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Abstract—Molecular modeling and inhibitory potencies of tetrapeptide protease inhibitors of HCV NS3 proposed phenylglycine as
a new promising P2 residue. The results suggest that phenylglycine might be capable of interacting with the NS3 (protease-helicase/
NTPase) in ways not possible for the common P2 proline-based inhibitors. Thus, a series of tripeptides, both linear and macrocyclic,
based on p-hydroxy-phenylglycine in the P2 position were prepared and their inhibitory effect determined. When the p-hydroxy
group was replaced by methoxy, isoquinolin-, or quinolinyloxy functions, inhibitors with improved potencies were obtained. The
P2 phenylglycine-based inhibitors were further optimized by C-terminal extension to acyl sulfonamides and by P1–P3 cyclization,
which gave products with inhibition constants in the nanomolar range (�75 nM).
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Hepatitis C virus (HCV) is the major cause of chronic
liver disease worldwide as well as the primary indication
for liver transplantation.1–3 With a prevalence of 123
million people globally, according to the most recent
estimate from the World Health Organization, HCV
infection constitutes a serious threat to global health.1

The current standard therapy, comprised of pegylated
a-interferon and the broad-spectrum antiviral agent
ribavirin, is effective in roughly 50% of patients.4 Conse-
quently, development of new therapies is of utmost
importance, especially since the number of people diag-
nosed with chronic HCV infection is expected to in-
crease dramatically over the next decade.3

Hepatitis C is an encapsulated (+)-RNA virus targeting
hepatocytes. Translation of the RNA gives a single poly-
protein of about 3000 amino acids, which is proteolyti-
cally cleaved into 10 mature proteins: C, E1, E2, p7,
and the non-structural (NS) proteins (2, 3, 4A, 4B, 5A,
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and 5B). NS3 is a bifunctional enzyme with serine pro-
tease and helicase/NTPase activities. The NS3 protease
is responsible for cis-cleavage at the NS3/4A junction
and trans-cleavages at the NS4A/4B, NS4B/5A, and
NS5A/5B junctions. The catalytic efficiency of the NS3
protease has been shown to be improved by interaction
with the NS4A cofactor.5

The NS3 protease has been one of the primary targets
for anti-HCV drug development since the discovery of
HCV in 1989.6–10 Proof-of-concept was recently estab-
lished by BILN 2061 (ciluprevir), the first HCV NS3
inhibitor to reach clinical trials.11 While further develop-
ment of ciluprevir has been halted due to cardiotoxicity
in animals,9 two other NS3 protease inhibitors, VX-950
(telaprevir) and SCH 503034, have demonstrated potent
anti-HCV activity and have recently advanced into
phase II trials.12–16 The development of resistance muta-
tions in the NS3 protease has been observed in in vitro
tests against the three candidate drugs, indicating that
a combination therapy may be necessary in the future,
as has been effective in the treatment of HIV/AIDS.17–19

A substantial research effort has been devoted to P2 pro-
line-based HCV NS3 protease inhibitors, including
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Figure 1. Ki values of two tetrapeptide protease inhibitors of full-

length NS3 having proline (1) or phenylglycine (2) in P2 position.
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development of the three clinical candidates mentioned
above. To yield reasonable inhibitory activity, decora-
tion of the proline ring has been necessary, indicating
that P2–S2 interactions are important for potency.9

Previous studies by us have shown that 2-naphthylala-
nine is a good P2 building block in hexa- and tetrapep-
tides as protease inhibitors of the full-length NS3.20,21

2-Naphthylalanine was found to be better than both
cyclohexylalanine and leucine in the P2 position,20,21

which are two commonly used P2 residues.22,23 These re-
sults were contradictory to results achieved from a pep-
tide library by Ingallinella et al. where an assay
comprising truncated NS3 (i.e., the protease domain
alone) was used for evaluation. In that case P2 cyclo-
hexylalanine was found to be superior to a diverse set
of amino acids including 2-naphthylalanine and leu-
cine.24 Consequently, we considered the involvement
of the helicase domain in protease inhibitor binding as
a possible explanation for the differences in measured
activity.20,21

In a subsequent study of tetrapeptides, we found that
inhibitors with phenylglycine in P2 were of similar
potency as those with P2 2-naphthylalanine (unpub-
lished results) in the full-length NS3 assay. It should
be noted that the potential of phenylglycine was also re-
vealed in the Ingallinella library, where it was shown to
be the best of the aromatic amino acids and similar in
potency to both 2-naphthylalanine and leucine.24 While
cyclohexylalanine, leucine, and proline have been thor-
oughly examined as P2 residues in HCV NS3 protease
inhibitors, no one has yet, to our knowledge, explored
substituted phenylglycine analogues.9,22,23

We became interested in using phenylglycine in the P2
position of HCV NS3 protease inhibitors due to the pos-
sibility of forming interactions not possible with proline-
based inhibitors. Another advantageous property of
phenylglycine is its aromatic nature that allows synthetic
decorations, including preparation of proprietary struc-
tures. The project was begun with the hope of producing
inhibitors with potencies superior to analogous proline-
based structures.

Herein, we present the synthesis, biochemical data and
structure–activity relationships for a series of tripeptide
P2 phenylglycine-based HCV NS3 protease inhibitors.
Both linear and macrocyclic inhibitors with substituted
p-hydroxyphenylglycine have been evaluated. Further-
more, the new phenylglycine series allows the compari-
son of carboxylic acids and acylsulfonamides as
C-terminal functionalities and demonstrates the impact
of various P1 residues. The combination of quinolinyl-
oxy-type substitution of the P2 phenylglycine, C-termi-
nal acylsulfonamides, and macrocyclization was
successful in producing inhibitors with potencies in the
nanomolar range. In addition, molecular modeling sug-
gests differences in the relative positions of the P1 and
P2 side chains, as compared to proline-based inhibitors,
and a possible pi-stacking interaction between phenyl-
glycine and the imidazole side chain of the catalytic his-
tidine residue.
2. Results

2.1. Chemistry

The tetrapeptide HCV NS3 protease inhibitors 1 and 2
(Fig. 1) were synthesized by standard Fmoc/t-Bu solid-
phase peptide synthesis.25,26 Preparations of the linear
and macrocyclic tripeptide inhibitors included in this
study are outlined in Schemes 1–5.

The synthesis of the tripeptide inhibitors started with the
assembly of the phenylglycine-based P2 building blocks
presented in Scheme 1. The alkylated or heteroarylated
4-hydroxy-phenylglycine compounds 5–10 were synthe-
sized from Boc-protected 4-hydroxy-LL-phenylglycine,
which was prepared from the commercially available
4-hydroxy-LL-phenylglycine according to a published
procedure.27 The methyl ether 4 in Scheme 1 was pre-
pared using an excess of methyl iodide and cesium car-
bonate in dry DMF to achieve methylation of both
the hydroxy and the carboxylic group. The carboxylic
acid 5 was produced by alkaline hydrolysis of the corre-
sponding ester. Under the basic conditions employed in
the hydrolysis, racemization occurred at the phenylgly-
cine a-carbon, which was detected by the formation of
epimers in the subsequent coupling step.

As depicted in Scheme 1, the heteroaryl ethers 6–9 were
synthesized from 3 in nucleophilic aromatic substitution
reactions using 4-chloro-7-methoxy-2-phenylquinoline28

or commercially available 2,6-dichloropyridine, 2-flu-
oropyridine, and 1,3-dichloroisoquinoline, respectively,
and potassium-tert-butoxide in DMSO. The nucleophil-
ic substitutions with 4-hydroxy-phenylglycine (as nucle-
ophile) were, as expected, slow at 40 �C. Attempts to
increase the reaction speed by raising the temperature
resulted in partial loss of the Boc group. In addition
to their temperature sensitivity, the reactions were also
very sensitive to moisture and minor impurities present
in the reaction mixture. In the synthesis of 6, this some-
times resulted in the transformation of the 4-chloro-7-
methoxy-2-phenyl-quinoline to its 4-hydroxy, 4-alkoxy,
or dechlorinated analogue. The substitution reactions
were followed by LC–MS for several days, until the lim-
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iting starting material was fully consumed, which result-
ed in a 71–75% yield of 6, 7, and 8, and a quantitative
yield of 9. The products were precipitated as their zwit-
terions by acidification of an alkaline aqueous solution
to pH 5.2 for 6 and pH 3.6 for 7–9. The P2 building
block 10 was synthesized from its chlorine-substituted
analogue 9 and 4-pyridineboronic acid in a micro-
wave-heated Suzuki reaction.29–31 After purification by
preparative LC–MS, the desired product was isolated
in 31% yield. The main side-product detected during
the Suzuki reaction was the dechlorinated 9.

All tripeptide inhibitors were prepared in solution by
standard peptide coupling methods using N-[(dimethyla-
mino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-yl-methylene]-
N-methylmethanaminium hexafluorophosphate N-oxide
(HATU) or N-[(1H-benzotriazole-1-yl)-(dimethylami-
no)methylene]-N-methylmethanaminium hexafluoro-
phosphate N-oxide (HBTU), and diisopropylethylamine
in DMF, but using different synthetic routes as presented
in Schemes 2 and 3. The synthetic route in Scheme 2 was
designed to produce the C-terminal carboxylic acids, for
comparison with the corresponding acyl sulfonamide bio-
isosteres. The main drawback of this approach was the
necessity of alkaline ester hydrolysis leading to epimeriza-
tion at the phenylglycine a-carbon.

The starting material 11 in Scheme 2 was prepared from
the commercially available (S)-2-[(benzyloxycarbon-
yl)amino]-4,4-difluorobutanoic acid methyl ester (Cbz-
difluoro-Abu-OMe) by catalytic hydrogenation. Since
the corresponding free amine is volatile, the product
was converted to its hydrochloride salt. The hydrochlo-
ride salt of (1R,2S)-1-amino-2-vinyl-cyclopropanecarb-
oxylic acid ethyl ester and 11 were used in the
coupling to 6, producing dipeptides 12 and 13 in 54%
and 55% yield, respectively. After removal of the Boc
group in HCl/dioxane, Boc-LL-valine was coupled to 12
and Boc-LL-tert-leucine to 13 to give the ester-protected
tripeptides 14 (77%) and 15 (52%). The esters were
hydrolyzed using lithium hydroxide, to give the tripep-
tides 16 and 17 in 80% and 39% yield, respectively.
The diastereomers could not be separated at this
stage. The tripeptide 16 was transformed into the corre-
sponding acyl sulfonamide using benzenesulfonamide,
1,1-carbonyldiimidazole (CDI), and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) in dry THF.32 As sulfona-
mides, the P2 LL-isomer 18a and the corresponding
DD-isomer 18b could be separated and isolated in 18%
and 17% yield, respectively. When 17 was submitted to
the same coupling conditions, it also racemized at the
P1 (difluoro-Abu) a-carbon, which resulted in a mixture
of diastereomers too complex to separate.

To minimize the problem of epimerization at the phenyl-
glycine a-carbon, it was most convenient to couple the
P2 building block to a preformed P1-acyl sulfonamide,
as depicted in Scheme 3. The P1-acyl sulfonamide build-
ing blocks were prepared according to the first step in
Scheme 3. Thus, the starting material (1R,2S)-1-[(tert-
butoxycarbonyl)amino]-2-vinyl-cyclopropancarboxylic
acid33 was synthesized in two steps from the hydrochlo-
ride salt of (1R,2S)-1-amino-2-vinyl-cyclopropanecarb-
oxylic acid ethyl ester by Boc-protection followed by
ester hydrolysis using lithium hydroxide. (S)-2-[(Benzyl-
oxycarbonyl)amino]-4,4-difluorobutanoic acid34 was
prepared from commercially available (S)-2-[(benzyl-
oxycarbonyl)amino]-4,4-difluorobutanoic acid methyl
ester by alkaline hydrolysis as described above.
(1R,2S)-1-[(tert-butoxycarbonyl)amino]-2-vinyl-cyclo-
propancarboxylic acid, (S)-2-[(benzyloxycarbonyl)ami-
no]-4,4-difluorobutanoic acid, and the commercially
available amino acids Boc-LL-norvaline and Boc-1-
aminocyclopropane-1-carboxylic acid (Boc-ACCA)
were transformed into the corresponding acyl sulfona-
mides 19,35,36 20,36 21,37 22 (62%), and 23 (62%) using
cyclopropylsulfonamide28 or commercially available
benzenesulfonamide, CDI, and DBU in dry THF. After
acidic removal of the Boc groups and Cbz-removal
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P. Örtqvist et al. / Bioorg. Med. Chem. 15 (2007) 1448–1474 1451
using catalytic hydrogenation, the building blocks were
used in the following peptide couplings as their hydro-
chloride salts or as the corresponding zwitterions, pro-
ducing dipeptides 24–34. The dipeptides were either
purified chromatographically (38–87% yield), or used
in the following step as crude products after extractions
(25, 28, and 34).

In the final step, Boc-LL-valine was used in the synthesis
of tripeptide inhibitors 45–47 and 18a and Boc-LL-tert-
leucine for the preparation of inhibitors 35–44a and b
in 8–64% yield (Scheme 4). To remove the Boc groups
from the dipeptides, HCl in 1,4-dioxane or HCl in ethyl
acetate was used. Due to the risk of hydrolysis of ethyl
acetate to acetic acid it was preferable to use HCl in
1,4-dioxane. In cases where the coupling step is slow,
the acetic acid may acetylate the P2–P1 0 sulfonamide
building block. This occurred in the synthesis of 41,
where it caused an unusually low yield (8%) of the de-
sired product, whereas the acetylated form was recov-
ered in 29% yield. Moreover, it should be noted that
the phenylglycine a-carbon is also isomerized to some
extent (less than 15%) under standard coupling condi-
tions. The unwanted diastereomers were removed from
the target compounds by chromatography. In the case
of compound 40, both diastereomers 40a (P2 LL-isomer)
and 40b (P2 DD-isomer) were isolated and used in the bio-
chemical evaluation.

The macrocyclic inhibitors presented in Scheme 5 were
synthesized from the P2 building blocks 6, 9, and 10. Syn-
thesis began with the coupling of these to the P1 residue
(1R,2S)-1-amino-2-vinyl-cyclopropanecarboxylic acid
ethyl ester resulting in dipeptides 12, 48, and 49. After
hydrolysis of the Boc groups, (2S)-N-Boc-2-amino-8-
nonenoic acid was coupled to the deprotected 12, 48,
and 49, affording tripeptides 50–52 in 56–84% yield. In
the cases of 51 and 52, HCl in ethyl acetate was used in
the deprotection step, which led to the problem of acety-
lated dipeptides as mentioned above. The cyclization was
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successfully accomplished in a ring-closing olefin metath-
esis reaction (RCM) in dry toluene at 80 �C for 1–1.5 h
and catalyzed by the second generation Grubb’s catalyst,
to yield 53 (46%) and 54 (72%).38,39 The pyridine ana-
logue 52 was less reactive and required heating overnight
and addition of more catalyst to give a comparable yield
of 55 (64%). Thus, 15-membered rings could be effectively
formed using RCM even in the cases of phenylglycine-
based tripeptides as previously demonstrated for proline
compounds, despite the greater flexibility of phenylgly-
cine.40 Following alkaline hydrolysis of the ethyl esters
to the carboxylic acids 56–58, the synthesis of inhibitors
59–62 was accomplished by coupling of benzenesulfona-
mide or cyclopropylsulfonamide using CDI and DBU in
dry THF.32 The inhibitors were isolated in 11–33% yield.
Interestingly, the cyclized compounds did not epimerize
at the phenylglycine a-carbon when submitted to the
alkaline conditions of the ester hydrolysis that readily
epimerized the linear tripeptides.

2.2. Biochemical evaluation

The inhibitors 1, 2, 16–18b, 35–47, and 56–62 were eval-
uated in an in vitro assay using the full-length NS3 pro-
tein, the central part of the NS4A as cofactor, and an
internally quenched fluorescent peptide substrate.21,41

Ki values of the inhibitors are presented in Tables 1–3.
Inhibitors 16–18a and b, 35–40a, 41, 56, and 59–61 were
also evaluated for cell activity in the HCV replicon as-
say.42 Compounds 16 and 60 were the most active with
ED50 values of 8.5 and 4.6 lM, respectively. For all
remaining compounds, the ED50 values exceeded 10 lM.
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2.3. Molecular modeling

To be consistent with biochemical testing methodology,
the full-length NS3 (protease-helicase/NTPase) (PDB
code 1CU1) was used for modeling studies.43 We have
used the full-length NS3 protein previously due to the
fact that the full-length NS3 is the native form of the
protein and due to discrepancies between structure–ac-
tivity relationships observed using the truncated and
full-length NS3 proteins.20,21 Furthermore, previously
published modeling studies on proline-based inhibitors
(A and B, Fig. 2) suggested the importance of the heli-
case domain, showing a close fit between quinoline-
substituted P2 side chains and the helicase domain.35

To date, there is no published crystal structure of an
HCV protease inhibitor bound to the full-length NS3
protein. Docking has been used to suggest likely binding
poses of ligands and to help provide a qualitative assess-
ment of protein–ligand interactions.

