, amplified by PCR, and sequenced by
automated sequencing.

Transient-transfection assays were performed as described previously (25).
Replication efficiency was determined 96 h after transfection by cell-ELISA and
was expressed as the ratio between the absorbance value of the sample trans-
fected with a given RNA and the absorbance value of mock-transfected cells. The
values were normalized to the transfection efficiency measured by cell-ELISA
24 h after transfection. Each experiment was performed in triplicate, and average
absorbance values were used for calculations.

RESULTS

Effect of benzimidazole-based inhibitors on NS5B polymer-
ase activity. Compounds A and B were chosen as representa-
tive examples of benzimidazole-based inhibitors of the HCV

TABLE 1. Potency, selectivity, and mechanism of inhibition of compounds A and B

Compound Structure
IC50 (�M) of compound for NS5B Kinetics of inhibition versus UTPa

GBV-B HCV Ki (�M) Kii (�M)

A NAb 0.28 � 0.1c 0.12 � 0.14 0.13 � 0.16

B NA 0.25 � 0.05 0.15 � 0.10 0.20 � 0.10

a Ki and Kii values were derived from a replot of slopes and 1/Vmax, respectively, of double-reciprocal plots.
b NA, not active at 50 �M.
c Data are means � standard deviations.
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polymerase (Beaulieu et al., World Intellectual Property Or-
ganization; Hashimoto et al., World Intellectual Property Or-
ganization). Both compounds were confirmed to strongly in-
hibit HCV RdRP activity in a dose-dependent manner. We
measured similar IC50 values of about 0.25 �M using either
homopolymeric poly(A)-oligo(U)18 template-primer or het-
eromeric RNA (Table 1; see below). The inhibitor potency was
independent of the form of recombinant polymerase used, as
both full-length and C-terminally truncated NS5B�C21 and
�C55 enzymes were inhibited, with similar IC50 values (data
not shown). Compounds A and B were highly selective against
HCV polymerase and did not inhibit the closely related
GBV-B RdRP (Table 1). In assays using poly(A)-oligo(U)18 as
template-primer, both compounds appeared to be noncompet-
itive with respect to UTP (Table 1). Moreover, increasing
amounts of template-primer RNA did not affect the inhibition
potency, suggesting that RNA binding does not interfere with
the enzyme-compound interaction. Consistent with their struc-
tural similarities, the two compounds appeared clearly com-
petitive with each other when tested in direct competition
assays (not shown). Taken together, these results suggest that
both the compounds interact with the polymerase at a site
distinct from the catalytic center.

Order of addition. We observed that the order of reagent
addition in the RdRP reaction affected the shapes of the inhi-
bition curves. Inhibition experiments were performed by either
preincubating the enzyme with the RNA template prior to
addition of the inhibitors or by omitting the preincubation step
(for compound B, see Fig. 1A; for compound A, data not
shown). Similar IC50 values were measured in both cases, but
complete inhibition of the enzymatic activity could not be
attained if the inhibitors were added to a preformed enzyme-
RNA complex. In this case, a significant fraction of the poly-
merase activity was not inhibited, even at very high compound
concentrations. A possible explanation for this finding is that
the fraction of the enzyme engaged with the RNA in a preelon-
gation complex is protected from the action of the inhibitor. In
line with this interpretation, when the NS5B polymerase and
the RNA template were preincubated for increasing times
before the addition of compounds, at a concentration 15-fold
above the IC50 values, the percentage of residual activity in-
creased as a function of preincubation time (Fig. 1B). Inter-
estingly, polymerase activity in the absence of inhibitor also
increased with the enzyme-RNA preincubation time (data not
shown), likely reflecting the formation of a productive preelon-
gation complex.

