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Abstract

Peptidomimetic inhibitors of the hepatitis C NS3 protease often exhibit poor biopharmaceutical properties. Structure modification of
a substrate-based tripeptide into a b-strand 15-membered ring scaffold provided a new class of peptidomimetics that are significantly
superior as drug candidates to their acyclic precursors. Tripeptide dienes composed of three unnatural amino acid residues with numer-
ous chiral centers were efficiently converted to macrocyclic peptides, in high diastereomeric purity, using ring-closing metathesis (RCM).
The conformation of the acyclic diene and the protocol for the RCM reaction were investigated and optimized extensively in order to
achieve an efficient synthesis of potential therapeutic agents for the treatment of hepatitis C infections. These studies provided the fist
small molecule (BILN 2061) that was clinically validated for the treatment of hepatitis C infection in man and opened the door to a
plethora of new pre-clinical pharmaceutical agents that can be made in multi kilogram quantities using RCM chemistry.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Small molecules which can attenuate the function of a
biological process by mimicking the secondary structure
of proteins, or the critical molecular recognition element
(structural hot spots) between polypeptides and proteins,
are of enormous scientific interest [1]. Such interactions
play a key role in numerous cellular functions (e.g. protein
glycosylation [2], intracellular recognition [3], proteolysis
and others) and can be of particular relevance in drug dis-
covery. However, unlike the structurally unique peptides
found at the contact points between two large biomole-
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cules, short peptides are conformationally heterogeneous
and exhibit low affinity for their intended binding sites.
In addition, these peptides often suffer from poor meta-
bolic stability and low bioavailability, further magnifying
the challenge of designing a small peptidomimetic com-
pound as a therapeutic drug. Nonetheless, during the last
decade, considerable effort has been devoted to the design
and synthesis of substrate-based peptidomimetic inhibitors
that target specifically the NS3 serine protease enzyme of
the hepatitis C virus (HCV). HCV is a severe medical prob-
lem with a global infection afflicting more than 170 million
people that can cause cirrhosis of the liver and liver cancer.
Therefore, disrupting the catalytic function of its essential
enzyme NS3 protease can provide a treatment option of
significant socioeconomic benefit.

Initially, the quest for the discovery of a substrate-
based, small-molecule inhibitor targeting the HCV NS3
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serine protease was taken on by a number of pharmaceuti-
cal companies. However, to the dismay of medicinal chem-
ists, the shallow and solvent-exposed active site of this
enzyme proved to be an exceedingly difficult target for drug
design and many companies abandoned their efforts. At
Boehringer Ingelheim, medicinal chemistry activities were
initiated by the discovery that N-terminal peptide prod-
ucts, derived from sequences of the NS3 protease polypep-
tide substrate, were competitive inhibitors of the HCV NS3
protease [4]. Hexapeptides, such as model compound 1

(Fig. 1), were synthesized and used as NMR probes to
investigate the critical interactions between the active site
of the enzyme and its polypeptide substrate [5]. Armed with
the insight provided by these studies, we designed macrocy-
clic b-strand tripeptides (e.g. compounds 3b–d) that adopt
in the free state the enzyme-bound secondary structure of
the hexapeptides and bind tightly to the active site of the
enzyme [6]. The key ring-closing step was performed on
the acyclic tripeptide dienes 2 using RCM chemistry. While
this work was in progress, other investigators also reported
similar efforts towards the design of macrocyclic peptides
as potential inhibitors of metallo, aspartic, cysteine, and
serine proteases [7].

The design of macrocyclic drugs which are peptidic in
nature is undoubtedly inspired by nature’s non-ribosomally
formed secondary metabolites, which are often composed
of unusual amino acid fragments and are constrained into
cyclic peptides with unique bioactive conformations; well-
known pharmaceuticals include cyclosporin, vancomycin
and chloropeptin. However, unlike the production of natu-
ral products via fermentation, the chemical manufacturing
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Fig. 1. Substrate-based peptidomimetic
of structurally complex macrocyclic peptides is often very
challenging and the synthetic methodologies employed usu-
ally hinder the development of such compounds into com-
mercial products. Therefore, following our initial discovery
of macrocyclic compounds inhibiting the HCV NS3 prote-
ase [6], two of our key objectives were (a) the optimization
of the biopharmaceutical properties and (b) the develop-
ment of a synthetic process that was economically feasible
and could support clinical trials of a therapeutic agent. In
this report, we examine the effects of substitution along
the hydrocarbon linker moiety of the prototype compound
3d, in light of the structural data previously published for
this compound [6]. In addition, we provide an account of
the synthetic developments that led to the first pharmaceu-
tical application of ring-closing metathesis in multi-kilo-
gram scale.