The active site has been described as a flat and relatively
featureless area on the surface of the protease
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domain.44,45 However, this only applies to the truncated
NS3 where the helicase is not present. Inclusion of the
helicase domain results in a more feature-rich binding
site that exists at the interface of the protease and heli-
case domains.43 Since compounds designed in this study
have been optimized to form interactions with the S1
and S2 pockets, understanding of the chemical features
in those regions is important. The S1 pocket forms a
shallow hole in the protease domain in which the P1 side
chain resides. The P1 side chain is encircled by K136,
G137, S138, and S139, while the bottom of the S1 pock-
et is formed by the aromatic side chain of F154. While
the S1 pocket is comprised of residues in the protease
domain, S2 is formed by residues in both the helicase
and protease domains. According to the orientation
shown in Figures 3 and 4, the right and back sides of
the S2 pocket are formed by the H57 and R155 side
chains (protease domain), respectively, while the left side
and ceiling of the pocket are formed by Q526 and M485
(both residues in the helicase domain), respectively. Be-
fore ligand binding, the R155 side chain lies in close
proximity to Q526, but must move backward to accom-
modate the large quinoline-substituted P2 phenylgly-
cines employed in this study. After accommodation of
the large P2 substituent, the R155 side chain is in the po-
sition to form the previously described hydrogen bond
with D168, as suggested in the crystal structure of an
analogue to BILN 2061 and the NS3 protease.46
Docking poses of the two tetrapeptides comprising a P2
proline or a P2 phenylglycine in Figure 1 were estab-
lished and compared (Fig. 3). Some notable features in-
clude: First, the phenylglycine side chain may be able to
participate in a pi-pi stacking interaction with H57.
Here, the distance between the phenyl and imidazole
centroids is approximately 3.5 Å. Second, docking stud-
ies suggest that the aNH of the phenylglycine may be
able to participate in a hydrogen bonding interaction
with Q526 of the NS3 helicase domain. As seen in Fig-
ure 3 the distance between the aNH and the carbonyl
of Q526 is 2.2 Å, indicating that hydrogen bonding is
likely. Further differences in the binding poses of the
phenylglycine- and proline-based inhibitors can be seen
in the P1 position. In Figure 3 where compounds 1 and 2
are overlaid it can be seen that the cyclic nature of the
proline ring induces a conformational change in this po-
sition so that the P1 may be positioned deeper in the S1
pocket, lying closer to F154.

A similar phenylglycine-proline comparison with the
quinoline-substituted inhibitors 18a (Table 2) and com-
pound B (Fig. 2) was performed, and the overlayed pos-
es can be seen in Figure 4. Binding poses of the
phenylglycine-based tripeptides were similar to those
observed in the tetrapeptide series mentioned above.
The H57-phenylglycine pi-pi stacking interaction and
the hydrogen bond with Q526 were observed in both
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DD-Phenylglycine instead of LL-phenylglycine in P2.
c Valine in P3 and norvaline phenyl acyl sulfonamide in P1.
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cases. Also, the difference in the relative position of the
P1 side chain as compared to proline-based inhibitors
was consistent for both phenylglycine-based inhibitors.
In agreement with published NMR studies,47 docking
studies indicate that the phenylglycine side chain may
adopt a conformation perpendicular to the inhibitor
backbone. This conformation is favored due to the
repulsive interaction between phenylglycine hydrogens
and those of the backbone. However, for the bulky
quinoline or isoquinoline substituent to fit into the ac-
tive site, some strain is introduced in the ether linker
(C–O–C approximately 108�). A second plausible phe-
nylglycine conformation may exist where the phenyl ring
lies parallel to the backbone (not shown), allowing a
more comfortable fit of the quinoline in the S2 pocket
and a reduction in the strain in the ether linker (C–O–
C approximately 115�). However based on the docu-
mented NMR findings and the fact that the possible
pi-pi stacking interaction with H57 is possible, one
may consider the perpendicular phenylglycine confor-
mation to be the more likely conformation.

Docking studies of the phenylglycine-based DD-isomers
(not shown) suggest that they adopt binding conforma-
tions similar to the LL-isomers. Although the phenylgly-
cine was found to be perpendicular to the inhibitor
backbone, the positions of the large P2 quinoline sub-
stituents differed. The phenylglycine of the DD-isomer is
closer to the R155 side chain, which reduces the avail-
able volume in the S2 pocket for the quinoline substitu-
ent so that it could not fit in the pocket as it did in the
case of the corresponding LL-isomer. Rather than being
found between H57 and Q526, the quinoline moiety
was instead located between Q526 and R155.
3. Discussion

There are numerous examples of potent peptidomimetic
tripeptide HCV NS3 inhibitors based on P2 proline in
the literature today.9 Such inhibitors include BILN
2061 and derivatives thereof, designed at Boehringer
Ingelheim, and acyl sulfonamides on a similar scaffold
previously published by us and others (Fig. 2).11,28,35

As mentioned in the introduction, preliminary studies
by us indicated that phenylglycine might be a useful
alternative to proline as a P2 building block in HCV
NS3 protease inhibitors. This idea was further strength-
ened by docking studies that suggested a possible pi-pi
stacking interaction with the catalytic H57 and phenyl-
glycine side chain, as discussed above (Fig. 3). More-
over, the NH of the phenylglycine may be able to
participate in a hydrogen bonding interaction with
Q526 of the NS3 helicase domain, although this is more
speculative. In agreement with this hypothesis, we found
that a tetrapeptide inhibitor (2) with phenylglycine in P2
was more than 20 times more potent than the corre-
sponding inhibitor (1) with proline in the P2 position
(Fig. 1).

The effectiveness of phenylglycine as compared to pro-
line in simple tetrapeptides (Fig. 1) prompted us to ex-
plore the potential of phenylglycine-based inhibitors
using decorations proven to be effective in proline-based
inhibitors. We anticipated that these tripeptide phenyl-
glycine compounds would be of greater potency than



Table 2. Inhibition of NS3 protease activity of the full-length NS3 (protease-helicase/NTPase)
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the similar proline-based inhibitors. Therefore, alkyl-
and heteroaryl-substituted compounds were synthesized
via an ether linkage of P2 phenylglycine (Table 1). This
range of P2 substitutions was also tested in combination
with a variety of common P1 and P3 residues (Table 2).
Furthermore, cyclization was performed to understand



Table 3. Inhibition of NS3 protease activity of the full-length NS3 (protease-helicase/NTPase)
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P. Örtqvist et al. / Bioorg. Med. Chem. 15 (2007) 1448–1474 1457
the effect of a reduction in conformational flexibility
(Table 3). While most inhibitors employed acyl sulfon-
amide C-terminals, the corresponding carboxylic acid
derivatives were synthesized to allow comparisons (Ta-
bles 2 and 3).
p-Methoxyphenylglycine incorporated in a tripeptide se-
quence with (1R,2S)-1-amino-2-vinyl-cyclopropane-
carboxylic acid (vinyl-ACCA) in P1 and tert-leucine in
P3 produced a promising inhibitor of low molecular
weight, with a Ki of 5.4 lM (44a, Table 1). A similar
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inhibitor but with a P2 proline moiety and C-terminal
carboxylic acid had a reported Ki of >600 lM.48 Inter-
estingly, the pyridinyloxy- and the chloropyridinyloxy-
based inhibitors (42 and 43) were roughly equipotent
with the methoxy-based inhibitor 44a. As was found
for the proline-based inhibitors, the introduction of
bulky quinoline ethers yielded much more potent inhib-
itors of NS3 protease.48 Thus, replacement of methoxy
with a 7-methoxy-2-phenylquinolin-4-yloxy resulted in
a 30-fold improvement in potency (37, Ki = 0.18 lM).
The 3-chloro- and 3-pyridine isoquinolines (40a and
41) were approximately 2-fold less potent than the quin-
oline 37.

In order to investigate whether phenylglycine is compat-
ible with P1 residues previously used in different types of
HCV NS3 inhibitors,36,49–56 the compounds in Table 2
were synthesized. In that series, various P1 residues
and C-terminals were evaluated on p-(7-methoxy-2-phe-
nylquinolin-4-yloxy)phenylglycine-based inhibitors,
using either Boc-protected valine or tert-leucine as the
P3 residue. P3 tert-leucine has been proved to produce
not only slightly improved HCV NS3 protease inhibitors
as compared to P3 valine, but also inhibitors with higher
solubility and better pharmacokinetics.51,57–59 In the
present phenylglycine series, P3 tert-leucine and P3 va-
line generate equipotent inhibitors (35 compared with
45, 38 compared with 18a, and 37 compared with 46,
Table 2).

Molecular modeling suggests that the relative position
of P1 residues in the present phenylglycine series is dif-
ferent from that of the P1 of the analogous proline com-
pounds. Hence, in the P2 proline series of phenyl
acylsulfonamides, the replacement of norvaline in P1
with vinyl-ACCA resulted in a 400-fold improvement
in potency (Fig. 2).35 This same replacement in the P2
phenylglycine series resulted in no significant change in
activity (35 compared to 38, and 45 compared to 18a,
Table 2). The difference in activity of these two analo-
gous series may accordingly be attributed to differences
in conformation in the P1 position as discussed above
(see Fig. 3), which may affect protein–ligand interactions
H57

Q526

2.17 Å

H57 and Q526 (orange). A pi–pi stacking interaction is possible based

n and the phenylglycine P2 side chain. Structures of both the inhibitor

ns of the protein atoms were obtained from the docking results of 1.
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in the S1 pocket. However, one should note that the
phenylglycine- and proline-based inhibitors with norval-
ine in the P1 position were of very similar potency (45,
Ki = 280 nM, Table 2, and A in Fig. 2, Ki = 300 nM).
The phenylglycine-based inhibitors are more flexible
than the corresponding proline compounds and model-
ing suggests at least two distinct binding modes (in the
P2 position) for the phenylglycine compound as com-
pared to one for the proline compound. Conceivably,
the phenylglycine-based compound can benefit from
one, but perhaps not two fragments that have been opti-
mized for the proline compounds. For example, in the
proline series, the vinyl-ACCA and 7-methoxy-2-phe-
nylquinoline-4-yloxy were found to be optimal in the
P1 and P2 positions,58 respectively, but the same combi-
nation in the phenylglycine series does not work equally
well. However, the vinyl group of the P1 vinyl-ACCA
continued to have a large effect on potency as inhibitors
with only ACCA in the P1 position were lower in inhib-
itory potency than those with either norvaline or vinyl-
ACCA (compare 36 with 35 and 38 in Table 2).

2-Amino-4,4-difluorobutanoic acid (difluoro-Abu) was
elegantly designed by Narjes et al. as a replacement of
the native P1 cysteine in NS3 protease inhibitors, and
has worked well in inhibitors with C-terminal carboxy-
lates, phenethylamides, as well as in electrophilic a-keto-
acids and a-ketoamides.34,51,53,56 Prior to this study, the
effect of this amino acid in acyl sulfonamide-based
inhibitors had not been evaluated. Difluoro-Abu was
therefore used as an additional P1 residue in phenylgly-
cine-based inhibitors in an attempt to improve potency.
Unfortunately, difluoro-Abu did not prove to be a good
P1 residue in a phenylglycine-based inhibitor with a C-
terminal acylsulfonamide. A 4-fold decrease in potency
was observed, as compared to the corresponding vinyl-
ACCA compound (37 and 39, Table 2). On the other
hand, the carboxylates of difluoro-Abu and vinyl-
ACCA were equal in activity in the phenylglycine series
O

NH

O

A157

M485

H57

1.90 Å

Q526

Figure 4. On left, comparison of the suggested binding poses for 18a (red, Ta

and M-485 (orange). The distance between the centroids of the imidazole g

possible pi-pi interaction. Structures of both the inhibitor and amino acid res

residues were obtained from the docking results of 18a. Shown on right is a
(16 and 17, Table 2), indicating that it is the difluoro-
Abu and acyl sulfonamide combination that is not
optimal.

Phenylglycine-based compounds are prone to racemiza-
tion under basic conditions, due to the risk of conjuga-
tion resulting from the phenyl group being adjacent to
the a-carbon.60 Partial epimerization was noted for sev-
eral of the phenylglycine-based inhibitors during synthe-
sis. Epimerization was less than 15% under normal
peptide coupling conditions, and more than 32% during
treatment with lithium hydroxide (see Scheme 2). Inter-
estingly, the macrocyclic analogues were free of epimer-
ization under the same conditions. After epimeric
separation of some of the linear inhibitors, biochemical
evaluation of both the DD- and LL-epimers was possible.
The DD-epimers were of lower potency than the corre-
sponding LL-epimers but retained a reasonable inhibition
constant (only a 2.5-, 6-, and 1.5-fold loss in potency,
respectively, for the pairs 40a,40b and 44a,44b in Table
1, and 18a,18b in Table 2). As discussed above, docking
studies show that the DD- and LL-isomers bind in a similar
way but still with some difference in the relative posi-
tions of the quinoline substituents, which might explain
the relatively small difference in potencies between the
DD- and LL-epimers of P2 phenylglycine.

Formation of macrocyclic compounds has been
achieved by connecting the P1 and P3 side chains of pro-
line-based inhibitors, such as BILN 2061 (Fig. 2).46,48

Similar 15-membered ring macrocyclic phenylglycine-
based inhibitors were synthesized in this study, produc-
ing compounds with nanomolar potencies (Table 3). A
2- to 6-fold gain in potency was achieved by inhibitor
cyclization, with the exception of the pyridine-based
inhibitor 62, which was not affected. Inhibitors 60 and
61 with 7-methoxy-2-phenylquinolin-4-yloxy and 3-
chloroisoquinolin-1-yloxy substituted phenylglycines
have Ki values of 76 and 74 nM, respectively, and are
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the most potent inhibitors presented herein. Additional-
ly, the macrocyclic inhibitor 60 had the best cellular
potency in the series, although in the micromolar range
(EC50 = 4.6 lM). The structure-activity relationship of
the inhibitor series presented herein indicates that the
phenylglycine-based inhibitors require their own optimi-
zation studies in order to improve both enzymatic and
cellular potencies.

We previously discovered that the C-terminal carboxy-
lates of product-based inhibitors of HCV NS3 protease
could be successfully replaced with classical carboxylic
acid bioisosteres, of which the acyl sulfonamides seemed
most promising.35,36 Subsequent studies showed the acyl
sulfonamides to be more selective for the HCV NS3 pro-
tease as compared with other serine proteases.61 The
same substitution in the present phenylglycine series of
inhibitors was also associated with a 10-fold gain in
potency (Tables 2 and 3). In previous work, several acyl
sulfonamide substituents were tested and phenyl was
shown to be a favorable substituent.35 The cyclopropyl
acyl sulfonamide substituent was originally explored
by Campbell et al.28 and used in this study of phenylgly-
cine-based inhibitors. Biochemical testing data indicate
that it is as good, and in some cases, slightly better than
the phenyl substituent (38, 37, 18a, and 46, Table 2, and
59, 60, Table 3).
4. Conclusion

In summary, phenylglycine is shown to be a useful P2
residue in protease inhibitors of the HCV NS3. It is
thought to interact with the protease-helicase/NTPase
in ways not possible for the proline-based inhibitors,
as suggested by modeling and inhibitory potencies.
However, the structure–activity relationship for the phe-
nylglycine-based inhibitors is not identical to the well-
known proline-based compounds. The phenylglycine
compounds do not benefit from a combination of frag-
ments optimized for the proline-based compounds, as
for example the vinyl-ACCA in P1 and 7-methoxy-2-
phenylquinolin-4-yloxy as a P2 phenylglycine substitu-
ent. These results indicate that phenylglycine-based
inhibitors may adopt a slightly different binding pose
relative to the previously synthesized proline series. Nev-
ertheless, the combination of C-terminal acylsulfona-
mides, isoquinolin- or quinolinyloxy substituted
phenylglycine in P2, and P1–P3 cyclization yielded effec-
tive inhibitors with potencies in the nanomolar range
(�75 nM). Further optimization studies are underway
to fully exploit the promising P2 phenylglycine scaffold.
5. Experimental

5.1. Chemistry

Reagents and solvents were obtained commercially and
used without further purification. The microwave reac-
tions were preformed in a Smith-Synthesizer single
mode cavity with controlled irradiation at 2450 MHz.
The reactions were executed in Smith vials. Thin-layer
chromatography (TLC) was performed using aluminum
sheets precoated with silica gel 60 F254 (0.2 mm, E.
Merck) or RP-TLC RP-18 F254S, (E. Merck). Chroma-
tographic spots were visualized using UV-detection or
by spraying with a 2% ethanolic ninhydrin solution fol-
lowed by heating, or both. Column chromatography
was performed using Merck silica gel 60 (40–63 lm)
(or Merck Silica gel 60 RP-18 (40–63 lm) for com-
pounds 21 and 22). Analytical RP-HPLC–MS was pre-
formed on a Gilson–Finnigan ThermoQuest AQA
system (Chromolith Performance RP-C18 column,
100 · 4.6 mm, MeCN/H2O gradient with 0.05%
HCOOH) in ESI mode, using UV (214 and 254 nm)
and MS detection. Preparative RP-HPLC–MS was per-
formed on a Gilson–Finnigan ThermoQuest AQA sys-
tem equipped with a C8 column (Zorbax SB-C8, 5 lm,
150 · 21.2 mm) using a MeCN/H2O (0.05% HCOOH)
gradient with UV (214 and 254 nm) and MS (ESI,
10 eV) detection. Preparative RP-HPLC was performed
on a system equipped with a phenyl column (ACE 5
Phenyl, 150 · 21.2 mm) or a C18 column (Vydac
218TP, 10 lm, 250 · 22 mm), in both cases with UV
detection at 230 nm. The purity of each of the inhibitors
was determined by RP-HPLC in two of the following
systems (UV detection at 220 nm): column 1 (ACE 5
C18, 50 · 4.6 mm, H2O/MeCN gradient with 25 mM
NH4OAc, pH 6.3), column 2 (Thermo Hypersil C4,
50 · 4.6 mm, 5 lM, H2O/MeCN gradient with 0.1%
TFA) or column 3 (ACE 5 Phenyl, 50 · 4.6 mm, H2O/
MeCN gradient with 0.1% TFA). 1H and 13C NMR
spectra, except for compound 41, were recorded on a
Varian Mercury-400 or on a JEOL JNM-EX400 spec-
trometer at 399.8 MHz or 100 MHz, respectively, at
ambient temperature. The 1H NMR for compound 41
was recorded on a Varian UNITY INOVA spectrometer
at 499.9 MHz. Chemical shifts are reported as d values
(ppm) indirectly referenced to TMS via the solvent sig-
nal (1H: CHD2OD d 3.31, d CHCl3 7.26, CHD2COCD3

d 2.05; 13C: CD3OD d 49.0, d CDCl3 77.16, (CD3)2CO d
49.0). Exact molecular masses were determined on
Micromass Q-Tof2 mass spectrometer equipped with
an electrospray ion source.

