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Macrocyclization is a commonly used strategy to preorganize HCV NS3 protease inhibitors in their bio-
active conformation. Moreover, macrocyclization generally leads to greater stability and improved phar-
macokinetic properties. In HCV NS3 protease inhibitors, it has been shown to be beneficial to include a
vinylated phenylglycine in the P2 position in combination with alkenylic P10 substituents. A series of
14-, 15- and 16-membered macrocyclic HCV NS3 protease inhibitors with the linker connecting the P2
phenylglycine and the alkenylic P10 were synthesized by ring-closing metathesis, using both microwave
and conventional heating. Besides formation of the expected macrocycles in cis and trans configuration as
major products, both ring-contracted and double-bond migrated isomers were obtained, in particular
during formation of the smaller rings (14- and 15-membered rings). All inhibitors had Ki-values in the
nanomolar range, but only one inhibitor type was improved by rigidification. The loss in inhibitory effect
can be attributed to a disruption of the beneficial p–p interaction between the P2 fragment and H57,
which proved to be especially deleterious for the D-phenylglycine epimers.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is estimated that 130–170 million people, or 2.2–3.0% of the
world’s population are infected by hepatitis C virus (HCV).1 HCV is
a serious health problem that has become the major reason for liver
transplantations in the western world.2 The standard of care consists
of the broad-spectrum antiviral agent ribavirin, in combination with
pegylated interferon-a, taken for 24–48 weeks. The treatment is
often associated with severe side effects and is only efficient for
45–50% of the patients, depending on the viral genotype.3 Therefore,
much effort has been dedicated to the important search for new and
more effective therapies, a fact, that is, reflected by the number of
drug candidates pending in clinical trials. The expansion of drug-
resistant strains of HCV might aggravate anti-HCV therapy and is
an issue to consider when developing new drugs.

HCV belongs to the Flaviviridae family and contains single
stranded (+) RNA. After entry of virus into the host cell, the
cytoplasm receives the viral RNA from which a viral polyprotein of
3000 amino acids is synthesized. The polyprotein is further
processed into four structural and six non-structural viral proteins.
ll rights reserved.

: +46 18 471 4474.
. Sandström).
The structural proteins C, E1, E2 and p7 are needed to build the viral
capsid while the non-structural (NS) proteins NS2, NS3, NS4A, NS4B,
NS5A, and NS5B are involved in the viral replication machinery.4–7

Of the viral proteins, NS3 is one of the most extensively examined
targets for anti-HCV therapy.8 NS3 is a dual-activity enzyme of both
serine protease and helicase/NTPase activities. In combination with
its cofactor NS4A, NS3 is responsible for processing the cleavage
between NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B.9 Also, recent
data suggest that the NS3 protease interferes with the antiviral
defense signaling processes of the infected cell, thereby assisting a
more persistent HCV infection.10 Early studies showed that knock-
out of the NS3/4A protease activity by point mutations in an HCV
RNA transcript resulted in interruption of viral replication in vivo.11

Later, proof of concept was established in humans when administra-
tion of the HCV NS3 protease inhibitor BILN-2061 reduced HCV RNA
plasma levels significantly, something that has also been established
by ensuing inhibitors.12

A characteristic of the NS3 protease is that it is inhibited by its
N-terminal cleavage product,13,14 a property that has been exploited
in the development of product-based NS3 protease inhibitors. Such
inhibitors possess a C-terminal acidic functionality, typically a car-
boxylic acid or a bioisostere thereof, for example, an acylsulfona-
mide (see Fig. 1). Other HCV NS3 protease inhibitors are based on
a C-terminal electrophilic group, such as an a-ketoamide, capable
of forming a covalent, reversible bond with the catalytic serine.
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Figure 1. Macrocyclic product-based HCV NS3 protease inhibitors that have been, or are, in clinical trials: Ciluprevir,12 Danoprevir,25,26 TMC43527 and Vaniprevir.28,29
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There are currently several HCV NS3 protease inhibitors in differ-
ent phases of clinical trials. Two of the electrophilic inhibitors, tela-
previr (Vertex Pharmaceuticals) and boceprevir (Merck & Co., Inc.),
have recently been approved by FDA.15,16 Four of the product based
inhibitors that have been or are at present, in clinical trials are out-
lined in Figure 1. Common features are a proline or a proline mimic
(TMC435) in the P2 position and a macrocycle linker connecting the
P3 and P1 side chains (Ciluprevir, Danoprevir, and TMC435) or con-
necting the P3 capping group and the P2 substituent (Vaniprevir).
Inhibitors based on peptide sequences often suffer from low bio-
availability and poor pharmacokinetic properties.17 Common strat-
egies to overcome these problems involve incorporation of
unnatural amino acids,18,19 peptide isosteres20 or macrocycles21,22

in the peptide sequence. If macrocyclization preorganizes the inhib-
itor in its bioactive conformation it can interact with the protease
with reduced loss of entropy and enhanced binding. Indeed, macro-
cyclization has proven to be a successful approach for several prod-
uct based HCV NS3 protease inhibitors.23,24

We have previously reported on phenylglycine (Phg) as an
alternative P2 moiety in HCV NS3 protease inhibitors,30 invoking
an advantageous resistance profile31 and structure–activity rela-
tionships different from proline-based inhibitors. Some structural
moieties, such as the vinyl-ACCA in P1, that are optimized to suit
proline-based inhibitors are rarely beneficial for phenylglycine-
based inhibitors. These findings suggest an alternative binding
mode for phenylglycine-based inhibitors. For example, phenylgly-
cine might interact with the catalytic H57 by p–p stacking.30 The
aromaticity of phenylglycine also allows for chemical modifica-
tions that can be used in optimization processes. Both modeling
and inhibition experiments suggest that phenylglycine-based
inhibitors have the possibility to retain the same conformation
when binding to A156T and D168V mutated forms of the protease
as when binding to the wild-type enzyme. In contrast, mutated
forms of protease create an imposed change in binding conforma-
tion for P2 proline based compounds, and thereby loss of inhibitory
potency.32 Yet, an X-ray structure of a phenylglycine-based inhib-
itor co-crystallized with the enzyme would be required to draw
accurate conclusions about the binding conformation. Although
phenylglycine-based inhibitors are promising alternatives to the
proline-based inhibitors, significant improvements in inhibitory
potencies are required.

An optimization strategy previously reported by us33 includes
the introduction of a vinyl in the 3-position of the phenylglycine
and an alkenylic P10 elongation (Compounds A, Fig. 2). Especially
the alkenylic P10 extensions proved to be beneficial for inhibitory
effects of the compounds. However, a positive effect of the vinylic
substitution was observed for the inhibitors based on D-phenylgly-
cine, which according to modeling could be due to a postulated
p–p interaction between H57 and mainly the vinyl in this case
(Fig. 2).30,33

Docking further indicated proximity between the alkenylic P10

linker and the P2 position (see Fig. 2), which inspired us to explore
the corresponding macrocyclization. Although the vinyl and the
P10 side chain are positioned in opposite directions in the model,
we were interested in investigating the outcome of a corresponding
macrocyclization. To our knowledge, similar types of P2–P10 macro-
cyclizations have not been explored thoroughly in HCV NS3 protease
inhibitors previously, besides that described in a very recent patent
application on proline-based inhibitors.34 In addition, we expected
that macrocyclization could help in validating the accuracy of the
model as well as probing the bioactive conformation of phenylgly-
cine-based inhibitors.