2. Results and discussion

2.1. Medicinal chemistry

Over the last 10 years, the developments of stable orga-
nometallic reagents that catalyze ring-closing metathesis
(RCM) reactions have revolutionized the field of organic
synthesis [8]. These reagents provide new means of synthe-
sizing polyfunctional, large heterocyclic rings that are
exceptionally challenging to prepare by any other synthetic
methods. Peptide scaffolds, such as those typified by the
HCV inhibitor 3d, were originally synthesized using the
first-generation Grubbs catalyst, bis-(tricyclohexyl-phos-
phine)benzylidene-ruthenium dichloride (4) [9]. This
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15-membered macrocyclic scaffold is characterized by the
(1R, 2S)-vinyl aminocyclopropyl-carboxylic acid moiety
(vinyl ACCA moiety; P1) [10], a proline unit substituted
at Cc with a 4-hydroxy-7-methoxyquinoline (P2) [11] and
a linker moiety composed of (2S)-N-Boc-amino-8-none-
noic acid (P3) [9,12,13]. The backbone conformation of
the acyclic diene precursor 2, and in particular the ratio
of the proline cis:trans rotamers, was found to be crucial
for the yield of the RCM reaction and diastereomeric pur-
ity of the macrocyclic product(s) formed [14]. Recently, we
reported that when the Ca of the olefinic ‘‘linker’’ moiety
(P3) was unsubstituted (Scheme 1: diene 2a, R3 = H), the
cis:trans rotamer ratio of the P2–P3 amide bond was
approximately 1:1 and the outcome of the RCM reaction
was very poor (mixtures of product were obtained with
<30% overall RCM conversion) [14]. In contrast, when
the bulky –NHBoc group was attached to the Ca of the
olefinic linker (Scheme 1: diene 2b, R3 = NHBoc), the cis:-

trans ratio was approximately 1:9 and the overall conver-
sion of 2b to macrocyclic ester 3b was achieved in 40%
yield (�60% of total RCM conversion) [14]. Variable tem-
perature 1H NMR data of the acyclic tripeptide 2a sug-
gested a tertiary amide rotational barrier of >13 kcal/
mol. Finally, the overall conformational preference of
diene 2c clearly pre-organized the peptidic backbone in
the same b-strand conformation as that of the desired mac-
rocyclic product (3c), thus facilitating the RCM reaction;
RCM-induced macrocyclization of diene 2c was achieved
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Scheme 1. RCM-induced mac
in 80% yield to the desired diastereomer 3c (Scheme 1).
These observations were analogous to those initially
reported by Grubbs and coworkers on template-directed
RCM reactions [15] and more recently by Lubell’s group
for the RCM macrocyclization of dipeptides having sec-
ondary or tertiary amide bonds [16]. Remote control effects
on the outcome of the RCM reaction were also previously
reported in the synthesis of macrocyclic natural products,
such as salicylihalamide [17] and epothilones [18].

Our initial success with RCM-mediated macrocycliza-
tion of tripeptide dienes [9] encouraged medicinal chemis-
try efforts to focus on exploring the structure–activity
relationship (SAR) of these analogs. Our SAR studies
included evaluation of modifications along the hydrocar-
bon linker connecting the P1 to the P3 moiety. Previously,
the position of the double bond was found to play a signif-
icant role in the potency of the compounds [9]. For exam-
ple, inhibitor 3d (IC50 = 10 nM, EC50 = 77 nM) was found
to be 5–7-fold more potent than 6a (Scheme 2;
IC50 = 50 nM, EC50 = 410 nM) in our in vitro and cell-
based assays [19]. Therefore, the presence of a trans double
bond connecting the Ce 0 of (2S)-N-Boc-amino-6-heptenoic
acid (P3) to the Ce of a homoallyl ACCA unit at P1 was
decreasing the binding affinity of 6a for its target (Scheme
2) [9]. However, saturation of the double bond to give ana-
log 6b (IC50 = 16 nM, EC50 = 120 nM) resulted in the re-
gain of potency in both the enzymatic and the cell-based
assays [9].
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6a  X = CH2, R1 = R2 = H, E-double bond