5.2. General procedure for the synthesis of tetrapeptides
(1 and 2)

The peptides were prepared manually on a 120 lmol
scale by standard Fmoc/t-Bu solid-phase peptide synthe-
sis in 5 mL disposable syringes equipped with porous
polyethylene frits. The starting polymer was H-
Cys(Trt)-2-chloro-trityl resin (0.48 mmol/g). Fmoc-ami-
no acids (3 equiv) were coupled in DMF (1.5 mL) for
2 h using HBTU (3 equiv) in the presence of DIEA
(6 equiv). The Fmoc group was removed by repeated
treatment with 20% piperidine in DMF (5+10 min).
Succinylation was accomplished by reaction with succi-
nic anhydride (10 equiv) and DIEA (10 equiv) in DMF
for 2 h. The resins were then washed with DMF,
DCM, and MeOH, and dried in vacuo. Part of the prod-
ucts (60 lmol) were deprotected and cleaved from the
resin by treatment with triethylsilane (175 lL) and
95% aqueous TFA (2 mL) for 1.5 h. The resins were fil-
tered off and washed with 2 · 0.3 mL TFA. The filtrates
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were evaporated in a stream of nitrogen to less than
0.5 mL, the products precipitated by addition of ether
(13 mL), collected by centrifugation, and washed with
ether (2 · 6 mL). The dried products 1 and 2 weighed
11.2 mg and 25.9 mg, respectively. LC–MS analysis
showed the occurrence of two components of the expect-
ed m/z ratio in the crude phenylglycine-containing pep-
tide and, in addition, a substantial amount of the
peptide lacking the phenylglycine residue. The peptides
were purified by RP-HPLC on a Zorbax SB-C8 column
using a buffer system comprised of (A) 25 mM aqueous
NH4OAc, pH 6.3, and (B) 25 mM NH4OAc, pH 6.3, in
60% acetonitrile at a flow rate of 5 mL/min and with
detection by UV absorption at 220 nm.

5.3. Suc-Chg-Ile-Pro-Cys-OH (1)

Amino acid analysis Chg, 0.99; Ile, 0.99; Pro, 0.99; Cys,
1.03. HRMS calcd for C26H41N4O8S (M�H+) 569.2645,
found: 569.2634. RP-HPLC purity (column 1: 99.4%,
column 2: 100%).

5.4. Suc-Chg-Ile-LL-Phg-Cys-OH (2)

Amino acid analysis Chg, 0.99; Ile, 0.99; Phg, 1.00; Cys,
1.01. HRMS calcd for C29H41N4O8S (M�H+) 605.2645,
found: 605.2667. RP-HPLC purity (column 1: 94.4%,
column 2: 94.8%). Data for the corresponding DD-isomer:
Suc-Chg-Ile-DD-Phg-Cys-OH amino acid analysis Chg,
0.99; Ile, 0.99; Phg, 1.01. HRMS calcd for C29H43N4O8S
(M+H+) 607.2802, found: 607.2810.

5.5. (S)-tert-Butoxycarbonylamino(4-hydroxyphenyl)ace-
tic acid (3)27

Prepared as described in the literature.27

5.6. (S)-tert-Butoxycarbonylamino(4-methoxyphe-
nyl)acetic acid methyl ester (4)

Cs2CO3 (0.525 g, 1.6 mmol) was dissolved in dry DMF
(10.0 mL) under N2 flow. Compound 327 (0.171 g,
0.64 mmol) dissolved in dry DMF (5.0 mL) and methyl
iodide (0.12 mL, 1.9 mmol) were added. The reaction
mixture was stirred at room temperature for 21 h under
N2 atmosphere. Water (50 mL) was added and the aque-
ous phase extracted with EtOAc (3 · 30 mL). The com-
bined organic phases were washed with brine
(1 · 30 mL), dried with MgSO4, filtered, and evaporated
to yield 4 (0.168 g, 89%) as a yellow oil. 1H NMR
(CD3OD) d 7.28 (m, 2H), 6.90 (m, 2H), 5.14 (s, 1H),
3.78 (s, 3H), 3.68 (s, 3H), 1.44 (s, 9H). 13C NMR (CD3OD)
d173.5, 161.2, 157.6, 129.9, 129.8, 115.2, 80.8, 58.8, 55.7,
52.8, 28.7. MS (M+H+) 296.2. HRMS calcd for
C15H22NO5 (M+H+) 296.1498, found: 296.1504.

5.7. tert-Butoxycarbonylamino(4-methoxyphenyl)acetic
acid (5)

Compound 4 (0.120 g, 0.406 mmol) was dissolved in
THF (15 mL) and MeOH (7 mL). LiOH (0.145 g,
6.09 mmol) dissolved in water (2 mL) was added and
the reaction stirred at room temperature for 24 h. pH
was adjusted to 5 using 1 M HCl, and the organic sol-
vents removed in vacuo. pH was adjusted to 3 with
1 M HCl whereafter the aqueous phase was extracted
twice with EtOAc (2 · 10 mL). The combined organic
phases were washed with brine, dried with MgSO4, fil-
tered, and the solvents removed in vacuo, to give 5
(0.080 g, 70%) racemized at the Phg a-carbon (as deter-
mined by epimer formation in subsequent peptide cou-
plings). 1H NMR (CD3OD) d 7.31 (m, 2H), 6.90 (m,
2H), 5.1 (s, 1H), 3.78 (s, 3H), 1.44 (s, 9H). 13C NMR
(CD3OD) d 174.6, 161.1, 157.5, 130.5, 129.8, 115.1,
80.7, 58.6, 55.7, 28.7. HRMS calcd for C14H20NO5

(M+H+) 282.1341, found: 282.1335.

5.8. (S)-tert-Butoxycarbonylamino[4-(7-methoxy-2-phe-
nylquinolin-4- yloxy)phenyl]acetic acid (6)

4-Chloro-7-methoxy-2-phenylquinoline (0.328 g,
1.22 mmol), 3 (0.651 g, 2.44 mmol) and KO-t-Bu
(0.548 g, 4.88 mmol) were dried over P2O5 in vacuo be-
fore use. Dry DMSO (3.6 mL) was added to KO-t-Bu
under N2 atmosphere in a sealed reaction vessel tube.
Compound 3 was dissolved in dry DMSO (3.6 mL)
and added dropwise to the KO-t-Bu solution. The solu-
tion was stirred for 30 min, whereafter a solution of 4-
chloro-7-methoxy-2-phenyl-quinoline in dry DMSO
(3.6 mL) was added dropwise. The reaction mixture
was stirred at 40 �C in a heating block for 8 days and
was monitored by LC–MS. When only traces of 4-chlo-
ro-7-methoxy-2-phenyl-quinoline could be detected, the
reaction mixture was filtered and poured into H2O
(60 mL). The aqueous phase was washed with ether
(2 · 30 mL) to remove the side-products (see Section
5.1). The pH was adjusted to 5.15 using 1 M HCl
(�2.4 mL). The precipitated product was collected by
centrifuge filtration through Whatman PVDF-filters
(0.45 lm), since it was too fine-grained for ordinary fil-
tration, to yield 6 (0.434 g, 71%) as a white solid. 1H
NMR (CD3OD) d 8.25 (d, J = 9.2 Hz, 1H), 7.81 (m,
2H), 7.58 (m, 2H), 7.47 (m, 4H), 7.27 (m, 3H), 6.89 (s,
1H), 4.0 (s, 3H), 1.46 (s, 9H). 13C NMR (CD3OD) d
175.4, 167.7, 166.2, 160.0, 158.2, 155.1, 148.4, 139.1,
136.9, 131.8, 131.1, 129.9, 125.9, 122.9, 122.2, 116.7,
104.4, 81.7, 60.0, 57.4, 29.5. MS (M+H+) 501.1. HRMS
calcd for C29H29N2O6 (M+H+) 501.2026, found:
501.2024.

5.9. (S)-tert-Butoxycarbonylamino[4-(6-chloro-pyridin-2-
yloxy)-phenyl]acetic acid (7)

Compound 7 was prepared as described for 6 using 2,6-
dichloropyridine (0.115 g, 0.778 mmol), 3 (0.104 g,
0.389 mmol), KO-t-Bu (0.087 g, 0.778 mmol), and
DMSO (2 mL). The reaction mixture was stirred for 4
days. The pH of the water solution was adjusted to
3.5 and the precipitated product was filtered to give 7
(0.110 g, 75%) as a white solid. 1H NMR (CD3OD) d
7.78 (dd, J = 7.6, 8.2 Hz, 1H), 7.47 (m, 2H), 7.13 (m,
3H), 6.87 (m, 1H), 5.23 (br s, 1H), 1.45 (s, 9H). 13C
NMR (CD3OD) d 174.1, 164.8, 157.5, 155.0, 149.9,
143.6, 135.5, 130.2, 122.3, 119.9, 110.8, 80.9, 58.7,
28.7. HRMS calcd for C18H18N2O5Cl (M�H+)
377.0904, found: 377.0901.
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5.10. (S)-tert-Butoxycarbonylamino[4-(pyridin-2-yloxy)-
phenyl]acetic acid (8)

Compound 8 was prepared as described for 6 using
2-fluoropyridine (0.096 g, 0.988 mmol), 3 (0.132 g,
0.494 mmol), KO-t-Bu (0.111 g, 0.988 mmol), and
DMSO (2 mL). The reaction mixture was stirred for 4
days. The aqueous phase was acidified to 3.6 and cooled
in a refrigerator. The precipitated product was filtered
to give 8 (0.056 g, 33%) as a white solid. The water phase
was extracted with ethyl acetate (2 · 10 mL). The com-
bined organic phases were dried with MgSO4, filtered,
and the solvent removed in vacuo to give another
0.032 g, 19% of 8. 1H NMR (CD3OD) d 8.12 (dd,
J = 2.2, 5.0 Hz, 1H), 7.82 (ddd, J = 2.1, 7.3, 8.3 Hz, 1H),
7.45 (m, 2H), 7.11 (m, 3H), 6.95 (m, 1H), 5.21 (s, 1H),
1.46 (s, 9H). 13C NMR (CD3OD) d 174.1, 164.8, 157.5,
155.6, 148.4, 141.7, 135.1, 130.2, 122.0, 120.3, 113.0,
80.8, 58.7, 28.7. HRMS calcd for C18H21N2O5 (M+H+)
345.1450, found: 345.1454.

5.11. (S)-tert-Butoxycarbonylamino[4-(3-chloroisoquino-
lin-1-yloxy)phenyl]acetic acid (9)

Compound 9 was prepared as described for 6 using 1,3-
dichloroisoquinoline (0.396 g, 2.0 mmol), 3 (1.069 g,
4.0 mmol), KO-t-Bu (0.898 g, 8.0 mmol) and DMSO
(12 mL). The reaction was stirred for 14 days. The aque-
ous phase was acidified to 3.6 and cooled in a refrigera-
tor. The precipitated product was filtered to give 9
(0.849 g, 99%) as a gray solid. 1H NMR (CD3OD) d
8.37 (dd, J = 1.0, 8.3, Hz, 1H), 7.84–7.79 (m, 2H), 7.66
(ddd, J = 1,6, 6.6, 8.3 Hz, 1H), 7.53–7.48 (m, 3H), 7.26
(m, 2H), 5.26 (s, 1H), 1.47 (s, 9H). 13C NMR (CD3OD)
d 174.1, 161.0, 157.5, 154.6, 143.0, 141.4, 135.6, 133.2,
130.0, 128.7, 126.9, 125.1, 123.0, 119.3, 116.1, 80.8,
58.7, 28.7. HRMS calcd for C22H20N2O5Cl (M�H+)
427.1061, found: 427.1064.

5.12. (S)-tert-Butoxycarbonylamino[4-(3-pyridin-4-yl-iso-
quinolin-1- yloxy)phenyl]acetic acid (10)

A microwave vial was charged with Pd2(dba)3 (0.016 g,
0.018 mmol), [(t-Bu)3PH]BF4 (0.010 g, 0.035 mmol), and
KF (0.067 g, 1.16 mmol). The vial was sealed and flushed
with N2 for 30 min. Dry THF (0.5 mL) was added and
the reaction was stirred for 1 h before addition of 9
(0.150 g, 0.350 mmol), 4-pyridineboronic acid (0.172 g,
1.4 mmol), and THF (1.5 mL). The reaction mixture was
exposed to microwave heating for 15 min at 170 �C. The
solution was centrifuged through a Whatman polypropyl-
ene filter (0.45 lm) and the THF was removed under re-
duced pressure. The residue was purified by preparative
RP-HPLC–MS using an acetonitrile/H2O gradient with
0.05% HCOOH to yield 10 (0.0517 g, 31%) as white solid
after freeze-drying. 1H NMR (CD3OD) d 8.75 (m, 2H),
8.56–8.44 (m, 4H), 8.10 (m, 1H), 7.92 (ddd, J = 1.4, 6.9,
8.3 Hz, 1H), 7.84 (ddd, J = 1.4, 6.9, 8.3 Hz, 1H), 7.57 (m,
2H), 7.36 (m, 2H), 5.32 (s, 1H), 1.48 (s, 9H). 13C NMR
(CD3OD) d 174.2, 161.7, 156.7, 154.7, 142.7, 141.9,
140.0, 135.8, 133.5, 131.4, 129.9, 129.4, 125.3, 124.4,
123.3, 122.0, 119.0,115.6, 81.0, 58.8, 28.7. HRMS calcd
for C27H25N3O5 (M�H+) 470.1716, found: 470.1701.
5.13. (2S)-2-amino-4,4-difluorobutanoic acid methyl ester
hydrochloride (11)

(S)-2-[(Benzyloxycarbonyl)amino]-4,4-difluorobutanoic
acid methyl ester (0.150 g, 0.52 mmol) was dissolved in
MeOH (9.0 mL) and 10% Pd/C (0.045 g) was added.
H2 was led into the flask for 2 h. The reaction mixture
was centrifuge filtered through a Whatman PP filter
(0.45 lm) and acidified to pH 4–5 using 4 M HCl/1,4-di-
oxane before the solvents were removed in vacuo to give
1153,62 (0.118 g, toluene still present). The crude product
was used in the following synthesis without further
purification.

5.14. Compound 12

Compound 6 (0.150 g, 0.30 mmol), the hydrochloride
salt of (1R,2S)-1-amino-2-vinyl-cyclopropane-carboxyl-
ic acid ethyl ester (0.067 g, 0.43 mmol), and HATU
(0.137 g, 0.36 mmol) were dissolved in DMF (2.0 mL).
DIEA (0.27 mL, 1.6 mmol) was added and the pH of
the solution was controlled to be >10. The reaction mix-
ture was stirred at room temperature for 23 h. EtOAc
(25 mL) was added to the reaction mixture and the
organic phase was washed with 0.035 M aqueous NaH-
SO4 (5 · 5 mL), saturated aqueous NaHCO3 (2 · 5 mL),
and brine (1 · 5 mL). The organic phase was dried with
MgSO4, filtered, and the solvent removed in vacuo. The
crude product was purified by column chromatography
(i-hexane/EtOAc 7:3) to give 12 (0.141 g, 74%). 1H
NMR (CD3OD) d 8.17 (d, J = 9.1 Hz, 1H), 7.78 (m,
2H), 7.59 (m, 2H), 7.42 (m, 4H), 7.25 (m, 2H), 7.20
(dd, J = 2.5, 9.1 Hz, 1H), 6.80 (s, 1H), 5.79–5.70 (ddd,
J = 8.9, 10.4, 17.2 Hz, 1H), 5.31–5.26 (ddd, J = 0.8,
1.9, 17.2 Hz, 1H), 5.20 (br s, 1H), 5.10 (ddd, J = 0.6,
1.8, 10.4 Hz, 1H), 4.04 (m, 2H), 3.96 (s, 3H), 2.14 (m,
1H), 1.74 (m, 1H), 1.45 (s, 9H), 1.32 (m, 1H), 1.11 (m,
3H). 13C NMR (CD3OD) d 173.8, 171.4, 163.9, 163.4,
160.9, 157.3, 155.6, 152.7, 140.9, 136.7, 135.0, 130.9,
130.6, 129.8, 128.6, 123.9, 122.2, 120.0, 118.2, 116.2,
107.6, 102.4, 81.0, 62.4, 59.4, 56.1, 41.0, 34.7, 28.7,
23.3, 14.6. MS (M+H+) 638.1.

5.15. Compound 13

Compound 6 (0.150 g, 0.30 mmol), HBTU (0.137 g,
0.36 mmol), and 11 (0.52 mmol) were dissolved in
DMF (2.0 mL). DIEA (0.287 mL, 1.68 mmol) was add-
ed after which pH was controlled and found to be <7.
Another portion of DIEA (0.050 mL, 0.29 mmol) was
added resulting in pH >10. Stirring was continued at
room temperature overnight. EtOAc (25 mL) was added
and the organic phase was washed with 0.035 M aque-
ous NaHSO4 (4 · 5 mL), saturated aqueous NaHCO3

(2 · 5 mL), and brine (1 · 5 mL). The organic phase
was dried with MgSO4, filtered, and the solvent removed
in vacuo. The crude product was purified by column
chromatography (hexane/EtOAc 6:4) to give 13
(0.105 g, 55%). 1H NMR (CD3OD) d 8.08 (d,
J = 9.2 Hz, 1H), 7.75 (m, 2H), 7.56 (m, 2H), 7.39 (m,
4H), 7.20 (m, 2H), 7.11 (dd, J = 2.5, 9.2 Hz, 1H), 6.77
(s, 1H), 6.01 (tm, 1H), 5.28 (s, 1H), 4.64 (dd, J = 4.9,
9.2 Hz, 1H), 3.91 (s, 3H), 3.61 (s, 3H), 2.51–2.20 (m,
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2H), 1.45 (s, 9H). 13C NMR (CD3OD) d 172.9, 172.1,
163.8, 163.3, 160.8, 157.4, 155.6, 152.6, 140.8, 136.1,
131.0, 130.5, 129.7, 128.6, 123.8, 122.2, 119.9, 116.9 (t,
J = 237 Hz), 116.2, 107.6, 102.2, 81.0, 61.5, 59.3, 56.0,
53.0, 36.6 (t, J = 23 Hz), 28.7. MS (M+H+) 636.1.

