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Tripeptide dienes containing an (1R,2S)-vinyl aminocyclopropylcarboxylate residue were cyclized
to â-strand scaffolds under ring-closing metathesis (RCM). Conformational factors, ligand effects,
and reaction conditions were evaluated. A protocol was developed for the efficient synthesis of 15-
membered ring peptides in high diastereomeric purity. These peptides are key synthetic precursors
to antiviral agents that target the hepatitis C virus and represent the first class of clinically validated
pharmaceutical agents that are synthesized in large scale using RCM.

Introduction

In recent years, ring-opening/ring-closing metathesis
(ROM/RCM) reactions have had an enormous impact in
synthetic organic chemistry.1 Although the metal-cata-
lyzed redistribution of carbon-carbon double bonds has
been under investigation for nearly half a century,2 it is
the recent development of very stable organometallic
reagents that has revolutionized this field. Some of the
most impressive examples of RCM reactions include the
formation of polyfunctional, large heterocyclic rings that
are often challenging or impossible to prepare efficiently
by any other synthetic method. Peptidic scaffolds, such
as those typified by the antiviral agent BILN 2061 (1),3,4

a clinically validated inhibitors of the hepatitis C virus
(HCV),3,5 can be prepared efficiently using ruthenium-

based catalysts.6 Key requirements for the antiviral
potency of these compounds are the structure and ster-
eochemistry of the rigid macrocyclic peptide that is
composed of three unnatural amino acid residues (P1, P2,
P3)7 and designed to mimic the â-strand conformation

(1) Recent reviews on ROM and RCM: (a) Grubbs, R. H. Tetrahe-
dron 2004, 60, 7117. (b) Schrock, R. R.; Hoveyda, A. H. Angew. Chem.,
Int. Ed. 2003, 42, 4592. (c) Trnka, T. M.; Grubbs, R. H. Acc. Chem.
Res. 2001, 34, 18. (d) Fürstner, A. Angew. Chem. Int. Ed. 2000, 39,
3012.

(2) (a) Hérisson, J.-L.; Chauvin, Y. Makromol. Chem. 1971, 141, 161.
(b) Calderon, N.; Chen, H. Y.; Scott, K. W. Tetrahedron Lett. 1967, 34,
3327. (c) Anderson, A. W.; Merckling, N. G.: U.S. Patent 2,721,189,
1955.

(3) (a) Lamarre, D.; Anderson, P. C.; Bailey, M.; Beaulieu, P.; Bolger,
G.; Bonneau, P.; Bös, M.; Cameron, D.; Cartier, M.; Cordingley, M.
G.; Faucher, A.-M.; Goudreau, N.; Kawai, S. H.; Kukolj, G.; Lagacé,
L.; LaPlante, S. R.; Narjes, H.; Poupart, M.-A.; Rancourt, J.; Sentjens,
R. E.; St George, R.; Simoneau, B.; Steinmann, G.; Thibeault, D.;
Tsantrizos, Y. S.; Weldon, S. M.; Yong, C.-L.; Llinàs-Brunet, M. Nature
2003, 426, 186. (b) Rice, C. M. Nature 2003, 426, 129.
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Goudreau, N.; Halmos, T.; Llinas-Brunet, M. WO 2000/59929.

(5) Hinrichsen, H.; Benhamou, Y.; Wedemeyer, H.; Reiser, M.;
Sentjens, R. E.; Calleja, J. L.; Forns, X.; Erhardt, A.; Crönlein, J.;
Chaves, R. L.; Yong, C.-L.; Nehmiz, G.; Steinmann, G. G. Gastroen-
terology 2004, 127, 1347.

(6) (a) Goudreau, N.; Brochu, C.; Cameron, D. R.; Duceppe, J.-S.;
Faucher, A.-M.; Ferland, J.-M.; Grand-Maı̂tre, C.; Poirier, M.; Simon-
eau, B.; Tsantrizos, Y. S. J. Org. Chem. 2004, 69, 6185. (b) Faucher,
A.-M.; Bailey, M. D.; Beaulieu, P. L.; Brochu, C.; Duceppe, J.-S.;
Ferland, J.-M.; Ghiro, E.; Gorys, V.; Halmos, T.; Kawai, S. H.; Poirier,
M.; Simoneau, B.; Tsantrizos, Y. S.; Llinàs-Brunet, M. Org. Lett. 2004,
6, 2901.
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of the target enzyme’s natural substrates (i.e., the NS3
cleavage sites of the HCV nonstructural polyprotein).8

The (1R,2S)-vinylaminocyclopropylcarboxylic acid (AC-
CA) moiety (P1) of antiviral agents such as BILN 2061

(1) plays a critical role in the conformation of the
macrocyclic scaffold and, consequently, the affinity of
these compounds for their intended biological target.4,5,6a,9

Therefore, maintaining absolute stereochemical fidelity
during the RCM conversion of an acyclic diene (e.g., 2 or
9) to the desired macrocyclic product (e.g., 3 or 10) was
critical to our drug discovery efforts. In this report, our
initial evaluation of the factors that modulated the
outcome of the RCM reaction is described and includes
(a) the backbone conformation of the acyclic diene, (b)
catalyst effects, and (c) reaction conditions.

Results and Discussion

RCM reactions of tripeptide dienes were initially
investigated using the first-generation Grubbs’ catalyst,
bis(tricyclohexylphosphine)benzylideneruthenium dichlo-
ride (6),10 to synthesize a variety of 13- to 15-membered
macrocyclic scaffolds (Table 1). The backbone conforma-
tion of each acyclic tripeptide, and in particular the ratio
of the proline cis/trans rotamers, was found to be crucial

(8) Tsantrizos, Y. S.; Bolger, G.; Bonneau, P.; Cameron, D. R.;
Goudreau, N.; Kukolj, G.; LaPlante, S. R.; Llinàs-Brunet, M.; Nar, H.;
Lamarre, D. Angew. Chem., Int. Ed. 2003, 42, 1356.

(9) Rancourt, J.; Cameron, D. R.; Gorys, V.; Lamarre, D.; Poirier,
M.; Thibeault, D.; Llinàs-Brunet, M. J. Med. Chem. 2004, 47, 2511.

(10) Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996,
118, 100.

