
Design, Synthesis, and Biological Activity of m-Tyrosine-Based 16- and
17-Membered Macrocyclic Inhibitors of Hepatitis C Virus NS3 Serine Protease

Kevin X. Chen,* F. George Njoroge, John Pichardo, Andrew Prongay, Nancy Butkiewicz, Nanhua Yao,
Vincent Madison, and Viyyoor Girijavallabhan

Schering-Plough Research Institute, 2015 Galloping Hill Road, K-15-3-3545, Kenilworth, New Jersey 07033

Received April 8, 2005

The limited efficacy and considerable side effects of currently available therapies for the
treatment of hepatitis C virus (HCV) infection have prompted significant efforts toward the
development of safe and effective new therapeutics. The pentapeptide R-ketoamides of type 1
were weak HCV inhibitors with a binding constant, Ki*, above 5 µM. We envisioned that
cyclization of a P2 phenyl side chain to a P3 capping group could enhance binding through an
interaction of the resulting macrocycle with the methyl group of Ala156 on the enzyme backbone.
The macrocyclic dipeptide moiety would also decrease the peptidic nature of the inhibitors.
The synthesis of macrocyclic HCV inhibitors started from m-tyrosine methyl ester. Two
consecutive couplings, first, with Boc-cyclohexylglycine and, then, with hept-6-enoic acid,
provided compound 6. The alkene was converted to an alcohol via hydroboration. The key
macrocyclization of phenol alcohol 7 was achieved through a Mitsunobu reaction. Both 16-
and 17-membered macrocycles (8 and 21) were prepared. After hydrolysis, the macrocyclic acids
(15 and 22) were coupled to the right-hand tripeptide (14) to afford R-hydroxyamides, which
upon Dess-Martin periodinane oxidation furnished the desired R-ketoamides. Esters, acids,
and amides were incorporated at the C-terminal of these peptides. These inhibitors were tested
in an HCV protease continuous assay. The binding constants (Ki*) indicated that the
16-membered macrocyclic inhibitors (23 and 24) were less potent than the 17-membered
analogues (16-19). It was also evident that C-terminal acids (i.e., 17) and amides (18 and 19)
(Ki* range: 0.16-0.31 µM) were much better inhibitors than tert-butyl esters (16 and 23).
The X-ray crystal structure of compound 17 bound to the enzyme revealed that the macrocycle
formed a “donut”-shaped ring around the methyl group of Ala156. P2′ phenyl and P1 propyl
groups wrapped around the Lys136 side chain, forming a “C”-shaped clamp. The 17-membered
macrocyclic inhibitors 17-19 were significantly more potent than the acyclic pentapeptide 1.

Introduction
The hepatitis C virus (HCV) has infected more than

170 million people worldwide. It is the major cause of
chronic liver disease leading to cirrhosis, hepatocellular
carcinoma, and, ultimately, liver failure. HCV is emerg-
ing as a global health crisis.1 The only currently avail-
able therapies are subcutaneous R-interferon or pegyl-
ated R-interferon monotherapy or R-interferon and oral
ribavirin combination therapy. These therapeutics are
only effective in up to 50% of the patients and have
considerable side effects in certain patients.2 Given the
prevalence of HCV infections, a small molecule drug is
highly desirable.

In the hepatitis C virus, the virally encoded protease
responsible for processing the nonstructural (NS) por-
tion of the polyprotein is located in the N-terminal
portion of the NS3 protein. Studies have confirmed that
the NS3 protease belongs to the trypsin or chymotrypsin
superfamily of serine proteases and that it is essential
for viral replication.3 However, the NS3 protease is
unique, in that it requires a small polypeptide cofactor
(NS4A) for efficient processing. The fact that the binding
pockets of the NS3 protease are very shallow, solvent-
exposed, and relatively featureless makes it a difficult

target in drug design. Nonetheless, considerable efforts
have been targeting the NS3 serine protease and a
number of potent inhibitors have been identified by
various research laboratories around the world.4

Many protease inhibitors developed in recent years
are peptides because their design is based on the
cleavage products of the substrates. Peptides are easily
cleaved by peptidases and, thus, suffer from low bio-
availability and poor pharmacological profiles.5 Major
efforts have been undertaken to design peptidomimetics
with less peptide character. One such approach that is
showing considerable promise is through macrocycliza-
tion.6 Many biologically active macrocyclic molecules
exist in nature. The vancomycin family of antibiotics
and chloropeptins are well-known examples.7 Macro-
cycles offer certain advantages over peptides as drug
candidates. They are conformationally preorganized for
stronger binding. They are also potentially more stable
toward degradation by peptidases.

It has been shown that N-terminal cleavage products
(e.g., DDIVPC-OH) of the peptide substrates are com-
petitive inhibitors of HCV NS3 protease.8 We and others
have been using the hexapeptide as the starting point
in developing more potent and smaller HCV inhibitors.
Among the different classes of inhibitors discovered,
R-ketoacids and ketoamides, with their electrophilic
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“war-heads”, have demonstrated their potential in VX-
950, a clinical candidate in development from Vertex
Pharmaceuticals.9 In the course of our search for potent
HCV inhibitors, we found that compound 1 (Figure 1),
a pentapeptide R-ketoamide, had modest potency against
NS3 protease (Ki* ) 8 µM).10 We envisioned that
cyclization between the P2 phenyl group and the N-
terminal P3 capping group would provide a macrocycle
which could have enhanced binding with the protease.
Macrocyclization would also reduce the peptidic nature
of the inhibitor. Computer modeling using an enzyme
surface from the X-ray crystal structure of the protein
confirmed that the strategy was feasible and that the
appropriate ring size would be 16 or 17.

