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Abstract—The difluoromethyl group was designed by computational chemistry methods as a mimetic of the canonical P1 cysteine
thiol for inhibitors of the hepatitis C virus NS3 protease. This modification led to the development of competitive, non-covalent
inhibitor 4 (Ki 30 nM) and reversible covalent inhibitors (6, Ki 0.5 nM; and 8 Ki* 10 pM). # 2002 Elsevier Science Ltd. All rights
reserved.

The hepatitis C virus (HCV) is the major causative
agent of parenterally-transmitted and sporadic non-A,
non-B hepatitis (NANB-H),1 and is believed to affect
some 200 million people worldwide.2 Infection by the
virus can result in chronic hepatitis and cirrhosis of the
liver, and may lead to hepatocellular carcinoma. There
is neither a vaccine nor an established therapy for HCV,
although partial success has been achieved by treatment
with recombinant a-interferon, either alone or in com-
bination with ribavirin.2,3

A serine protease located in the N-terminal domain of
the NS3 protein is one of the prime targets for the
development of antiviral drugs, since it is responsible
for proteolytic maturation of most of the non-structural
region of the viral polyprotein. The NS3 protease
belongs to the trypsin superfamily, and is unique in
requiring a (non-catalytic) structural zinc atom and a
co-factor protein (NS4A).4,5 Crystal structures of the
protease4,5 reveal that the S (non-prime)6 site of the
substrate-binding channel is strongly cationic, solvent-
exposed and relatively featureless, explaining why the
minimum substrate is a polycarboxy decapeptide.

The NS3 protease is subject to product inhibition by
N-terminal hexapeptide7 and tetrapeptide8 carboxylic

acids. The reversible competitive inhibitor 1 (Ki 40 nM,
Table 1) emerged from optimization of an initial lead
identified in biochemical studies. Cysteine was estab-
lished as the preferred P1 amino acid for intermolecular
cleavage of substrate by NS3 and for product-based
inhibitors.5 This structural characteristic complicates
the ready preparation of serine-trap inhibitors due to
the juxtaposition of mutually-incompatible nucleophilic
(i.e., thiol) and electrophilic (i.e., serine-trap) function-
ality. As the thiol is a potential Achilles’ heel for any
drug that derives from this series of molecules, we
sought a surrogate for the P1 cysteine sulfhydryl to
facilitate the preparation of stable biochemical tools and
to progress our drug discovery efforts. We report here:
(i) the design by computational chemistry methods of a
P1 thiol replacement; (ii) its successful introduction into
product-based inhibitors; and (iii) its utility in preparing
potent serine-trap inhibitors of NS3. In the accom-
panying paper we will present the evolution of these
inhibitors to small and potent tripeptides.9

Design of a P1 Thiol Replacement

The S1 specificity pocket of the NS3 protease is small
and lipophilic, comprising Leu135, Phe154 and Ala157.
Substrate mutagenesis studies4,5 and product inhibitor
optimization7 concur that cysteine is preferred at P1.
The cysteine sulfhydryl is lipophilic, but has lone-pairs
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of electrons and a polarized S–H bond which confer the
potential for electrostatic non-covalent interactions.10

In attempting to discover a novel P1 substituent, an
analysis was therefore made of the steric and electro-
static properties of the thiol.11 Subsequent comparison
with a selection of small fluoroalkyl and fluoroalkenyl
groups suggested interesting parallels for CF2H. The
steric and electrostatic parameters for CF2H and SH
were evaluated on 1,1-difluoroethane and methanethiol,
respectively. The volume of 1,1-difluoroethane, 46.7 Å3,
is similar to that of methanethiol (47.1 Å3) (Fig. 1). The
MEP surfaces are also similar (Fig. 2), displaying a
substantial build-up of negative potential around the
sulfur lone pairs and the two fluorine atoms, and a
positive potential around the S- and CF2-bound pro-
tons. The CF2H and SH groups thus emerged as having
similar calculated steric and electrostatic features which
encouraged an investigation of CF2H in the P1 position
of NS3 protease inhibitors.