TABLE 1. Ring Side and Conformational Effects of the Acyclic Diene on the RCM Productsa

entry 2 n R1 R2 R3 3b,c 4b,c (E/Z) 5b,c total RCM conversion (%)

1 a 3 H H H <10d <15d BDL <30
2 b 3 NHBoc H H 40 ND BDL ∼60
3 c 3 NHBoc OCH3 Ph 80 <5e BDL ∼85
4 d 2 NHBoc OCH3 Ph BDL 45:0 <5 <50
5 e 1 NHBoc OCH3 Ph BDL 41:0 21 <45

a All reactions were run at a 10 µM concentration of the diene peptide methyl ester (R4 ) CH3) 2a-e, 30% molar equiv of catalyst 6
in CH2Cl2 at reflux for 3 h. b Isolated yields after flash column chromatographyl. c Final confirmation of structure and stereochemistry
was carried out on the corresponding carboxylic acid of each analogue (R4 ) H). d Two macrocyclic products were isolated from the RCM
reaction of diene 2a. One product was unambiguously assigned the structure of E-4a. The NMR data of the second product clearly suggested
a Z olefinic moiety; however, due to overlapping signals and rotamer effects, the stereochemistry of the vinyl ACCA moiety could not be
anambiguously assigned (i.e., the second product may have the structure of 3a or that of Z-4a). Below detection limit (BDL) indicated
cases where the amount of a product was too small to be isolated and fully characterized. e Inseparable mixture characterized by NMR
and LC-MS.
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to the reaction rate, yield, and diastereomeric purity of
the macrocyclic product(s). For example, it was noted that
when the CR of the olefinic carboxylic acid “linker” moiety
(P3) that is attached to the proline moiety (P2) was
unsubstituted, the proline cis/trans rotamer ratio was
approximately 1:1 and the outcome of the RCM reaction
was very poor (Table 1, entry 1, R1 ) H). In contrast,
when a bulky -NHBoc group was attached to the CR of
that olefinic linker (Table 1, entry 2) the cis/trans ratio
was ∼1:9 and the overall conversion of the diene to
macrocyclic products was significantly better (Table 1,
entry 2, R1 ) -NHBoc, ∼60% yield). Variable-tempera-
ture 1H NMR spectroscopy revealed that coalescence of
resonances could not be achieved at the temperatures
typically used for RCM reactions; the observed data was
consistent with a tertiary amide rotational barrier of >13
kcal/mol (Figure 1). The lack of a conformational prefer-
ence for the cis or trans rotamer of the peptide backbone
in 2a was presumed to be responsible for the poor
outcome of the attempted macrocyclization reaction; RCM
of 2a produced only small amounts of 3a/4a as mixture
of E/Z olefins (Table 1, entry 1). In contrast, the NMR
data of 2b clearly suggested that the bulky -NHBoc
capping group at the CR of the P3 moiety preorganized
the peptidic backbone in the same â-strand conformation
as that of the desired macrocyclic product 3 (Table 1),
thus facilitating the RCM reaction. RCM of diene 2b gave
3b as the major compound (40% isolated yield), in
addition to some E/Z-4b macrocyclic olefins (Table 1,
entry 2). These observations are analogous to those
initially reported by Grubbs and co-workers on template-
directed RCM reactions11 and similar to those reported
by Lubell’s group for the RCM macrocyclization of dipep-

tides having secondary or tertiary amide bonds.12 Remote
control effects on the outcome of the RCM reaction were
also observed in the synthesis of macrocyclic natural
products, such as salicylihalamide13 and epothilones.14

Ring size was another critical factor governing the
outcome of macrocyclization (Table 1). Rigid dienes
having a C9 P3 linker attached to the proline were
efficiently cyclized to the desired 15-membered ring
peptide. A typical example was the conversion of tripep-
tide 2c to the macrocyclic product 3c in approximately
80% isolated yield (Table 1: entry 3). In this reaction,
only minor amounts of side products, corresponding to
epimerized macrocyclic peptides, were detected by LC-
MS (Table 1, entry 3).15 In contrast, formation of the
energetically more strained 14- and 13-membered ring
systems from dienes 2d and 2e (Table 1, entries 4 and
5, respectively), failed to produce macrocyclic compounds
with the desired stereochemistry (Table 1, entries 4 and
5). In both of the latter reactions (Table 1, entries 4 and
5), extensive epimerization at the Câ of the vinyl ACCA
moiety (P1) was observed resulting in E/Z mixtures of 4.
Surprisingly, in the case of the shortest P3 moiety, diene
2e (Table 1, entry 5), a significant amount of epimerized
acyclic peptide was also formed (diene 5e), clearly sug-
gesting that (at least in this case) the competing epimer-
ization reaction preceded the RCM reaction and was more
predominant when RCM was energetically disfavored
and/or the catalyst had increased accessibility of the P1
vinyl moiety, leading to stereomutation of the vinyl ACCA
unit. It should be noted that in each of these reactions,
the stereochemistry of the vinyl ACCA moiety was
confirmed from the ROESY NMR data of the isolated
products (Figure 2).16 Characteristic chemical shift dif-
ferences between products of general structures 3 and 4
(or 5) were easily identified, including a strong correlation
between the P1 amide NH and Hâ of the cyclopropyl ring
in the ROESY NMR spectrum of 3, which was completely
absent from the ROESY spectrum of products 4 and 5

(11) (a) Weck, M.; Mohr, B.; Sauvage, J.-P.; Grubbs, R. H. J. Org.
Chem. 1999, 64, 5463. (b) Mohr, B.; Weck, M.; Sauvage, J.-P.; Grubbs
Angew. Chem., Int. Ed. Engl. 1997, 36, 1308. (c) Marsella, M. J.;
Maynard, H. D.; Grubbs, R. H. Angew. Chem., Int. Ed. Engl. 1997,
36, 1101.

(12) Kaul, R.; Surprenant, S.; Lubell, W. D. J. Org. Chem. 2005,
70, 3838.

(13) (a) Fürstner, A.; Dierkes, T.; Thiel, O. R.; Blanda, G. Chem.
Eur. J. 2001, 7, 5286. (b) Fürstner, A.; Thiel, O. R.; Blanda, G. Org.
Lett. 2000, 2, 3731.

(14) Meng, D.; Su, D.-S.; Balog, A.; Bertinato, P.; Sorensen, E. J.;
Danishefsky, S. J.; Zheng, Y.-H.; Chou, T.-C.; He, L.; Horwitz, S. B. J.
Am. Chem. Soc. 1997, 119, 2733.

(15) The minor amounts of side products formed in this reaction
(Table 1: entry 3) were analyzed by LC/MS. The MS data suggested
the formation of dimers and some macrocyclic products having the
same mass as 3c but different retention times on chiral HPLC (i.e.,
E/Z mixtures of 4c).

(16) Refer to the Supporting Information for experimental details
and representative NMR spectra.

FIGURE 1. Subregion of the 1H NMR spectra of diene 2a at
various temperatures.
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(Figure 2).16 In contrast, the ROESY spectrum of 4 and
5 contained strong ROESY correlations between the P1
amide NH and the olefinic Hγ/Hδ, which were absent in
the ROESY spectrum of 3 (Figure 2).16 In the more
strained 13- and 14-membered ring systems, only the
epimerized E olefin macrocyclic product 4 was observed,
suggesting that the Z olefin was energetically disfavored.

The reaction pathway leading to the epimerized prod-
ucts 4 and 5 is unprecedented in the literature. It should
be noted that RCM reactions involving vinylcyclopro-
panes have been previously reported in the synthesis of
radicicol-type macrolides,17 coronanes,18 and oligo-gem-
difluorocyclopropanes19 without any evidence of stereo-
mutaion. A Michael-type attack on the vinyl ACCA by
the metal-dissociated PCy3 ligand was ruled out, since
epimerization was only observed at Câ of the vinyl ACCA
moiety (P1), whereas the stereochemistry of the CR was
unaffected under the RCM conditions. Furthermore,
exposure of diene 2 to PCy3, under strict anaerobic and
anhydrous conditions in refluxing CH2Cl2 over a period
of 24 h in the absence of any Ru-based catalyst, failed to
give any epimerized products.