5.16. Compound 14

Compound 12 (0.122 g, 0.191 mmol) was dissolved in 4 M
HCl/1,4-dioxane (3.0 mL) and stirred at room tempera-
ture for 1 h 45 min. The solvent was removed in vacuo.
The resulting Boc-deprotected product was dissolved in
DMF (2.0 mL) and Boc-Val-OH (0.083 g, 0.383 mmol)
was added followed by HBTU (0.174 g, 0.460 mmol)
and DIEA (0.26 mL, 1.5 mmol). The reaction was stirred
overnight. EtOAc (30 mL) was added and the organic
phase was washed with 0.035 M aqueous NaHSO4

(3 · 5 mL), saturated aqueous NaHCO3 (2 · 5 mL), and
brine (1 · 5 mL). The organic phase was dried with
MgSO4, filtered, and the solvent removed in vacuo. The
crude product was purified by column chromatography
(pentane/EtOAc 2:1) to give 14 (0.108 g, 77%). 1H
NMR (CDCl3) d 8.10 (d, J = 9.1 Hz, 1H), 7.89 (m, 2H),
7.64–7.31 (m, 6H), 7.21–7.05 (m, 3H), 6.91 (s, 1H), 5.72
(ddd, J = 8.7, 10.3, 17.1 Hz, 1H), 5.63 (d, J = 7.3 Hz,
1H), 5.31 (d, J = 7.9 Hz, 1H), 5.23 (dd, J = 1.8, 17.1 Hz,
1H), 5.14 (d, J = 7.1 Hz, 1H), 5.09 (dd, J = 1.9, 10.3 Hz,
1H), 4.12–3.94 (m, 3H), 3.97 (s, 3H), 2.23–2.06 (m, 2H),
1.84 (m, 1H), 1.41 (s, 9H), 1.47–1.32 (m, 1H), 1.09 (m,
3H), 0.99–0.83 (m, 6H). 13C NMR (CDCl3) d 171.2,
170.2, 169.6, 161.9, 158.8, 156.2, 155.9, 154.6, 151.0,
138.8, 134.6, 133.4, 133.2, 129.6, 128.7, 127.5, 122.8,
120.8, 119.2, 118.0, 115.1, 106.8, 101.6, 80.5, 61.3, 60.4,
56.4, 55.6, 39.9, 33.7, 30.5, 28.2, 23.0, 19.3, 17.7, 14.1.
MS (M+H+) 737.2.

5.17. Compound 15

Compound 15 was prepared as 14 using the Boc-depro-
tected 13 (0.154 mmol), Boc-Tle-OH (0.071 g,
0.308 mmol), HATU (0.141 g, 0.370 mmol), and DIEA
(0.205 mL, 1.2 mmol) in DMF (1.0 mL). The crude
product was purified by column chromatography using
gradient elution (DCM/MeOH 100:0–98:2) to give 15
(0.060 g, 52%). 1H NMR (CDCl3) d (mixture of rota-
mers, major rotamer reported) 8.15 (d, J = 9.2 Hz,
1H), 7.84 (m, 2H), 7.53 (m, 2H), 7.49–7.30 (m, 4H),
7.20 (dd, J = 2.5, 9.2 Hz, 1H), 7.14 (m, 2H), 6.82 (s,
1H), 5.93 (tt, J = 4.6, 56 Hz, 1H), 5.74 (d, J = 7.1 Hz,
1H), 5.51 (d, J = 9.0 Hz, 1H), 4.71 (dt, J = 5.0, 7.7 Hz,
1H), 4.07 (m, 1H), 4.0 (s, 3H), 3.66 (s, 3H), 2.52–2.25
(m, 2H), 1.34 (s, 9H), 1.02 (s, 9H). 13C NMR (CDCl3)
d 171.1, 170.6, 169.7, 163.8, 163.1, 158.2, 156.0, 152.9,
142.6, 134.5, 130.5, 129.6, 128.8, 128.1, 123.1, 121.1,
120.2, 119.8, 115.1 (t, J = 234 Hz), 114.8, 104.6, 101.5,
79.9, 66.6, 62.4, 56.4, 56.0, 52.8, 35.9 (t, J = 23 Hz),
35.0, 28.2, 26.6. MS (M+H+) 749.2.

5.18. Compound 16

Compound 16 was prepared as described for 5, using 14
(0.108 g, 0.147 mmol), LiOH (0.053 g, 2.21 mmol), THF
(6.0 mL), MeOH (3.2 mL), and water (0.8 mL) to give
16 partly epimerized (LL:DD 68:32) at the Phg a-carbon
(0.083 g, 80%) as a solid. 1H NMR (CD3OD, mixture
of diastereomers) d [8.18 (d, J = 9.2 Hz), 8.17 (d,
J = 9.2 Hz), 1H], 7.77 (m, 2H), 7.59 (m, 2H), 7.47–7.42
(m, 4H), 7.25–7.16 (m, 3H), 6.79 (m, 1H), 5.80 (m,
1H), [5.58 (br s), 5.53 (br s), 1H], [5.29 (dd, J = 1.9,
17.1 Hz), 5.27 (dd, J = 1.9, 17.1 Hz), 1H], [5.10 (dd,
J = 1.9, 10.3 Hz), 5.09 (dd, J = 1.9, 10.3 Hz), 1H], 3.96
(s, 3H), [3.88 (d, J = 7.3 Hz), 3.88 (d, J = 7.3 Hz), 1H],
2.24–1.97 (m, 2H), 1.77 (m, 1H), [1.43 (s), 1.42 (s),
9H], 1.30 (m, 1H), 0.98–0.85 (m, 6H). HRMS calcd
for C40H43N4O8 (M�H+) 707.3081, found: 707.3057.
RP-HPLC purity (column 2: 95.2%, column 3: 90.2%).

5.19. Compound 17

Compound 17 was prepared as described for 5, using 15
(0.059 g, 0.079 mmol), LiOH (0.028 g, 1.18 mmol), THF
(3.0 mL), MeOH (1.5 mL) and water (0.4 mL). The
crude product was purified using RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) to give 17 partly epimerized (LL:DD 60:40) at
the Phg a-carbon (0.023 g, 39%) as a solid after freeze-
drying. 1H NMR (CDCl3, mixture of diastereomers) d
8.30 (m, 1H), 7.62 (m, 4H), 7.57 (m, 2H), 7.39 (m,
2H), 7.22–6.97 (m, 3H), 6.55 (m, 1H), 5.66 (tm, 1H),
5.37 (m, 1H), 4.81–4.57 (m, 1H), 4.11 (m, 1H), [4.04
(s), 4.03 (s), 3H], 2.55–2.21 (m, 2H), [1.40 (s), 1.38 (s),
9H], [1.02 (s), 0.93 (s), 9H]. HRMS calcd for
C39H43N4O8F2 (M�H+) 733.3049, found: 733.3074.
RP-HPLC purity (column 2: 99.8%, column 3: 99.1%).

5.20. Compounds 18a and 18b

All solid chemicals used in the synthesis were dried in
vacuo over P2O5 before use. CDI (0.029 g, 0.181 mmol)
was dissolved in dry THF (0.2 mL). Compound 16
(0.064 g, 0.090 mmol) was dissolved in dry THF
(1.45 mL) and added dropwise to the CDI solution.
The reaction mixture was stirred at room temperature
for 1 h under N2 atmosphere. Benzenesulfonamide
(0.057 g, 0.36 mmol) dissolved in dry THF (0.3 mL)
and DBU (0.027 mL, 0.180 mmol) were added. The
reaction mixture was stirred at room temperature for
22 h. The mixture was diluted with EtOAc and washed
with 0.1 M NaOAc buffer, pH 4.0 (3 · 3 mL), and brine
(1 · 3 mL). The organic phase was dried with Na2SO4,
filtered, and the solvent removed in vacuo. The crude
product was purified by column chromatography using
gradient elution (DCM/MeOH 100:0–98:2), to give the
pure P2 LL-isomer 18a (0.014 g, 18%). The fractions con-
taining the corresponding DD-isomer (0.013 g, 17%) were
purified using RP-HPLC (Vydac C18 (6), MeCN/H2O
gradient with 0.1% TFA), to give 18b (0.013 g, 17%).

5.20.1. Phg LL-isomer (18a). Compound 18a was synthe-
sized in two ways. For characterization, see under Gen-
eral method for synthesis of tripeptides 18a and 35–47
(method B). HRMS calcd for C46H50N5O9S (M+H+)
848.3329, found: 848.3315.

5.20.2. Phg DD-isomer (18b). 1H NMR (CD3OD) d 8.46 (d,
J = 9.2 Hz, 1H), 7.95 (m, 2H), 7.83 (m, 2H), 7.72–7.52
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(m, 9H), 7.48 (dd, J = 2.5, 9.2 Hz, 1H), 7.43 (m, 2H), 6.99
(s, 1H), 5.44 (s, 1H), 5.37 (m, 1H), 5.16 (dm, 1H), 4.92 (m,
1H, partly overlapped by the water signal), 4.07 (s, 3H),
3.89 (d, J = 8.4 Hz, 1H), 2.18 (m, 1H), 2.03 (m, 2H),
1.72 (dd, J = 5.5, 8.1 Hz, 1H), 1.43 (s, 9H), 1.00–0.90
(m, 7H). HRMS calcd for C46H48N5O9S (M�H+)
846.3173, found: 846.3186. RP-HPLC purity (column
2: 98.2, column 3: 98.6%).

5.21. tert-Butyl (S)-1-{[(phenylsulfonyl)amino]carbonyl}-
butylcarbamate (19)

Prepared as described by us previously.35,36

5.22. tert-Butyl 1-{[(phenylsulfonyl)amino]carbonyl}-
cyclopropylcarbamate (20)

Prepared as described by us previously.36

5.23. tert-Butyl (1R,2S)-1-{[(cyclopropylsulfonyl)amino]-
carbonyl}-2-vinylcyclopropylcarbamate (21)

Compound 21 has been previously described in the liter-
ature.37 Prepared as described for compound 22.

5.24. tert-Butyl (1R,2S)-1-{[(phenylsulfonyl)amino]car-
bonyl}-2-vinylcyclopropylcarbamate (22)

(1R,2S)-1-tert-Butoxycarbonylamino-2-vinylcyclopro-
pancarboxylic acid (0.282 g, 1.2 mmol), benzene sulfon-
amide (0.382 g, 2.4 mmol), CDI (0.389 g, 2.4 mmol), and
glassware were dried in vacuo over P2O5 before use.
CDI and the (1R,2S)-1-tert-butoxycarbonylamino-2-
vinylcyclopropancarboxylic acid were dissolved in dry
THF (8.0 mL) and stirred at room temperature for 1 h
under N2 atmosphere. Benzenesulfonamide dissolved
in dry THF (3 mL) followed by DBU (0.9 mL,
6.0 mmol) was added. The reaction mixture was stirred
at room temperature overnight. pH was adjusted to 1
using 1 M HCl whereafter the THF was evaporated
and the aqueous phase extracted with EtOAc
(3 · 40 mL). The combined organic phases were dried
with MgSO4, filtered, and the solvent removed in vacuo.
The crude product was purified by column chromatog-
raphy using RP-silica (MeCN/H2O 1:1) to give 22
(0.274 g, 62%) after freeze-drying. 1H NMR (CD3OD)
d 7.99 (m, 2H), 7.67 (m, 1H), 7.55 (m, 2H), 5.14 (m,
2H), 2.1 (m, 1H), 1.69 (dd, J = 7.9, 5.4 Hz, 1H), 1.46
(s, 9H), 1.2 (J = 9.4, 7.9 Hz, 1H). 13C NMR (CD3OD)
d 170.6, 158.1, 140.9, 134.7, 133.9, 129.8, 129.3, 118.1,
81.6, 43.7, 34.7, 28.6, 21.8. MS (M+H+) 367.1.

5.25. Benzyl (S)-1-{[(cyclopropylsulfonyl)amino]carbon-
yl}-3-difluoropropylcarbamate (23)

Compound 23 was prepared as described for 22 using
(S)-2-[(benzyloxycarbonyl)amino]-4,4-difluorobutanoic
acid (0.186 g, 0.68 mmol), cyclopropylsulfonamide
(0.169 g, 1.4 mmol), CDI (0.227 g, 1.4 mmol), and
DBU (0.21 mL, 1.4 mmol) in dry THF (4+2 mL) and
stirred for 4 h. The crude product was purified by col-
umn chromatography using gradient elution (DCM/
MeOH 98:2–95:5), to give 23 (0.162 g, 62%). 1H NMR
(CD3OD) d 7.36–7.31 (m, 5H), 6.00 (ddt, J = 3.9, 5.5,
56.2 Hz, 1H), 5.10 (s, 2H), 4.31 (dd, J = 4.9, 9.2 Hz,
1H), 2.85 (m, 1H), 2.42–2.13 (m, 2H), 1.16 (m, 2H),
1.02 (m, 2H). 13C NMR (CD3OD) d 174.0, 158.2,
138.0, 129.5, 129.1, 128.9, 116.9 (t, J = 239 Hz), 67.9,
52.4, 37.3 (t, J = 22.3 Hz), 31.7, 6.09, 6.05. MS
(M+H+) 377.0.

5.26. General method for preparation of dipeptides 24–34
(method A)

The P1-sulfonamide building blocks 19–22 respectively,
were dissolved in 4 M HCl/1,4-dioxane (approximately
10 mL/mmol starting material) and stirred at room tem-
perature for 2–4 h, until the starting material could no
longer be detected by LC–MS. The solvent was removed
in vacuo and the hydrochloride salt of Boc-deprotected
product was used in subsequent couplings without fur-
ther purification. The P2 building block (3, 5–10), the
N-deprotected 19–22 (and 23, N-deprotected by catalyt-
ic hydrogenation), and HATU or HBTU were dissolved
in DMF. DIEA was added and the pH was controlled.
If the pH of the solution was less than 10, more DIEA
was added until pH 10 was reached. The reaction mix-
ture was stirred at room temperature overnight. EtOAc
(approximately 10 mL/mL DMF) was added to the mix-
ture and the organic phase was washed first with 0.1 or
0.2 M aqueous NaHSO4-solution, then repeatedly with
0.035 M aqueous NaHSO4 until the pH of the aqueous
phase was 63, and finally with brine. The organic phase
was dried with MgSO4, filtered, and the solvent removed
in vacuo. The crude product was purified chromato-
graphically if necessary, either on a silica gel column
or by preparative RP-HPLC.

5.27. Compound 24

Compound 24 was prepared according to method A
using 6 (0.132 g, 0.26 mmol), Boc-deprotected 19
(0.31 mmol), HATU (0.117 g, 0.31 mmol), and DIEA
(0.30 mL, 1.76 mmol) in DMF (2.5 mL). Purification
by column chromatography (DCM/MeOH 95:5) gave
24 (0.160 g, 83%). 1H NMR (CD3OD) d 8.20 (d,
J = 9.2 Hz, 1H), 7.89 (m, 2H), 7.81 (m, 2H), 7.55–7.39
(m, 10H), 7.23 (dd, J = 2.5, 9.2 Hz, 1H), 7.15 (m, 2H),
6.83 (s, 1H), 5.28 (br s, 1H), 4.30 (dd, J = 5.5, 8.4 Hz,
1H), 3.98 (s, 3H), 1.75–1.56 (m, 2H), 1.44 (s, 9H),
1.36–1.26 (m, 2H), 0.87 (dd, J = 7.3, 7.4 Hz, 3H). 13C
NMR (CD3OD) d 174.4, 172.7, 164.3, 163.7, 160.8,
157.5, 155.3, 152.1, 141.8, 140.3, 136.5, 134.1, 130.8,
129.9, 128.75, 128.72, 124.1, 122.0, 120.2, 116.3, 107.2,
102.5, 81.0, 58.9, 56.1, 55.5, 34.8, 28.7, 19.8, 14.0.
HRMS calcd for C40H43N4O8S (M+H+) 739.2802,
found: 739.2799.

5.28. Compound 25

Compound 25 was prepared according to method A
using 6 (0.100 g, 0.20 mmol), Boc-deprotected 20
(0.096 g, 0.4 mmol) (Note: the hydrochloride salt of
deprotected 20 had been removed by treatment with
propeneoxide in EtOH), HBTU (0.091 g, 0.24 mmol),
DIEA (0.14 mL, 0.8 mmol), and DMF (0.8 mL).



P. Örtqvist et al. / Bioorg. Med. Chem. 15 (2007) 1448–1474 1465
Amount 25: 0.106 g (73%). 1H NMR (CD3OD) d 8.20
(d, J = 9.3 Hz, 1H), 7.95 (m, 2H), 7.82–7.34 (m, 11H),
7.32–7.18 (m, 3H), 6.82 (s, 1H), 5.08 (s, 1H), 3.97 (s,
3H), 1.84–1.23 (m, 2H), 1.53 (s, 9H), 0.94 (m, 2H). 13C
NMR (CD3OD) d 174.8, 173.0, 166.2, 164.9, 159.5,
158.5, 155.2, 148.6, 140.6, 137.0, 135.6, 134.7, 132.0,
131.3, 130.2, 129.9, 129.1, 129.0, 124.9, 122.4, 121.2,
116.0, 104.4, 102.9, 81.8, 60.8, 56.5, 39.0, 28.7, 19.0.
MS (M+H+) 723.2.