6b  X = CH2, R1 = R2 = H, saturated linker

6c  X = O, R1 = R2 = H, E- double bond

6d  X = O, R1 = R2 = H, saturated linker
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6f   X = O, R1 = CH3, R2 = H, saturated linker

6g  X = O, R1 = H, R2 = CH3, E- double bond

6h  X = O, R1 = H, R2 = CH3, saturated linker
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A co-crystal structure of inhibitor 3d with the NS3 pro-
tease was also obtained, revealing the binding interactions
between the inhibitor and the active site of the enzyme [6].
This structure indicated that the Cc 0 of P3 was located near
the sulfur atom of residue cysteine 159 (�3.9 Å from P3-Cc

to the S of Cys159) and suggested that binding affinity
could plausibly be increased through a H-bond, or a
dipole–dipole interaction with the Cys159 thiol. Hence, a
variety of new tripeptide dienes were synthesized, replacing
the Cc of P3 with oxygen or sulfur (compounds 2d and 5b–

e). In addition, in order to compare the SAR effects with
those previously reported for acyclic tetrapeptides
[5a,10b,11] and tripeptides [20], as well the activated car-
bonyl inhibitors VX-950 (Vertex Pharmaceuticals) [21]
and SCH 503034 (Schering-Plough) [22], the effects of
branching at the Cb of the P3 moiety were also evaluated.

The building blocks required for the synthesis of the new
dienes were prepared from commercially available N-Boc
protected L-serine, L-threonine, (2S,3S)-allo threonine and
L-penicillamine [23]. RCM-induced macrocyclization of
dienes 2d and 5b–e was catalyzed by the first generation
Ru-based Grubbs catalyst (4) using the same protocol as
previously reported [9]. Interestingly, neither substitution
of R4 by a methyl (Scheme 2), nor replacement of the Cc
by oxygen or sulfur, had any dramatic effects on the
in vitro potency (IC50) of the corresponding macrocyclic
compounds (Scheme 1 and 2). However, when the Cb of
P3 was substituted with a methyl group at the R5 position
(Scheme 1, compound 3e and Scheme 2, compounds 6g and
6h), a dramatic loss in potency was observed (e.g. >20-fold
loss in potency was observed between compound 6b and
6h). This observation is consistent with our X-ray data,
suggesting that placing a methyl group (i.e. R5 = CH3)
directly into the binding pocket of the enzyme would dis-
rupt many of the favorable interactions observed in the
co-crystal of the NS3 protease-3d complex [6]. Finally,
inhibitor 6f was found to be only slightly more potent than
3d in both the enzymatic and cell-based assay, most likely
due to further rigidification of the linker moiety by the
introduction of the Cb-methyl at P3. However, based on
the overall biopharmaceutical properties of these inhibi-
tors, optimization of the critical macrocyclization step via
RCM chemistry was focused on analogs of 3d. Further-
more, SAR optimization of the P2 quinoline and the
N-Boc capping group of the P3 moiety [24] led to the dis-
covery of the first small molecule inhibitor of HCV NS3
protease, BILN 2061 (Scheme 1, 3f), that exhibited cellular
potency of �1 nM, good metabolic stability and oral bio-
availability suitable for a drug substance. BILN 2061
(3f), was the first clinically relevant NS3 protease inhibitor
that achieved dramatic viral load reduction in HCV-
infected humans after treatment of only 48 h [25].