The enantiomers of vinyl ACCA, (1R,2S)-ACCA and
(1S,2R)-ACCA, were isolated in high enantiomeric pu-
rity20 and were used independently in the synthesis of
model tripeptides missing the P3 olefinic moiety. These
compounds were independently used to study the epimer-
ization phenomenon under RCM conditions and the
products formed (i.e., all four diasteromers of the vinyl
ACCA moiety in mixtures of two for each reaction) were
clearly distinguishable by their retention time on chiral
HPLC, as well as their 1H and ROESY NMR spectra. In
each case, the presence of only two compounds was
observed, one corresponding to the starting material and
the second to its epimer at Câ of the cyclopropyl ring.
The results obtained from these model reactions were
consistent with the observations made with dienes 2a-e
and confirmed that the mechanism of epimerization (a)
does not affect the CR of the vinyl ACCA moiety and
involves a yet unclear interaction between the Ru-based
catalyst and the P1 olefinic moiety.

A number of plausible mechanisms were considered
that could involve a π-allyl-type shift of ruthenium-
hydride (formed as decomposition byproduct of the
catalyst),21 an intermediate metal carbene or ruthena-
cyclopentene (formed via a metal-mediated expansion of
the strained cyclopropyl ring),22 or even an electron-
transfer oxidation mechanism.23 However, the studies
required in order to gain support for, or against, any one
of these mechanisms were beyond the scope of the current
investigation.24 Our main goal was to optimize the RCM
reaction in order to provide high yields of the 15-
membered ring scaffold with the desired (2R,3S) stereo-
chemistry of the vinyl ACCA moiety. To this end, we
embarked on a study of the effects of the Ru-based
catalyst and the reaction conditions.

Mindful of numerous advances in catalyst design, as
well as mechanistic investigations that shed light on the
role of ligands in modulating the stability and reactivity
of the ruthenium catalysts,21,25 two distinctly different
catalysts, 7 and 8, in addition to 6, were compared in
the RCM reaction of diene 9 (Table 2). The “naked”
tripeptide backbone 9 was selected as a model compound
since its macrocyclic product 10 is a key synthetic
precursor for numerous HCV NS3 protease inhibitors
typified by the antiviral agent BILN 2061 (1)4,26 and for
closely related macrocyclic aza-peptides.27 Diene 9 was
also free of conformational effects imposed by a quinoline/
heteroaryl substituent commonly found in the bioactive
compounds and attached to the pyrrolidine ring of the
P2 moiety. However, it should be noted that even the free
hydroxyl group of diene 9 imposed complex steric,
electronic and conformational effects on the backbone of
the tripeptide that are difficult to evaluate in the context
of the RCM reaction.28

RCM of diene 9 under the same reaction conditions as
those used for dienes 2 (Table 1) gave excellent overall
conversion to macrocyclic products. The desired 15-
membered scaffold 10 was isolated as the major product
in ∼80% yield (Figure 3a). However, the amount of

(17) (a) Yang, Z.-Q.; Geng, X.; Solit, D.; Pratilas, C. A.; Rosen, N.;
Danishefsky, S. J. J. Am. Chem. Soc. 2004, 126, 7881. (b) Yamamoto,
K.; Biswas, K.; Gaul, C.; Danishefsky, S. J. Tetrahedron Lett. 2003,
44, 3297.

(18) Barrett, A. G. M.; Hamprecht, D.; James, R. A.; Ohkubo, M.;
Procopiou, P. A.; Toledo, M. A.; White, A. J. P.; Williams, D. J. J. Org.
Chem. 2001, 66, 2187.

(19) Itoh, T.; Mitsukura, K.; Ishida, N.; Uneyama, K. Org. Lett. 2000,
2, 1431.

(20) Beaulieu, P. L.; Gillard, J.; Bailey, M. D.; Boucher, C.; Duceppe,
J.-S.; Simoneau, B.; Wang, X.-J.; Zhang, L.; Grozinger, K.; Houpis, I.;
Farina, V.; Heimroth, H.; Krueger, T.; Schnaubelt, J. J. Org. Chem.
2005, 70, 5869.

(21) Ulman, M.; Grubbs, R. H. J. Org. Chem. 1999, 64, 7202.
(22) (a) Jordan, R. W.; Khoury, P. R.; Goddard, J. D.; Tam, W. J.

Org. Chem. 2004, 69, 8467. (b) Echavarren, A. M.; Nevado, C. Chem.
Soc. Rev. 2004, 33, 431. (c) Trost, B. M.; Pinkerton, A. B.; Toste, F. D.;
Sperrle, M. J. Am. Chem. Soc. 2001, 123, 12504. (d) Wender, P. A.;
Husfeld, C. O.; Langkopf, E.; Love, J. A. J. Am. Chem. Soc. 1998, 120,
1940. (e) Wender, P. A.; Takahashi, H.; Witulski, B. J. Am. Chem. Soc.
1995, 117, 4720.

(23) Dinnocenzo, J. P.; Schmittel, M. J. Am. Chem. Soc. 1987, 109,
1561.

(24) Wei, X.; Zeng, X.; Napolitano, E.; Zhang, L.; Xu, Y.; Haddad,
N.; Yee, N. K.; Grinberg, N.; Shen, S.; Senanayake, C.; Farina, V.,
manuscript in peparation.

(25) Some recent studies: (a) Bujok, R.; Bieniek, M.; Masnyk, M.;
Michrowska, A.; Sarosiek, A.; Stepowska, H.; Arlt, D.; Grela, K. J. Org.
Chem. 2004, 69, 6894. (b) Hong, S. H.; Day, M. W.; Grubbs, R. H. J.
Am. Chem. Soc. 2004, 126, 7414. (c) Costabile, C.; Cavallo, L. J. Am.
Chem. Soc. 2004, 126, 9592. (d) Chatterjee, A. K.; Choi, T.-L.; Sanders,
D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360. (e) Love, J.
A.; Sanford, M. S.; Day, M. W.; Grubbs, R. H. J. Am. Chem. Soc. 2003,
125, 10103. (f) Grela, K.; Harutyunyan, S.; Michrowska, A. Angew.
Chem., Int. Ed. 2002, 41, 4038. (g) Lehman, S. E., Jr.; Wagener, K. B.
Macromolecules 2002, 35, 48. (h) Van Veldhuizen, J. J.; Garber, S. B.;
Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 4954.
(i) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R. H. Angew. Chem.,
Int. Ed. 2002, 41, 4035. (j) Cavallo, L. J. Am. Chem. Soc. 2002, 124,
8965. (k) Sanford, M. S.; Love, J. A.; Grubbs, R. H. J. Am. Chem. Soc.
2001, 123, 6543. (l) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.;
Hoveyda, A. H. J. Am. Chem. Soc. 2000, 122, 8168. (m) Kingsbury, J.
S.; Harrity, J. P. A.; Bonitatebus, P. J., Jr.; Hoveyda, A. H. J. Am.
Chem. Soc. 1999, 121, 791. (n) Dias, E. L.; Nguyen, S. T.; Grubbs, R.
H. J. Am. Chem. Soc. 1997, 119, 3887.