Herein the synthesis and biochemical evaluation of a series of
tripeptidic P2 phenylglycine-based HCV NS3 protease inhibitors
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Figure 2. Above: Acyclic P2 phenylglycine-based inhibitors based on L-phenylglycine (to the left) and D-phenylglycine (to the right), with the binding pockets of the protease
indicated (S3–S10). Below: Docked poses of the compounds above in the full length NS3 protease binding site (PDB code: 1CU1). The protease residues are displayed as
sticks.33 A p–p interaction between H57 and the phenyl of the L-phenylglycine (to the left) compound is suggested in the docking solution, whereas the vinyl is proposed to
take a larger part in the H57 interaction for the D-phenylglycine compound (to the right). The measured distances in Angstrom between the P10-linker and the P2 residue are
indicated in red (i.e., 4.7 Å and 6.1 Å in the compounds based on L-phenylglycine and D-phenylglycine, respectively).
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encompassing a macrocycle spanning P10 and P2 is reported. The
macrocyclic inhibitors were synthesized using ring-closing
metathesis and include 14–16-membered macrocycles with
different aromatic or aliphatic moieties built into the linker. Several
products were formed during the metathesis reaction, both ring-
contracted and double-bond migrated products. The product
pattern was further complicated by the presence of both L- and
D-phenylglycine epimers. Although the product picture was very
complex, we managed to isolate several potential inhibitors that
provided us with a SAR and information about the bioactive
conformation.

2. Results

2.1. Chemistry

Dipeptidic compounds 1–5 (Scheme 1), with vinylated phenyl-
glycine and various alkenylic elongations in P10 were all synthe-
sized as described previously. Due to racemization of the
phenylglycine during the Suzuki vinylation, compounds 1–5 were
mixtures of L-Phg and D-Phg isomers in a 2:1 ratio.33 Ring-closing
metathesis of compounds 1–5 led to the isolated macrocyclic prod-
ucts 1a–d, 2a–b, 3a–f and 4a–d (Scheme 1). Not all of compounds
1–5 underwent ring-closure by conventional heating in toluene
using Grubb’s 2nd catalyst at 85 �C, so various ruthenium catalysts,
solvents, additives and temperatures were eventually used (vide
infra). It should be emphasized that several isomers were formed
during the ring-closure and their isolation was sometimes extre-
mely difficult, a fact that influenced the final yields significantly.
Only pure middle fractions were collected and only the inhibitors
that could be isolated in pure form were evaluated in the inhibition
assay.

Compound 1, containing an o-allyl benzenesulfonamide in the
P10 position, was mixed with Grubb’s 2nd catalyst and heated in
toluene to 85 �C. The starting material was fully consumed only
after 40 h of heating and with addition of more catalyst halfway
through the reaction. The Boc protecting group was removed using
HCl in dioxane and the product subsequently coupled to Boc-L-tLeu
using N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridine-1-
yl-methylene]-N-methylmethaneaminium hexafluorophosphate
N-oxide (HATU) and N,N-diisopropylethylamine (DIEA) in DMF.
NMR analysis of the purified material revealed that the major
product was the expected 15-ring in cis configuration (1a). In addi-
tion, the 14-membered rings 1b (cis) and 1c (trans) were obtained.
Reduction of 1a with PtO2 in methanol under H2-atmosphere
yielded the saturated compound 1d.

From compound 2, with a 1-allylcyclopropane sulfonamide in
the P10 position, the desired 14-membered ring was produced in
very low yield using the standard conditions. However, micro-
wave-heating at 110 �C for 5 min in trifluorotoluene led to almost
full conversion of the starting material. It should be noted that the
Boc group remained intact despite the increase in temperature. No
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ring-contraction was observed in this case. After subsequent HATU
mediated coupling with Boc-L-tLeu, the L- and D-phenylglycine iso-
mers (2a and 2b, respectively) with cis configuration could be iso-
lated by RP-HPLC.

The same microwave method was used on compound 3, bearing a
4-pentene sulfonamide. After ring-closure followed by coupling
with Boc-L-tLeu several products could be isolated. Thus, both cis
(3a, 3c) and trans (3b) products of the expected 15-memberd rings,
in both the L- (3a and 3b) and D- (3c) phenylglycine configuration
were formed. Migration of the double-bond resulted in 3d (15-ring)
in a cis/trans ratio of 1:2. Ring-contraction was also observed (3e,
14-ring), as well as ring-contraction with double-bond migration
(3f, 14-ring).

The results above showed that ring-closure of 1, 2 and 3 required
different methods. For example, 2 did not cyclize using conventional
heating, while it was almost fully converted using the microwave
method. For compound 3 microwave-heating resulted in ring-
contraction and double-bond migration besides formation of the ex-
pected product. Although the problems with double-bond migration
and ring-contraction described above paradoxically led to isolation
of several potential inhibitors, we wanted to examine what impact
the different methods had on the outcome of the reaction and if
the increased temperature and microwave irradiation resulted in
formation of more ring-contracted and double-bond migrated prod-
ucts. Consequently, the ring-closing metathesis reaction of the next
compound (4), with a 5-hexene sulfonamide, was carried out using
three different methods. The reaction products were analyzed by
chiral HPLC, LC–MS and NMR. Method 1, using Grubb’s 2nd catalyst
in toluene and conventional heating at 85 �C, was compared toMeth-
od 2, using Grubb’s 2nd catalyst in trifluorotoluene and heating at
110 �C by microwave irradiation, and Method 3, using Hoveyda-
Grubb’s 2nd catalyst in dichloroethane, p-benzoquinone, and micro-
wave irradiation at 130 �C. p-Benzoquinone has previously been
shown to reduce the amount of undesired ring-contracted and
double-bond migrated isomers during ring-closing metathesis.35

However, in this case no double-bond migration occurred and
contracted rings were formed in only 5–8% of the total conversion
yield (Table 1). The presence of p-benzoquinone did not reduce the
amount of ring-contracted product. It seems, therefore, that the for-
mation of different isomers is more dependent on the substrate.
Thus, the expected products (16-membered rings) from the diaste-
reomeric starting material 4 (based on the enantiomeric pair of
L- and D-phenylglycine) are formed in ca. 92–95% yield and the
ring-contracted products in a total yield of ca. 5–8%. It might be
worth mentioning that the Boc protecting group remained intact
in all cases despite which method was used.
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Products formed using three different methods for ring-closing metathesis of compound 4
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cis, L-Phg,
precursor to 4c

trans, L-Phg,
precursor to 4a

cis, D-Phg,
final product not isolated

Ring contractiontrans, D-Phg,
precursor to 4b 

4

Method 1 58.4% 23.1% 7.7% 5.3% 5.1%
Method 2 54.9% 20.2% 13.6% 4.2% 7.1%
Method 3 51.7% 20.9% 15.1% 4.3% 7.9%

Method 1: Grubb’s 2nd catalyst, toluene, 85 �C, 6 h. Method 2: Grubb’s 2nd catalyst, trifluorotoluene, MW, 110 �C, 5 min. Method 3: Hoveyda-Grubb’s 2nd catalyst, dichlo-
roethane, p-benzoquinone, MW, 130 �C, 5 min.
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After deprotection of the crude material obtained from ring-
closing metathesis of 4 and coupling with Boc-L-tLeu the
corresponding final products 4a with trans configuration (16-ring,
L-Phg isomer), 4b with trans configuration (16-ring, D-Phg isomer)
and 4c with cis configuration (16-ring, L-Phg isomer) could be iso-
lated in pure form by preparative chiral HPLC. However, the satu-
rated 16-ring 4d was obtained by reduction of a mixed fraction of
the L-phenylglycine isomer products 4a and 4c, using PtO2 in meth-
anol under H2-atmosphere.

For the cyclization of 5 with an o-vinylbenzene sulfonamide
aiming at a 14-membered ring, several methods were tried. Heat-
ing of 5 with Grubb’s 2nd catalyst in toluene 85 �C resulted in very
small amounts of desired product (14-ring), a small amount of
polymer and mostly starting material remained after 77 h. Change
of method, to microwave irradiation at 110 �C for 5 min with
Grubb’s 2nd catalyst in trifluorotoluene gave the same unsatisfying
result, as did change of catalyst to Hoveyda-Grubb’s 2nd catalyst
and microwave irradiation at 120 �C for 10 min in trifluorotoluene.
A last attempt to ring-close compound 5 was made with [1,3-bis(2-
methylphenyl)-2-imidazolidinylidene]dichloro-(benzylidene)(tri-
cyclophosphine)ruthenium(II), a catalyst designed for ring-closing
metathesis of sterically hindered olefins, heated in trifluorotoluene
by microwave irradiation at 130 �C for 1 h. Yet again, no formation
of product could be seen. Thereafter, no further attempts in ring-
closing 5 were made.