Synthesis

The key step in the synthesis of a compound such as
8 is macrocyclization. Among various synthetic meth-
odologies available, we envisioned that ring closure
through an aryl alkyl ether formation from a phenol
alcohol precursor could be accomplished under Mit-
sunobu reaction conditions.11

Our synthesis started with commercially available
N-Boc-cyclohexylglycine 2 and m-tyrosine methyl ester
hydrochloride 3 (Scheme 1). Standard coupling between
2 and 3 using 3-hydroxy-1,2,3-benzotriazin-4(3H)-one
(DhBtOH), 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDC) hydrochloride, and 4-methylmorpholine
(NMM) afforded dipeptide 4. The Boc protecting group
was removed, and the resulting amine hydrochloride 5
was coupled with hept-6-enoic acid under the same
coupling conditions to provide compound 6. The termi-
nal alkene was then converted to primary alcohol 7
through hydroboration using borane-THF. With the
macrocycle precursor in hand, macrocyclization of 7 was
attempted under Mitsunobu reaction conditions.11 The
reaction was first conducted in benzene using tri-n-
butylphosphine and 1,1′-(azodicarbonyl)dipiperidine
(ADDP). Under these conditions, a very low yield of 8
was obtained, possibly due to low solubility of the
substrate in benzene. When the solvent was changed
to dichloromethane, the desired macrocycle (8) was
obtained in good yield.

The right-hand tripeptide segment of the inhibitors
was prepared starting from 1-nitrobutane 9 (Scheme 2).
Thus, when treated with triethylamine, the reaction
between 9 and glyoxylic acid afforded compound 10 as
a diastereomeric mixture. The nitro group was reduced
to an amine via low-pressure catalytic hydrogenation.
The resulting amino acid was converted to a Boc
protected norvaline R-hydroxyacid (11). Coupling of 11
with glycine benzyl ester under standard conditions
gave dipeptide 12, which, upon hydrogenation, provided

carboxylic acid 13. Compound 13 was coupled to phen-
ylglycine tert-butyl ester to afford a tripeptide. Treat-

Figure 1. Pentapeptide HCV inhibitor.

Scheme 1a

a Reaction conditions: (a) DhBtOH, EDC, NMM, CH2Cl2/DMF,
-20 °C, 88%; (b) 4 N HCl, p-dioxane, rt, 96%; (c) hept-6-enoic acid,
DhBtOH, EDC, NMM, CH2Cl2/DMF, -20 °C, 94%; (d) BH3‚HF,
THF, 0 °C, 68%; (e) (n-Bu)3P, ADDP, CH2Cl2, rt, 68%.

Scheme 2a

a Reaction conditions: (a) glyoxylic acid monohydrate, Et3N,
MeOH, 0 °C, then rt, 99%; (b) H2, 59 psi, Pd/C, AcOH, rt, 66%; (c)
NaOH, (Boc)2O, dioxane/H2O, rt, 89%; (d) glycine benzyl ester
hydrochloride, DhBtOH, EDC, NMM, DMF/CH2Cl2, -20 °C, 95%;
(e) H2, Pd/C, EtOH, rt, 98%; (f) phenylglycine tert-butyl ester
hydrochloride, DhBtOH, EDC, NMM, DMF/CH2Cl2, -20 °C, 80%;
(g) 2 M HCl in EtOAc/dioxane (1:1), rt, quantitative.
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ment of this product with 2 M hydrochloric acid selec-
tively removed the Boc protecting group in the presence
of tert-butyl ester to give the desired amine (14).

With both left-hand macrocycle and right-hand trip-
eptide fragments in hand, the stage was set to assemble
the final targets. Thus, methyl ester 8 was hydrolyzed
to acid 15 using lithium hydroxide (Scheme 3). Com-
pound 15 was coupled with amine 14 to afford an
R-hydroxyamide, which was oxidized to R-ketoamide 16
using Dess-Martin periodinane.12 Under low-temper-
ature coupling conditions, no racemization occurred at
the phenylalanine center. Treatment of 16 with trifluo-
roacetic acid provided carboxylic acid 17. Coupling of
17 with methylamine or dimethylamine under standard
conditions gave methyl amide 18 and dimethyl amide
19, respectively. The compounds were isolated as an
inseparable mixture of two diastereomers. The ratio of
the two diastereomers was in the range of 4:6 to 6:4 but
was compound specific.

To determine the effect of ring size on the potency of
the inhibitors, 16-membered macrocycle 21 was also
prepared through a reaction sequence similar to that
described in the synthesis of 17-membered macrocycle
8 in Scheme 1. Starting from amine 5, the ultimate
product R-ketoamide 23 was obtained after a number
of operations. Treatment of 23 with trifluoroacetic acid
converted it to carboxylic acid 24 (Scheme 4).

Results and Discussions
Macrocyclic compounds 16-19, 23, and 24 were

tested in an HCV continuous assay13 using the NS4A-
tethered single chain NS3 serine protease.14 The Ki*
value is a collective reflection of the equilibrium con-
stant, determined by the reversible covalent bond

formed between the ketone and serine hydroxyl, and
other interactions between the inhibitor and enzyme.15

The Ki* values along with standard errors for these
compounds are listed in Table 1. It was evident that
17-membered macrocyclic inhibitors were more potent
than 16-membered analogues. tert-Butyl ester 16 (17-
membered) was a modest inhibitor with a Ki* of 5.5 µM,
while 23 (16-membered) was inactive. Presumably, the
bulky tert-butyl group not only prevented hydrogen
bonding of the P2′ carbonyl with the enzyme backbone
but also had some detrimental steric interactions with
the protein surface. Seventeen-membered acid 17 (Ki*
) 0.16 µM) was a potent inhibitor that was eight times
more active than 16-membered derivative 24 (Ki* ) 1.2
µM). Both monomethyl and dimethyl amides (18 and
19) were also potent inhibitors (Ki* ) 0.17 and 0.31 µM,
respectively). This study clearly demonstrated that, with
the right ring size, macrocyclization increases the
potency of these inhibitors over that of acyclic analogue
1 26-50 times (17-19 vs 1).