FIGURE 2. Characteristic ROE differences observed in the
ROESY NMR spectra of compounds containing the (1R,2S)-
or the (1R,2R)-vinyl ACCA moiety (i.e., general structure 3,
4, or 5).
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epimerized products formed (i.e., E:Z-11 in ratio of ∼2:
1) was unacceptable for a multikilo production scale of
the desired compound 10 in high purity (Table 1, entry
1). Changes in the solvent and temperature of this

reaction proved to be futile in eliminating the epimer-
ization pathway (Table 2, entries 2-5). For example,
RCM of 9 in THF or toluene at 50 °C resulted in lower
yields of 10 and larger amounts of epimerized products
11 as compared to those observed in CH2Cl2 at 40 °C
(Table 1, entries 2-5). Progress of the reaction in either
THF or toluene at rt was slower and resulted in only
modest improvement in the ratio of 10/11.

RCM of diene 9 was subsequently investigated using
catalysts 7 and 8, having distinctly different ligands from
catalyst 6. The replacement of one phosphine ligand with
the more bulky and strongly electron-donating N-het-
erocyclic carbene 1,3-bis(2,4,6-trimethylphenyl)imidazol-
2-ylide (IMes)29 is known to result in a significantly more
active catalyst than catalyst 6.30 Grubbs and co-workers
demonstrated that although the initiation step (i.e.,
dissociation of the PCy3 ligand to form the initial 14-
electron intermediate) was slower for catalyst 7, as
compared to 6, the RCM propagation step was consider-

(26) (a) Venkatraman, S.; Girijavallabhan, V. M. Schering Corpora-
tion WO 2005/051980 A1. (b) Blatt, L. M.; Wenglowsky, S. M.; Andrews,
S. W.; Jiang, Y.; Kennedy, A. L.; Condroski, K. R.; Josey, J. A.; Stengel,
P. J.; Madduru, M. R.; Doherty, G. A.; Woodard, B. T. Intermune, Inc./
Array Biopharma Inc. WO 2005/037214 A2. (c) Llinas-Brunet, M.;
Bailey, M.; Bhardwaj, P.; Forgione, P.; Ghiro, E.; Goudreau, N.;
Halmos, T.; Rancourt, J. Boehringer Ingelheim (Canada) Ltd. WO
2005/028501 A1. (d) Nakajima, S.; Sun, Y.; Tang, D.; Xu, G.; Porter,
B.; Or, Y. S.; Wang, Z.; Miao, Z. Enanta Pharmaceuticals Inc. WO 2004/
093798 A2. (e) McPhee, F.; Campbell, J. A.; Li, W.; D′Andrea, S.; Zheng,
Z. B.; Good, A. C.; Carini, D. J.; Johnson, B. L.; Scola, P. M. Bristol-
Myers Squibb Company WO 2004/094452 A2. (f) Chen, S.; Mei, X.;
Wang, Z. Boehringer Ingelheim International GMBH. WO 2004/093915
A1. (g) Donsbach, K.; Ecker, D.; Frutos, R. P.; Gallou, F.; Gutheil, D.;
Haddad, N.; Hagenkoetter, R.; Kemmer, D.; Kroeber, J.; Nicola, T.;
Schnaubelt, J.; Schul, M.; Simpson, R. D.; Wei, X.; Winter, E.; Xu, Y.;
Yee, N. K.; Brandenburg, J. Boehringer Ingelheim International
GMBH. WO 2004/092203 A2. (h) Dersch, W.; Samstag, W. Boehringer
Ingelheim International GMBH. WO 2004/089974 A1. (i) Miao, Z.; Sun,
Y.; Wu, F.; Nakajima, S.; Xu, G.; Or, Y. S.; Wang, Z.; Enanta
Pharmaceuticals Inc. WO 2004/072243 A2. (j) Llinas-Brunet, M.;
Bailey, M. D. Boehringer Ingelheim (Canada) Ltd. WO 2004/037855
A1. (k) Llinas-Brunet, M.; Gorys, V. J. Boehringer Ingelheim (Canada)
Ltd. WO 2003/064455 A2.

(27) Wu, F. X. H.; Nakajima, S.; Or, Y. S.; Lu, Z.-H.; Sun, Y.; Miao,
Z.; Wang, Z. Enanta Pharmaceuticals Inc. WO 2005/010029 A1.

(28) (a) Talor, C. M.; Hardré, R.; Edwards, P. J. B. J. Org. Chem.
2005, 70, 1306. (b) Jenkins, C. L.; Lin, G.; Duo, J.; Rapolu, D.; Guzei,
I. A.; Raines, R. T.; Krow, G. R. J. Org. Chem. 2004, 69, 8565.

TABLE 2. Catalyst Effect on the RCM Reaction of Diene 9a

entry catalyst (mol %) solvent T (°C) t (h) 10b (%) 11 (% E:Z)b conversionc (%)

1 6 (5) CH2Cl2 40 2.5 83 12.5 >99
2 6 (10) THF 50 4.0 36 13:8 ∼60
3 6 (10) THF 23 24 38 7:4 ∼50
4 6 (10) PhMe 50 4.0 56 25:11 ∼90
5 6 (10) PhMe 23 24 55 12:5 ∼70
6 7 (2)d CH2Cl2 40 20 52 BDL <60
7 8 (5) CH2Cl2 40 20 85 BDL 85

a Reactions were run at a 10 µM concentration of the diene peptide under standard RCM conditions. b Ratios were determined by
HPLC at λ ) 205 nm using a chiral column. c Yields were determined by HPLC at λ ) 220 nm using a C18 reversed-phase column. d RCM
of similar dienes to 9 in PhMe at 60 °C, when catalyzed by 7, usually resulted in the formation of side products before completion of the
reaction. Below detection limit (BDL).

FIGURE 3. Chiral HPLC chromatograms of macrocyclic
reaction products formed from the RCM of diene 9 (Table 2):
(a) mixture of macrocyclic products formed from the RCM
conversion of diene 9 catalyzed by Grubbs’ first-generation
catalyst 6 (Table 2, entry 1); (b) enriched mixture of epimerized
macrocyclic products E/Z-11 (Table 2, entries 1 to 5); (c)
macrocyclic product 10 formed from the RCM conversion of
diene 9 catalyzed by Hoveyda’s first-genration catalyst 8 (Table
2, entry 7).
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ably faster.25e,g The RCM conversion of diene 9 to the
macrocyclic product 10, in CH2Cl2, proceeded cleanly with
catalyst 7, without any noticeable amount of epimerized
products. However, the yield of the reaction was much
lower with catalyst 7 than with catalyst 6; even after a
20 h period, compound 10 was isolated in only 50% yield
and ∼15% of the unreacted diene 9 could be recovered
(Table 2, entry 6). Progress of the RCM reaction of 9
(under the same reaction conditions) catalyzed by Hov-
eyda’s first-generation catalyst 825l,m was slower than the
equivalent reaction catalyzed by 6. However, the desired
15-membered ring scaffold 10 was obtained in 85%
isolated yield (Table 2, entry 7) and in excellent purity
after a simple filtration through a pad of silica gel. More
importantly, analysis of the isolated compound 10 by
chiral HPLC confirmed a >99% homogeneity and the
absence of any epimerized side products (Figure 3c).