2.2. Biochemical evaluation

Ki-Values for compounds 1a–4d were determined as described
previously36 in an inhibition assay using the full length NS3 protein
expressed from mRNA of genotype 1a and a peptide fragment of 16
amino acids corresponding to the activating region of NS4a (Tables
2 and 3). Compounds 1a, 2a and 3b were also evaluated for EC50-
values in a replicon system using the Huh-7 cell line containing
subgenomic HCV RNA genotype 1b replicon with firefly lucifer-
ase.37 Only compound 3b with an EC50-value of 6 lM measured
an EC50-value lower than 10 lM.

3. Discussion

It has previously been shown that a vinyl moiety on the P2 phen-
ylglycine in combination with alkenylic prime side-substituents
improve the activity of P2 phenylglycine-based HCV NS3 protease
inhibitors ( Fig. 2). The alkenylic P10 substituent seems to reach
the space between K136 and Q41, thereby maximizing the hydro-
phobic contact giving the best inhibitor of this type a Ki-value of
35 nM. Interestingly, the configuration of the phenylglycine has a
small impact on the inhibitory effect. Molecular modeling suggests
that the vinyl substituent of the D-phenylglycine-based inhibitors
have a favorable p–p interaction with the catalytic H57 that can
compensate for the lost p–p interaction with the aromatic side
chain of phenylglycine visualized for the L-epimers (Fig. 2).33

Molecular modeling also inspired us to exploit the proximity of
the P10 sulfonamide substituents and the P2 residue to develop
macrocyclic HCV NS3 protease inhibitors with a linker connecting
the P2 and P10 side chains (Fig. 2). Although the vinyl on the P2
phenylglycine and the alkene substituent in P10 were pointing in
opposite directions in the model they could be utilized for cycliza-
tion via ring-closing metathesis. We hoped to find compounds
with enhanced binding and advantageous pharmacokinetic prop-
erties and to gather information about the bioactive conformation,
especially the vinyl/phenylglycine interaction with H57, that might
strengthen the suggested hypothesis. Thus, phenylglycine-based
P2-P10 macrocyclic HCV NS3 protease inhibitors of different ring-
sizes (14–16 atoms) and with various sulfonamide linkers were
synthesized using ring-closing metathesis (Scheme 1 and Tables
2 and 3). Based on the distance between the two connection points
in the model (Fig. 2) and docking of compounds of different ring
sizes (e.g., Fig. 3, vide infra), while considering both ring strain
and bulkiness, 14–16-membered rings appeared as reasonable
candidates for this initial study. Besides the target substances,
some side-products caused by ring-contraction and/or double-
bond isomerization could be isolated and evaluated as inhibitors.

Ring-closure of compound 2 was not possible under conven-
tional metathesis conditions (toluene, Grubbs 2nd catalyst,
85 �C). However, running the reaction in trifluorotoluene in a
microwave synthesizer yielded macrocyclic products in only
5 min. This rapid method was then applied for cyclization of com-
pound 3. Since small amounts of macrocyclic byproducts were
formed by ring-contraction and double-bond migration, a phe-
nomenon that have been observed earlier for ring-closing metath-
esis,38–40 we wanted to examine what impact different metathesis
methods had on the ring-closure of 4. The standard method using
Grubb’s 2nd catalyst and conventional heating was compared with
microwave-heating under similar conditions and also with micro-
wave-heating using Hoveyda-Grubb’s 2nd catalyst in the presence
of p-benzoquinone, a ruthenium hydride scavenger that has pro-
ven successful in suppressing double-bond migration in other
cases.35 However, it turned out that in the cyclization of 4 only
the expected products and small amounts of ring-contracted
products (5–8%) were formed regardless of the method used. No
method was successful in ring-closing the o-vinylbenzene sulfon-



Table 2
Cyclized inhibitors. Enzyme inhibition constants (Ki-values) measured with wild-type full-length NS3, genotype 1a
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Compound R Ring size Double-bond configuration Phg configuration Ki ± SD (nM)

1a 15 cis L 190 ± 50

1b 14 cis L 170 ± 40

1c 14 trans L 150 ± 40

1d 15 Saturated L 250 ± 40

2a 14 cis L 110 ± 18

2b 14 cis D 870 ± 110

3a 15 cis L 390 ± 25

3b 15 trans L 240 ± 22

3c 15 cis D 760 ± 100

3e 14 cis L 137 ± 18

4a 16 trans L 940 ± 120

4b 16 trans D 710 ± 70

4c 16 cis L 320 ± 40

4d 16 Saturated L 570 ± 75

SD, standard deviation.
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Table 3
Cyclized, double-bond migrated, inhibitors. Enzyme inhibition constants (Ki-values) measured on wild-type enzyme, genotype 1a
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Compound R Ring size Double-bond configuration Phg configuration Ki ± SD (nM)

3d 15 cis:trans 1:2 L 470 ± 50

3f 14 trans L 222 ± 24

SD, standard deviation.

Figure 3. Compound 4a (green, left) and compound 3e (green, right) docked in the full-length NS3 protease binding site (PDB code: 1CU1). The protease residues are
displayed as sticks.
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amide compound 5 to yield the 14-membered ring with an aryl-
containing linker. Interestingly, a 14-membered ring could be ob-
tained as a ring-contracted byproduct from the cyclization of the
o-allylbenzenesulfonamide analog 1, forming compounds 1b and
1c.

Taken together, despite the similarities of substrates 1, 2, 3, 4
and 5 they required different conditions and yielded different out-
comes upon macrocyclization. Formation of the 14-membered
macrocycles needed increased temperature, and microwave irradi-
ation for substrate 2 and was not possible for substrate 5. A possi-
ble explanation to the disability of 5 to undergo ring-closing
metathesis might be interference with formation of a metallacyc-
lobutane complex of the styrene which then chelates to the sulfo-
nyl oxygen.41,42 The 15-membered macrocycles could be formed
under conventional heating but formed some ring-contracted (sub-
strates 1 and 3) and double-bond migrated products (substrate 3).
Formation of the 16-membered macrocycles was uncomplicated
and resulted in product formation with only minor amounts of
ring-contracted products irrespective of what method was used.
This indicates that the outcome of the reaction depends more on
the substrate used than the method.