5.29. Compound 26

Compound 26 was prepared according to method A
using 6 (0.135 g, 0.27 mmol), Boc-deprotected 21
(0.33 mmol), HATU (0.125 g, 0.33 mmol), and DIEA
(0.32 mL, 1.86 mmol) in DMF (2.5 mL). Purification
by column chromatography (DCM/MeOH 97:3) gave
26 (0.137 g, 70%) as a solid. 1H NMR (CD3OD) d
8.17 (d, J = 9.2 Hz, 1H), 7.79 (m, 2H), 7.57 (m, 2H),
7.43 (m, 4H), 7.26 (m, 2H), 7.21 (dd, J = 2.5, 9.2 Hz,
1H), 6.8 (s, 1H), 5.70 (ddd, J = 8.9, 10.2, 17.3 Hz, 1H),
5.27 (dd, J = 1.9, 17.1 Hz, 1H), 5.12 (dd, J = 1.9,
10.1 Hz, 1H), 5.01 (s, 1H), 3.96 (s, 3H), 2.9 (m, 1H),
2.12 (m, 1H), 1.84 (dd, J = 5.5, 8.1 Hz, 1H), 1.48 (s,
9H), 1.18 (m, 3H), 1.05 (m, 2H). 13C NMR (CD3OD)
d 174.6, 170.8, 164.0, 163.5, 160.9, 158.1, 155.9, 152.5,
140.6, 135.2, 134.2, 131.0, 130.7, 129.8, 128.6, 124.0,
122.4, 120.1, 118.6, 116.3, 107.5, 102.5, 81.5, 60.2,
56.1, 42.8, 35.5, 31.9, 28.7, 23.0, 6.6, 6.5. MS (M+H+)
713.2.

5.30. Compound 27

Compound 27 was prepared according to method A
using 6 (0.215 g, 0.43 mmol), Boc-deprotected 22
(0.572 mmol), HATU (0.194 g, 0.51 mmol), DIEA
(0.5 mL, 2.9 mmol), and DMF (4.5 mL). Purification
by column chromatography (DCM/MeOH 98:2) gave
27 (0.186 g, 58%). 1H NMR (CD3OD) d 8.18 (d,
J = 9.2 Hz, 1H), 7.93 (m, 2H), 7.85 (m, 2H), 7.58 (m,
3H) 7.51 (m, 2H) 7.44 (d, J = 2.5 Hz, 1H), 7.42 (m,
3H), 7.26 (m, 2H), 7.22 (dd, J = 2.5, 9.2 Hz, 1H), 6.82
(s, 1H), 5.44 (m, 1H), 5.15 (dd, J = 1.8, 17.1 Hz, 1H),
5.10 (s, 1H), 4.93 (m, 1H), 3.96 (s, 3H), 2.04 (m, 1H),
1.69 (m, 1H), 1.50 (s, 9H), 1.10 (m, 1H). 13C NMR
(CD3OD) d 174.6, 170.6, 164.2, 163.7, 160.7, 158.1,
155.8, 152.1, 141.2, 140.3, 135.4, 134.4, 134.0, 131.1,
130.8, 129.9, 129.8, 129.1, 128.7, 124.1, 122.4, 120.2,
118.3, 116.2, 107.2, 102.6, 81.5, 60.2, 56.1, 42.9, 35.4,
28.8, 22.8. MS (M+H+) 749.2.

5.31. Compound 28

Compound 23 (0.133 g, 0.354 mmol) was dissolved in
MeOH (6 mL) and 10% Pd/C (0.031 g) was added.
The flask was sealed with a rubber septum and flushed
with H2 for 3 h at which time no starting material could
be detected on LC–MS. The mixture was centrifuge fil-
tered through a Whatman PP filter (0.45 lm) and the
solvent was evaporated. Compound 28 was then pre-
pared as described in method A by addition of 6
(0.133 g, 0.265 mmol), HATU (0.120 mg, 0.318 mmol),
DMF (2 mL) and DIEA (0.212 mL, 1.24 mmol).
Amount 28: 0.173 g (90%). 1H NMR (CD3OD) d 8.16
(d, J = 9.3 Hz, 1H), 7.77 (m, 2H), 7.60 (m, 2H), 7.54–
7.37 (m, 4H), 7.32–7.17 (m, 3H), 6.82 (s, 1H), 6.01
(ddt, J = 3.8, 5.4, 56.1 Hz, 1H), 5.3 (s, 1H), 4.59 (m,
1H), 3.94 (s, 3H), 2.93 (m, 1H), 2.48–2.19 (m, 2H),
1.46 (s, 9H), 1.26–1.08 (m, 2H), 1.06–0.93 (m, 2H). 13C
NMR (CD3OD) d 172.9, 171.8, 164.9, 164.1, 160.1,
157.4, 155.2, 150.5, 138.8, 136.3, 131.3, 131.1, 130.0,
128.8, 124.3, 122.2, 120.5, 116.8 (t, J = 240 Hz), 116.1,
106.0, 102.5, 81.2, 59.3, 56.3, 50.5, 36.6 (t,
J = 23.1 Hz), 31.7, 28.7, 6.3, 6.2. MS (M+H+) 725.1.

5.32. Compound 29

Compound 29 was prepared according to method A
using 9 (0.094 g, 0.22 mmol), Boc-deprotected 21
(0.18 mmol), HATU (0.100 g, 0.26 mmol), DIEA
(0.188 mL, 1.10 mmol), and DMF (1 mL) and stirred
for 45 h. Purification by column chromatography using
gradient elution (DCM: MeOH 99:1–98:2) gave 29
(0.044 g, 38%). 1H NMR (CD3OD) d 8.36 (dd, J = 1.0,
8.4 Hz, 1H), 7.86–7.76 (m, 2H), 7.66 (ddd, J = 1.6, 6.6,
8.3, 1H), 7.52 (m, 2H), 7.48 (s, 1H), 7.27 (m, 2H), 5.72
(ddd, J = 8.9, 10.3, 17.2 Hz, 1H), 5.28 (dd, J = 1.9,
17.2 Hz, 1H), 5.11 (dd, J = 1.9, 10.3 Hz, 1H), 2.95 (m,
1H), 2.15 (m, 1H), 1.84 (dd, J = 5.4, 8.1 Hz, 1H), 1.49
(s, 9H), 1.35–1.17 (m, 3H), 1.07 (m, 2H). 13C NMR
(CD3OD) d 174.8, 171.2, 161.0, 158.2, 155.1, 142.9,
141.5, 134.4, 133.3, 130.3, 128.8, 127.0, 125.1, 123.4,
119.4, 118.4, 116.2, 81.4, 60.3, 42.8, 35.5, 31.9, 28.7,
23.1, 6.6, 6.4. MS (M+H+) 641.1, 643.1

5.33. Compound 30

Compound 30 was prepared according to method A
using 10 (0.104 g, 0.22 mmol), Boc-deprotected 21
(0.28 mmol), HATU (0.100 g, 0.26 mmol), DIEA
(0.21 mL, 1.25 mmol), and DMF (1.5 mL). Purification
by preparative RP-HPLC–MS, using an MeCN/H2O
gradient with 0.05% HCOOH, gave 30 (0.060 g, 40%)
after freeze-drying. 1H NMR (CD3OD) d 8.42 (m,
2H), 8.32 (d, J = 8.2 Hz, 1H), 7.91 (m, 1H), 7.84–7.73
(m, 3H), 7.66 (m, 1H), 7.55 (m, 2H), 7.31 (m, 2H),
5.74 (m, 1H), 5.26 (dd, J = 1.7, 17.1 Hz, 1H), 5.12–
5.07 (m, 2H), 2.97 (m, 1H), 2.13 (m, 1H), 1.86 (dd,
J = 5.5, 8.1 Hz, 1H), 1.49 (s, 9H), 1.21 (m, 3H), 1.04
(m, 2H). 13C NMR (CD3OD) d 174.9, 170.9, 165.8,
161.1, 158.1, 148.3, 145.0, 140.3, 134.1, 132.8, 129.9,
129.6, 128.6, 124.9, 123.5, 122.1, 120.9, 118.7, 115.2,
81.4, 60.3, 42.8, 35.5, 31.9, 28.7, 23.1, 6.6, 6.5. MS
(M+H+) 684.2.

5.34. Compound 31

Compound 31 was prepared according to method A
using 7 (0.072 g, 0.19 mmol), Boc-deprotected 21
(0.22 mmol), HATU (0.091 g, 0.24 mmol), DIEA
(0.191 mL, 1.12 mmol), and DMF (1.0 mL), and stirred
for 19 h. Purification by column chromatography
(DCM/MeOH 95:5) gave31 (0.091 g, 81%) in the pres-
ence of another diastereomer (<10%) as determined by
NMR. 1H NMR (CD3OD, major isomer (31) reported)
d 7.98 (s, 1H), 7.78 (dd, J = 7.6, 8.1 Hz, 1H), 7.47 (m,
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2H), 7.14 (3H), 6.90 (m, 1H), 5.70 (m, 1H), 5.28 (ddd,
J = 0.8, 1.9, 17.1 Hz, 1H), 5.11 (m, 1H), 5.03 (s, 1H),
2.94 (m, 1H), 2.13 (m, 1H), 1.83 (dd, J = 5.4, 8.1 Hz,
1H), 1.47 (s, 9H), 1.22 (m, 3H), 1.07 (m, 2H). 13C
NMR (CD3OD) 174.7, 170.9, 164.3, 158.1, 155.3,
149.8, 143.6, 134.2, 130.4, 122.6, 122.5, 119.9, 118.5,
110.9, 81.4, 60.3, 42.8, 35.5, 31.9, 28.7, 23.1, 6.6, 6.5.
MS (M+H+) 591.1.

5.35. Compound 32

Compound 32 was prepared according to method A
using 8 (0.067 g, 0.19 mmol), Boc-deprotected 21
(0.22 mmol), HATU (0.091 g, 0.24 mmol), DIEA
(0.191 mL, 1.12 mmol), and DMF (1.0 mL) and stirred
for 19 h. Purification by column chromatography
(DCM/MeOH 95:5) gave 32 (0.095 g, 87%) in the pres-
ence of another diastereomer (<10%) as determined by
NMR. 1H NMR (CD3OD, major isomer (32) reported)
d 8.12 (ddd, J = 0.9, 2.1, 5.0 Hz, 1H), 7.83 (ddd, J = 2.1,
7.3, 8.3 Hz, 1H), 7.46 (m, 2H), 7.11 (m, 3H), 6.98 (m,
1H), 5.70 (m, 1H), 5.27 (dd, J = 2.0, 17.1 Hz, 1H),
5.11 (dd, J = 2.0, 10.3 Hz, 1H), 5.01 (s, 1H), 2.93 (m,
1H), 2.12 (m, 1H), 1.82 (dd, J = 5.2, 8.0 Hz, 1H), 1.47
(s, 9H), 1.22 (m, 3H), 1.06 (m, 2H). 13C NMR (CD3OD)
d 174.7, 170.9, 164.8, 158.1, 155.9, 148.3, 141.7, 134.3,
133.8, 130.4, 122.2, 120.4, 118.5, 113.2, 81.4, 60.3,
42.8, 35.5, 31.7, 28.7, 23.1, 6.6, 6.4. MS (M+H+)
557.2.

5.36. Compound 33

Compound 33 was prepared according to method A
using 5 (0.056 g, 0.20 mmol), Boc-deprotected 21
(0.22 mmol), HATU (0.091 g, 0.24 mmol), DIEA
(0.191 mL, 1.12 mmol), and DMF (1.1 mL), and stirred
for 24 h. Purification by column chromatography using
gradient elution (pentane/EtOAc 70:30–50:50) gave 33
(0.079 g, 80%) as a 50:50 mixture of diastereomers. 1H
NMR (CD3OD) d 7.32 (m, 2H), 6.92 (m, 2H), 5.70
(m, 1H), [5.28 (dd, J = 1.9, 17.3 Hz), 5.27 (dd, J = 2.0,
17.1 Hz),1H], [5.12 (dd, J = 1.9, 10.4 Hz), 5.10 (dd,
J = 2.0, 10.3 Hz), 1H], [4.91 (s), 4.88 (s), 1H], [3.78 (s),
3.78 (s), 3H], 2.92 (m, 1H), 2.08 (m, 1H), [1.81 (dd,
J = 5.4, 8.2 Hz), 1.80 (dd, J = 5.3, 8.2 Hz), 1H], [1.47
(s), 1.45 (s), 9H], 1.21 (m, 3H), 1.06 (m, 2H). 13C
NMR (CD3OD) d 175.4, 175.2, 171.0, 161.4 (two
peaks), 158.5, 158.1, 134.2, 134.1, 130.0, 129.2, 128.8,
118.6, 118.5, 115.4, 115.3, 81.6, 81.4, 61.0, 60.3, 55.8
(two peaks), 42.7 (two peaks), 35.5, 35.3, 31.9 (two
peaks), 28.7 (two peaks), 23.1, 6.6, 6.5, 6.4. MS
(M+H+) 494.2.

5.37. Compound 34

Compound 34 was prepared according to method A
using 3 (0.027 g, 0.10 mmol), Boc-deprotected 19
(0.052 g, 0.20 mmol) (Note: the hydrochloride salt of
deprotected 19 had been removed by treatment with
propeneoxide in EtOH), HBTU (0.049 g, 0.13 mmol),
DIEA (0.070 mL, 0.40 mmol), and DMF (1.0 mL).
The crude product 34 (0.066 g) was used in the following
coupling without further purification.
5.38. General method for synthesis of tripeptides 18a and
35–47 (method B)

The N-Boc-protected dipeptides 24–34, respectively,
were dissolved in 4 M HCl/1,4-dioxane (�10 mL/mmol)
and stirred at room temperature for 4–6 h or as long as
needed for the starting material to be consumed. The
progress of the reaction was followed by LC–MS,
TLC or both. The solvent was removed in vacuo to give
the deprotected hydrochloride of dipeptide 24–34. To
the hydrochloride salt, Boc-Tle-OH or Boc-Val-OH,
HATU, and DMF were added. DIEA was added to
the reaction mixture until pH >10. The mixture was stir-
red at room temperature overnight. EtOAc (approxi-
mately 10 mL/mL DMF) was added to the mixture
and the organic phase was washed first with 0.1 or
0.2 M aqueous NaHSO4-solution, then repeatedly with
0.035 M aqueous NaHSO4 until the pH of the aqueous
phase was 63, and finally with brine. After drying the
organic phase with MgSO4 and filtration, the solvent
was removed in vacuo. The product was purified by
RP-HPLC (MeCN/H2O with 0.1% TFA) and the pure
fractions were pooled and freeze-dried. The yields were
affected by the fact that the Phg-residue always isomer-
ized to some extent during the couplings.

5.39. Compound 18a

Compound 18a was prepared according to method B
using the hydrochloride salt of deprotected 27
(0.098 mmol), Boc-Val-OH (0.031 g, 0.14 mmol),
HATU (0.061 g, 0.016 mmol), DIEA (0.22 mL,
1.3 mmol), and DMF (1.5 mL). Purification by RP-
HPLC (ACE 5 Phenyl S/N-A15161 column, MeCN/
H2O gradient with 0.1% TFA) gave 18a (0.033 g, 43%)
as a white solid, after freeze-drying. 1H NMR (CD3OD)
d 8.50 (d, J = 9.3 Hz, 1H), 7.94 (m, 2H), 7.80 (m, 2H),
7.71 (m, 2H), 7.66 (m, 3H), 7.60 (m, 3H), 7.44 (m,
2H), 6.9 (s, 1H), 5.42–5.33 (m, 2H), 5.16 (dd, J = 1.9,
17.1 Hz, 1H), 4.93 (dd, J = 1.9, 10.1 Hz, 1H), 4.08 (s,
3H), 3.96 (d, J = 7.2 Hz, 1H), 2.10 (m, 2H), 1.68 (dd,
J = 5.5, 8.1 Hz, 1H), 1.45 (s, 9H), 1.07 (dd, J = 5.5,
9.5 Hz, 1H), 1.00 (d, J = 6.8, 3H), 0.94 (d, J = 6.8,
3H). 13C NMR (CD3OD) d 174.9, 173.6, 169.7, 168.6,
166.7, 158.5 158.2, 154.4, 145.1, 140.7, 136.5, 134.8,
133.7, 133.6, 131.9, 130.7, 129.9, 129.5, 129.2, 125.9,
122.7, 122.4, 118.6, 115.8, 103.2, 101.3, 80.7, 61.3,
58.9, 57.0, 42.8, 35.3, 32.3, 28.8, 22.8, 19.9, 18.7. HRMS
calcd for C46H50N5O9S (M+H+) 848.3329, found:
848.3347. RP-HPLC purity (column 2: 98.7%, column
2: 99.1%).

5.40. Compound 35

Compound 35 was prepared according to method B
using the hydrochloride salt of deprotected 24
(0.17 mmol), Boc-Tle-OH (0.062 g, 0.27 mmol), HATU
(0.127 g, 0.33 mmol), DIEA (0.24 mL, 1.4 mmol), and
DMF (1.8 mL). Purification by RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) gave 35 (0.0138 g, 10%) as a white solid,
after freeze-drying. 1H NMR (CD3OD) d 8.53 (m,
2H), 7.91 (m, 2H), 7.84 (m, 2H), 7.7–7.5 (m, 9H), 7.32
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(m, 2H), 6.92 (s, 1H), 5.58 (m, 1H), 4.29 (dd, J = 5.7,
8.7, 1H), 4.10 (s, 3H), 3.97 (m, 1H), 1.68–1.51 (m,
2H), 1.42 (s, 9H), 1.38–1.24 (m, 2H), 0.99 (s, 9H), 0.89
(dd, J = 7.3, 7.3 Hz). 13C NMR (CD3OD) d 173.1,
172.4, 171.6, 168.8, 166.7, 158.5, 157.9, 153.9, 145.2,
140.8, 137.7, 134.7, 133.9, 133.6, 131.6, 130.8, 129.9,
129.6, 129.1, 125.9, 122.3, 121.9, 115.9, 111.2, 103.2,
101.4, 80.7, 63.7, 57.2, 57.0, 54.9, 35.3, 34.2, 28.7, 27.2,
19.9, 13.9. HRMS calcd for C46H54N5O9S (M+H+)
852.3642, found: 852.3625. RP-HPLC purity (column
1: 98.1%, column 2: 99.7%).