As proposed initially by Hérisson and Chauvin2a and
later by Chen’s group,31 a key step in the RCM reaction
involves formation of the 14-electron metallacyclobutane
transition state or intermediate (Scheme 1; 12 and 13).
Recently, Romero and Piers provided convincing evidence
for the formation of a 14-electron metallacyclobutane
intermediate from Ru(IV) species that are stabilized by
a strongly σ-donating N-heterocyclic carbene ligand.32

Some of the key electronic and steric properties of
N-heterocyclic carbenes, such as the IMes ligand, were
initially explored and compared to those of PCy3 by
Nolan’s group.30a Although the Tolman cone angle of PCy3

(170°)33 could not be directly compared to the “fence-like”

steric bulk of the IMes group, Nolan and co-workers
provided crystallographic evidence that congestion around
the metal center was greater with the IMes ligand than
with PCy3.30a The steric demands of the IMes ligand and
its significantly shorter Ru-C bond distance (bringing
the IMes ligand closer to the metal center), suggested
that the metallacyclobutane intermediate 12 may be less
favorable than the transition state 13. The steric differ-
ences between the IMes and the PCy3 ligand, in combi-
nation with those of the rigid vinyl ACCA moiety, may
partly account for the differences observed in the yields
of the corresponding RCM reactions (i.e., Table 2, entry
6 vs entry 7). The significant differences in electronic
effects between the IMes and the PCy3 ligand may also
contribute in some yet unclear way. Furthermore, it is
plausible that the amide and hydroxyl moieties decorat-
ing diene 9 could potentially have a coordinating effect
toward the metal that would further complicate the
mechanism of these reactions.13a The differences observed
between catalysts 6 and 8 (when presumably they both
proceed through the same metallacyclobutane transition
state 13) are more difficult to explain; further studies
would be required in order to shed light into the mecha-
nistic differences. Nonetheless, this study provides an-
other example of the profound influence that a complex
substrate can have on the mechanism of an RCM-induced
macrocyclization reaction.24a,34

Conclusion

In summary, the â-strand macrocyclic core of the
antiviral agent BILN 2061 (1) was synthesized from a
tripeptide diene in excellent yield using ring-closing
metathesis. A side reaction that led to epimerized byprod-
ucts, and appeared to be catalyst dependent, was elimi-
nated 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 signifi-
cant potential value as therapeutic agents.35

Experimental Section

General Protocol for Synthesis and Purification. The
synthesis of acyclic tripeptide dienes (such as compounds 2a-e
and 9) and their conversion to macrocyclic compounds was
previously reported for structurally very similar compounds.6a,16

To increase throughput and avoid multiple purification steps
for each key analogue, compounds from this study which were
also intended for use in our structure-activity relationship
(SAR) studies (i.e., evaluation in the HCV NS3 protease drug
design program) were first saponified to the corresponding free
carboxylic acids and purified by semipreparative C18 reversed-
phase HPLC (usually to >95% homogeneity) before they were
fully characterized by NMR and MS (i.e., unambiguous
structural confirmation from 1D and 2D high-field NMR and
HRMS data). Examples from the SAR studies that were
processed in this way include a few of the acyclic dienes 2 and
their corresponding macrocyclic products 3 and 4.

NMR Assignments. 1H NMR spectra of all synthetic
intermediates and products were obtained at 27 °C and
chemical shifts are referenced to the internal deuterated

(29) Arduengo, A. J., III; Dias, H. V. R.; Calabrese, J. C.; Davidson,
F. J. Am. Chem. Soc. 1992, 114, 9724.

(30) (a) Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J. L. J.
Am. Chem. Soc. 1999, 121, 2674. (b) Scholl, M.; Trnka, T. M.; Morgan,
J. P.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 2247. (c) Ackermann,
L.; Fürstner, A.; Weskamp, T.; Kohl, F. J.; Hermann, W. A. Tetrahedron
Lett. 1999, 40, 4787. (d) Weskamp, T.; Kohl, F. J.; Hieringer, W.; Gleich,
D.; Hermann, W. A. Angew. Chem., Int. Ed. 1999, 38, 2416.

(31) (a) Adlhart, C.; Chen, P. J. Am. Chem. Soc. 2004, 126, 3496.
(b) Adlhart, C.; Hinderling, C.; Baumann, H.; Chen, P. J. Am. Chem.
Soc. 2000, 122, 8204.

(32) Romero, P. E.; Piers, W. E. J. Am. Chem. Soc. 2005, 127, 5032.
(33) Tolman, C. A. Chem. Rev. 1977, 77, 313.

(34) Gaul, C.; Njardarson, J. T.; Shan, D.; Dorn, D. C.; Wu, K.-D.;
Tong, W. P.; Huang, X.-Y.; Moore, M. A.; Danishefsky, S. J. J. Am.
Chem. Soc. 2004, 126, 11326.

(35) Nicola, T.; Brenner, M.; Donsbach, K.; Kreye, P. Org. Process
Res. Dev. 2005, 9, 513.

SCHEME 1. RCM-Induced Macrocyclization of
Diene 9 to 10: Possible Transition States with
Different Catalysts
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solvent. Two-dimensional (2D) double-quantum-filtered COSY
(DQF-COSY) and ROESY spectra were acquired using stan-
dard pulse sequences (more details are available in the
Supporting Information).

Carboxylic Acid Analogue of Diene 2a. HPLC purifica-
tion of the corresponding carboxylic acid of ester 2a gave an
amorphous white solid in >99% homogeneity (based on
analytical HPLC method A; tR ) 19.0 min): 1H NMR (400
MHz, DMSO-d6, mixture of rotamers in 1:1 ratio) δ ppm 1.12-
2.75 (m, 15H), 3.73-4.13 (4m, 2H), 4.34-4.65 (2dd, J ) ∼8.0
Hz, 1H), 4.88-5.00 (m, 2H), 5.06-5.12 (m, 1H), 5.22-5.33 (m,
1H), 5.52-5.65 (2m, 1H), 5.66-5.83 (m, 2H), 7.42-7.49 (m,
1H), 7.77 (dd, J ) 8.1 Hz, 1H), 8.00 (dd, J ) 7.2 Hz, 1H), 8.09
(d, J ) 8.6 Hz, 1H), 8.24 (dd, J ) 8.7 Hz, 1H), 8.55 (s, 1H),
8.93 (s, 1H), 9.04-9.06 (m, 1H); FAB HRMS m/z found
506.265610 (M + H)+, calcd for C29H36N3O5 506.265497.

Carboxylic Acid Analogues of Macrocyclic Carboxylic
Esters 3a and 4a. Two macrocyclic products were isolated
as a mixture from the RCM reaction of diene 2a. Saponification
of the product mixture under basic conditions, followed by
semipreparative HPLC purification, allowed reasonable sepa-
ration of the two corresponding carboxylic acids as amorphous
white solids and in good purity 87% and 83% homogeneity
(based on analytica HPLC; tR ) 16.2 and 16.9 min, compounds
3a and 4a, respectively).