The selectivity of compound 17 was measured against
human neutrophil elastase (HNE), which is the closest
serine protease to human hepatitis C virus NS3 pro-

Scheme 3a

a Reaction conditions: (a) LiOH, MeOH/THF/H2O, rt, 81%; (b)
14, DhBtOH, EDC, NMM, DMF/CH2Cl2, -20 °C, 74%; (c) Dess-
Martin periodinane, CH2Cl2, rt, 35%; (d) TFA, CH2Cl2, rt, quan-
titative; (e) methylamine hydrochloride, DhBtOH, EDC, NMM,
DMF/CH2Cl2, -20 °C, 58%; (f) dimethylamine, DhBtOH, EDC,
NMM, DMF/CH2Cl2, -20 °C, 46%.

Scheme 4a

a Reaction conditions: (a) 6-hydroxyhexanoic acid, DhBtOH,
EDC, NMM, LiOH, DMF/CH2Cl2, -20 °C, 39%; (b) n-Bu3P, ADDP,
CH2Cl2, rt, 74%; (c) LiOH, MeOH/THF/H2O, rt, 88%; (d) 14,
DhBtOH, EDC, NMM, DMF/CH2Cl2, -20 °C, 48%; (e) Dess-
Martin periodinane, CH2Cl2, rt, 70%; (f) TFA, CH2Cl2, rt, quan-
titative.

Table 1. Inhibitors of HCV NS3 Protease

compound R macrocycle ring size Ki* (µM)

1 NH2 8.0 ( 1.5
16 OtBu 17 5.5 ( 1.3
17 OH 17 0.16 ( 0.02
18 NHMe 17 0.17 ( 0.02
19 NMe2 17 0.31 ( 0.11
23 OtBu 16 >8.9
24 OH 16 1.2 ( 0.10
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tease. The ratio of Ki* values (HNE/HCV) was 5. This
indicated that compound 17 has a moderate selectivity
against another closely related protease.

The X-ray crystal structure of inhibitor 17 bound to
HCV NS3/NS4A protease was obtained (Figure 2). As
expected, the P1 (S)-diastereomer was more potent and
was observed in the crystal structure. A reversible
covalent bond was formed between the enzyme active
site serine (Ser139) hydroxyl and the ketone carbonyl
of the inhibitor. The resulting oxygen anion was stabi-
lized by hydrogen bonding with His57. The macrocycle
encircled the methyl group of Ala156. This established
a donut-shaped conformation that provided extra in-
teraction between the inhibitor and the protease. The
inhibitor-protease complex indicated that the smaller
16-membered ring was not large enough to properly
interact with the Ala156 residue. The n-propyl side
chain of the P1 norvaline fit very well within the S1
pocket. In addition, the aromatic ring of the P2′ phen-
ylglycine reaches to the other side of the Lys136 side
chain such that it formed a C-shaped clamp around the
lysine residue along with a P1 propyl group. Although
this phenomenon is not unique for macrocyclic inhibi-
tors, the clamping is part of the overall binding that
contributes to the potency of the compound. The inhibi-
tor also made multiple hydrogen bonds with the pro-
tease through its amide chain.

Conclusion
A concise synthesis of both 16- and 17-membered

macrocycles 8 and 21 has been accomplished. The
macrocyclization of phenol alcohols was achieved through
a Mitsunobu protocol using tri-n-butylphosphine and
1,1′-(azodicarbonyl)dipiperidine. The macrocycles have
been incorporated into HCV protease inhibitors as
peptidomimetics for the P2-P3 dipeptide moiety. When
tested in an HCV continuous assay, 17-membered
macrocyclic inhibitors were more potent than their 16-
membered analogues. Carboxylic acid 17 and amides
18 and 19 were potent inhibitors with Ki* values in the
range of 0.16-0.31 µM. They were 26-50 times more
active than acyclic analogue 1. tert-Butyl esters (16 and
23) were much less potent. The X-ray structure of
compound 17 bound to enzyme confirmed the formation
of a covalent bond between the ketone carbonyl and the

Ser139 hydroxyl of the protease. It also revealed that
the macrocycle adopted a donut-shaped conformation on
top of Ala156. A C-shaped clamping around the Lys136
side chain by the P1 norvaline and the P2′ phenylglycine
was also observed.

Experimental Section

General Methods. Reagents and solvents, including an-
hydrous tetrahydrofuran (THF), dichloromethane, and DMF,
were purchased from Aldrich or other commercial sources and
were used without further purification. Reactions that were
moisture sensitive or used anhydrous solvents were performed
under either a nitrogen or an argon atmosphere. Analytical
thin-layer chromatography (TLC) was performed on precoated
silica gel plates obtained from Analtech. Visualization was
accomplished with UV light or via staining with basic KMnO4

solution, ethanolic H2SO4, or Vaughn’s reagent. Compounds
were purified by flash chromatography either on a glass
column using Merck silica gel 60 (230-400 mesh) or on an
ISCO RediSep disposable silica gel column. NMR spectra were
recorded at 300, 400, or 500 MHz for 1H and at 75, 100, or
125 MHz for 13C on a Bruker or Varian spectrometer with
CDCl3 or DMSO-d6 as a solvent. The chemical shifts are given
in ppm and referenced to the internal TMS or deuterated
solvent signal.