5.41. Compound 36

Compound 36 was prepared according to method B using
the hydrochloride salt of deprotected 25 (0.147 mmol),
Boc-Tle-OH (0.068 g, 0.294 mmol), HBTU (0.134 g,
0.352 mmol), DIEA (0.22 mL, 1.29 mmol), and DMF
(1.2 mL). Purification by RP-HPLC (Sorbax SB-C8 col-
umn, MeCN/H2O gradient with 0.1% TFA) gave 36
(0.053 g, 43%) as a white solid, after freeze-drying. 1H
NMR (CD3OD) d 8.55 (d, J = 9.2 Hz, 1H), 7.99 (m,
2H), 7.82 (m, 2H), 7.74–7.55 (m, 10H), 7.44 (m, 2H),
6.95 (s, 1H), 5.22 (s, 1H), 4.10 (s, 3H), 3.98 (s, 1H), 1.43
(s, 9H), 1.38 (m, 2H), 1.05 (s, 9H), 0.90 (m, 2H). HRMS
calcd for C45H48N5O9S (M�H+) 834.3173, found:
834.3160. RP-HPLC purity (column 1: 98.8%, column
2: 99.8%).

5.42. Compound 37

Compound 37 was prepared according to method B
using the hydrochloride salt of deprotected 26
(0.076 mmol), Boc-Tle-OH (0.035 g, 0.15 mmol), HATU
(0.069 g, 0.18 mmol), DIEA (0.11 mL, 0.67 mmol), and
DMF (1.0 mL). Purification by RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) gave 37 (0.009 g, 15%) as a white solid, after
freeze-drying. 1H NMR (CD3OD) d 8.55 (d, J = 9.3 Hz,
1H), 7.82 (m, 2H), 7.71 (m, 3H), 7.66–7.61 (m, 3H), 7.57
(dd, J = 2.4, 9.3 Hz, 1H), 7.46 (m, 2H), 6.93 (s, 1H), 5.70
(ddd, J = 8.7, 10.4, 17.1 Hz, 1H), 5.29 (s, 1H), 5.28 (dd,
J = 2.0, 17.2), 5.14 (dd, J = 1.9, 10.3 1H), 4.10 (s, 3H),
3.98 (s, 1H), 2.94 (m, 1H), 2.17 (m, 1H), 1.85 (dd,
J = 5.4, 8.1 Hz, 1H), 1.44 (s, 9H), 1.23–1.17 (m, 3H),
1.08–0.97 (m, 2H), 1.02 (s, 9H). 13C NMR (CD3OD) d
173.7, 173.5, 170.5, 169.1, 167.0, 158.3, 158.0, 154.3,
144.5, 136.7, 134.1, 133.8, 133.4, 132.0, 130.9, 129.6,
126.1, 122.7, 122.6, 118.7, 115.8, 103.3, 100.8, 80.7,
63.3, 59.1, 57.1, 42.9, 35.6, 35.4, 28.8, 28.7, 27.2, 22.9,
6.64, 6.57. HRMS calcd for C44H50N5O9S (M�H+)
824.3329, found: 824.3322. RP-HPLC purity (column
1: 95.1%, column 2: 98.8%).

5.43. Compound 38

Compound 38 was prepared according to method B
using the hydrochloride salt of deprotected 27
(0.098 mmol), Boc-Tle-OH (0.031 g, 0.14 mmol), HATU
(0.062 g, 0.016 mmol), DIEA (0.23 mL, 1.3 mmol), and
DMF (1.5 mL). Purification by RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) gave 38 (0.032 g, 41%) as a white solid after
freeze-drying. 1H NMR (CD3OD) d 8.53 (d, J = 9.3 Hz,
1H), 7.94 (m, 2H), 7.81 (m, 2H), 7.71 (m, 2H), 7.67 (m,
2H), 7.64–7.59 (m, 4H), 7.57–7.51 (m, 4H), 7.46 (m, 2H),
6.92 (s, 1H), 5.44–5.31 (m, 2H), 5.14 (dd, J = 2.0,
17.2 Hz, 1H), 4.92 (dd, J = 2.0, 10.3 Hz, 1H), 4.10 (s,
3H), 4.01 (s, 1H), 2.10 (m, 1H), 1.68 (dd, J = 5.5,
8.1 Hz, 1H), 1.44 (s, 9H), 1.09 (dd, J = 5.5, 9.5 Hz,
1H), 1.04 (s, 9H). 13C NMR (CD3OD) d 173.8, 173.5,
169.7, 169.0, 166.9, 158.3, 158.0, 154.3, 144.5, 140.6,
136.7, 134.8, 133.8, 133.7, 133.3, 132.1, 130.8, 129.6,
129.3, 126.0, 122.7, 122.6, 118.6, 115.8, 103.3, 100.8,
80.7, 63.4, 59.1, 57.0, 42.8, 35.6, 35.4, 28.8, 27.3, 22.7.
HRMS calcd for C47H52N5O9S (M+H+) 862.3486,
found: 862.3491. RP-HPLC purity (column 2: 98.9%,
column 3: 98.9%).

5.44. Compound 39

Compound 39 was prepared according to method B
using the hydrochloride salt of deprotected 28
(0.239 mmol), Boc-Tle-OH (0.119 g, 0.516 mmol),
HATU (0.235 g, 0.619 mmol), DIEA (0.37 mL,
2.19 mmol), and DMF (2.0 mL). Purification by RP-
HPLC (ACE 5 Phenyl S/N-A15161 column, MeCN/
H2O gradient with 0.1% TFA) gave 39 (0.057 g, 28%)
as a white solid, after freeze-drying. 1H NMR (CD3OD)
d 8.50 (d, J = 9.3 Hz, 1H), 7.83 (m, 2H), 7.71–7.61 (m,
5H), 7.58 (d, J = 2.4 Hz, 1H), 7.52 (dd, J = 2.5, 9.3 Hz,
1H), 7.40 (m, 2H), 6.95 (s, 1H), 6.02 (ddt, J = 3.6, 5.5,
56 Hz, 1H), 5.57 (s, 1H), 4.60 (dd, J = 5.2, 9.0 Hz,
1H), 4.09 (s, 3H), 4.00 (s, 1H), 2.83 (m, 1H), 2.46–2.18
(m, 2H), 1.43 (s, 9H), 1.6 (m, 2H), 1.04–0.98 (m, 2H),
1.01 (s, 9H). 13C NMR (CD3OD) d 173.2, 171.7,
171.1, 168.5, 166.5, 158.7, 157.9, 154.2, 145.5, 137.3,
134.2, 133.4, 131.8, 130.7, 129.5, 125.8, 122.5, 122.2,
116.6 (t, J = 237 Hz), 115.9, 103.2, 101.6, 80.7, 63.6,
57.9, 56.9, 50.2, 36.4 (t, J = 23 Hz), 35.4, 31.8, 28.7,
27.2, 6.4, 6.3. HRMS calcd for C42H48N5O9SF2

(M�H+) 836.3141, found: 836.3149. RP-HPLC purity
(column 1: 97.8%, column 2: 99.4%).

5.45. Compounds 40a and 40b

Compound 40 was prepared according to method B
using the hydrochloride salt of deprotected 29
(0.07 mmol), Boc-Tle-OH (0.037 g, 0.16 mmol), HATU
(0.073 mg, 0.19 mmol), DIEA (0.164 mL, 0.96 mmol),
and DMF (0.6 mL). Purification by RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) gave the Phg LL-isomer 40a (0.017 g, 32%)
as a white solid, after freeze-drying. The mixed fractions
were purified using RP-HPLC (Zorbax SB-C8 column,
(21.2 · 150 mm), MeCN/H2O gradient with 0.1%
TFA), to give the Phg DD-isomer 40b (0.0018 g, 3%) as
a solid after freeze-drying. Phg LL-isomer 40a: 1H NMR
(CD3OD) d 9.18 (s, 1H), 8.83 (d, J = Hz, 1H), 8.38 (d,
J =8.4, 1.1 Hz, 1H), 7.85 (m, 1H), 7.81 (ddd, J = 1.4,
6.8, 8.2 Hz, 1H), 7.68 (ddd, J = 1.5, 6.7, 8.3 Hz, 1H),
7.57 (m, 2H), 7.50 (s, 1H), 7.29 (m, 2H), 5.72 (m, 1H),
5.29 (dd, J = 1.9, 17.1 Hz, 1H), 5.21 (d, J = 4.4 Hz,
1H), 5.12 (dd, J = 1.9, 10.3 Hz, 1H), 4.00 (s, 1H), 2.96
(m, 1H), 2.17 (m, 1H), 1.86 (dd, J = 5.4, 8.2 Hz, 1H),
1.45 (s, 9H), 1.23 (m, 3H), 1.10–1.01 (m, 2H), 1.04 (s,
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9H). 13C NMR (CD3OD) d 173.8, 173.6, 170.8, 161.1,
157.9, 155.3, 143.0, 141.6, 134.2, 133.8, 133.3, 130.7,
128.8, 127.0, 125.1, 123.5, 119.4, 118.6, 116.2, 80.6,
63.1, 59.5, 42.8, 35.8, 35.6, 32.1, 28.8, 27.2, 23.4, 6.7,
6.5. HRMS calcd for C37H43N5O8ClS (M�H+)
752.2521, found: 752.2505. RP-HPLC purity (column
1: 98.1%, column 2: 98.7%). Phg DD-isomer 40b: 1H
NMR (CD3OD) d 8.39 (ddd, J = 0.96, 2.1, 8.4 Hz,
1H), 7.87–7.79 (m, 2H), 7.6 (m, 1H), 7.56 (m, 2H),
7.51 (s, 1H), 7.32 (m, 2H), 5.75 (ddd, J = 8.7, 10.3,
17.1 Hz, 1H), 5.30 (dd, J = 2.0, 17.1 Hz, 1H), 5.24 (s,
1H), 5.13 (dd, J = 2.0, 10.5 Hz, 1H), 3.98 (s, 1H), 2.98
(m, 1H), 2.22 (m, 1H), 1.85 (m, 1H), 1.45 (s, 9H),
1.33–1.18 (m, 3H), 1.15–1.04 (m, 2H), 1.00 (s, 9H). 13C
NMR (CD3OD) d 174.7, 174.4, 170.8, 161.1, 158.1,
155.3, 143.0, 141.6, 134.2, 133.3, 130.8, 128.8, 127.0,
125.1, 123.5, 119.4, 118.6, 116.2, 106.2, 80.9, 63.5,
60.0, 42.6, 36.1, 35.5, 32.0, 28.9, 27.0, 23.5, 6.7, 6.6.
HRMS calcd for C37H45N5O8 ClS (M+H+) 754.2677,
found: 754.2689. RP-HPLC purity (column 1: 98.6%,
column 2: 99.0%).

5.46. Compound 41

Compound 30 (0.060 g, 0.09 mmol) was dissolved in 4
M HCl in EtOAc (2 mL) and stirred for 3 h at room
temperature, after which the solvent was removed in
vacuo. With the exception of this deviation from proto-
col, 41 was prepared according to method B using the
hydrochloride of the deprotected 30, Boc-Tle-OH
(0.042 g, 0.18 mmol), HATU (0.082 g, 0.22 mmol),
DIEA (0.15 mL, 0.88 mmol), and DMF (0.8 mL). Puri-
fication by RP-HPLC (ACE 5 Phenyl S/N-A15161 col-
umn, MeCN/H2O gradient with 0.1% TFA) gave 41
(0.006 g, 8%) as a white solid, after freeze-drying. 1H
NMR (CD3OD, 500 MHz) d 8.67 (m, 2H), 8.51 (dm,
1H), 8.45 (m, 1H), 8.35 (m, 2H), 8.12 (d, J = 8.2 Hz,
1H), 7.93 (m, 1H), 7.85 (m, 1H), 7.62 (m, 2H), 7.41
(m, 2H), 5.71 (m, 1H), 5.29 (dd, J = 1.9, 17.1 Hz, 1H),
5.27 (s, 1H), 5.15 (dd, J = 1.9, 10.3 Hz, 1H), 4.02 (s,
1H), 2.95 (m, 1H), 2.2 (m, 1H), 1.88 (dd, J = 5.5,
8.2 Hz, 1H), 1.45 (s, 9H), 1.27–1.17 (m, 3H), 1.11–1.01
(m, 2H), 1.05 (s, 9H). 13C NMR (CD3OD, 100 MHz)
d 174.1, 173.6, 170.6, 161.6, 158.0, 155.4, 153.0, 146.4,
143.6, 140.3, 134.1, 133.9, 133.2, 130.7, 130.5, 129.1,
125.2, 123.6, 123.4, 121.6, 118.8, 117.4, 80.7, 63.3,
59.4, 43.0, 35.7, 35.5, 32.1, 28.8, 27.2, 22.3, 6.7, 6.6.
HRMS calcd for C42H47N6O8S (M�H+) 795.3176,
found: 795.3193. RP-HPLC purity (column 1: 96.4%,
column 2: 98.0%).

5.47. Compound 42

Compound 42 was prepared according to method B
using the hydrochloride salt of deprotected 31
(0.139 mmol), Boc-Tle-OH (0.064 g, 0.278 mmol),
HATU (0.127 g, 0.334 mmol), DIEA (0.209 mL,
1.224 mmol), and DMF (1.5 mL). Purification by RP-
HPLC (ACE 5 Phenyl S/N-A15161 column, MeCN/
H2O gradient with 0.1% TFA) gave 42 (0.063 g, 61%)
as a white solid, after freeze-drying. 1H NMR (CD3OD)
d 9.1 (s, 1H), 7.79 (dd, J = 7.6, 8.2 Hz, 1H), 7.51 (m,
2H), 7.14 (m, 3H), 6.91 (m, 1H), 5.71 (m, 1H), 5.28
(dd, J = 2.0, 17.1 Hz, 1H), 5.18 (s, 1H), 5.12 (dd,
J = 2.0, 10.3 Hz, 1H), 3.99 (s, 1H), 2.94 (m, 1H), 2.16
(m, 1H), 1.85 (dd, J = 5.4, 8.2 Hz, 1H), 1.44 (s, 9H),
1.23 (m, 3H), 1.08 (m, 2H), 1.03 (s, 9H). 13C NMR
(CD3OD) d 173.8, 173.5, 170.7, 164.3, 157.9, 155.5,
149.8, 143.6, 134.2, 133.4, 130.8, 122.7, 119.9, 118.6,
111.0, 80.6, 63.1, 59.4, 42.8, 35.8, 35.5, 32.1, 28.7, 27.1,
23.3, 6.7, 6.5. HRMS calcd for C33H41N5O8SCl
(M�H+) 702.2364, found: 702.2360. RP-HPLC purity
(column 1: 96.1%, column 2: 97.7%).

5.48. Compound 43

Compound 43 was prepared according to method B
using the hydrochloride salt of deprotected 32
(0.162 mmol), Boc-Tle-OH (0.075 g, 0.324 mmol),
HATU (0.148g, 0.389 mmol), DIEA (0.244 mL,
1.426 mmol), and DMF (2.0 mL). Purification by RP-
HPLC (ACE 5 Phenyl S/N-A15161 column, MeCN/
H2O gradient with 0.1% TFA) gave 43 (0.070 g, 64%)
as a white solid, after freeze-drying. 1H NMR (CD3OD)
d 8.14 (ddd, J = 0.88, 2.0, 5.1 Hz, 1H), 7.86 (ddd,
J = 2.0, 7.3, 8.3 Hz, 1H), 7.50 (m, 2H), 7.15 (m, 3H),
6.99 (m, 1H), 5.70 (ddd, J = 8.8, 10.4, 17.1 Hz, 1H),
5.28 (dd, J = 2.1, 17.1 Hz, 1H), 5.17 (s, 1H), 5.12 (dd,
J = 2.1, 10.3 Hz, 1H), 3.99 (s, 1H), 2.94 (m, 1H), 2.15
(m, 1H), 1.83 (dd, J = 5.4, 8.1 Hz, 1H), 1.44 (s, 9H),
1.21 (m, 3H), 1.07 (m, 2H), 1.02 (s, 9H). 13C NMR
(CD3OD) d 173.8, 173.5, 170.7, 164.6, 157.8, 156.0,
148.0, 142.1, 134.2, 133.2, 130.9, 122.3, 120.5, 118.6,
113.2, 80.6, 63.1, 59.4, 42.8, 35.8, 35.6, 32.1, 28.7, 27.2,
23.2, 6.7, 6.5. HRMS calcd for C33H44N5O8S (M+H+)
670.2911, found: 670.2914. RP-HPLC purity (column
2: 99.1%, column 3: 99.2%).

5.49. Compounds 44a and 44b

Compound 44 was prepared according to method B
using the hydrochloride salt of deprotected 33
(0.154 mmol), Boc-Tle-OH (0.071 g, 0.308 mmol),
HATU (0.141 mg, 0.370 mmol), DIEA (0.205 mL,
1.202 mmol), and DMF (1.5 mL). Purification by RP-
HPLC (Zorbax SB-C8 column, MeCN/H2O gradient
with 0.1% TFA) gave the Phg LL-isomer 44a (0.017 g,
19%) and Phg DD-isomer 44b (0.017g, 19%) as white sol-
ids after freeze-drying. Phg LL-isomer 44a 1H NMR
(CD3OD) d 7.27 (m, 2H), 6.84 (m, 2H), 5.60 (m, 1H),
5.19 (dd, J = 2.0, 17.2 Hz, 1H), 5.02 (dd, J = 2.0,
10.4 Hz, 1H), 4.98 (s, 1H), 3.88 (s, 1H), 3.70 (s, 3H),
2.84 (m, 1H), 2.02 (m, 1H), 1.74 (dd, J = 5.4, 8.1 Hz,
1H), 1.35 (s, 9H), 1.15 (m, 3H), 1.06 (m, 2H), 0.93 (s,
9H). 13C NMR (CD3OD) d 174.2, 173.4, 170.8, 161.6,
157.9, 134.2, 130.5, 128.6, 118.5, 115.3, 80.6, 63.1,
59.4, 55.8, 42.7, 35.8, 35.6, 32.0, 28.7, 27.2, 23.3, 6.7,
6.5. HRMS calcd for C29H43N4O8S (M+H+) 607.2802,
found: 607.2789. RP-HPLC purity (column 1: 95.0%,
column 2: 97.9%). Phg DD-isomer 44b 1H NMR (CD3OD)
d 7.34 (m, 2H), 6.94 (m, 2H), 5.75 (ddd, J = 17.2, 10.4,
8.7 Hz, 1H), 5.28 (dd, J = 17.2, 2.0 Hz, 1H), 5.11 (dd,
J = 10.4, 2.0 Hz, 1H), 5.06 (s, 1H), 3.95 (s, 1H), 3.80
(s, 3H), 2.96 (m, 1H), 2.15 (m, 1H), 1.80 (dd, J = 8.3,
5.2 Hz, 1H), 1.44 (s, 9H), 1.26 (m, 2H), 1.08 (m, 2H),
0.96 (s, 9H). 13C NMR (CD3OD) d 174.7, 174.6,
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170.8, 161.6, 158.0, 134.3, 130.5, 128.1, 118.6, 115.4,
80.8, 63.3, 59.9, 55.8, 42.5, 36.2, 35.5, 32.0, 28.9, 27.0,
23.4, 6.64, 6.58. HRMS calcd for C29H41N4O8S
(M�H+) 605.2645, found: 605.2657. RP-HPLC purity
(column 2: 98.1%, column 3: 97.2%).