Inhibition under single-cycle conditions. The RdRP assays
described above were performed under continuous polymer-
ization conditions whereby the polymerase performs multiple
sequential rounds of processive RNA synthesis. The inhibited
activity after preincubation of enzyme and template might
therefore result from those polymerase molecules that disso-
ciated from the template during the reaction and were thus
susceptible to inhibition. In order to assess directly whether

FIG. 1. Inhibition by compounds A and B. (A) Dependence of
inhibition curves on polymerase-RNA (P-RNA) complex formation.
Increasing amounts of compound B (30 nM to 16 �M) were added to
polymerase and heteropolymeric RNA (Dcoh) that were (�) or were
not (F) preincubated for 15 min at RT. (B) Effect of P-RNA prein-
cubation time. NS5B�C55 and Dcoh template were preincubated from
0 to 120 min before the addition of 4 �M compound A (■ ) or com-
pound B (F). The residual activity was expressed as the percentage of
that obtained at each time point in the absence of inhibitor. (C) Inhi-
bition curves for compound A and compound B under single-cycle
conditions. NS5B�C55 and the Dcoh template (20 nM) were preincu-
bated for 15 min at RT before the addition of compounds from 30 nM

to 4 �M. Elongation was started by the addition of nucleotide mixture
(5 �M each plus 4 �Ci of [3H]UTP) with (■ , compound A; F, com-
pound B) or without (�, compound A; E, compound B) heparin (50
ng/�l).
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compounds A and B could no longer interfere with the enzy-
matic activity of polymerase molecules already engaged in a
preelongation complex, we measured inhibition under condi-
tions that favored single-cycle RNA synthesis. The inhibitors
were added to preformed polymerase-RNA complexes and the
elongation reaction was started by the addition of nucleotides
and heparin (Fig. 1C). Heparin functions as a trapping agent to
titrate free enzyme as well as polymerase molecules that dis-
sociate from the template after completion of a processive
round of RNA synthesis (3). Under these conditions, we mea-
sured only the activity of those polymerase molecules that were
engaged in a productive preelongation complex prior to the
addition of the trapping agent. As shown in Fig. 1C, both
compounds failed to inhibit polymerase activity under these
conditions, suggesting their inability to act on preformed en-
zyme-RNA complexes.

Polymerase-inhibitor interaction. To further investigate the
mechanism of inhibition, we performed experiments aimed at
the direct characterization of the polymerase-inhibitor inter-
action. Following preincubation, polymerase-inhibitor com-
plexes were separated from the unbound compound through
gel filtration columns. The concentrations of enzyme and in-
hibitor in the complex were measured by Bradford assay and
mass spectrometry, respectively. Due to the low solubility of
compound A, these experiments were performed only with
compound B. As shown in Fig. 2 (bars 1 and 2), compound B
eluted with the enzyme at almost stoichiometric concentrations
when incubation was performed in the presence of poly(A)-
oligo(U)18 RNA. As expected, compound B did not associate
with GBV-B NS5B (Fig. 2, bar 5) or with RNA alone (not
shown). This finding suggests that compound B interacts with
the purified enzyme in the presence of template RNA. How-
ever, when the inhibitor was added after prolonged preincu-

bation of the polymerase with template RNA, the amount of
compound eluting with the enzyme decreased with longer pre-
incubation times, reaching about 20% of the initial value after
60 min (Fig. 2, bars 3 and 4).

This and the previous findings suggest that although the
initial interaction of the enzyme with the template RNA ap-
pears to be essential for compound B binding, the polymerase-
RNA complex undergoes a slow conformational change to a
form of the enzyme that is no longer susceptible to inhibition.