All inhibitors in the macrocyclic series had Ki-values in the
upper nanomolar range, with the best inhibitor possessing a Ki-
value of 110 nM. All macrocyclic inhibitors except 2a had lower
inhibitory effect than their acyclic counterparts.33 A slight prefer-
ence was seen for the 14-membered macrocycles (compounds
1b, 1c, 2a, and 3e) over 15- (compounds 1a, d and 3a–d) and 16-
membered macrocycles (compounds 4a, 4b, 4c, and 4d). Among
the 14-membered macrocycles the linker type did not have a large
impact on the inhibitory effect. Compound 1b (Ki = 170 nM) with
an aryl linker was slightly less potent than compound 3e
(Ki = 137 nM) with an alkyl linker and compound 2a (Ki = 110 nM)
with a cyclopropyl linker. Comparing the 14-membered macrocy-
cles with aryl linkers in cis configuration (1b, Ki = 170 nM) and
trans configuration (1c, Ki = 150 nM) reveals that the double-bond
configuration is insignificant for the magnitude of the inhibitory ef-
fect. Neither does double-bond conjugation with the phenylglycine
show any large impact on inhibitory effect (compare conjugated
compound 3e, Ki = 137 nM, with non conjugated compound 3f,
Ki = 222 nM). However, the phenylglycine configuration has a sig-
nificant influence on the Ki-value. The comparison of the 14-mem-
bered macrocycle compounds with cyclopropyl linkers shows an
eight-fold preference for the L-configuration (L-isomer 2a,
Ki = 110 nM vs D-isomer 2b, Ki = 870 nM). This result supports the
view that the vinyl has an important p–p interaction with H57,
disrupted upon macrocyclization. Notably, the cyclopropyl moiety
which is a commonly employed P10 substituent in HCV NS3 prote-
ase inhibitors (see Fig. 1) is present in the best inhibitor of this
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series (2a). In the acyclic series, on the other hand, the cyclopropyl
containing inhibitors were the least potent.33

As was the case for the 14-membered macrocycles, the nature
of the different linkers had little impact on the inhibitory activity
of the 15-membered macrocycles. Moreover, the inhibitory po-
tency is not much affected by double-bond configuration or satura-
tion of the double-bond. The phenylglycine configuration shows
the largest influence on the inhibitory effect also in this case. Again,
the L-isomer 3a (Ki = 390 nM) is more potent than the D-isomer 3c
(Ki = 760 nM). Interestingly, for the 16-membered macrocycles
with straight alkyl linkers, which generally were found to be less
efficient inhibitors, the double-bond configuration is of impor-
tance. Comparison of the trans compound 4a (Ki = 940 nM) and
the cis-isomer 4c (Ki = 320 nM), shows a threefold preference for
the cis configuration. These results imply that a conjugated dou-
ble-bond pointing out from the phenylglycine in a trans fashion
is not accommodated by the protease for the 16-membered macro-
cycles, a view, that is, supported by modeling of the 16-membered
trans inhibitor 4a. From modeling of the 14-membered cis inhibitor
3e (Ki = 137 nM) it seems that the shorter linker tightens the mac-
rocycle and takes up less space. This can explain why the 16-mem-
bered macrocycle with cis conformation (4c) is preferred over the
trans compound (4a).

To summarize, our previous assumption that p–p stacking be-
tween H57 and the P2 phenyl (in the acyclic L-isomers) or the P2
vinyl (in the acyclic D-isomers) is of importance is strengthened
in this study. Although all the macrocyclic inhibitors possess
Ki-values in the nanomolar range, they are generally less potent
than their acyclic precursors.33 Thus, it seems that upon macrocyc-
lization, the P2 phenyl is forced to twist out of its binding mode
perpendicular to the backbone, parallel to H57 into a conformation
more parallel to the backbone. Thereby, the beneficial interactions
are disrupted.

The inhibitory effects of the macrocyclic D-isomers are 4–16
times lower than for their acyclic counterparts. For the L-isomers
the reduction is less pronounced (0.25–9 times). The 14-membered
macrocycle incorporating a cyclopropyl linker is, in fact, more po-
tent than its linear precursor. These results support our view that
the H57-vinyl interaction, which might be lost in a macrocyclic
inhibitor, is more important for the D-isomers. It could be expected
that a larger, more flexible linker would allow the vinyl phenylgly-
cine-based compounds to regain the stacking interaction with H57.
However, for the 16-membered macrocycles other factors, such as
the bulk accompanied by the linker seem to be the limitation.

4. Conclusion

Ring-closing metathesis was used to synthesize tripeptidic P2
phenylglycine-based HCV NS3 protease inhibitors with a macrocy-
cle spanning the P2 and P10 residues. Inhibitors of varying ring size
and different linkers were evaluated. Even though the different
starting materials are similar, they require different modes of heat-
ing for ring-closure. During the ring-closing metathesis, side reac-
tions leading to ring-contraction and double-bond migration were
observed and seemed to depend on substrate structure rather than
cyclization method. The ring closed inhibitors generally had lower
potency than their acyclic counterparts, indicating that the benefi-
cial interactions with H57 were disrupted upon macrocyclization,
especially for the D-phenylglycine epimers.

5. Experimental section

5.1. Chemistry

Reagents and solvents were obtained commercially and used
without further purification. Thin layer chromatography (TLC) was
performed on aluminium sheets precoated with silica gel 60 F254

(0.2 mm). Chromatographic spots were visualized using UV-
detection and/or 2% ninhydrin in ethanol solution followed by
heating. Column chromatography was performed using silica gel
60 (40–63 lm). Analytical HPLC–MS was performed on a Gilson-
Finnigan ThermoQuest AQA system equipped with a C18 (Onyx
Monolithic C18 (50 � 4.6 mm)) or a C4 (Hichrom ACE C4 (5 lm,
50 � 4.6 mm)) column using MeCN/H2O (0.05% HCOOH) or MeOH/
H2O (0.05% HCOOH) with UV (254 nm) and MS (ESI) detection or
on a Gilson Thermo-Finnigan Surveyor MSQ system using MeCN/
H2O (0.05% HCOOH) with ELSD detection, or on a manual system
equipped with a C8 (Zorbax SB-C8 (4.8 � 50 mm)) column using
UV (220 or 230 nm) detection. Preparative HPLC–MS was performed
on a Gilson-Finnigan ThermoQuest AQA system equipped with a C8
(Zorbax SB-C8 (5 lm, 150 � 21.2 mm)) column using MeCN/H2O
(0.05% HCOOH) as the mobile phase with UV (254 nm) and MS
(ESI) detection or a manual system equipped with a C8 (Zorbax
SB-C8 (21.2 � 150 mm)) column using UV (220 or 230 nm) detec-
tion and MeCN/H2O (0.05% HCOOH) or MeCN/H2O (0.09% TFA) or
MeCN/H2O with 25 mM NH4OAc, pH 6.3 as the mobile phase. Chiral
analysis and separation was performed on a HPLC system equipped
with a Reprosil CHIRAL-NR-R (250 � 4.6 mm, 8 lm) column or a
Reprosil CHIRAL-NR-R (250 � 20 mm, 8 lm). Purity determinations
were done by RP-HPLC using the following conditions (UV detection
at 254 nm): System 1 (Onyx Monolithic C18, 50 � 4.6 mm, MeCN/
H2O with 0.05% HCOOH) and system 2 (Hichrom ACE C4, 5 lm
50 � 4.6 mm, MeCN/H2O with 0.05% HCOOH). Microwave reactions
were carried out in a SmithSyntheSizer™ or in an Initiator™ single-
mode microwave cavity producing controlled irradiation at
2450 MHz. NMR spectra were recorded on a Varian Mercury plus
spectrometer (1H at 399.8 MHz, 13C at 100.5 MHz) at ambient tem-
perature. Chemical shifts (d) are reported in ppm, indirectly refer-
enced to tetrametylsilane (TMS) via the solvent signal (1H: CHCl3 d
7.26, CD2HOD d 3.31; 13C: CDCl3 d 77.16, CD3OD d 49.00). Exact
molecular masses were determined on Micromass Q-Tof2 mass
spectrometer equipped with an electrospray ion source.
5.2. General procedure for synthesis of compounds 1a–c, 2a–b,
3a–e and 4a–d

The acyclic starting materials 1–4 were subjected to ring-clos-
ing metathesis as described in detail below. The Boc protecting
group was removed by treating the crude cyclized product with
4.0 M HCl in 1,4-dioxane (10 ml/mmol), until the starting material
could no longer be visualized by LC–MS. The HCl salt recovered
after evaporation of the solvent was used in the ensuing coupling
without further purification. The hydrochloride was mixed with
Boc-t-Leu, HATU, DIEA and DMF and stirred until the starting
material disappeared (LC–MS). After addition of ethyl acetate, the
organic phase was washed with 0.1 M sodium acetate, pH 4, and
evaporated. Purification and separation of isomers was accom-
plished by preparative HPLC (sometimes repeatedly). Yields of
purified final products are calculated from the amount of crude cy-
clized starting material.
5.2.1. Compounds 1a, 1b and 1c
Compound 1 (65.3 mg, 0.081 mmol) and Grubb’s 2nd catalyst