5.50. Compound 45

Compound 45 was prepared according to method B using
the hydrochloride salt of deprotected 24 (0.079 mmol),
Boc-Val-OH (0.034 g, 0.16 mmol), HBTU (0.072 g,
0.19 mmol), DIEA (0.12 mL, 0.70 mmol), and DMF
(0.7 mL). Purification by RP-HPLC (Vydac C18 (L),
MeCN/H2O gradient with 0.1% TFA) gave 45 as a solid.
1H NMR (CD3OD) d 8.55 (d, J = 9.3 Hz, 1H), 7.91 (m,
2H), 7.84 (m, 2H), 7.71–7.47 (m, 10H), 7.53 (m, 2H),
6.93 (s, 1H), 5.59 (s, 1H), 4.30 (m, 1H), 4.10 (s, 3H), 3.93
(d, J = 6.8 Hz, 1H), 2.03 (m, 1H), 1.66–1.51 (m, 2H),
1.43 (s, 9H) 1.43–1.23 (m, 2H), 0.97–0.86 (m, 9H). 13C
NMR (CD3OD) d 174.1, 172.3, 171.6, 169.2, 166.9,
158.3, 158.1, 153.8, 144.6, 140.8, 138.0, 134.7, 133.8,
133.3, 131.5, 130.9, 129.9, 129.6, 129.0, 126.0, 122.5,
122.3, 115.8, 103.2, 100.9, 80.7, 69.9, 61.5, 57.0, 55.0,
34.2, 31.9, 28.7, 19.9, 19.7, 18.5, 13.9. HRMS calcd for
C45H52N5O9S (M+H+) 838.3486, found: 838.3499. RP-
HPLC purity (column 1: 98.5%, column 2: 100%).

5.51. Compound 46

Compound 46 was prepared according to method B
using the hydrochloride salt of deprotected 26
(0.11 mmol), Boc-Val-OH (0.037 g, 0.17 mmol), HATU
(0.076 g, 0.20 mmol), DIEA (0.21 mL, 1.2 mmol), and
DMF (1.4 mL). Purification by RP-HPLC (ACE 5
Phenyl S/N-A15161 column, MeCN/H2O gradient with
0.1% TFA) gave 46 (0.039 g, 43%) as a white solid, after
freeze-drying. 1H NMR (CD3OD) d 8.54 (d, J = 9.3 Hz,
1H), 7.83 (m, 2H), 7.73–7.69 (m, 3H), 7.65–7.61 (m, 3H),
7.57 (dd, J = 2.4, 9.3 Hz, 1H), 7.46 (m, 2H), 6.93 (s, 1H),
5.73–5.63 (m, 1H), 5.33 (s, 1H), 5.29 (dd, J = 1.9,
17.1 Hz, 1H), 5.14 (dd, J = 1.9, 10.3 Hz, 1H), 4.10 (s,
1H), 3.94 (d, J = 7.1 Hz, 1H), 2.93 (m, 1H), 2.18 (m,
1H), 2.06 (m, 1H), 1.85 (dd, J = 5.5, 8.1 Hz, 1H), 1.44
(s, 9H), 1.21–1.15 (m, 3H), 1.09–1.05 (m, 2H), 0.97 (d,
J = 6.9 Hz, 3H), 0.92 (d, J = 6.9 Hz, 3H). 13C NMR
(CD3OD) d 174.18, 173.5, 170.4, 169.1, 167.0, 158.3,
158.2, 154.2, 144.4, 136.8, 134.0, 133.8, 133.3, 131.9,
130. 8, 129.6, 126.0, 122.7, 122.6, 118.7, 115.8, 103.3,
100.8, 80.7, 61.2, 58.9, 57.1, 42.9, 35.2, 32.2, 32.0, 28.8,
22.9, 19.8, 18.7, 6.6, 6.5. HRMS calcd for C43H50N5O9S
(M+H+) 812.3329, found: 812.3353. RP-HPLC purity
(column 1: 100%, column 2: 100%).

5.52. Compound 47

Compound 47 was prepared according to method B
using the hydrochloride salt of deprotected 34
(0.13 mmol), Boc-Val-OH (0.062 g, 0.29 mmol), HBTU
(0.084 g, 0.22 mmol), DIEA (0.10 mL, 0.57 mmol), and
DMF (1.0 mL). Purification by RP-HPLC (Vydac C18
(L) MeCN/H2O gradient with 0.1% TFA) gave 47
(0.021 g, 27%) as a white solid after freeze-drying. 1H
NMR (CD3OD) d 7.94 (m, 2H), 7.66 (m, 1H), 7.54
(m, 2H), 7.11 (m, 2H), 6.69 (m, 2H), 5.35 (s, 1H), 4.26
(dd, J = 5.6, 8.4 Hz, 1H), 3.89 (d, J = 6.8 Hz, 1H), 2.02
(m, 1H), 1.63 (m, 2H), 1.27 (m, 2H), 0.89 (m, 9H). 13C
NMR (CD3OD) 13C NMR (CD3OD) d 174.0, 172.4,
158.6, 158.1, 140.7, 134.8, 130.0 (two overlapping sig-
nals), 129.1, 128.8, 116.4, 80.7, 61.4, 57.6, 54.8, 34.4,
31.9, 28.7, 19.8, 18.4, 13.9. HRMS calcd for
C29H39N4O8S (M�H+) 603.2489, found: 603.2491. RP-
HPLC purity (column 1: 99.4%, column 2: 98.7%).

5.53. Compound 48

Compound 48 was in all essentials prepared as described
for 12, using 9 (0.257 g, 0.60 mmol), the hydrochloride
salt of (1R,2S)-1-amino-2-vinyl-cyclopropanecarboxylic
acid ethyl ester (0.159 g, 0.83 mmol), HATU (0.274 g,
0.72 mmol), and DIEA (0.53 mL, 5.2 mmol) in DMF
(2.5 mL). The crude product was purified by column
chromatography (i-hexane/EtOAc 7:3) to give 48
(0.224 g, 66%). 1H NMR (CDCl3) d 8.34 (d,
J = 8.3 Hz, 1H), 7.70 (m, 2H), 7.58 (ddd, J = 1.5, 6.6,
8.4 Hz, 1H), 7.46 (m, 2H), 7.27 (m, 3H), 6.83 (br s,
1H), 5.90 (br s, 1H), 5.77 (ddd, J = 8.7, 10.3, 17.1 Hz,
1H), 5.30 (dd, J = 1.8, 17.1, Hz, 1H), 5.13 (dd, J = 1.8,
10.3 Hz, 1H), 4.11 (m, 2H), 2.14 (m, 2H), 1.81 (dd,
J = 5.4, 8.1 Hz, 1H), 1.44 (s, 9H), 1.18 (dd, J = 7.2,
7.2 Hz, 3H). 13C NMR (CDCl3) d 171.1, 170.0, 159.6,
155.4, 153.5, 142.1, 140.1, 135.1, 133.5, 132.0,128.9,
127.4, 125.8, 124.6, 122.2, 118.5, 118.3, 115.2, 80.5,
61.8, 58.0, 40.2, 34.5, 28.6, 23.2, 14.5. MS (M+H+)
566.3.

5.54. Compound 49

Compound 49 was in all essentials prepared as described
for 12, using 10 (0.170 g, 0.36 mmol), the hydrochloride
salt of (1R,2S)-1-amino-2-vinyl-cyclopropanecarboxylic
acid ethyl ester (0.096 g, 0.50 mmol), HATU (0.163 g,
0.43 mmol), and DIEA (0.36 mL, 2.1 mmol) in DMF
(2.0 mL). The product 49 (0.218 g) obtained after extrac-
tion was used in the subsequent synthesis without fur-
ther purification. 1H NMR (CDCl3) d 8.66 (m, 2H),
8.42 (m, 1H), 8.03 (m, 3H), 7.91 (m, 1H), 7.79 (m,
1H), 7.70 (ddd, J = 1.3, 7.0, 8.3 Hz, 1H), 7.57 (m, 2H),
7.30 (m, 2H), 5.96 (d, J = 6.9 Hz, 1H), 5.73 (m, 1H),
5.34 (s, 1H), 5.28 (dd, J = 2.0, 17.1 Hz, 1H), 5.11 (dd,
J = 2.0, 10.3 Hz, 1H), 4.09 (m, 2H), 2.15 (m, 1H), 1.84
(m, 1H), 1.43 (s, 9H), 1.23 (m, 1H), 1.15 (dd, J = 6.8,
7.2 Hz, 3H). 13C NMR (CDCl3) d 170.9, 169.8, 160.0,
155.1, 153.2, 150.1, 145.7, 142.6, 138.5, 135.0, 133.3,
131.8, 129.0, 128.7, 128.6, 127.5, 124.3, 122.1, 121.7,
120.3, 118.2, 80.2, 61.4, 57.9, 39.9, 34.1, 28.3, 22.8,
14.2. MS (M+H+) 609.1.

5.55. Compound 50

Compound 12 (0.280 g, 0.44 mmol) was dissolved in
4 M HCl/1,4-dioxane (5 mL) and stirred at room tem-
perature for 3 h. The solvent was removed in vacuo
and the product dried in vacuo. N-Boc-amino-8-none-
noic acid (0.183 g, 0.67 mmol) was dissolved in DMF
(2.0 mL) and added to the hydrochloride salt of N-de-
protected 12. HATU (0.453 g, 1.19 mmol), and DMF
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(7 mL) were added followed by NMM (0.73 mL,
7.1 mmol). The reaction was stirred at room tempera-
ture for 24 h. EtOAc (20 mL) was added and the organic
phase was washed with 0.1 M NaHSO4 (2 · 30 mL), sat-
urated aqueous NaHCO3 (1 · 30 mL), and brine
(1 · 15 mL). The organic phase was dried with MgSO4,
filtered, and the solvent removed in vacuo. The crude
product was purified by column chromatography (i-hex-
ane/EtOAc 6:4), to give 50 (0.292 g, 84%) as a solid. 1H
NMR (CD3OD) d 8.20 (d, J = 9.2 Hz, 1H), 7.79 (m,
2H), 7.61 (m, 2H), 7.46 (d, J = 2.5 Hz, 1H), 7.44 (m,
3H), 7.27 (m, 2H), 7.23 (dd, J = 2.5, 9.2 Hz, 1H), 6.83
(s, 1H), 5.85–5.68 (m, 2H), 5.44 (s, 1H), 5.29 (m, 1H),
5.10 (m, 1H), 4.96 (m, 1H), 4.89 (m, 1H, partly over-
lapped with the water signal), 4.11–4.01 (m, 2H), 3.98
(s, 3H), 3.65 (m, 1H), 2.22 (m, 1H), 2.02 (m, 2H), 1.75
(m, 2H), 1.60 (m, 1H), d 1.43 (s, 9H), d 1.38 (m, 7H),
d 1.12 (dd, J = 7.1, 7.1, 3H). 13C NMR (CD3OD) d
175.0, 172.9, 171.3, 163.9, 163.5, 161.1, 158.3, 155.8,
152.8, 141.0, 140.0, 136.2, 135.0, 131.2, 130.6, 129.8,
128.6, 123.9, 122.2, 120.1, 118.3, 116.3, 114.9, 107.7,
102.5, 80.9, 67.8, 62.4, 58.0, 56.5, 56.1, 41.0, 34.8, 29.9,
29.8, 28.8, 28.7, 26.7, 23.3, 14.7. MS (M+H+) 791.3.

5.56. Compound 51

Compound 51 was in all essentials prepared as described
for 50, except that 48 (0.186 g, 0.33 mmol) was deprotec-
ted at room temperature for 2.5 h in 4 M HCl/EtOAc
(4.5 mL) before the solvent was removed in vacuo. In
the coupling reaction, N-Boc-amino-8-nonenoic acid
(0.138 g, 0.50 mmol), HATU (0.194 g, 0.50 mmol),
NMM (0.274 mL, 2.65 mmol), and DMF (2.5 mL) were
used. The product 51 (0.232 g, 97%) obtained after
extraction was used in subsequent reaction without fur-
ther purification. 1H NMR (CDCl3) 8.33 (dd, J = 1.1,
8.4 Hz, 1H), 7.72 (ddd, J = 1.3, 6.7, 8.3 Hz, 1H), 7.66
(m, 2H), 7.58 (ddd, J = 1.4, 6.7, 8.4 Hz, 1H), 7.46 (m,
2H), 7.25 (m, 2H), 7.17 (d, J = 6.8 Hz, 1H), 5.80–5.70
(m, 2H), 5.53 (d, J = 7.0 Hz, 1H), 5.32 (dd, J = 2.1,
17.0 Hz, 1H), 5.12 (dd, J = 2.0, 10.3 Hz, 1H), 5.04 (d,
J = 5.2 Hz, 1H), 5.00–4.89 (m, 2H), 4.08 (m, 3H), 2.29
(m, 2H), 2.01 (m, 2H), 1.82 (m, 2H), 1.61 (m, 1H),
1.45 (s, 9H), 1.45–1.28 (m, 7H), 1.17 (dd, J = 7.2,
7.2 Hz, 3H). 13C NMR (CDCl3) d 171.7, 170.3, 169.8,
159.4, 156.18, 153.3, 141.8, 139.9, 138.7, 134.0, 133.6,
131.8, 129.1, 127.3, 125.5, 124.4, 122.0, 118.3, 117.9,
115.0, 114.4, 104.8, 80.9, 61.4, 56.9, 55.6, 40.0, 33.6,
31.9, 28.7, 28.6, 28.2, 25.5, 23.0, 14.3. MS (M+H+)
719.4, 721.4.

5.57. Compound 52

Compound 52 was in all essentials prepared as described
for 51, using 49 (0.186 g, 0.31 mmol) and 4 M HCl/
EtOAc (4.0 mL) for the deprotection. In the coupling
reaction, N-Boc-amino-8-nonenoic acid (0.126 g,
0.47 mmol), HATU (0.177 g, 0.47 mmol), NMM
(0.371 mL, 3.37 mmol), and DMF (2.5 mL) were used.
The crude product was purified by column chromatog-
raphy (DCM/MeOH 96:4) to give 52 (0.133 g, 56%).
1H NMR (CDCl3) d 8.64 (m, 2H), 8.38 (dd, J = 3.7,
8.3 Hz, 1H), 7.93–7.87 (m, 4H), 7.76 (ddd, J = 1.4, 6.9,
8.2 Hz, 1H), 7.66 (ddd, J = 1.3, 7.0, 8.3 Hz, 1H), 7.54
(m, 2H), 7.30 (m, 2H), 5.79–5.66 (m, 2H), 5.58 (d,
7.0 Hz, 1H), 5.27 (ddd, J = 2.1, 8.3, 17.1 Hz, 1H), 5.22
(s, 1H), 5.10 (dd, J = 2.2, 10.5 Hz, 1H), 4.96–4.86 (m,
2H), 4.15–3.98 (m, 3H), 2.23 (m, 1H), 2.20–1.78 (m,
5H), 1.52 (m, 1H), 1.51–1.20 (m, 6H), 1.41 (s, 9H),
1.15 (dd, J = 7.2, 7.4 Hz). 13C NMR (CDCl3) d 171.7,
170.4, 169.8, 159.8, 156.1, 153.4, 148.2, 147.6, 147.1,
143.4, 138.7, 134.1, 133.5, 133.3, 131.6, 128.9, 128.7,
127.3, 124.3, 122.0, 121.2, 120.0, 117.9, 114.4, 80.6,
61.3, 56.8, 55.5, 40.0, 33.5, 32.0, 28.64, 28.56, 28.3,
28.2, 25.5, 22.9, 14.2. MS (M+H+) 762.3.

5.58. Compound 53

Compound 50 (0.263 g, 0.33 mmol) was dried in vacuo
over P2O5 before use. Compound 50 was dissolved in
dry toluene (600 mL, dried over sodium metal) under
N2 atmosphere. Grubb’s catalyst, second generation
(0.032 g, 0.038 mmol), was added to the solution. The
reaction mixture was stirred at room temperature for
45 min, after which it was heated to 80 �C for 1.5 h.
After cooling to room temperature, the solvent was re-
moved in vacuo. The crude product was purified by col-
umn chromatography using gradient elution (DCM/
MeOH 99:1–97:3), to give 53 (0.117 g, 46%) as a solid.
1H NMR ((CD3)2CO) d 8.19 (d, J = 9.1 Hz, 1H), 8.04
(m, 2H), 7.71 (m, 2H), 7.49–7.46 (m, 4H), 7.34 (m,
2H), 7.24 (dd, J = 2.5, 9.1 Hz, 1H), 7.07 (s, 1H), 5.62–
5.50 (m, 3H), 4.23 (m, 1H), 4.05 (m, 2H), 4.02 (s, 3H),
2.28–2.20 (m, 2H), 2.02 (m, 1H), 1.97–1.88 (m, 2H),
1.80–1.72 (m, 1H), 1.68 (dd, J = 5.0, 9.6 Hz, 1H), 1.56
(m, 2H), 1.45–1.33 (m, 3H), 1.40 (s, 9H), 1.30 (m, 2H),
1.12 (m, 3H). 13C NMR ((CD3)2CO) d 173.0, 170.8,
170.2, 162.2, 161.9, 159.0, 155.4, 154.6, 151.2, 133.8,
132.7, 129.9, 129.6, 128.8, 127.6, 125.3, 122.8, 121.0,
119.2, 115.2, 107.0, 101.4, 79.9, 61.4, 56.2, 55.7, 53.9,
53.5, 52.2, 40.4, 40.3, 33.3, 31.7, 28.4, 27.2, 26.0, 23.5,
23.4, 14.3. MS (M+H+) 763.2.