Antiviral activity and selection of resistant mutants. The
effect of compounds A and B on the replication of HCV
subgenomic replicons was determined by using Huh-7 clone
HBI10A (19) and was monitored by measuring replicon RNA
by isRPA and NS3 protein by cell-ELISA (9, 25). Incubation
with compound A resulted in a dose-dependent reduction of
both viral RNA and NS3 protein synthesis, with an IC50 of
about 0.35 �M in both assays (Table 2). Conversely, compound
B up to 10 �M showed no inhibition of viral replication (not
shown). Compound A was nontoxic and had no effect on cell
growth rate up to 10 �M (not shown), indicating that its direct
effect is on viral replication. Taking advantage of the expres-
sion of neomycin resistance, we cultured HBI10A cells in the
presence of G418 and compound A in order to select inhibitor-
resistant replicon variants. Selection yielded several resistant
clones that duplicated at the same rate as parental cells and
expressed HCV RNA and proteins at comparable levels. More
importantly, the IC50 values for compound A on all the se-
lected clones were at least 10-fold higher than that on parental
cells (Table 2). The NS5B sequences of four resistant clones
were determined. Remarkably, all shared replacement of pro-
line 495 with leucine (P495L) or alanine (P495A), and in ad-
dition, clone 10AI14 contained replacement of isoleucine 585
with threonine (I585T) (Table 2). These clones were as sensi-
tive to alpha interferon and the nucleoside inhibitor 2�-C-
methyl-adenosine (9) as the parent cells were, indicating that
resistance was specific for compound A (not shown). In order
to assess their relevance for resistance, the NS5B mutations
were segregated in the pHCVNeo17.B replicon. This replicon
harbors two adaptive mutations that enhance replication effi-
ciency (25). Among the resulting replicons, pHCVNeo17.BR1
and pHCVNeo17.BR2, bearing mutations P495L and P495A,
respectively, were clearly resistant to compound A but repli-
cated less efficiently than the selected clones (Table 3). The
IC50 values measured for these replicons were similar to those
observed in the resistant cells, indicating that substitutions of
P495 were sufficient to confer the resistance phenotype of the
selected clones. Conversely, pHCVNeo17.D, bearing an I585T
substitution, was still sensitive to inhibition by compound A

FIG. 2. Polymerase-inhibitor binding. Compound B and poly-
merases (bars 1 to 4, NS5B�C55; bar 5, GB/NS5B�C23; bar 6,
NS5B�C55-P495L) were incubated in the absence (bar 1) or presence
(bars 2, 5, and 6) of 15 �M poly(A)-oligo(U)18. Alternatively,
NS5B�C55 and poly(A)-oligo(U)18 were preincubated for 30 (bar 3)
or 60 (bar 4) min before the addition of compound B. Polymerase-
inhibitor complexes were separated by gel exclusion chromatography,
and the eluted polymerase and compound were quantitated as de-
scribed in Materials and Methods. Data are reported as molar ratios
between eluting compound and polymerase.

TABLE 2. Effect of compound A on parental and resistant clones

Clone
IC50 (�M) for compound Aa

NS5B mutation(s)
Cell-ELISA isRPA

HBI10A 0.35 � 0.15 0.30 � 0.2
10AI1 	5 	5 P495L
10AI2 	5 	5 P495L
10AI12 	5 	5 P495A
10AI14 	5 	5 P495L,1585T

a Data are means � standard deviations.
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and even showed enhanced replication efficiency with respect
to the parent replicon. Interestingly, a replicon containing both
P495L and I585T (pHCVNeo17.DR1) replicated more effi-
ciently than pHCVNeo17.BR1 and was resistant to inhibition
by compound A, suggesting that the I585T substitution was
irrelevant for resistance but partially compensated the replica-
tion defect due to P495L.

Mechanism of resistance of mutant polymerase. To support
the genetic evidence, we introduced the P495L mutation in the
NS5B�C55 protein. The mutant protein showed substantially
reduced susceptibility to inhibition by both compounds A and
B (Table 3). Conversely, comparable kinetic parameters were
measured for the poly(A)-oligo(U)18 RNA for wild-type and
mutant proteins (kcat/Km 
 15,830 and 9,649 s�1 M�1, respec-
tively), indicating that the P495L mutation did not significantly
affect polymerase activity.

In order to assess whether the P495 mutations conferred
resistance by impairing the interaction with the inhibitors, we
measured by mass spectrometry the amount of compound B
eluting with the purified P495L mutant protein from gel filtra-
tion columns. As shown in Fig. 2 (bar 6), compound B was
hardly detectable, indicating that the mutant enzyme had a
reduced affinity for the inhibitors. This result confirmed that
compounds A and B inhibited polymerase activity by binding
the enzyme at the same or overlapping sites. Interestingly,
P495 is part of a specific noncatalytic GTP-binding site recently
identified by X-ray crystallography on the surface of the en-
zyme, at the interface between the finger and thumb domains
(6). Thus, we verified whether GTP was specifically able to
interfere with inhibition by compounds A and B by measuring
potencies at increasing GTP concentrations. As shown in Fig.
3, the IC50 values increased with increasing GTP concentra-
tions, while they were marginally affected by even high con-
centrations of CTP. The GTP concentration that produced
doubling of the IC50 values was very high (about 1 mM), in
agreement with the low-affinity nature of the surface GTP-
binding site (5), and did not significantly affect the RdRP
activity in our assay (not shown).