(9.30 mg, 0.011 mmol) was heated in dry toluene at 85 �C. After
6 h, more catalyst (7.90 mg, 0.009 mmol) was added. After 20 h of
heating, a third portion of catalyst (6.00 mg, 0.007 mmol) was
added and the reaction heated for another 20 h. The solvent was
evaporated and the crude product purified on silica gel (CH2Cl2–
MeOH 93:7). After N-deprotection, the cyclic material (18.0 mg,
0.0232 mmol) was coupled with Boc-t-Leu (10.7 mg, 0.0463 mmol),
HATU (21.2 mg, 0.0557 mmol), and DIEA (30.9 lL, 0.181 mmol) in
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DMF (1.6 ml). Three consecutive purifications by preparative HPLC
(MeCN/H2O (0.1% TFA)) yielded 1a (8.1 mg, 39%), 1b (0.92 mg, 4.5%)
and 1c (1.2 mg, 5.9%) as white solids. In a separate experiment, after
extensive purification of the crude ring-closed product from 1, the
cis and trans configurations of the precursors to 1b and 1c, could
be established by NMR analysis, although the assignment was not
possible in the final products. Compound 1a: 1H NMR (CD3OD
(TFA salt)): d 8.59 (d, J = 9.3 Hz, 1H), 8.09 (dd, J = 1.6, 7.9 Hz, 1H),
7.74–7.70 (m, 2H), 7.68–7.55 (m, 6H), 7.42–7.38 (m, 2H), 7.33 (m,
1H), 7.29 (d, J = 7.7 Hz, 1H), 6.83 (d, J = 11.4 Hz, 1H), 6.75 (s, 1H),
6.06 (ddd, J = 7.9, 7.9, 11.5 Hz, 1H), 5.45 (s, 1H), 4.32–4.23 (m,
2H), 4.15 (m, 1H), 4.11 (s, 3H), 3.95 (s, 1H), 1.75–1.54 (m, 2H),
1.44–1.39 (m, 2H), 1.42 (s, 9H), 0.97 (s, 9H), 0.95 (t, J = 7.4 Hz,
3H). 13C NMR (CD3OD (TFA salt)): d 172.9, 172.3, 172.0, 168.4,
166.7, 158.7, 157.8, 151.6, 145.3, 140.0, 138.9, 137.5, 135.1, 133.7,
133.5, 132.8, 132.2, 131.6, 131.3, 130.8, 130.8, 129.9, 129.7, 127.8,
126.8, 125.8, 123.2, 122.4, 115.5, 102.8, 101.6, 80.6, 63.5, 57.7,
57.0, 55.7, 35.4, 33.8, 31.5, 28.7, 27.1, 20.0, 14.0. HRMS calcd for
C49H55N5O9S [M+H]+ 890.3799, found: 890.3807. HPLC purity (sys-
tem 1: 93%, system 2: 96%). Compound 1b: 1H NMR (CD3OD (TFA
salt)): d 8.56 (d, J = 9.2 Hz, 1H), 8.09–8.05 (m, 2H), 7.91 (m, 1H),
7.79 (dd, J = 1.6, 7.2 Hz, 2H), 7.73 (d, J = 7.7 Hz, 1H), 7.61–7.54 (m,
5H), 7.52–7.43 (m, 2H) 7.41–7.31 (m, 3H) 6.77 (s, 1H), 5.92 (s,
1H), 4.60 (m, 1H), 4.07 (s, 3H), 4.05 (s, 1H), 1.84 (m, 1H), 1.73 (m,
1H), 1.54–1.47 (m, 2H), 1.45 (s, 9H), 1.04 (s, 9H), 0.98 (t,
J = 7.3 Hz, 3H). HRMS calcd for C48H53N5O9S [M+H]+ 876.3642,
found: 876.3637. HPLC purity (system 1: 91%, system 2: 95%). Com-
pound 1c: 1H NMR (CD3OD(TFA-salt)): d 8.60 (d, J = 9.2 Hz, 1H),
8.10–8.05 (m, 2H), 7.82–7.78 (m, 3H), 7.66–7.49 (m, 8H), 7.47–
7.36 (m, 3H), 6.76 (s, 1H), 5.91 (s, 1H), 4.67 (m, 1H), 4.08 (s, 3H),
4.02 (s, 1H), 1.84 (m, 1H), 1.73 (m, 1H), 1.54–1.47 (m, 2H), 1.45 (s,
9H), 1.03 (s, 9H), 0.99 (t, J = Hz, 3H). HRMS calcd for C48H53N5O9S
[M+H]+ 876.3642, found: 876.3634. HPLC purity (system 1: 99%,
system 2: 75%).

5.2.2. Compound 1d
Compound 1a (4.98 mg, 0.00560 mmol) and PtO2 (0.75 mg,

0.00330 mmol) were stirred in methanol (2 mL) under H2-pres-
sure. More PtO2 (0.75 mg, 0.00330 mmol) was added after 4 hours.
The solution was filtered and evaporated after 23 h. Purification by
preparative HPLC (MeCN/H2O (0.1% TFA)) yielded 1d (2.8 mg, 50%)
as a white solid. 1H NMR (CD3OD (TFA salt)): d 8.54 (d, J = 9.4 Hz,
1H), 8.04 (dd, J = 1.4, 8.1 Hz, 1H), 7.91–7.87 (m, 2H), 7.70–7.56
(m, 7H), 7.54 (dd, J = 2.4, 9.3 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H),
7.43–7.30 (m, 2H), 7.20 (s, 1H), 5.49 (s, 1H), 4.34 (dd, J = 5.4,
9.2 Hz, 1H), 4.09 (s, 3H), 4.01 (s, 1H), 3.07 (m, 1H), 2.96–2.74 (m,
3H), 2.07–1.94 (m, 2H), 1.86–1.74 (m, 1H), 1.60 (m, 1H), 1.44–
1.38 (m, 2H), 1.41 (s, 9H), 1.01 (s, 9H), 0.94 (t, J = 7.3 Hz, 3H). 13C
NMR (CD3OD (TFA salt)): d 173.1, 172.5, 171.5, 168.2, 166.6,
158.8, 157.8, 152.8, 142.8, 138.0, 136.7, 135.3, 135.2, 133.9,
133.5, 132.4, 132.3, 131.9, 130.6, 129.8, 129.7, 129.6, 127.4,
125.8, 122.7, 122.4, 115.9, 103.4, 101.5, 80.6, 63.5, 58.1, 57.0,
55.0, 35.4, 33.6, 32.0, 30.4, 29.7, 28.7, 27.1, 19.9, 13.8. HRMS calcd
for C49H57N5O9S [M+H]+ 892.3955, found: 892.3969. HPLC purity
(system 1: 95%, system 2: 98%).