N-tert-Butoxycarbonyl-(S)-cyclohexylglycine-(S)-m-ty-
rosine Methyl Ester (4). To a solution of (S)-m-tyrosine
methyl ester hydrochloride 3 (2.00 g, 8.63 mmol), N-tert-
butoxycarbonyl-(S)-cyclohexylglycine (2.30 g, 8.94 mmol), 3,4-
dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (DhBtOH) (1.50
g, 9.20 mmol), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiim-
ide (EDC) hydrochloride (1.99 g, 10.38 mmol) in anhydrous
DMF (100 mL) and CH2Cl2 (100 mL) at -20 °C was added
4-methylmorpholine (NMM) (3.00 mL, 27.3 mmol). After
stirring at this temperature for 30 min, the reaction mixture
was kept in a freezer for 18 h. It was then allowed to warm to
room temperature. EtOAc (300 mL), brine (100 mL), and 5%
aqueous H3PO4 solution (100 mL) were added. After separation
of the layers, the organic solution was washed consecutively
with 5% aqueous H3PO4 solution (150 mL), aqueous saturated
sodium bicarbonate solution (2 × 150 mL), water (150 mL),
and brine (150 mL). It was then dried over magnesium sulfate,
filtered, and concentrated in vacuo. Flash chromatography (2-
5% MeOH/CH2Cl2) afforded 4 (3.43 g, 88% yield) as a white
foam. 1H NMR (500 MHz, CDCl3) δ 7.42 (s, 1H), 7.12 (t, J )
7.6 Hz, 1H), 6.76 (dd, J ) 8.1, 1.7 Hz, 1H), 6.58-6.54 (m, 2H),
6.47 (d, J ) 7.5 Hz, 1H), 5.28 (d, J ) 9.1 Hz, 1H), 4.89-4.85
(m, 1H), 3.96 (dd, J ) 9.0, 7.0 Hz, 1H), 3.73 (s, 3H), 3.13 (dd,
J ) 13.7, 5.7 Hz, 1H), 3.04 (dd, J ) 13.7, 4.2 Hz, 1H), 1.75-
1.58 (m, 6H), 1.46 (s, 9H), 1.28-0.93 (m, 5H). 13C NMR (125
MHz, CDCl3) δ 171.5, 171.4, 156.5, 156.3, 136.3, 129.7, 120.4,
117.0, 114.5, 80.6, 59.8, 53.0, 52.4, 40.3, 36.8, 29.5, 28.4, 28.3,
25.9, 25.8. HRMS calcd for C23H35N2O6 (M + H)+: 435.2495.
Found: 435.2491.

H-(S)-Cyclohexylglycine-(S)-m-tyrosine Methyl Ester
Hydrochloride (5). A solution of 4 (10.0 g, 23.0 mmol) was
dissolved in a 4 M HCl solution in dioxane (100 mL) and stirred
at room temperature for 4 h. The reaction mixture was
concentrated in vacuo to give a solid residue, which was
suspended in ether (200 mL). The suspension was filtered, and
the solid was washed with ether and dried under vacuum to
give a white solid 5 (8.2 g, 96% yield). It was used in
subsequent reactions without further purification. 1H NMR
(400 MHz, CD3OD) δ 7.09 (t, J ) 8.0 Hz, 1H), 6.71-6.36 (m,
3H), 4.69 (dd, J ) 6.0, 3.2 Hz, 1H), 3.69 (s, 3H), 3.66 (d, J )
5.2 Hz, 1H), 3.15-3.10 (dd, J ) 5.6, 4.0 Hz, 1H), 1.87-1.69
(m, 6H), 1.32-1.10 (m, 5H).

N-6-Heptenoyl-(S)-cyclohexylglycine-(S)-m-tyrosine
Methyl Ester (6). The coupling of amine hydrochloride 5 (1.20
g, 3.23 mmol) and hept-6-enoic acid (0.610 g, 4.68 mmol) was
carried out in a manner similar to that described for the
preparation of 4. The crude product was purified by flash
chromatography (2-5% MeOH/CH2Cl2), which gave compound

Figure 2. X-ray structure of compound 17 bound to HCV NS3
protease.
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6 (1.36 g, 94% yield) as a white solid. 1H NMR (500 MHz,
CDCl3) δ 7.62 (s, 1H), 7.11 (t, J ) 7.7 Hz, 1H), 7.78 (dd, J )
8.2, 2.6 Hz, 1H), 6.51 (d, J ) 7.2 Hz, 1H), 6.45 (d, J ) 1.5 Hz,
1H), 6.36 (d, J ) 7.9 Hz, 1H), 6.26 (d, J ) 9.2 Hz, 1H), 5.81-
5.73 (m, 1H), 5.01-4.93 (m, 2H), 4.84-4.81 (m, 1H), 4.22 (t, J
) 8.7 Hz, 1H), 3.75 (s, 3H), 3.13 (dd, J ) 14.0, 5.4 Hz, 1H),
3.01 (dd, J ) 13.8, 4.3 Hz, 1H), 2.30 (t, J ) 7.6 Hz, 2H), 2.06
(q, J ) 7.0 Hz, 2H), 1.81-1.64 (m, 8H), 1.46-1.39 (m, 2H),
1.26-0.96 (m, 5H). 13C NMR (125 MHz, CDCl3) δ 174.4, 171.2,
170.8, 171.1, 156.7, 138.2, 135.9, 129.7, 120.3, 117.8, 114.9,
114.8, 58.7, 53.1, 52.5, 39.7, 36.5, 33.3, 29.6, 29.1, 28.4, 26.0,
25.7, 25.0. HRMS calcd for C25H37N2O5 (M + H)+: 445.2702.
Found: 445.2683.