Synthesis

The synthesis of 1, 2, 8 and 9 have been described.7,12

The aldehyde 6 was prepared as outlined in Scheme 1.

Thus, (� )-4,4-difluoro-2-aminobutyric acid (difluoro-
Abu) (13)13 was converted to the aldehyde 15 in three
steps. Acetalization and removal of the Boc group gave
amine 16. Coupling with the pentapeptide AcAs-
p(OtBu)Glu(OtBu)DifGlu(OtBu)-ChaOH (17) was fol-
lowed by complete deprotection and purification with
separation of the diastereomers by HPLC to give the
aldehyde 6.14 Product inhibitors 4 and 5 were syn-
thesized as described12 using chiral 13 prepared from l-
or d-aspartic acid.15 Using allylglycine instead of
difluoroAbu gave inhibitors 3 and 7.16

Scheme 2 shows the synthesis of a-ketoamide 10 and the
a-ketoheterocycles 11–12, as exemplified for benzothia-
zole 11a. Conversion of aldehyde 15 to the a-hydroxy-
amide 18 was achieved in five steps, while reaction of
Weinreb amide 14 with 2-lithio-benzothiazole gave 19
after reduction and deprotection. Both compounds were
then converted to the final products as described above,
except that oxidation of the hydroxy groups was carried
out prior to the final deprotection step.

Results and Discussion

Substitution of the P1 cysteine by (S)-difluoroAbu was
first investigated in hexapeptide product acids. Inhibi-
tors were evaluated on the NS3/4A complex described

Figure 1. Orthogonal views of the van der Waals surfaces of meth-
anethiol (cyan) and 1,1-difluoroethane (red). The surfaces are Z-clipped
for clarity.

Figure 2. Orthogonal views of electrostatic potentials displayed over
the electron density surface of methanethiol (top) and 1,1-difluoro-
ethane (bottom). Stick diagrams of the respective compounds are
displayed to the left and color-coded scales of electrostatic potential
are displayed on the right for reference.

Scheme 1. (a) Boc2O; (b) MeNH(OMe) HCl, EDCI, HOBt, iPr2NEt;
(c) DIBAL, THF, �78 �C; (d) HC(OMe)3, TsOH; (e) HCl, MeOH,
0 �C–rt; (f) 17, EDCI, HOBt, iPr2NEt, DCM; (g) TFA, H2O, DCM;
(h) RP-HPLC.

Scheme 2. (a) Me2C(OH)CN, TEA, DCM; (b) HCl, H2O, dioxane; (c)
Boc2O; (d) BnNH2, EDCI, HOBt; (e) HCl, EtOAc; (f) 17, EDCI,
HOBt, iPr2NEt, DCM; (g) Dess–Martin, DCM, t-BuOH; (h) TFA,
H2O, DCM; (i) RP-HPLC; (j) benzothiazole, BuLi, THF, �78 �C; (k)
NaBH4, EtOH, 0

�C.
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previously.17 The difluoro analogue 4 (Ki 30 nM) is at
least as potent as its cysteine counterpart 1 (Ki 40 nM)

7

and substantially more active than the Abu and the allyl
analogues 2 and 3 (Table 1). Compound 5 (Ki 640 nM),
the P1 diastereomer of 4, was less active.

The identification of this non-reactive and equipotent
thiol surrogate facilitated the synthesis and evaluation
of serine trap-based inhibitors. Of these the a-ketoacid 8
(Ki* 10 pM) proved to be particularly effective. Kinetic
investigations showed that the potency of 8 is due to the
extremely slow dissociation rate of the covalent
adduct.12 The aldehyde 6 (Ki 0.5 nM) is a reversible
inhibitor whose affinity is intermediate between that of
the product acid 4 and the ketoacid 8. Allyl aldehyde 7
was significantly less active than 6.