5.2.3. Compounds 2a and 2b
Compound 2 (54.5 mg, 0.0708 mmol) was mixed with Grubb’s

2nd catalyst (15.8 mg, 0.0403 mmol) and dry trifluorotoluene
(23 mL) in a microwave vial and heated by microwave irradiation
at 110 �C for 5 min. After filtration, the solvent was evaporated.
The crude product was purified on silica (CH2Cl2–MeOH 95:5). After
N-deprotection, the cyclic intermediate (19.3 mg, 0.0261 mmol)
was coupled with Boc-t-Leu (12.1 mg, 0.0521 mmol), HATU
(23.8 mg, 0.0626 mmol), and DIEA (34.8 lL, 0.204 mmol) in DMF
(1 mL). By purification using preparative HPLC (MeCN/H2O with
25 mM NH4OAc, pH 6.3) two isomers, 2a (6.1 mg, 27%) and 2b
(1.5 mg, 7.8%), could be isolated as white solids. For solubility rea-
sons, the products were later transformed to TFA-salts. Compound
2a: 1H NMR (CD3OD (TFA salt)): d 8.55 (d, J = 9.2 Hz, 1H), 7.92–7.89
(m, 2H), 7.68 (d, J = 7.6 Hz, 1H), 7.65 (s, 1H), 7.63–7.56 (m, 5H), 7.43
(d, J = 8.3 Hz, 1H), 6.81 (s, 1H), 6.61 (d, J = 11.6 Hz, 1H), 5.55 (s, 1H),
5.48 (ddd, J = 7.4, 8.7, 11.6 Hz, 1H), 4.43 (t, J = 7.7 Hz, 1H), 4.11 (s,
1H), 3.98 (s, 1H), 3.19–3.11 (m, 1H), 2.92 (dd, J = 7.4, 14.3 Hz, 1H),
1.77–1.57 (m, 2H), 1.48–1.22 (m, 4H), 1.43 (s, 9H), 1.00 (s, 9H),
0.99 (t, J = 7.5 Hz, 3H), 0.93–0.86 (m, 2H). 13C NMR (CD3OD (TFA
salt)): d 173.2, 172.9, 172.0, 169.0, 167.1, 158.2, 157.8, 151.4,
144.3, 138.0, 134.0, 132.7, 132.5, 131.4, 130.9, 130.8, 129.9, 129.8,
128.5, 126.0, 123.2, 122.7, 115.4, 102.9, 100.8, 80.7, 63.6, 57.2,
57.1, 55.2, 41.9, 33.4, 28.7, 27.5, 27.1, 20.0, 14.0, 10.8, 8.7. HRMS
calcd for C46H55N5O9S [M+H]+ 854.3799, found: 854.3790. HPLC
purity (system 1: 97%, system 2: 89%). Compound 2b: 1H NMR
(CD3OD (TFA salt)) d 8.57 (d, J = 10.0 Hz, 1H), 7.83–7.79 (m, 2H),
7.72 (m, 1H), 7.68–7.62 (m, 2H), 7.61–7.56 (m, 4H), 7.46 (d,
J = 8.9 Hz, 1H), 6.85 (s, 1H), 6.53 (d, J = 11.9 Hz, 1H), 5.62 (s, 1H),
5.56 (ddd, J = 5.5, 10.3, 11.9 Hz, 1H), 4.40 (t, J = 7.8, 1H), 4.11 (s,
3H), 3.78 (s, 1H), 3.22 (m, 1H), 2.51 (m, 1H), 1.95–1.84 (m, 2H),
1.65 (m, 1H), 1.55–1.36 (m, 3H), 1.48 (s, 9H), 1.04–0.99 (m, 2H),
1.00 (s, 9H), 0.98 (t, J = 7.2 Hz, 3H). HRMS calcd for C46H55N5O9S
[M+H]+ 854.3799, found: 854.3793. HPLC purity (system 1: 96%,
system 2: 97%).

5.2.4. Compounds 3a, 3b, 3c, 3d, 3e and 3f
Compound 3 (105 mg, 0.139 mmol), Grubb’s 2nd catalyst

(30.0 mg, 0.0353 mmol) and trifluorotoluene was heated by micro-
wave irradiation at 110 �C for 5 min. After filtration of the reaction
mixture, the solvent was evaporated. The crude product was puri-
fied on silica (CH2Cl2–EtOH(95%) 96:4). The material obtained after
N-deprotection (42.5 mg, 0.0606 mmol) was coupled with Boc-t-
Leu (28.0 mg, 0.121 mmol), HATU (55.2 mg, 0.145 mmol), and DIEA
(80.8 lL, 0.473 mmol) in DMF (2 mL). Purification by preparative
HPLC (MeCN/H2O with 25 mM NH4OAc, pH 6.3) yielded 3a
(3.66 mg, 6.3%), 3d (2.26 mg, 3.9%), 3f (1.95 mg, 3.8%) as white sol-
ids. Compounds 3a and 3d were transformed to TFA salts for solu-
bility reasons. By further purification using preparative HPLC
(MeCN/H2O (0.05% HCOOH)) compounds 3b (1.92 mg, 3.3%), 3c
(1.42 mg, 2.8%) and 3e (1.80 mg, 3.6%) were recovered as white sol-
ids. Compound 3b was transformed to TFA salt to improve solubil-
ity. Compound 3a: 1H NMR (CD3OD (TFA salt): d 8.56 (d, J = 9.1 Hz,
1H), 7.81 (dd, J = 1.7, 7.0 Hz, 2H), 7.69 (d, J = 7.3 Hz, 1H), 7.66–7.56
(m, 5H), 7.54 (d, J = 2.0, 1H), 7.43 (d, J = 8.6 Hz, 1H), 6.81 (s, 1H),
6.45 (d, J = 11.4 Hz, 1H), 5.68 (ddd, J = 6.9, 7.9, 11.4 Hz, 1H), 5.59
(s, 1H), 4.47 (dd, J = 6.7, 8.4 Hz, 1H), 4.11 (s, 3H), 3.97 (s, 1H),
3.33–3.12 (m, 2H), 2.29–2.22 (m, 2H), 1.85–1.60 (m, 4H), 1.43 (s,
9H), 1.49–1.35 (m, 2H), 1.00 (s, 9H), 0.98 (t, J = 7.3 Hz, 3H). 13C
NMR (CD3OD (TFA salt)): d 173.8, 173.0, 171.9, 169.0, 167.1,
158.2, 157.8, 151.0, 144.2, 137.9, 136.1, 134.0, 132.8, 131.8,
131.5, 131.3, 131.0, 129.7, 126.1, 124.5, 123.1, 122.7, 115.4,
102.9, 100.7, 80.7, 63.6, 57.2, 57.1, 54.8, 53.3, 35.4, 34.4, 28.7,
28.4, 27.1, 24.9, 20.0, 13.9. HRMS calcd for C45H55N5O9S [M+H]+