Since the disclosure of the first series of macrocyclic inhib-
itors by Boehringer Ingelheim[26] and particularly the
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Phase I clinical data of BILN 2061 (3f) [25], many com-
pounds characterized by the same 15-member ring pepti-
domimetic scaffold have appeared in the drug-discovery
pipelines of the pharmaceutical industry [27]; these include
(Fig. 2) derivatives from Bristol-Myers Squibb (e.g. com-
pound 7), Enanta-Chiron (e.g. compound 8), Intermune-
Array Biopharma (e.g. compound 9) and Pfizer (e.g. com-
pound 10).

2.2. RCM optimization chemistry

Faced with the problem of producing large amounts of
BILN 2061 (3f) and related analogs, and considering the
synthetic difficulties associated with a total re-design of
the synthesis, we considered defining a scalable process
around the RCM reaction. The (1R,2S)-vinyl ACCA moi-
ety (P1) of 3, as well as compounds 7–10, plays a critical
role in the conformation of the macrocyclic scaffold and,
consequently, the affinity of these compounds for their
intended biological target [6,9,10b]. Therefore, maintaining
absolute stereochemical fidelity during the RCM conver-
sion of an acyclic diene to the desired macrocyclic product
was critical not only to our drug discovery program, but
also and especially to the process development of these
compounds. Our initial evaluation of the factors that mod-
ulate the outcome of the RCM reaction, using the unique
tripeptide precursors from this class of compounds, evi-
denced a Ru-mediated epimerization reaction involving
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Fig. 2. Examples of macrocyclic peptides currently under investigation as p
the vinyl ACCA moiety [14,28]. To the best of our knowl-
edge, the reaction pathway leading to this epimerizion was
unprecedented in the literature. In fact, RCM reactions
involving vinylcyclopropanes had been previously reported
in the synthesis of radicicol-type macroclides [29], coron-
anes [30], and oligo-gem-difluorocyclopropanes [31], with-
out any evidence of stereomutation.

This led us to the examination of other Ru-based cata-
lysts (Fig. 3), which included the Hoveyda catalyst 11

[32], as well as the second-generation, imidazolium-based
catalysts 12 and 13, which normally provide better RCM
reactivity and higher turnover number (TON) [33]. With
none of these catalysts was the epimerization reaction
observed, and this led us to abandon catalyst 4 in our opti-
mization/scale-up studies, focusing instead on 11, 12, and
13. Faced with developing a route to BILN 2061 (3f) and
related analogs that could be implemented at least up to
the 100 kg scale, we had to address a number of complex
challenges:

1. Throughput: this is the most important factor in large-
scale execution of a reaction that requires high dilu-
tion. Our ability to prepare multikilo amounts of
BILN 2061 is tied to the effective molarity[34] of the
particular ring-closure to the 15-membered ring.
Because the kinetic and thermodynamic effective
molarities of these cyclization may differ, both had
to be elucidated.
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2. Catalyst load: in initial experiments, a load of 5–
10 mol% catalyst 11 had been necessary. This may prove
prohibitive from a cost standpoint. In addition, removal
of such large levels of Ru (to <10 ppm levels) from the
drug substance is quite challenging.

3. Reaction time: initial runs required 20–24 h reaction
times. This adds to the cost of the process in terms of
plant utilization. A shorter reaction time is needed.

4. Reproducibility: this turned out to be a major issue in
many runs, especially as the TON improved from 5–
10% to <1%. The epimerization reaction described
above re-surfaced even with catalysts such as 11, and
this required tight quality control of the starting materi-
als, solvent and all reagents. The need to perform acid
washes on the solvent used, to eliminate traces of amines
and/or phosphines, has been described already [35].

Several complementary strategies for the assembly of
dienes as substrates to the RCM reaction, as well as the
installation of the quinoline moiety at P2, have been care-
fully examined, and the results are discussed elsewhere [36].
For the purpose of the RCM studies, it suffices to note that
a number of related diene precursors were available for
development studies (Scheme 3).