Simplistically, ketoacid 8 may be considered as an inhi-
bitor that combines the binding energy contributed by a
covalent bond (as in aldehyde 6) with the electrostatic
stabilization of the charged inhibitor by Lys136 (as in
acid 4).12,18 This is also evident from two close analo-
gues, a-ketoester 9 and a-ketoamide 10. Although both
are potent inhibitors of NS3, as was observed previously
in related series,19 they do not achieve the potency of 8.

Inhibitors incorporating the a-keto heterocycle moiety
like 11 and 12 proved to be less active than 4, 7, or 8.
These heterocyclic groups give potent inhibitors with
the related proteases elastase, chymase and thrombin.20

Presumably, their lack of activity is due to some steric
restriction in the active site of the enzyme, which pre-
vents optimal binding.

From our results and previous studies, it is evident that
the substitution of the P1 cysteine using conventional
amino acids in inhibitors and in substrates failed to find
an effective replacement,4,5,17 suggesting that the
difluoromethyl group has specific properties which
mimic the thiol. The CF2H group has a similar volume
and shape to SH (Fig. 1). Also, SH and CF2H are lipo-
philic, a feature that is presumably of importance to
binding, since the P1 pocket is substantially hydro-
phobic.

Electrostatic properties could play a role, however. The
P1 cysteine has non-covalent contacts with the phenyl
ring of the S1 Phe154

4,5 (Fig. 3). The thiol could interact
with the phenyl ring either as a proton donor, through
interaction of the SH proton with the electron-rich pi-
cloud, or as a proton acceptor, through interaction of
the sulfur lone electron pairs with a ring proton, the
latter having partial positive character. Electrostatic
interactions involving the pi-cloud and protons of a
phenyl ring are well documented.21 Directional sulfur-
aromatic interactions are commonly observed in protein
crystal structures,22 and the thiol group can be a
hydrogen bond donor or acceptor in biological sys-
tems.23,24 The cysteine sulfhydryl thus could in principle
act in either capacity in the NS3 protease P1–S1 inter-
action. Despite its calculated electron-richness, in prac-
tice aliphatic fluorine rarely functions as a hydrogen

Table 1. Inhibitors of NS3/4A protease

Compd R Ki (nM)

1 40

2 700

3 100

4 30

5 640

6 0.5

7 7

8 0.01*

9 2.0

10 1.5

11a (X=S) 150
11b (X=O) 600

12 1500 Figure 3. Interactions of the P1 difluoroAbu in the P1 specificity
pocket according to the crystal structure of the NS3-protease with the
ketoacid covalently bound to the catalytic serine 139.
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bond acceptor, probably because of its high electro-
negativity and low polarizability.25,26 In contrast, CF2H
has been documented as a proton donor in hydrogen
bonding interactions.27 Recent structural studies28 of
tripeptide analogues of 6 co-crystallized with NS3/4A
confirm this design. The CF2H moiety is almost com-
pletely buried in the P1-specificity pocket creating a
large lipophilic contact surface area. In this structure
the flexible, lipophilic part of the Lys136 sidechain is
oriented so that it covers the CF2H moiety, while the
ammonium group is close to the ketoacid carboxylate
(Fig. 3). In the rather apolar environment of the P1-
specificity pocket electrostatic complementarity becomes
important, even for relatively unpolar groups. Accord-
ingly, the CF2H is oriented with its proton close to the
carbonyl oxygen of Lys136 and one fluorine atom in
contact with the para hydrogen of Phe154. Thus, steric
and electrostatic similarity of the Cys sidechain and
difluoroAbu allows a similar mode of binding in the P1-
specificity pocket with almost complete burial of the
sidechain. The observation that difluoroAbu works
under such highly specific conditions as a Cys mimetic
underlines its general applicability as a non-reactive Cys
surrogate.
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