842.3799, found: 842.3772. HPLC purity (system 1: 95%, system
2: 98%). Compound 3b: 1H NMR (CD3OD (TFA salt)): 8.61 (d,
J = 10.1 Hz, 1H), 7.85–7.81 (m, 2H), 7.73–7.58 (m, 5H), 7.56 (dd,
J = 2.4, 8.4 Hz, 1H), 7.40 (s, 1H), 7.34 (d, J = 8.4 Hz, 1H), 6.76 (s,
1H), 6.44 (d, J = 15.7 Hz, 1H), 6.21–6.09 (m, 1H), 5.81 (s, 1H), 4.80
(m, 1H), 4.11 (s, 3H), 3.98 (s, 1H), 3.68 (m, 1H), 3.29 (m, 1H),
3.20 (m, 1H), 2.45 (m, 1H), 2.16 (m, 1H), 1.80–1.59 (m, 2H), 1.44
(s, 9H), 1.44–1.41 (m, 2H), 1.02 (s, 9H), 1.01 (t, J = 9.4 Hz, 3H).
HRMS calcd for C45H55N5O9S [M+H]+ 842.3799, found: 842.3814.
HPLC purity (system 1: 96%, system 2: 96%). Compound 3c: 1H
NMR (CD3OD): d 8.27 (d, J = 9.1 Hz, 1H), 7.80–7.74 (m, 2H), 7.51–
7.44 (m, 5H), 7.40 (s, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.24 (dd, J = 2.5,
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9.1 Hz, 1H), 6.61 (s, 1H), 6.41 (d, J = 11.6 Hz, 1H), 5.69 (s, 1H), 5.64
(m, 1H), 4.45 (t, J = 7.4 Hz, 1H), 4.00 (s, 3H), 3.84 (s, 1H), 3.50–3.12
(m, 2H), 2.45–2.17 (m, 2H), 1.96–1.70 (m, 4H), 1.47–1.41 (m, 2H),
1.44 (s, 9H), 1.03 (s, 9H), 0.97 (t, J = 7.3 Hz, 3H). HRMS calcd for
C45H55N5O9S [M+H]+ 842.3799, found: 842.3780. HPLC purity (sys-
tem 1: 89%, system 2: 90%). Compound 3d: 1H NMR (CD3OD (TFA
salt), major isomer reported): d 8.59 (d, J = 9.3 Hz, 1H), 7.87–7.80
(m, 2H), 7.74–7.53 (m, 6H), 7.37 (d, J = 8.2 Hz, 1H), 6.86 (s, 1H),
5.56 (s, 1H), 5.53 (m, 1H), 5.40 (ddd, J = 6.2, 7.6, 15.2 Hz, 1H),
4.46 (dd, J = 6.7, 8.2 Hz, 1H), 4.11 (s, 3H), 3.98 (s, 1H), 3.94 (dd,
J = 7.3, 15.0 Hz, 1H), 3.83 (dd, J = 6.5, 15.0 Hz, 1H), 2.85 (m, 1H),
2.75 (m, 1H), 2.60 (m, 1H), 2.47 (m, 1H), 1.81–1.61 (m, 2H),
1.45–1.40 (m, 2H), 1.42 (s, 9H), 1.01 (s, 9H), 0.98 (t, J = 7.4 Hz,
3H). HRMS calcd for C45H55N5O9S [M+H]+ 842.3799, found:
842.3815. HPLC purity (system 1: 98%, system 2: 99%). Compound
3e: 1H NMR (CD3OD): d 8.27 (d, J = 9.2 Hz, 1H), 7.87–7.84 (m, 2H),
7.66 (s, 1H), 7.56 (dd, J = 2.3, 8.3 Hz, 1H), 7.47 (d, J = 2.6 Hz, 1H),
7.49–7.40 (m, 3H), 7.27 (dd, J = 2.5, 9.2 Hz, 1H), 7.26 (d, J = 8.3 Hz,
1H), 6.69 (s, 1H), 6.55 (d, J = 11.8 Hz, 1H), 5.69 (m, 1H), 5.56 (s,
1H), 4.44 (t, J = 7.6 Hz, 1H), 4.02 (s, 1H), 4.00 (s, 3H), 3.27 (m,
1H), 3.14 (m, 1H), 2.90 (m, 1H), 2.47 (m, 1H), 1.82–1.61 (m, 2H),
1.52–1.35 (m, 2H), 1.43 (s, 9H), 1.02 (s, 9H), 0.99 (t, J = 7.4 Hz,
3H). HRMS calcd for C44H53N5O9S [M+H]+ 828.3642, found:
828.3668. HPLC purity (system 1: 97%, system 2: 63%). Compound
3f: 1H NMR (CD3OD (NH4

+ salt)) d 8.2 (d, J = 9.2 Hz, 1H), 7.78–7.75
(m, 2H), 7.50–7.45 (m, 5H), 7.32 (d, J = 2.4 Hz, 1H), 7.27 (dd, J = 2.5,
9.2 Hz, 1H), 7.24 (d, J = 8.4, 1H), 6.64 (s, 1H), 5.85 (ddd, J = 5.9, 7.4,
15.4 Hz, 1H), 5.75 (s, 1H), 5.51 (m, 1H), 4.55 (dd, J = 6.9, 8.2 Hz, 1H),
4.04 (s, 1H), 4.00 (s, 3H), 4.15–3.96 (m, 2H), 3.47–3.24 (m, 2H), 1.79
(m, 1H), 1.67 (m, 1H), 1.43 (s, 9H), 1.49–1.34 (m, 2H), 1.03 (s, 9H),
0.97 (t, J = 7.3 Hz, 3H). HRMS calcd for C44H53N5O9S [M+H]+

828.3642, found: 828.3660. HPLC purity (system 1: 98%, system
2: 99%).

5.2.5. Compounds 4a, 4b and 4c
Starting material 4 was ring-closed using three different meth-

ods. Method 1: 4 (25.0 mg, 0.0300 mmol) and Grubbs 2nd catalyst
(2.50 mg, 0.00300 mmol) were stirred in dry toluene (60 mL) in a
round bottomed flask under N2-atmosphere and heated at 85 �C.
The solvent was evaporated after 6 h of heating and the crude
product was purified on silica (CH2Cl2–MeOH 7%). Method 2: 4
(25.0 mg, 0.0300 mmol) and Grubb’s 2nd catalyst (2.50 mg,
0.00300 mmol) were dissolved in dry trifluorotoluene (20 mL) in
a microwave vessel. The vessel was sealed, evacuated and flushed
with N2 before heating by microwave irradiation at 110 �C for
5 min. The solvent was evaporated and the crude product was
purified on silica (CH2Cl2–MeOH 7%). Method 3: 4 (25.0 mg,
0.0300 mmol), Hoveyda-Grubbs 2nd catalyst (0.900 mg,
0.00150 mmol) and p-benzoquinone (0.320 mg, 0.00300 mmol)
were dissolved in dichloroethane (20 mL) in a microwave vessel.
The vessel was sealed, evacuated and flushed with N2 before heat-
ing by microwave irradiation at 140 �C for 5 min. The solvent was
evaporated and the crude product purified on silica (CH2Cl2–MeOH
7%) before the outcomes of the methods were evaluated. The prod-
ucts obtained from using the different methods were combined
(57.0 mg, 0.0770 mmol) and deprotected according to the general
procedure. The resulting hydrochloride was mixed with Boc-L-tLeu
(53.0 mg, 0.231 mmol), HATU (105 mg, 0.277 mmol) and DIEA
(110 lL, 0.631 mmol) in DMF (1.8 mL). After purification using pre-
parative chiral HPLC (i-PrOH–i-hexane 30:70) followed by RP-HPLC
(MeCN/H2O 0.05% HCOOH) or (MeCN/H2O with 25 mM NH4OAc,
pH 6.3), compounds 4a (5.6 mg, 8.4%), 4b (2.7 mg, 4.1%) and 4c
(1.7 mg, 2.5%) were isolated as white solids. Compound 4a: 1H
NMR (CD3OD (NH4

+ salt)) d 8.33 (d, J = 9.3 Hz, 1H), 7.79–7.76 (m,
2H), 7.54 (d, J = 2.4 Hz, 1H), 7.50 (d, J = 2.4 Hz, 1H), 7.49–7.44 (m,
4H), 7.31 (dd, J = 2.4, 9.0 Hz, 1H), 7.21 (d, J = 8.3 Hz, 1H), 6.65 (s,
1H), 6.49 (d, J = 15.7 Hz, 1H), 6.29 (m, 1H), 5.75 (s, 1H), 4.60 (m,
1H), 4.02 (m, 1H), 4.01 (s, 3H), 2.25 (m, 1H), 2.15 (m, 1H), 1.92–
1.81 (m, 2H), 1.79–1.58 (m, 4H), 1.55–1.38 (m, 4H), 1.43 (s, 9H),
1.02 (s, 9H), 0.97 (t, J = 7.3 Hz, 3H). 13C NMR (CD3OD)174.2,
173.1, 172.4, 164.5, 164.0, 160.9, 157.8, 156.8, 151.2, 138.3,
136.6, 135.1, 132.7, 131.0, 130.5, 129.9, 128.8, 127.0, 125.3,
124.2, 123.2, 120.4, 115.8, 106.8, 102.0, 80.7, 63.7, 56.9, 56.3,
54.5, 53.9, 35.4, 35.1, 31.3, 28.8, 27.7, 27.2, 22.3, 20.2, 13.9. HRMS
calcd for C46H57N5O9S [M+H]+ 856.3955, found: 856.3964. HPLC
purity (system 1: 98%, system 2: 99%). Compound 4b: 1H NMR
(CD3OD (NH4