DISCUSSION

Although they are derived from independent studies, both
HCV polymerase NNIs used in this study share a common
cyclohexyl-benzimidazole scaffold that might constitute the ac-
tive center of the molecule. In light of this similarity, we

thought that these compounds may inhibit the HCV RdRP
through a common mechanism, interacting at the same site of
the enzyme. As expected on the basis of their chemical struc-
tures, these compounds were found to be noncompetitive with
nucleotide substrates. Interestingly, inhibition of RNA synthe-
sis by compounds A and B was not observed in single-turnover
experiments, indicating that both are unable to affect the ac-
tively elongating enzyme. Their inability to act during the elon-
gation phase excludes the idea that inhibition might be due to
alteration of the NS5B processivity by inducing premature
dissociation of the enzyme or by altering its translocation along
the RNA product.

As is the case for other polymerases, the HCV RdRP cata-
lyzes RNA synthesis through an ordered stepwise mechanism,
with RNA template binding occurring first. Each step presum-
ably involves conformational changes of the enzyme leading to
the proper positioning of template, the growing RNA chain,
and incoming nucleotides in the catalytic center. Our data
support a model in which the benzimidazole-containing NNIs
act at a step prior to the formation of a productive polymerase-
RNA complex. Interestingly, though these compounds do not
prevent interaction with the RNA template, prolonged incu-
bation of the enzyme with RNA abolishes the interaction of
the inhibitors. We propose, therefore, that by interacting with
the enzyme in the polymerase-RNA complex, the compounds
might effect a slow conformational transition preceding nucle-
otide binding that is required for the formation of a productive
preelongation complex. However, once the conformational
transition has happened, the polymerase may no longer be
sensitive to inhibition. This possibility is supported by the ob-
servation that when the compounds are added to preformed
polymerase-RNA complexes, there is residual enzyme activity
even at a saturating inhibitor concentration. This activity may
correspond to the fraction of enzyme that has undergone the
conformational change and is therefore no longer susceptible

FIG. 3. Effect of GTP and CTP on inhibition potency. The IC50
values for inhibition of NS5B�C55 on Dcoh RNA were measured in
the presence of 5 �M and 1, 4, and 10 mM GTP (F, compound A; ■ ,
compound B) or CTP (E, compound A; �, compound B). Reactions
were carried out as described in Materials and Methods in the pres-
ence of 15 mM MgCl2, 10 �M UTP, 2 �Ci of [3H]UTP, 250 �M ATP,
and 250 �M CTP or GTP.

TABLE 3. Resistant replicons and enzyme

Replicon or
enzyme

NS5B
mutation(s)

Replication
efficiency

(arbitrary units)a

IC50 (�M)

Compound
A

Compound
B

pHCVNEO17 replicons
B 14.2 0.32
BR1 P495L 3.1 	5
BR2 P495A 10.9 2.2
D I585T 	20 0.4
DR1 P495L, I585T 10.6 	5

Enzyme �C55
P495L 	20 16 � 0.8

a Replication efficiency was determined by cell-ELISA.
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to inhibition. The time course experiments shown in Fig. 1 and
2 are in line with the existence of an intrinsically slow confor-
mational change that occurs within a polymerase-RNA com-
plex and leads to the formation of a productive preelongation
complex. The existence of isomerization steps within the en-
zyme-template-primer complex is well documented for the hu-
man immunodeficiency virus (HIV) reverse transcriptase (28),
and additional studies would be required to obtain a more
direct proof that this is also the case for the HCV RdRP.