N-7-Hydroxyheptanoyl-(S)-cyclohexylglycine-(S)-m-
tyrosine Methyl Ester (7). To the solution of 6 (1.46 g, 3.28
mmol) in anhydrous THF (60 mL) under nitrogen at 0 °C was
added a borane-THF solution (12 mL, 1.0 M, 12 mmol)
cautiously. The resulting solution was stirred at 0 °C for 1 h
and 40 min. Ethanol (4 mL) and a pH 7 buffer (8 mL) were
added, followed by aqueous 30% H2O2 solution (7.5 mL). After
stirring at 0 °C for 20 min, the mixture was warmed to room
temperature and stirred for 2 h. EtOAc (200 mL) and brine
(100 mL) were added, and the layers were separated. An
aqueous solution was extracted with EtOAc (2 × 150 mL). The
combined organic solution was dried with magnesium sulfate,
filtered, and concentrated under reduced pressure. Flash
chromatography (2-5% MeOH/CH2Cl2) afforded 7 (1.05 g, 2.18
mmol, 68% yield) as a white solid. 1H NMR (500 MHz, DMSO-
d6) δ 9.28 (s, 1H), 8.35 (d, J ) 7.3 Hz, 1H), 7.73 (d, J ) 9.2 Hz,
1H), 7.04-7.00 (m, 1H), 6.60-6.58 (m, 3H), 4.40-4.33 (m, 2H),
4.20 (dd, J ) 8.8, 7.3 Hz, 1H), 3.54 (s, 3H), 3.36-3.33 (m, 2H),
2.89 (dd, J ) 13.9, 6.3 Hz, 2H), 2.81 (dd, J ) 13.9, 8.7 Hz,
2H), 2.16-2.02 (m, 2H), 1.65-1.34 (m, 10H), 1.27-0.88 (m,
9H). 13C NMR (125 MHz, DMSO-d6) δ 172.9, 172.7, 172.1,
158.1, 139.3, 130.0, 120.4, 116.7, 114.4, 61.5, 57.3, 54.4, 52.6,
40.9, 37.4, 35.9, 33.3, 29.8, 29.4, 28.8, 26.7, 26.4, 26.3, 26.1.
HRMS calcd for C25H39N2O6 (M + H)+: 463.2813. Found:
463.2808.

Methyl 11(S)-Cyclohexyl-9,12-dioxo-2-oxa-10,13-diaza-
bicyclo[14.3.1]eicosa-1(20),16,18-triene-14(S)-carboxyl-
ate (8). To a solution of phenol alcohol 7 (1.00 g, 2.16 mmol)
and tri-n-butylphosphine (1.10 mL, 4.28 mmol) in anhydrous
CH2Cl2 (100 mL) and THF (40 mL) at 0 °C under an argon
atmosphere was added 1,1′-(azodicarbonyl)dipiperidine (ADDP)
(1.08 g, 4.28 mmol). After stirring at 0 °C for 1 h, the solution
was warmed to room temperature and stirred for another 3
h. TLC indicated complete consumption of the starting mater-
ial. After removal of solvent in vacuo, the residue was purified
by flash chromatography (0-3% MeOH/CH2Cl2) to afford
compound 8 (650 mg, 1.46 mmol, 68% yield). An analytical
sample was obtained through a second flash column chroma-
tography eluted with a gradient of 0-80% acetone/hexanes.
1H NMR (500 MHz, DMSO-d6) δ 8.61 (d, J ) 8.3 Hz, 1H), 7.81
(d, J ) 9.4 Hz, 1H), 7.15 (t, J ) 7.9 Hz, 1H), 6.74 (d, J ) 7.6
Hz, 1H), 6.69 (dd, J ) 8.2, 2.2 Hz, 1H), 6.63 (s, 1H), 4.75-
4.71 (m, 1H), 4.29 (t, J ) 8.6 Hz, 1H), 3.96-3.92 (m, 1H), 3.79-
3.74 (m, 1H), 3.66 (s, 3H), 3.15 (d, J ) 14.2 Hz, 1H), 2.94 (dd,
J ) 16.0, 12.0 Hz, 2H), 2.30-2.25 (m, 1H), 2.00-1.96 (m, 1H),
1.70-0.83 (m, 19H). 13C NMR (125 MHz, DMSO-d6) δ 172.1,
171.7, 171.5, 158.9, 139.0, 129.1, 121.1, 113.0, 111.9, 66.4, 56.1,
52.1, 50.7, 40.7, 34.9, 34.2, 28.8, 28.4, 26.8, 26.3, 26.0, 25.6,
25.5, 25.3, 24.2. HRMS calcd for C25H37N2O5 (M + H)+:
445.2685. Found: 445.2702.

3-tert-Butoxycarbonylamino-2-hydroxyhexanoic Acid
(11). To a stirred solution of 1-nitrobutane (16.5 g, 0.160 mol)
and glyoxylic acid monohydrate (28.1 g, 0.305 mol) in MeOH
(120 mL) at 0 °C was added triethylamine (93.0 mL, 0.667 mol)
dropwise over 2 h. The solution was warmed to room temper-
ature, stirred overnight, and concentrated to an oil. The oil
was dissolved in water (100 mL), and the solution was acidified
to pH ) 1 with 10% aqueous HCl solution and extracted with
EtOAc (3 × 200 mL). The combined organic solution was
washed with brine, dried over Na2SO4, filtered, and concen-
trated to dryness to give 3-nitro-2-hydroxyhexanoic acid (28.1

g, 99% yield). To a stirred solution of the nitro-acid (240 g,
1.35 mol) in acetic acid (1.25 L) was added 10% Pd/C (37 g).
The resulting solution was hydrogenated at 59 psi for 20 h.
The acetic acid was then evaporated, and the residue was
azeotroped three times with toluene. It was then triturated
with MeOH and ether. The solid that formed was separated
by filtration and azeotroped twice with toluene to give the
amino acid product as an off-white solid (131 g, 66% yield).
To a stirred solution of this amino acid (2.0 g, 13.6 mmol) in
dioxane (10 mL) and H2O (5 mL) at 0 °C was added a 1 N
aqueous NaOH solution (14.0 mL, 14.0 mmol). After stirring
for 10 min, di-tert-butyl dicarbonate (3.10 g, 14.0 mmol) was
added and the mixture was stirred for 15 min at 0 °C. It was
then warmed to room temperature and stirred for an ad-
ditional 45 min before it was placed in a refrigerator overnight.
The reaction was then concentrated to dryness. The residue
was dissolved in EtOAc (100 mL). Ice (∼50 g), KHSO4 (3.36
g), and H2O (32 mL) were added, and the mixture was stirred
for 5 min. The layers were then separated, and the aqueous
layer was extracted twice with EtOAc (2 × 50 mL); the
combined organic solution was washed with water and brine,
dried (Na2SO4), filtered, and concentrated to dryness to yield
the product, 11 (3.0 g, 89% yield), as a mixture of four
diastereomers. HRMS calcd for C11H22NO5 (M + H)+: 248.1498.
Found: 248.1510.