+ salt)) d 8.30 (d, J = 9.2 Hz, 1H), 7.79–7.74 (m, 2H),
7.61 (m, 1H), 7.49 (d, J = 2.5 Hz, 1H), 7.48–7.42 (m, 3H), 7.39 (dd,
J = 2.3, 8.2 Hz, 1H), 7.29 (dd, J = 2.5, 9.2 Hz, 1H), 7.22 (d, 8.3 Hz,
1H), 6.64 (s, 1H), 6.50 (d, J = 15.8 Hz, 1H), 6.45 (m, 1H), 5.51 (s,
1H), 4.74 (m, 1H), 4.01 (s, 3H), 3.88 (s, 1H), 3.74 (m, 1H), 3.28
(m, 1H), 2.28–2.08 (m, 2H), 1.94–1.73 (m, 4H), 1.72–1.55 (m,
2H), 1.50 (m, 1H), 1.43 (s, 9H), 1.30 (m, 1H), 1.02 (s, 9H), 0.97 (t,
J = 7.3 Hz, 3H). 13C NMR (CD3OD (NH4

+ salt): d 175.2, 173.8, 1
72.9, 164.0, 163.7, 161.0, 158.1, 152.5, 151.6, 140.7, 136.5, 134.9,
132.9, 131.3, 130.8, 129.9, 128.7, 127.9, 124.8, 124.0, 123.6,
120.2, 115.8, 107.5, 101.9, 80.8, 64.5, 59.1, 56.1, 54.4, 53.7, 35.7,
34.9, 30.7, 28.8, 28.3, 27.2, 22.4, 20.0, 14.0. HRMS calcd for
C46H57N5O9S [M+H]+ 856.3955, found: 856.3964. HPLC purity (sys-
tem 1: 95%, system 2: 97%). Compound 4c: 1H NMR (CD3OD (NH4

+

salt)) d 8.28 (d, J = 9.4 Hz, 1H), 7.84–7.79 (m, 2H), 7.65 (br s, 1H),
7.56 (dd, J = 2.3, 8.3 Hz, 1H), 7.52–7.40 (m, 4H), 7.30–7.25 (m,
2H), 6.60 (s, 1H), 6.34 (d, J = 11.5 Hz, 1H), 5.60–5.52 (m, 2H), 4.35
(dd, J = 6.4, 8.7 Hz, 1H), 4.01–3.98 (m, 4H), 2.19–2.10 (m, 3H),
1.91–1.79 (m, 1H), 1.77–1.63 (m, 3H), 1.60–1.47 (m, 3H), 1.43 (s,
9H), 1.29 (m, 1H), 1.18 (m, 1H), 1.00 (s, 9H), 0.99 (t, J = 7.4 Hz,
3H). 13C NMR (CD3OD (NH4

+ salt)) d 174.5, 172.9, 172.1, 164.4,
163.7, 160.5, 152.5, 152.0, 150.8, 140.0, 136.2, 135.8, 132.2,
131.1, 131.0, 130.2, 129.3, 128.5, 124.3, 124.1, 123.1, 120.1,
115.7, 107.1, 101.5, 80.7, 63.5, 57.4, 56.2, 55.0, 52.1, 35.5, 34.5,
28.9, 28.7, 27.5, 27.2, 24.6, 20.2, 13.9. HRMS calcd for C46H57N5O9S
[M+H]+ 856.3955, found: 856.3943. HPLC purity (system 1: 97%,
system 2: 99%).

5.2.6. Compound 4d
The combined products 4a and 4c (5.90 mg, 0.00689 mmol)

were dissolved in MeOH (3 mL) and stirred together with PtO2

(0.930 mg, 0.00413 mmol) in an H2-atmosphere until the starting
material was no longer visible by LC–MS. The solution was filtered
and evaporated. Purification by RP-HPLC (MeCN–H2O (0.1% TFA))
yielded 4d (0.8 mg, 13.5%).1H NMR (CD3OD (TFA salt)) d 8.55 (d,
J = 8.7 Hz, 1H), 7.82 (dd, J = 7.8, 1.3 Hz, 2H), 7.70–7.53 (m, 7H),
7.31 (d, J = 8.7 Hz), 6.86 (s, 1H), 5.62 (s, 1H), 4.43 (m, 1H), 4.10 (s,
3H), 4.02 (s, 1H), 3.08–2.93 (m, 2H), 1.84 (m, 1H), 1.77–1.67 (m,
2H), 1.61–1.46 (m, 5H), 1.42 (s, 9H), 1.36–1.28 (m, 3H), 1.16–
1.08 (m, 3H), 1.01 (s, 9H), 0.98 (t, J = 7.4 Hz, 3H). HRMS calcd for
C46H59N5O9S [M+H]+ 858.4033, found: 858.4118. HPLC purity (sys-
tem 1: 95%, system 2: 99%).

5.3. Enzyme inhibition

The protease activity of the full-length HCV NS3 protein (prote-
ase–helicase/NTPase) from genotype 1a was measured using a
FRET-assay as previously described.36,43 In short, 1nM enzyme
was incubated for 10 min at 30 �C in 50 mM HEPES, pH 7.5,
10 mM DTT, 40% glycerol, 0.1% n-octyl-b-D-glucoside, 3.3% DMSO
with 25 lM of the peptide cofactor 2K-NS4A (KKGSVVIV-
GRIVLSGK), and inhibitor. The reaction was started by the addition
of 0.5 lM substrate (Ac-DED(Edans)EEAbuw[COO]ASK(Dabcyl)-
NH2) obtained from AnaSpec Inc. (San Jose, USA). Non-linear
regression analysis of the data was made using Grafit 5.0.13 (Erith-
acus software limited).



A. Lampa et al. / Bioorg. Med. Chem. 19 (2011) 4917–4927 4927
5.4. Computational methodology

All the ligands were built in maestro and geometry optimization
is carried out using OPLS-2005 force field. The crystal structure of
HCV bifunctional protease helicase (1CU1) is used in the study.
This NS3 protein complex consists of the C-terminal helicase do-
main and the N-terminal protease domain with a covalently linked
NS4A cofactor. The protease active site is occupied by the substrate
(NS3 C-terminus which is part of the helicase domain). The active
site was made available for the docking studies by deleting these
terminal residues (624–631) occupying the active site.

All the crystallographic waters were removed and the protein
was prepared for docking using the protein preparation tool imple-
mented in the Schrödinger Suite 2008.44 The generated structures
were subjected to restrained minimization using the OPLS-2005
force field with ‘normal’ BatchMin cutoffs (7.0 Å VDW; 12.0 Å
ELE). To account for the conformational changes in the protein, In-
duced fit docking is carried out using FLO (also called QXP).45 A
truncated protein structure that included only amino acids within
9 Å from the residues 624–631 (C-terminus) was used in the dock-
ing studies using FLO. Protein flexibility is accounted for by allow-
ing crucial amino acid residues in the binding pocket to move
freely up to 0.2 Å. Movement larger than 0.2 Å was penalized by
20.0 kJ/mol/Å.2 Flexible residues occupying the active site viz., R
155, Q 526 and K136 were given full conformational freedom. Con-
straints were applied to the inhibitor to restrict its translation
away from the active site. For each inhibitor, 10 unique binding
poses were generated using 2000 Monte Carlo perturbation cycles.
These poses were further subjected to 20 steps of simulated
annealing followed by energy minimization. Each cycle involves
400 rapid Monte Carlo steps generating unique conformations
within an energy window of 50 kJ/mol/Å and an RMSD >0.5 Å. Each
of the complexes was submitted to a 3 fs dynamics at 600 K after
3000 fs of equilibration steps. The maximum movement of an atom
in any single step was limited to 0.1 Å. Hydrogen vibrations were
damped by assigning an atomic weight of 10. Among the 10 best
poses generated, the most plausible binding mode conformation
for each compound was selected based on visual inspection.
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