Compound at tR ) 16.2 min. Based on the observed
coupling constant for the olefinic protons, this compound was
assigned a cis double bond (J ) 10.5 Hz). However, due to
extensive overlap of rotamer signals, the stereochemistry of
the vinyl ACCA Câ residue could not be unambiguously
assigned. Although the structure of 3a was assigned to this
compound, the NMR and HRMS data could also support a Z-4a
structure: 1H NMR (400 MHz, DMSO-d6, mixture of rotamers)
δ ppm (major rotamer) 0.84-2.26 (m, 14 H), 2.25-2.94 (m,
3H), 3.72-4.09 (2m, 2H), 4.49-4.82 (m, 1H), 4.91 (bs, 1 H),
5.35-5.49 (m, 1H), 5.52 (bs, 1H), 7.32-7.46 (m, 1H), 7.72 (dd,
J ) 7.8 Hz, 1H), 7.75-7.85 (bs, 1H), 7.94 (dd, J ) 7.6 Hz, 1H),
8.02 (d, J ) 7.9 Hz, 1H), 8.99 (d, J ) 6.0 Hz, 1H); HRMS m/z
found 478.234030 (M + H)+, calcd for C27H32N3O5 478.234197.
1H NMR decoupling experiments, via selective irradiation of
the methylene protons adjacent to the olefin (P1Hε), as well
as the Hâ of vinyl ACCA (i.e., selective irradiation at ∼2.1
ppm), resulted in JHγ-Hδ ) 10.5 Hz between the two olefinic
protons, confirming a cis geometry of the double bond.

Compound E-4a (tR ) 16.9 min): 1H NMR (400 MHz,
DMSO-d6) mixture of rotamers in ∼2:1 ratio) δ ppm (major
rotamer) 0.95-2.3 (m, 14H), 2.40-2.86 (m, 3H), 3.72-3.77 (dd,
J ) 4.1 & 13.7 Hz, 1H), 4.07 (d, J ) 13.4 Hz, 1H), 4.59-4.63
(dd, J ) 7.8 Hz, 1H), 5.03-5.09 (dd, J ) 8.1, 15.6 Hz, 1H),
5.53-5.69 (m, 2H), 7.52 (d, J ) 3.5 Hz, 1H), 7.81-7.85 (dd, J
) 7.0 Hz, 1H), 8.03-8.07 (dd, J ) 7.5 Hz, 1H), 8.11 (d, J ) 8.6
Hz 1H), 8.27-8.32 (dd, J ) 8.6, 12.7 Hz, 1H), 8.63 (s, 1H),
9.11 (d, J ) 5.2 Hz, 1H); HRMS m/z found 478.234030 (M +
H)+, calcd for C27H32N3O5 478.234197. 1H NMR homo-decoup-
ling experiments, via selective irradiation of the methylene
protons adjacent to the olefin (i.e. P1Hε at ∼2.1 ppm), resulted
in JHγ-Hδ ) 15.6 Hz between the two olefinic protons, confirm-
ing the trans geometry of the double bond. Furthermore, the
ROESY correlation between the vinyl ACCA amide NH proton
and the olefinic Hγ clearly suggested epimerization at Câ of
the vinyl ACCA moiety placing the olefinic linker syn to the
amide bond.

Carboxylic acid derivative of diene 2b: homogeneity
>99.5% based on C18 reversed-phase analytical HPLC (tR )
20.25 min); 1H NMR (400 MHz, DMSO-d6, mixture of rotamers
in ∼9:1 ratio) δ ppm (major rotamer) 1.09-1.55 (m, 10H), 1.16
(s, 9H), 1.56-1.65 (m, 1H), 1.98-2.05 (m, 2H), 2.28-2.34 (m,
1H), 2.58-2.68 (m, 1H), 4.02-4.14 (m, 2H), 4.40-4.49 (m, 2H),
4.89-5.27 (m, 4H), 5.66-5.82 (m, 3H), 7.11 (d, J ) 8.3 Hz,
1H), 7.53 (d, J ) 6.4 Hz, 1H), 7.72-7.76 (dd, J ) 7.6 Hz, 1H),
8.01-8.05 (dd, J ) 7.6 Hz, 1H), 8.10 (d, J ) 8.6 Hz, 1H), 8.35

(d, J ) 8.3 Hz, 1H), 8.53 (s, 1H), 9.11 (d, J ) 6.2 Hz, 1H);
HRMS m/z found 621.328600 (M + H)+, calcd for C34H45N4O7

621.328825.
Carboxylic acid derivative of macrocyclic peptide 3b:

homogeneity of 94% based on C18 reversed-phase analytical
HPLC (tR ) 16.14 min); 1H NMR (400 MHz, DMSO-d6) δ ppm
1.05 (s, 9H), 1.13-1.53 (m, 9H), 1.65-1.75 (m, 2H), 2.10-2.17
(m, 1H), 2.40-2.46 (m, 1H), 2.57-2.63 (m, 2H), 3.89 (d, J )
8.6 Hz, 1H), 3.99-3.96 (m, 1H), 4.49-4.54 (dd, J ) 8.0, 9.5
Hz, 1H), 4.71 (d, J ) 11.8 Hz, 1H), 5.24-5.29 (dd, J ) 9.9 Hz,
1H), 5.49-5.54 (m, 1H), 5.76 (bs, 1H), 7.11 (d, J ) 6.0 Hz,
1H), 7.61 (d, J ) 6.4 Hz, 1H), 7.74-7.79 (dd, J ) 7.3, 8.0 Hz,
1H), 8.04-8.08 (dd, J ) 7.3, 8.0 Hz, 1H), 8.12 (d, J ) 8.3 Hz,
1H), 8.38 (d, J ) 8.3 Hz, 1H), 8.66 (s, 1H), 9.19 (d, J ) 6.4 Hz,
1H); 13C NMR (400 MHz, DMSO) δ ppm 21.5, 23.9, 25.8, 26.8,
27.2, 27.6, 29.8, 31.7, 33.7, ∼39.5 (CR of vinyl ACCA under
DMSO), 52.1, 52.3, 58.1, 77.8, 80.3, 103.4, 120.7, 122.9, 127.3,
128.3, 132.4, 134.3, 139.5, 146.9, 155.2, 166.0, 170.3, 171.8,
172.0, 172.6; HRMS m/z found 593.297540 (M + H)+, calcd
for C32H41N4O7 593.297525. 1H NMR homo-decoupling experi-
ments, via selective irradiation of the vinyl ACCA Hâ proton
(i.e., P1Hâ adjacent to the olefin at δ 2.10-2.20 ppm), resulted
in JHγ-Hδ ) 10.4 Hz between the two olefinic protons, confirm-
ing the cis geometry of the double bond. Furthermore, a strong
ROESY correlation between the same Hâ proton of the amide
NH of the vinyl ACCA moiety was consistent with the desired
stereochemistry of the vinyl ACCA moiety having the olefinic
linker syn to the carboxylic acid.