5.59. Compound 54

Compound 54 was prepared as described for 53 using 51
(0.200g, 0.22 mmol), dry toluene (600 mL), and Grubb’s
catalyst, second generation (0.030 g, 0.035 mmol). The
crude product was purified by column chromatography
(DCM/MeOH 98:2) to give 54 (0.140 g, 72%). 1H NMR
(CDCl3) d 8.4 (m, 1H), 7.72 (m, 2H), 7.60 (m, 1H), 7.53
(m, 2H), 7.46 (m, 1H), 7.37 (m, 2H), 7.29 (m, 1H), 5.85–
5.29 (m, 3H), 5.01 (m, 1H), 4.41–4.09 (m, 3H), 2.25 (m,
1H), 2.14–1.70 (m, 6H), 1.53–1.30 (m, 6H), 1.44 (s, 9H),
1.24 (m, 3H). HRMS calcd for C37H44N4O7Cl (M+H+)
691.2899, found: 691.2892.

5.60. Compound 55

Compound 55 was prepared as described for 53 using 52
(0.066g, 0.087 mmol), dry toluene (180 mL), and
Grubb’s catalyst, second generation (0.0095 g,
0.011 mmol). The reaction mixture was stirred at 85�
for 6 h thereafter another portion of catalyst (0.0095 g,
0.011 mmol) was added and heating was continued over-
night. The toluene was removed in vacuo and the resi-
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due was purified by column chromatography (DCM/
MeOH 97:3) to give 55 (0.040 g, 64%). 1H NMR
(CD3OD) d 8.56–8.30 (m, 3H), 8.19–7.62 (m, 8H), 7.31
(m, 2H), 5.82 (s, 1H), 5.59 (m, 1H), 5.03 (m, 1H), 4.38
(m, 1H), 4.08 (m, 2H), 2.58 (m, 1H), 2.15–1.80 (m,
4H), 1.76 (m, 1H), 1.61 (dd, J = 5.1, 9.3 Hz, 1H),
1.45–1.14 (m, 6H), 1.43 (s, 9H), 1.09 (dd, J = 7.1,
7.1 Hz, 3H). HRMS calcd for C42H48N5O7 (M+H+)
734.3554, found: 734.3555.

5.61. Compound 56

Compound 53 (0.060 g, 0.082 mmol) was dissolved in
THF (3.0 mL) and MeOH (1.5 mL). LiOH (0.027 g,
1.12 mmol) dissolved in water (0.5 mL) was added and
the solution stirred for 22 h at room temperature. The
pH was adjusted to �7 using 1 M HCl and the organic
solvents were removed in vacuo. The pH was adjusted to
3 using more 1M HCl followed by extraction with
EtOAc (2· 15 mL). The organic phase was washed with
brine, dried with MgSO4, and removed in vacuo to give
56 (0.056 g). 0.009 g of crude 56 was purified for biolog-
ical testing using RP-HPLC (ACE 5 Phenyl S/N-A15161
column (150 · 21.2 mm), MeCN/H2O gradient with
0.1% TFA) to give 56 (0.0016 g) as a white solid after
freeze-drying. 1H NMR (CD3OD) d 8.36 (dd, J = 1.0,
9.3 Hz, 1H), 7.80 (m, 4H), 7.59–7.53 (m, 4H), 7.36 (m,
3H), 6.9 (s, 1H), 5.8 (br s, 1H), 5.64–5.57 (m, 2H),
5.51–5.46 (m, 1H), 4.24 (dd, J = 4.2, 7.8 Hz, 1H), 4.03
(s, 3H), 2.28–2.18 (m, 2H), 1.82 (m, 1H), 1.67–1.61 (m,
2H), 1.54–1.28 (m, 8H), 1.44 (s, 9H). 13C NMR
(CD3OD) d 175.3, 173.8, 173.5 167.2, 165.6, 159.3,
157.5, 154.5, 151.9, 147.6, 136.1, 134.1, 132.6, 132.0,
130.4, 129.3, 129.2, 127.0, 125.2, 122.3, 121.6, 116.0,
103.5, 102.9, 80.5, 57.7, 56.7, 55.1, 41.1, 33.8, 32.6,
29.5, 28.7, 28.6, 27.3, 24.2, 23.9. HRMS calcd for
C42H45N4O8 (M�H+) 733.3237, found: 733.3224. RP-
HPLC purity (column 2: 97.4%, column 3: 98.2%).

5.62. Compound 57

Compound 57 was prepared as described for 56 using 54
(0.095 g, 0.14 mmol), THF (6 mL), MeOH (3.2), and
LiOH (0.049 g, 2.1 mmol) dissolved in water (0.8 mL).
The crude product was purified by column chromatog-
raphy (DCM/MeOH 95:5) to give 57 (0.0357 g, 39%).
1H NMR (CD3OD) d 8.34 (dd, J = 1.0, 8.4 Hz, 1H),
7.75 (m, 2H), 7.60 (m, 3H), 7.39 (s, 1H), 7.23 (m, 2H),
5.62–5.44 (m, 3H), 4.26 (m, 1H), 2.24–2.11 (m, 3H),
1.77–1.65 (m, 4H), 1.46–1.27 (m, 6H), 1.42 (s, 9H). 13C
NMR (CD3OD) d 174.2, 173.4, 172.9, 160.5, 156.6,
154.2, 142.5, 140.8, 133.8, 133.4, 132.6, 130.2, 128.1,
126.4, 126.3, 124.8, 122.6, 118.9, 115.7, 80.4, 57.4,
55.6, 54.2, 40.8, 33.6, 32.2, 29.0, 28.6, 27.8, 26.7, 23.5.
HRMS calcd for C35H38N4O7Cl (M�H+) 661.2429,
found: 661.2422. RP-HPLC purity (column 1: 95.4%,
column 2: 97.0%).

5.63. Compound 58

Compound 55 (0.040 g, 0.055 mmol) was dissolved in
THF (2.0 mL) and MeOH (1.0 mL). LiOH (0.020 g,
0.83 mmol) was dissolved in water (0.3 mL) and added
to the reaction. After stirring at room temperature over-
night, the pH was adjusted to �6 by addition of 1 M
aqueous HCl after which the organic solvents were re-
moved in vacuo. The aqueous phase was diluted with
water and acidified to pH �3. A precipitate was formed
that was sonicated and cooled in the refrigerator before
filtration. After vacuum-drying, the crude 58 was puri-
fied by RP-HPLC (ACE 5 Phenyl S/N-A15161 column,
MeCN/H2O gradient with 0.1% TFA), giving 58
(0.0043 g, 11%) as a solid after freeze-drying. 1H
NMR (CD3OD) d 8.77 (m, 2H), 8.55 (m, 4H), 8.15
(m, 1H), 7.95 (ddd, J = 1.4, 7.0, 8.2 Hz, 1H), 7.89
(ddd, J = 1.3, 7.0, 8.3 Hz, 1H), 7.78 (m, 2H), 7.37 (m,
2H), 5.79 (s, 1H), 5.61 (m, 1H), 5.04 (m, 1H), 4.32 (m,
1H), 2.60 (m, 1H), 2.26–2.01 (m, 3H), 1.91–1.64 (m,
3H), 1.58–1.14 (m, 6H), 1.42 (s, 9H). 13C NMR
(CD3OD) d 174.6, 174.0, 173.3, 162.0, 157.0, 154.7,
142.8, 141.9, 140.0, 135.7, 133.9, 133.5, 131.5, 130.6,
129.5, 128.6, 125.3, 124.5, 123.3, 122.1, 119.0, 106.2,
80.6, 56.8, 54.9, 54.4, 39.9, 33.4, 31.5, 31.5, 28.7, 28.3,
27.4, 23.2, 22.4. HRMS Calcd for C40H44N5O7

(M+H+) 706.3241, found: 706.3254. RP-HPLC purity
(column 1: 95.8%, column 2: 97.2%).

5.64. Compound 59

The starting material, reagents, and glassware were dried
in vacuo over P2O5. CDI (0.042 g, 0.26 mmol) and 56
(0.095 g, 0.129 mmol) were dissolved in dry THF
(3.3 mL) under N2 atmosphere. The reaction mixture
was stirred at 60 �C for 2 h. When the solution had cooled
to room temperature, benzenesulfonamide (0.041 g,
0.26 mmol) dissolved in dry THF (1.2 mL) and DBU
(0.036 mL, 0.26 mmol) were added. The reaction mixture
was stirred at room temperature for 23 h. EtOAc (10 mL)
was added and the organic phase washed with 1 M NaO-
Ac buffer (pH 4). The organic phase was dried with
MgSO4, filtered, and the solvent removed in vacuo. Puri-
fication was performed using RP-HPLC, (ACE 5 Phenyl
S/N-A15161 column, MeCN/H2O gradient with 0.1%
TFA) to give 59 (0.013 g, 11%) as a white solid after
freeze-drying. 1H NMR (CD3OD) d 8.50 (d, J = 9.5 Hz,
1H), 7.90–7.83 (m, 6H), 7.65–7.58 (m, 5H), 7.54–7.50
(m, 5H), 7.00 (s, 1H), 5.49 (s, 1H), 5.35 (m, 1H), 4.55
(m, 1H), 4.21 (m, 1H), 4.09 (s, 3H), 2.23–2.05 (m, 3H),
1.79 (m, 2H), 1.58 (m, 1H), 1.50–1.30 (m, 7H), 1.44 (s,
9H). 13C NMR (CD3OD) d 177.2, 175.8, 169.4, 167.8,
166.1, 162.7, 159.0, 157.5, 154.9, 146.5, 140.5, 136.0,
135.1, 134.9, 133.1, 132.0, 130.7, 129.9, 129.4, 129.2,
125.6, 125.1, 122.7, 122.0, 116.0, 103.1, 102.4, 80.6,
58.2, 56.8, 55.0, 44.5, 33.7, 31.5, 29.3, 28.7, 28.5, 27.5,
23.8, 20.3. HRMS calcd for C48H52N5O9S (M+H+)
874.3486, found: 874.3481. RP-HPLC purity (column
1: 99.0%, column 2: 97.0%).

5.65. Compound 60

Compound 60 was in all essentials prepared as described
for 59, using 56 (0.040 g, 0.054 mmol), CDI (0.018 g,
0.108 mmol), and dry THF (0.5 mL) but stirred at room
temperature for 60 min before addition of cyclopro-
panesulfonamide (0.0261 g, 0.216 mmol), dry THF
(0.5 mL), and DBU (0.016 mL, 0.108 mmol). The crude
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product was purified using RP-HPLC (Vydac C18,
MeCN/H2O gradient with 0.1% TFA), to give 60
(0.0122 g, 27%) as a solid after freeze-drying. 1H
NMR (CD3OD) d 8.43 (d, J = 9.3 Hz, 1H), 7.88–7.72
(m, 4H), 7.64–7.51 (m, 4H), 7.48–7.31 (m, 3H), 6.94 (s,
1H), 5.70 (m, 1H), 5.48 (s, 1H), 5.05 (m, 1H), 4.18 (m,
1H), 4.06 (s, 3H), 2.89 (m, 1H), 2.38–2.15 (m, 3H),
1.84–1.69 (m, 3H), 1.61–1.18 (m, 7H), 1.43 (s, 9H),
1.09–0.96 (m, 3H). 13C NMR (CD3OD) d 177.1, 175.8,
170.1, 167.4, 165.9, 159.2, 157.5, 154.9, 147.1, 145.6,
136.3, 135.8, 134.9, 132.8, 131.9, 130.6, 129.3, 125.6,
125.4, 122.6, 121.8, 116.0, 103.0, 80.5, 58.2, 56.7, 55.0,
44.6, 33.7, 31.8, 31.6, 30.1, 29.3, 28.7, 27.6, 23.8, 20.7,
6.8, 6.6. HRMS calcd for C45H50N5O9S (M�H+)
836.3329, found: 836.3310. RP-HPLC purity (column
1: 96.6%, column 2: 98.2%).

5.66. Compound 61

Compound 61 was prepared as described for 59, using
57 (0.029 g, 0.044 mmol), CDI (0.014 g, 0.088 mmol),
dry THF (1.1 mL + 0.4 mL), cyclopropanesulfonamide
(0.021 g, 0.18 mmol), and DBU (0.013 mL, 0.088
mmol). The crude product was purified using RP-HPLC
(ACE 5 Phenyl S/N-A15161 column, MeCN/H2O gradi-
ent with 0.1% TFA), to give 61 (0.0113 g, 33%) as a solid
after freeze-drying. 1H NMR ((CD3)2CO) d 10.6 (s, 1H),
8.79 (s, 1H), 8.42 (dd, J = 1.0, 8.4 Hz, 1H), 8.27 (m, 1H),
7.95 (m, 1H), 7.88 (m, 1H), 7.74 (m, 1H), 7.62 (m, 3H),
7.38 (m, 2H), 5.81 (d, J = 7.6 Hz, 1H), 5.69 (m, 1H), 5.54
(d, J = 6.8 Hz, 1H), 4.99 (dd, J = 9.5, 10.8 Hz, 1H), 4.37
(m, 1H), 2.37–2.18 (m, 4H), 1.89–1.83 (m, 2H), 1.73 (dd,
J = 5.8, 13.9 Hz, 1H), 1.58–1.40 (m, 5H), 1.40 (s, 9H),
1.34–1.29 (m, 2H), 1.20 (m, 1H), 1.13–1.00 (m, 3H).
HRMS calcd for C38H43N5O8S (M�H+) 764.2521,
found: 764.2535. RP-HPLC purity (column 1: 98.9%,
column 2: 99.0%).

5.67. Compound 62

Compound 62 was prepared as described for 59, using
58 (0.021 g, 0.030 mmol), CDI (0.0097 g, 0.060 mmol),
dry THF (1.5 mL + 0.4 mL), and cyclopropanesulfona-
mide (0.014 g, 0.12 mmol). The reaction mixture was
stirred at room temperature for 48 h. The solvent was
evaporated and the residue was treated with 0.1 M
NaHSO4 (0.6 mL), which gave a precipitate. After son-
ication, 0.1 M NaHSO4 was added until the pH was
5–6. After centrifuge filtration through a Whatman PP
0.45 lm filter the solid residue was vacuum-dried. The
crude product was purified by RP-HPLC (Sorbax SB-
C8 column, MeCN/H2O gradient with 0.1% TFA), to
give 62 (0.0041 g, 17%) as a solid after freeze-drying.
1H NMR (CD3OD) d 8.72 (m, 2H), 4.49–4.40 (m,
4H), 8.11 (m, 1H), 7.93 (ddd, J = 1.2, 6.9, 8.3 Hz, 1H),
7.84 (ddd, J = 1.2, 7.1, 8.3 Hz, 1H), 7.69 (m, 2H), 7.40
(m, 2H), 5.81 (s, 1H), 5.66 (m, 1H), 5.02 (m, 1H), 4.33
(m, 1H), 2.90 (m, 1H), 2.63 (dd, J = 9.0, 17.2 Hz, 1H),
2.17 (m, 1H), 2.10–2.0 (m, 2H), 1.99–1.82 (m, 2H),
1.79 (m, 1H), 1.69 (m, 1H), 1.56–1.14 (m, 7H), 1.42 (s,
9H), 1.31–0.98 (m, 2H). HRMS calcd for C43H47N6O8S
(M�H+) 807.3176, found: 807.3148. RP-HPLC purity
(column 2: 95.5%, column 3: 96.6%).
5.68. Enzyme inhibition

The protease activity of the full-length HCV NS3 protein
(protease-helicase/NTPase) was measured using a FRET-
assay as previously described.21,41 In short, 1 nM 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-DD-gluco-
side, 3.3% DMSO with 25 lM of the peptide cofactor
2K-NS4A (KKGSVVIVGRIVLSGK), and inhibitor.
The reaction was started by the addition of 0.5 lM sub-
strate (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 5.0.8 (Erithacus software limited).

5.69. Computational methodology

The FLO+ docking suite was used to dock all com-
pounds into the active site of the HCV NS3 protein.63

This docking program was chosen partly due to its
treatment of protein flexibility, which is thought to
more realistically simulate protein–ligand interac-
tions.64 The NS3 protease/helicase crystal structure
(protein access code 1CU1)43 was refined and used to
build the active site for docking. The crystal structure
was subjected to constrained minimization followed
by extraction of the residues within 9 Å of the last elev-
en residues of the 1CU1 c-terminal. This active site has
been previously used and further details regarding its
derivation may be found in the work of Rönn et al.35

Ligand structures were prepared using LZM and were
minimized prior to docking using the modified version
of the AMBER force field included in the FLO+ dock-
ing package.

Ligand docking included both conformational analysis
and simulated annealing. Conformational analysis was
performed using 2000 steps of limited Monte Carlo
(mcldock) perturbation. Residues R155 and K136 as
well as the ligand were allowed full conformational
freedom without energy penalty, while movement of
all other critical active site residues in excess of 0.2 Å
was penalized by 20 kJ/(molÅ2). Due to the shallow
and relatively featureless nature of the HCV NS3 active
site, several zero-order bonds were added to hold the
ligand in the active site but still allow conformational
freedom. The 10 lowest-energy, unique conformations
from the Monte Carlo perturbation were retained
and further optimized using 50 steps of simulated
annealing. To preserve the conformation obtained in
the Monte Carlo step, an energy penalty of 20 kJ/
(molÅ2) was applied when the similarity distance be-
tween two consecutive conformations differed by more
than 0.2 Å.
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35. Rönn, R.; Sabnis, Y. A.; Gossas, T.; Åkerblom, E.;
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