(3-tert-Butoxycarbonylamino-2-hydroxyhexanoylami-
no)acetic Acid Benzyl Ester (12). The coupling of carboxylic
acid 11 (3.00 g, 12.0 mmol) and glycine benzyl ester hydro-
chloride (2.56 g, 13.0 mmol) was carried out in a manner
similar to that described for the preparation of 4. The crude
product was purified by flash chromatography (25-50%
acetone/hexanes) to afford dipeptide 12 (4.50 g, 95% yield) as
a mixture of four diastereomers. HRMS calcd for C20H31N2O6

(M + H)+: 395.2182. Found: 395.2199.
(3-tert-Butoxycarbonylamino-2-hydroxyhexanoylami-

no)acetic Acid (13). To a solution of the benzyl ester 12 (4.50
g, 11.4 mmol) in ethanol (50 mL) was added 5% Pd/C (1.0 g).
The mixture was stirred vigorously under a hydrogen atmo-
sphere at room temperature for 3 h before it was filtered
through a Celite pad. The filter cake was washed with EtOAc
(2 × 30 mL). The solution was concentrated under reduced
pressure to afford the product, 13 (3.40 g, 98% yield), as a
mixture of four diastereomers. LRMS m/z MH+: 305. HRMS
calcd for C13H25N2O6 (M + H)+: 305.1713. Found: 305.1699.

[2-(3-Amino-2-hydroxyhexanoylamino)acetylamino]-
phenylacetic Acid tert-Butyl Ester Hydrochloride (14).
The coupling of carboxylic acid 13 (2.00 g, 6.57 mmol) and
phenyl glycine tert-butyl ester hydrochloride (1.76 g, 6.57
mmol) was carried out in a manner similar to that described
for the preparation of 4. The crude product was purified by
flash chromatography (1:1 EtOAc/hexanes) to afford a tripep-
tide product (2.60 g, 80% yield) as a mixture of four
diastereomers. HRMS calcd for C25H40N3O7: 494.2866. Found:
494.2863. A solution of this tert-butyl ester (2.6 g, 5.30 mmol)
in 2 M HCl in EtOAc/dioxane (1:1) was stirred at room
temperature for 15 min. The reaction mixture was concen-
trated in vacuo to yield 14 (2.11 g, quantitative yield) as a
pale yellow solid, which was used in subsequent reactions
without further purification. HRMS calcd for C20H32N3O5 (M
+ H)+: 394.2342. Found: 394.2336.

11(S)-Cyclohexyl-9,12-dioxo-2-oxa-10,13- diazabicyclo-
[14.3.1]eicosa-1(20),16,18-triene-14(S)-carboxylic Acid (15).
To a solution of methyl ester 8 (330 mg, 0.742 mmol) in THF
(20 mL) and ethanol (10 mL) at room temperature was added
an aqueous solution of lithium hydroxide (70 mg, 15 mL of
H2O, 2.92 mmol). The mixture was stirred at room tempera-
ture for 3 h. The progress of the reaction was monitored by
TLC. After the solution was concentrated in vacuo to one-third
of its original volume, EtOAc (60 mL), 1 N HCl solution (10
mL), and water (20 mL) were added and the layers were
separated. The aqueous solution was extracted with EtOAc
(2 × 50 mL). Organic solutions were combined, dried with
magnesium sulfate, filtered, and concentrated to afford 15 (260
mg, 81% yield) as a white solid. 1H NMR (500 MHz, DMSO-

Inhibitors of Hepatitis C Virus NS3 Serine Protease Journal of Medicinal Chemistry, 2005, Vol. 48, No. 20 6233



d6) δ 12.7 (bs, 1H), 8.46 (d, J ) 8.2 Hz, 1H), 7.78 (d, J ) 9.4
Hz, 1H), 7.16-7.13 (m, 1H), 6.75 (d, J ) 7.5 Hz, 1H), 6.69 (dd,
J ) 8.2, 1.9 Hz, 1H), 6.63 (s, 1H), 4.64-4.60 (m, 1H), 4.28 (t,
J ) 8.5 Hz, 1H), 3.96-3.92 (m, 1H), 3.78-3.74 (m, 1H), 3.14
(d, J ) 14.3 Hz, 1H), 3.92 (dd, J ) 16.2, 11.7 Hz, 1H), 2.30-
2.25 (m, 1H), 2.00-1.96 (m, 1H), 1.69-1.39 (m, 10H), 1.34-
0.85 (m, 9H). 13C NMR (125 MHz, DMSO-d6) δ 173.3, 171.6,
171.3, 158.8, 139.4, 129.1, 121.2, 113.1, 111.8, 66.4, 56.2, 50.8,
40.8, 35.1, 34.2, 28.8, 28.3, 26.9, 26.3, 26.0, 25.6, 25.5, 25.3,
24.2. HRMS calcd for C24H35N2O5 (M + H)+: 431.2564.
Found: 431.2546.