Carboxylic Acid Derivatives of Diene 2c and Macro-
cyclic Product 3c. The synthesis and full characterization
of these two compounds was recently reported.6a Since 3c is a
key compound in this series of HCV NS3 protease inhibitors,
its 1H NMR and ROESY spectra are assigned and available
in the Supporting Information, along with important and
characteristic NMR ROESY data for this class of compounds.
The 13C NMR data was not previously reported: 13C NMR (400
MHz, DMSO) δ ppm 21.4, 24.0, 25.9, 26.9, 27.3 (due to
extensive overlap of resonances in the 0.9-1.3 ppm region of
the 1H NMR spectrum, some 13C resonances could not be
unabmiguously assigned), 27.8 [Boc, -C(CH3)3], 29.8 (P1, Câ),
31.8 (P3, Câ), 33.9 (P2, Câ), ∼40 (under DMSO, P1, CR), 52.0
(P2, Cδ), 52.6 (Ar, -OCH3), 56.0 (P3, CR), 58.2 (P2, CR), 77.8
(Boc, -C(CH3)3, 79.2 (P2, Cγ), 100.4 (Ar, C-3 and C-8), 114.6
(Ar, C-4′), 119.2 (Ar, C-6), 124.2 (Ar, C-5), 127.3 (P1, Cγ), 128.6
and 129.1 (Ar, C-10, C-11, C-12), 131.5 (Ar, C-9), 132.4 (P1,
Cδ), 155.2 (Ar, C-8′), 156.6 (Boc, -CO-), 157.8 (Ar, C-2), 158.1
(Ar, C-4), 162.9 (Ar, C-7), 171.9 (P3, -CO-), 172.0 (P1, -CO2H),
172.8 (P2, -CO-).

Diene tripeptide 2d: homogeneity >95% based on silica
gel TLC (3:2 EtOAc/Hexane) Rf ) 0.47 and 1H NMR; 1H NMR
(400 MHz, CDCl3, mixture of rotamers in ∼9:1 ratio) δ ppm
(major rotamer) 1.41 (s, 9H), 1.33-2.09 (m, 9H), 2.11-2.19
(m, 1H), 2.36-2.48 (m, 1H) 2.95-3.03 (m, 1H), 3.67 (s, 3H),
3.92-3.99 (m, 1H), 3.96 (s, 3H), 4.27-4.32 (bd, J ) 10.8 Hz,
1H), 4.42-4.50 (m, 1H), 4.82-5.05 (m, 3H), 5.09-5.16 (m, 2H),
5.26-5.34 (m, 1H), 5.44 (bs, 1H), 5.65-5.81 (m, 2H), 7.06 (s,
1H), 7.08-7.11 (dd, J ) 2.6 & 8.9 Hz, 1H), 7.42-7.56 (m, 4H),
7.62 (bs, 1H), 8.00-8.09 (m, 4H); ES+ MS m/z 727.6 (M + H)+.

Carboxylic acid derivative of macrocyclic peptide
E-4d: homogeneity of 99.8% based on C18 reversed phase
analytical HPLC (tR ) 18.55 min); 1H NMR (400 MHz, DMSO-
d6) δ ppm 1.10 (s, 9H), 1.02-1.38 (m, 6H), 1.55-1.58 (m, 1H),
1.73-1.83 (m, 1H), 1.85-2.00 (m, 2H, P1-2Hε), 2.24-2.31 (m,
1H, P1-Hâ), 2.43-2.50 (m, 1H), 2.55-2.67 (m, 1H), 3.97 (s,
3H), 4.00-4.09 (m, 2H), 4.51-4.55 (dd, J ) 8.1 Hz, 1H), 4.76
(d, J ) 10.8 Hz, 1H), 4.90-4.97 (dd, J ) 9.0 & 15.3 Hz, 1H,
P1-Hγ), 5.42-5.50 (m, 1H, P1-Hδ), 5.78 (bs, 1H), 7.12 (d, J )
6.0 Hz, 1H), 7.25 (d, J ) 9.2 Hz, 1H), 7.54 (s, 1H), 7.69 (bs,
4H), 8.17 (bs, 2H), 8.25 (d, J ) 9.2 Hz, 1H), 8.43 (s, 1H); 13C
NMR (400 MHz, DMSO-d6) δ ppm 20.1, 21.6, 26.4, 27.8, 28.5,
29.6, 31.0, 34.7, 37.8, 51.7, 52.8, 56.0, 58.4, 77.8, 79.2, 101.4,
114.6, 119.0, 119.4, 124.4, 128.6, 128.9, 129.1, 129.9, 130.9,
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131.5, 155.1, 156.6, 157.6, 160.0, 172.0, 172.3, 173.2.
HRMS m/z found 685.323890 (M + H)+ calcd for C38H45N4O8

685.323740. 1H NMR homo-decoupling experiments, via selec-
tive irradiation of the methylene P1-Hε adjacent to the olefin
(δ 1.82-2.00 ppm) resulted in JHγ-Hδ ) 15.26 Hz for the two
olefinic protons, confirming the trans geometry of the double
bond. Furthermore, the lack of ROESY correlation between
the P1-Hâ and the P1 amide NH (i.e., ACCA moiety) was
consistent with epimerization at the Câ the vinyl ACCA moiety
(P1) placing the olefinic linker syn to the amide bond.

Diene tripeptide ester 2e: homogeneity of 96% based on
C18 reversed-phase analytical HPLC (tR ) 22.60 min); 1H NMR
(400 MHz, CDCl3, mixture of rotamers in ∼9:1 ratio) δ ppm
(major rotamer) 1.41 (s, 9H), 1.35-2.18 (m, 8H), 2.37-2.48
(m, 1H), 2.95-3.05 (m, 1H), 3.66 (s, 3H), 3.96 (s, 3H), 3.90-
3.98 (m, 1H), 4.29 (bd, J ) 11.1 Hz, 1H), 4.43-4.552 (m, 1H),
4.83-4.87 (m, 1H), 4.93-5.02 (m, 2H), 5.10-5.16 (m, 2H),
5.27-5.33 (m, 1H), 5.4 (bs, 1H), 5.68-5.79 (m, 2H), 7.06 (s,
1H), 7.08-7.11 (dd, J ) 2.5 & 9.1 Hz, 1H), 7.43-7.54 (m, 5H),
7.60 (bs, 1H), 8.01-8.07 (m, 3H); ES+ MS m/z 713.5 (M + H)+;
ES- MS m/z 711.5 (M - H)-.

Carboxylic acid derivative of macrocyclic peptide
E-4e: homogeneity of 96% based on C18 reversed-phase ana-
lytical HPLC (tR ) 18.20 min); 1H NMR (400 MHz, DMSO-d6)
δ ppm 1.09-1.12 (m, 1H), 1.21 (s, 9H), 1.33-1.48 (m, 1H),
1.63-1.85 (m, 5H), 1.98-2.08 (m, 1H, P1-Hε), 2.15-2.21 (dd,
J ) 8.1, 15.1 Hz, 1H, P1-Hâ), 2.38-2.47 (m, 1H), 2.65-2.75
(m, 1H), 3.97 (s, 3H), 4.14 (bs, 1H), 4.23 (bd, J ) 9.5 Hz, 1H),
4.32-4.38 (m, 1H), 4.51 (bd, J ) 11.1 Hz, 1H), 5.20-5.26 (dd,
J ) 7.0, 16.0 Hz, 1H, P1-Hγ), 5.45 (bd, J ) 15.0 Hz, 1H, P1-
Hδ), 5.79 (bs, 1H), 6.83 (d, J ) 4.8 Hz, 1H), 7.23 (d, J ) 8.5
Hz, 1H), 7.55 (s, 1H), 7.70 (bs, 4H), 7.90 (s, 1H), 8.16 (bs, 2H),
8.31 (d, J ) 8.5, 1H); HRMS m/z found 671.308350 (M + H)+,
calcd for C37H43N4O8 671.308090. 1H NMR homo-decoupling
experiments, via selective irradiation of one methylene P1-
Hε adjacent to the olefin (δ 1.98-2.08 ppm), or irradiation of
the P1-Hâ (δ 2.15-2.21) resulted in JHγ-Hδ ) 15.90 Hz for
the two olefinic protons, confirming the trans geometry of the
double bond. Furthermore, strong ROESY correlation between
both Hγ/Hδ and the amide NH of the ACCA moiety (P1 moiety)
was consistent with epimerization at the Câ the vinyl ACCA
moiety placing the olefinic linker syn to the amide bond.