As for HIV, the high mutational frequency of HCV is ex-
pected to favor the generation of drug-resistant mutants upon
long-term treatment with inhibitors of viral enzymes. Thus,
resistance studies using tissue culture systems are considered
crucial to optimize the resistance profiles of inhibitors and can
contribute important information for understanding the mech-
anism of inhibition. In the absence of a suitable in vitro infec-
tion model, we took advantage of the recently developed sub-
genomic replication system (15) to select for replicon clones
harboring resistant mutations. This approach has already been
successfully used to select mutants resistant to an inhibitor of
the viral NS3-4A serine protease (25) and has now allowed us
to identify the putative region where compounds A and B
interact with the polymerase enzyme. Remarkably, all the se-
lected replicons contained mutations of proline 495 in NS5B,
which we demonstrated to be responsible for the acquired
resistance to inhibition by both the compounds. Proline 495 in
NS5B is conserved in 	99% of natural HCV isolates of all
strains, suggesting a significant role for the region where P495
lies during HCV replication and possibly explaining the lower
replication efficiency of replicons in which its substitutions
were segregated. Supplementary mutations might have
emerged to compensate for the replication defect in the se-
lected cell clones. In fact, an additional mutation in NS5B,
I585T, partially restored the replication ability of replicons
containing P495 substitutions. The I585T mutation was able to
enhance replication capability even in the absence of the P495
substitution, therefore excluding a direct effect on polymerase
enzymatic activity. Interestingly, P495 has been recently iden-
tified by X-ray crystallography as one of the key residues in-
volved in the interaction with a noncatalytic GTP molecule on
the NS5B surface (6), leading to the speculation that the bind-
ing site for benzimidazole-based inhibitors at least partially
overlaps with the surface GTP-binding site (Fig. 4). The re-
duced ability of the mutant enzyme to interact with compound
B and the effect of high GTP concentrations on the potency of
both compounds A and B strengthen this hypothesis. This
model, however, will ultimately require confirmation by struc-
tural studies of the polymerase in complex with RNA template
and inhibitors.

Though specific, GTP binding at the surface site appears to
have no consequence on in vitro polymerase activity. In our
experiments, while GTP strongly stimulated de novo activity of
the NS5B polymerase, high GTP concentrations only very
modestly enhanced the overall polymerase efficiency on het-
eromeric templates, which is different from what was previ-
ously reported by others (16). We believe that these effects are
not exerted by binding at the surface site, as mutations of
residues in the surface GTP-binding site neither alter the GTP
response of activity nor significantly affect the de novo effi-
ciency of NS5B (L. Tomei and A. Biroccio, unpublished ob-

servations). The latter result is in line with recently published
observations (22) that point to the initiating-NTP site in the
catalytic cavity of the enzyme, not the surface site, as the site at
which GTP binding plays a regulatory role for de novo activity
of NS5B. Whether or not GTP binding at the surface site could
be of biological significance per se, our finding clearly points to
this site as an allosteric pocket on the enzyme surface that may
be targeted by small-molecule inhibitors of HCV polymerase
activity. Moreover, the observation that replicons carrying
P495 substitutions do not replicate efficiently suggests that this
region of the molecule might play a key function during viral
replication through, for example, the interaction with other
viral and/or cellular factors.

The relevance of the thumb domain surface as a target for
allosteric inhibitors of the HCV polymerase is becoming in-
creasingly evident. Two series of NNIs of the NS5B enzyme
have recently been shown by X-ray crystallography to interact
in a hydrophobic pocket at the base of the thumb domain (17,
26; R. A. Love and X. Yu, May 2001, European Patent Office).
This site does not overlap with the surface GTP-binding site
and is almost 15 Å from it. In contrast to HIV reverse tran-
scriptase, for which all known NNIs have been shown to bind
to the same site of the enzyme (11), HCV NS5B apparently
contains multiple regions of the thumb domain that are poten-
tial targets for allosteric inhibitors. This is of particular rele-
vance in consideration of the possible requirement for a com-
bination therapy regimen based on the use of multiple NNIs.
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