1,1-Dimethylethyl-R-(S)-[[[[3-[[(11(S)-cyclohexyl-2-oxa-
10,13-diazabicyclo[14.3.1]eicosa-1(20),16,18-trien-14(S)-
yl)carbonyl]amino]-1,2-dioxohexyl]amino]acetyl]amino]-
benzeneacetate (16). The coupling of macrocyclic acid 15
(0.215 g, 0.499 mmol) and tripeptide amine hydrochloride 14
(0.220 g, 0.513 mmol) was carried out in a manner similar to
that described for the preparation of 4. The intermediate
product, R-hydroxyamide, was obtained as a mixture of dia-
stereomers (0.270 g, 0.335 mmol, 74% yield), which was used
in subsequent reactions without further purification. To the
solution of this product (0.290 g, 0.36 mmol) in anhydrous CH2-
Cl2 (60 mL) at room temperature was added 1,1,1-tris-
(acetyloxy)-1,1-dihydro-1,2-benziodoxol-3-(1H)-one (Dess-Mar-
tin reagent) (0.450 g, 1.06 mmol). The mixture was stirred for
3 h. Saturated aqueous sodium bicarbonate and sodium
thiosulfate solutions (40 mL each) were added. After stirring
for 10 min, the layers were separated. The aqueous solution
was extracted with CH2Cl2 (2 × 50 mL). The organic solutions
were combined, dried with magnesium sulfate, filtered, and
concentrated in vacuo. Flash chromatography (1-5% MeOH/
CH2Cl2) afforded 16 (100 mg, 0.124 mmol, 35% yield) as a
mixture of diastereomers. The two diastereomers were insepa-
rable under a variety of solvent combinations. The ratio of the
two isomers was in the range of 4:6 to 6:4 but was compound
specific and depended on the reaction conditions. HRMS calcd
for C44H61N5O9 (M + H)+: 804.4542. Found: 804.4548.

1,1-Dimethylethyl-R-(S)-[[[[3-[[(11(S)-cyclohexyl-2-oxa-
10,13-diazabicyclo[14.3.1]eicosa-1(20),16,18-trien-14(S)-
yl)carbonyl]amino]-1,2-dioxohexyl]amino]acetyl]amino]-
benzeneacetic Acid (17). A solution of tert-butyl ester 16
(56.8 mg, 0.0706 mmol) in trifluoroacetic acid (15 mL) and CH2-
Cl2 (15 mL) was stirred at room temperature for 4 h. The
mixture was concentrated in vacuo. The residue was redis-
solved in 1:1 MeOH/CH2Cl2 (3 mL) and concentrated to dryness
to afford product 17 (53 mg, 0.0707 mmol, quantitative) as a
mixture of diastereomers. HRMS calcd for C40H54N5O9 (M +
H)+: 748.3947. Found: 748.3922.

11(S)-Cyclohexyl-N-[1-[2-[[2-[[2-(methylamino)-2-oxo-
1(S)-phenylethyl]amino]-2-oxoethyl]amino]-1,2-dioxo-
ethyl]butyl]-9,12-dioxo-2-oxa-10,13-diazabicyclo[14.3.1]-
eicosa-1(20),16,18-triene-14(S)-carboxamide (18). Coupling
of acid 17 (60 mg, 0.080 mmol) and methylamine hydrochloride
(7.0 mg, 0.104 mmol) was carried out in a manner similar to
that described for the preparation of 4. The product was
purified by flash chromatography (0-5% MeOH/CH2Cl2) to
afford compound 18 as a mixture of diastereomers (35 mg, 58%
yield). HRMS calcd for C41H57N6O8 (M + H)+: 761.4238.
Found: 761.4230.

11(S)-Cyclohexyl-N-[1-[2-[[2-[[2-(dimethylamino)-2-oxo-
1(S)-phenylethyl]amino]-2-oxoethyl]amino]-1,2-dioxo-
ethyl]butyl]-9,12-dioxo-2-oxa-10,13-diazabicyclo[14.3.1]-
eicosa-1(20),16,18-triene-14(S)-carboxamide (19). Coupling
of acid 17 (65 mg, 0.087 mmol) and dimethylamine (6.0 µL,
0.113 mmol) was carried out in a manner similar to that
described for the preparation of 4. The product was purified
by flash chromatography (0-5% MeOH/CH2Cl2) to afford
compound 19 as a mixture of diastereomers (31 mg, 46% yield).
HRMS calcd for C42H59N6O8 (M + H)+: 775.4394. Found:
775.4406.

2-[2-Cyclohexyl-2-(5-hydroxypentanoylamino)acetyl-
amino]-3-(3-hydroxyphenyl)propionic Acid Methyl Ester
(20). Coupling of 6-hydroxyhexanoic acid (0.620 g, 75% pure,
3.52 mmol) and amine hydrochloride 5 (0.922 g, 2.37 mmol)

was carried out in a manner similar to that described for the
preparation of 4. The product was purified by flash chroma-
tography (10-50% EtOAc/CH2Cl2) to afford compound 20
(0.430 g, 39% yield). 1H NMR (500 MHz, CDCl3) δ 8.09 (s, 1H),
7.11 (t, J ) 8.0 Hz, 1H), 6.78-6.76 (m, 1H), 6.52-6.49 (m, 2H),
6.43-6.35 (m, 2H), 4.88-4.83 (m, 1H), 4.18 (t, J ) 8.6 Hz, 1H),
4.09-4.05 (m, 1H), 3.75 (s, 3H), 3.68-3.66 (m, 1H), 3.11 (dd,
J ) 13.5, 5.3 Hz, 1H), 3.04 (dd, J ) 13.5, 4.4 Hz, 1H), 2.68 (bs,
1H), 2.36-2.28 (m, 1H), 1.81-1.56 (m, 12H), 1.46-1.37 (m,
2H), 1.25-0.94 (m, 5H). 13C NMR (125 MHz, CDCl3) δ 174.5,
171.2, 171.0, 156.8, 136.0, 129.8, 120.2, 117.5, 114.9, 62.1, 58.9,
53.0, 52.5, 39.6, 36.7, 36.0, 31.5, 29.6, 29.1, 26.0, 25.8, 25.7,
24.8, 24.3. HRMS calcd for C24H36N2O6: 449.2652. Found:
449.2641.