Substrates 14a–d represent potential intermediates
where the hydroxyl group on the P2 moiety is protected
(14a), unprotected (14b), activated for later introduction
of the quinoline moiety by SN2 reaction (14c), and already
bearing the complete P2 construct (14d). Clearly, the rela-
tive efficiency of each substrate assembly must be weighed
against their performance in the RCM reaction under a
variety of catalytic conditions. These are collected in
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Table 1. It must be noted that, for fair comparison, all
these substrates were used in the crude state, i.e. as emerg-
ing from the assembly sequence of the tripeptide diene
without further purification. The dienes are typically rather
pure (>95% w/w), and further purification, in our experi-
ence, only affected the TON obtained and not the course
of the reaction, with one major exception: the presence of
even small amounts (1–2% mol) of phosphines or amines,
as mentioned above, can cause appreciable amounts of epi-
merization even with catalyst 11.

None of the reactions shown in Table 1 suffered from this
problem. In all experiments the catalyst load represents the
amount of catalyst (added in portions) needed to bring the
particular reaction to completion (<1–2% starting material).

As shown in the table, RCM of diene 14a proceeds
uneventfully in excellent yield with Hoveyda catalyst 11

(entries 1–2). As long as the concentration does not exceed
10 mM, no cyclic dimers are detected by LC-MS. However,
the reaction requires as much as 3.5–5 mol% catalyst as well
as prolonged reaction times (20–24 h) to go to completion.
When more active catalysts 12 and 13 are used, loads of
0.5–1 mol% suffice for completion in only 1–4 h, but the
product is accompanied by a number of cyclic dimers total-
ing 8–10% in yield; these are problematic to remove and
require extensive recrystallization steps (entries 3–4). A con-
trol experiment (entry 5) indicates that the reaction reaches
an apparent equilibrium in about 5 min, reaching 95% con-
version only as long as ethylene is not allowed to evaporate
and shift the equilibrium to the right. About 7% dimer con-
tent seems to be the thermodynamic value at this concentra-
tion with this substrate. It appears therefore that, under the
conditions of entries 1 and 2, the reaction is under kinetic
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Table 1
Development of RCM reaction for the pilot plant (Scheme 3)

Entry Substrate
(10 mM)

Catalyst (equiv.) + additives Solvent,
Temperature (�C)

Time (h) Yield of 15a–d

(HPLC assay)
% Cyclic dimers
(HPLC area %)

Unreacted
substrate (%)

1 14a 11 (5%) CH2Cl2, 40 24 90 <1 <2
2 14a 11 (3.5%) PhMe, 60 20 90 <1 <2
3 14a 12 (0.5%) PhMe, 60 4 87 8 <1
4 14a 13 (1%) PhMe, 55 1 85 10 <1
5 14aa 12 (2.5%) CH2Cl2, 40 0.5 88 7 5
6 14b 11 (2.5%) CH2Cl2, 40 20 80 13 <2
7 14b 12 (2%) CH2Cl2, 40 20 78 13 <1
8 14b 12 (2%) PhMe, 60 1 72 18 <1
9 14b 13 (1%) PhMe, 55 1 65 10 <1

10 14b 13 (2%) THF, 60 22 77 9 <2
11 14b 12 (0.7%) EtOAc, 60 6.5 80 12 <1
12 14b 12 (0.5%) EtOAc/PhMe 3:2, 60 4 81 12 <1
13 14b 13 (1.2%) THF/PhMe 4:1, 60 8 88 6 <1
14 14c 11 (4%) CH2Cl2, 40 20 83 5 2
15 14c 11 (4%) PhMe, 80 20 87 5 <1
16 14c 11 (2%) PhMe, 60 20 85 5 <1
17 14c 12 (2%) PhMe, 60 2 72 15 <1
18 14c 13 (2%) PhMe, 60 2 69 17 <1
19 14d 11 (7%) + 1 equiv. CuI CH2Cl2, 40 40 50 <2 50
20 14d 12 (10%) + 1 equiv. CuI CH2Cl2, 40 24 93 <2 n.d.
21 14d 12 (5%) PhMe, 60 1 86 5 <2

a Experiment carried out in sealed tube.
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control, whereas under the conditions in entry 5 the control is
thermodynamic; evidently, the kinetic effective molarity
of this reaction under catalysis by 11 is slightly more favor-
able than the thermodynamic one.