10-Cyclohexyl-8,11-dioxo-2-oxa-9,12-diazabicyclo[13.3.1]-
nonadeca-1(19),15,17-triene-13-carboxylic Acid Methyl
Ester (21). Macrocyclization of 20 (0.420 g, 0.936 mmol) was
carried out in a manner similar to that described for the
preparation of 8. The product was purified by flash chroma-
tography (1-5% MeOH/CH2Cl2) to afford compound 21 (0.300
g, 74% yield). 1H NMR (500 MHz, CDCl3) δ 7.18 (t, J ) 7.8
Hz, 1H), 6.72 (dd, J ) 7.5, 2.2 Hz, 1H), 6.69 (d, J ) 7.5 Hz,
1H), 6.58 (d, J ) 2.0 Hz, 1H), 6.37 (d, J ) 7.8 Hz, 1H), 5.99 (d,
J ) 9.2 Hz, 1H), 4.86 (td, J ) 8.1, 4.0 Hz, 1H), 4.25 (t, J ) 8.5
Hz, 1H), 4.06-4.02 (m, 2H), 3.82 (s, 3H), 4.32 (dd, J ) 14.3,
3.8 Hz, 1H), 2.83 (dd, J ) 14.3, 8.5 Hz, 1H), 2.31 (ddd, J )
14.2, 7.3, 5.0 Hz, 1H), 2.12 (ddd, J ) 14.2, 9.2, 4.6 Hz, 1H),
1.82-1.39 (m, 14H), 1.29-0.96 (m, 5H). 13C NMR (125 MHz,
CDCl3) δ 173.0, 172.2, 171.2, 159.0, 137.9, 130.1, 121.6, 117.7,
113.0, 68.2, 58.3, 53.4, 53.2, 41.5, 38.2, 36.5, 29.8, 29.3, 28.3,
26.6, 26.3, 26.2, 25.8, 25.2. HRMS calcd for C24H34N2O5 (M +
H)+: 431.2546. Found: 431.2545.

10-Cyclohexyl-8,11-dioxo-2-oxa-9,12-diazabicyclo[13.3.1]-
nonadeca-1(19),15,17-triene-13-carboxylic Acid (22). Hy-
drolysis of methyl ester 21 (0.280 g, 0.650 mmol) was carried
out in a manner similar to that described for the preparation
of compound 15 to afford carboxylic acid 22 (0.238 g, 88%
yield). 1H NMR (500 MHz, DMSO-d6) δ 12.74 (bs, 1H), 8.47
(d, J ) 8.8 Hz, 1H), 7.72 (d, J ) 9.4 Hz, 1H), 7.14 (t, J ) 7.9
Hz, 1H), 6.78-6.76 (m, 1H), 6.68 (s, 1H), 4.50-4.45 (m, 1H),
4.24 (t, J ) 9.1 Hz, 1H), 4.08-4.03 (m, 1H), 4.01-3.96 (m, 1H),
3.07 (dd, J ) 14.3, 2.0 Hz, 1H), 2.77 (dd, J ) 14.3, 11.8 Hz,
1H), 2.26-2.20 (m, 1H), 1.93-1.88 (m, 1H), 1.63-1.43 (m,
10H), 1.38-1.22 (m, 4H), 1.20-0.84 (m, 5H). 13C NMR (125
MHz, DMSO-d6) δ 173.1, 171.7, 171.0, 158.2, 139.7, 129.2,
121.3, 116.8, 112.0, 66.9, 56.5, 52.1, 40.5, 35.9, 34.6, 28.9, 28.6,
27.7, 26.0, 25.5, 25.4, 24.9, 24.4. HRMS calcd for C23H32N2O5

(M + H)+: 417.2389. Found: 417.2379.
1,1-Dimethylethyl-R-(S)-[[[[3-[[(10(S)-cyclohexyl-8,11-

dioxo-2-oxa-9,12-diazabicyclo[13.3.1]nonadeca-1(19),15,-
17-trien-13(S)-yl)carbonyl]amino]-1,2-dioxohexyl]ami-
no] acetyl]amino]benzene Acetate (23). Coupling of
carboxylic acid 22 (0.230 g, 0.552 mmol) and tripeptide amine
hydrochloride 14 (0.262 g, 0.609 mmol) was carried out in a
manner similar to that described for the preparation of 4 to
give an R-hydroxy amide pentapeptide intermediate (0.210 g,
48% yield). This crude product (0.200 g, 0.253 mmol) was
oxidized with Dess-Martin periodinane in a manner similar
to that described for the preparation of compound 16. The
product was purified by flash chromatography (1-5% MeOH/
CH2Cl2) to afford compound 23 (0.140 g, 70% yield) as a
mixture of diastereomers. HRMS calcd for C43H60N5O9 (M +
H)+: 790.4391. Found: 790.4426.

R-(S)-[[[[3-[[(10(S)-Cyclohexyl-8,11-dioxo-2-oxa-9,12-
diazabicyclo[13.3.1]nonadeca-1(19),15,17-trien-13(S)-yl)-
carbonyl]amino]-1,2-dioxohexyl]amino]acetyl]amino]-
benzeneacetic Acid (24). Carboxylic acid 24 was obtained,
as a mixture of diastereomers, in a manner similar to that
described for the preparation of compound 17 in quantitative
yield. HRMS calcd for C39H52N5O9 (M + H)+: 734.3765.
Found: 734.3747.
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