Other substrates perform less effectively than 14a. Thus
14b, a very desirable starting material because it eliminates
the C-4 protection/deprotection of the hydroxyproline sub-
unit, apparently has a less favorable thermodynamic effec-
tive molarity and it is kinetically easier to equilibrate than
14a. The conformational/energetic difference versus 14a

must be slight, but is enough to cause more dimer forma-
tion under all conditions tested: thus, 13% dimers are
observed even with the milder catalyst 11, whereas higher
proportions of dimers are obtained with second-generation
catalysts (entries 6–9). This led to an extensive solvent
screen aimed at utilizing this reaction for large-scale pro-
duction: of all the solvent tested, THF and EtOAc gave
the best yields (77–80%, entries 10–11), but led to very slow
RCM rates. Better results were obtained with solvent mix-
tures: use of THF/PhMe gave the best results, achieving a
yield of 88%, with only 6% dimers (entry 13). The difference
in effective molarity (both kinetic and thermodynamic)
between 14a and 14b is very hard to explain, given the
small structural difference and the remote nature of the
substituent at P2.

Substrate 14c behaved slightly more favorably than 14b,
and here dimer levels could be kept at 5% (entries 14–18),
as long as the first-generation Hoveyda catalyst was used
(entries 14–16), whereas dimer levels climbed up to 17%
otherwise (entry 18).

Finally, use of substrate 14d, containing the quinoline
moiety at P2, gave markedly reduced RCM rates (entry
19). The addition of one full equivalent of CuI (presumably
binding the quinoline nitrogen and freeing more catalyst)
was necessary in order to reach good conversion (entry
20). Cuprous iodide was the most active co-catalyst of
the many Cu-based species screened [33b]. However, CuI
is destructive to the catalyst, and even with highly active
12, as much as 5–10% mol catalyst is needed, as long as
the solvent is dichloromethane. Surprisingly, we found that
nonpolar solvents like PhMe and higher temperatures
obviate the need for CuI, and high yields can be obtained
without it. In this case also, however, rather large catalyst
loads are needed (entry 21). Dimer levels can be limited to
5%, and this protocol becomes therefore also relatively
attractive. We do not fully understand the origin of the
dichotomy between experiments in entries 20 and 21: the
effect appears to be both solvent- and temperature-related.
Perhaps both factors affect binding of the catalyst to the P2
quinoline moiety, which may be the culprit for the slower
reaction rate and the higher catalyst load needed.

Clearly, a variety of subtle factors are at play here, and the
most surprising finding in this study was the difference in
effective molarity between closely related substrates such as
14a–d, for which we cannot advance a reasonable explana-
tion. In general, catalysts 12 and 13 can be used in much
smaller proportions (TONs up to 200 for 12 versus 20–30
for 11) and yield faster rates. Unfortunately, they always lead
to sizable amounts of dimeric product even at 10 mM sub-
strate concentration, probably a result of partial or total
thermodynamic control. The observation that minor struc-
tural differences can have a major influence on the effective
molarity of the reaction suggests a clear strategy for future
optimization of this reaction.
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3. Conclusion

In summary, the b-strand macrocyclic core of the antivi-
ral agent BILN 2061 (3f) was synthesized from a tripeptide
diene in excellent yield using ring-closing metathesis. A side
reaction that led to epimerized by-products, and was
shown to be catalyst dependent, was eliminated by careful
selection of the ligands attached to the Ru center. To the
best of our knowledge, this is the first application of a
Ru-induced RCM reaction to the large-scale synthesis of
a class of molecules that have significant potential value
as therapeutic agents [27].

It is well known that the frequency at which novel syn-
thetic methodologies make it out of the academic laborato-
ries and into an industrial manufacturing environment is
relatively low, particularly when the chemistry involves
potentially hazardous metals, complex intellectual property
scenarios, costly reagents/catalysts and reactions requiring
very high dilutions. In this report, we have provided a brief
account of the studies that led to the first practical applica-
tion of ring-closing metathesis in the pharmaceutical indus-
try and that allowed the production of BILN 2061 (3f) in
>100 kg quantities.

With further improvements in catalyst performance and
reaction throughput, it is our firm belief that the olefin
RCM reaction can be used for the manufacturing of BILN
2061, or closely-related analogs, on full production scale
i.e. multiton quantities. Such developments will be
described in due course.
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