Epimerized carboxylic acid tripeptide E-5e: homogene-
ity of 94% based on C18 reversed-phase analytical HPLC (tR )
20.23 min); 1H NMR (400 MHz, DMSO-d6) δ ppm 1.03-1.11
(m, 2H), 1.06 (s, 9H), 1.36-1.55 (m, 3H), 1.58-1.62 (m, 2H),
1.97-2.02 (m, 2H), 2.28-3.37 (m, 2H, P2-Hâ + P1-Hâ), 2.58-
2.67 (m, 1H), 3.94-4.0 (m, 1H), 3.97 (s, 3H), 4.12-4.18 (m,
1H), 4.48-4.52 (m, 2H), 4.92-4.95 (dd, J ) 2.2 & 10.2 Hz,
2H), 4.98-5.03 (dd, J ) 1.9 & 17.0 Hz, 1H, P1-Hδ), 5.20 (d, J
) 17.0 Hz, 1H, P1-Hδ), 5.40-5.50 (m, 1H), 5.72-5.78 (m, 2H),
7.12 (bd, J ) 9.5 Hz, 1H), 7.55 (bs, 1H), 7.68 (bs, 4H), 8.18
(bs, 2H), 8.26 (d, J ) 9.8 Hz, 1H), 8.42 (s, 1H); 13C NMR (400
MHz, DMSO-d6) δ ppm 21.5, 24.3, 27.9, 28.2, 30.4, 33.0, 34.6,
37.9, 52.0, 52.7, 56.0, 58.2, 77.8, 78.9, 100.4, 114.6, 114.9, 115.9,
119.3, 124.5, 128.6, 129.1, 131.6, 135.7, 138.5, 155.6, 156.5,
157.9, 158.2, 162.6, 162.8, 171.7, 171.8, 173.0; HRMS m/z found
699.339700 (M + H)+, calcd for C39H47N4O8 699.339390. Strong
ROESY correlation between both P1Hγ and P1Hδ and the P1
amide NH (i.e., vinyl ACCA moiety) was consistent with
epimerization at the Câ the vinyl ACCA moiety placing the
vinyl group syn to the amide bond and anti to the carboxylic
acid. In contrast, there was no ROESY correlation observed
between P1-Hâ and the P1 amide NH, which is characteristic
of all tripeptides containing the 1R,2S-vinyl ACCA fragment
such as the dienes 2a-e.

Tripeptide Diene 9. The pure acyclic diene 9 was isolated
as a white foam after purification by flash column chroma-
tography using a solvent gradient from 20% hexane in EtOAc
to 100% EtOAc: homogeneity of 94% based on C18 reversed-
phase analytical HPLC (tR ) 21.56 min); 1H NMR (400 MHz,
CDCl3) δ ppm 1.24-1.47 (m, 7H), 1.44 (s, 9H), 1.53-1.60 (m,

1H), 1.67-1.75 (m, 1H), 1.85-1.88 (dd, J ) 5.5, 8.1 Hz, 1H),
2.00-2.18 (m, 4H), 2.39 (d, J ) 14.3 Hz, 1H), 3.62 (d, J ) 10.8
Hz, 1H), 3.65 (s, 3H), 3.83-3.87 (dd, J ) 3.8, 10.8 Hz, 1H),
4.29-4.34 (m, 1H), 4.47-4.52 (m, 1H), 4.72 (d, J ) 8.9 Hz,
1H), 4.92-5.08 (m, 4H), 5.11-5.15 (dd, J ) 1.3, 10.5 Hz, 1H),
5.28 (d, J ) 15.3 Hz, 1H), 5.67-5.82 (m, 2H), 7.86 (s, 1H);
ES+ MS m/z 508.3 (M + H)+, 530.3 (M + Na)+; ES- MS m/z
506.2 (M - H)-.

Macrocyclic Products 10 and 11. Following RCM of the
acyclic tripeptride diene 9 (in each case, using the reaction
conditions and catalyst given in Table 2), the crude reaction
mixture was concentrated to a reddish-brown syrup and
chromatographed on silica gel using a solvent gradient from
10% EtOAc in CH2Cl2 to 100% EtOAc. The macrocyclic
product(s) were isolated as a white solid. It should be noted
that epimerized products 11 could not be cleanly separated
from the desired product 10 by either flash column chroma-
tography of preparative C18 reversed-phase HPLC; however,
they were easily detected by chiral HPLC (Figure 3). Analysis
of the RCM reaction mixtures from entries 1 to 5 (Table 2) by
chiral HPLC revealed the presence of three products at tR )
9.41, 10.33, and 11.84 min (Figure 3a). Analysis by chiral LC
MS indicated that all three products had the same mass
corresponding to the macrocyclic products 10 and 11. After
repeated C18 reversed-phase HPLC purifications of the RCM
products from entries 1 to 5 (Table 2), a sample enriched in
the epimerized products was isolated (Figure 3b) which was
subsequently analyzed by NMR and assigned the structure of
products 11. RCM of diene 9 using catalyst 8 (Table 2, entry
7) gave cleanly the desired product 10, which was isolated
(after simple flash column chromatography) in g98% homo-
geneity based on NMR and C18 reversed phase analytical
HPLC (tR ) 18.17 min). Furthermore, chiral HPLC confirmed
that the product was formed as a single stereoisomer; refer to
Figure 3c. As expected, coupling of 10 with 2-phenyl-4-
hydroxy-7-methoxyquinoline under Mitsunobu conditions gave
a product that was identical to compound 3c.

Compound 10: 1H NMR (400 MHz, CDCl3) δ ppm 1.22-
1.58 (m, 7H), 1.43 (s, 9H), 1.61-1.69 (m, 1H), 1.76-1.88 (m,
2H), 2.08-2.25 (m, 4H, P1-2Hε + P1-Hâ + P2-1Hâ), 2.45 (d,
J ) 14.3 Hz, 1H), 3.67 (s, 3H), 3.72 (d, J ) 11.1 Hz, 1H), 3.88-
3.92 (dd, J ) 4.3 & 11.2 Hz, 1H), 4.44-4.52 (m, 2H), 4.76 (d,
J ) 8.6 Hz, 1H), 4.86 (d, J ) 9.6 Hz, 1H), 5.20-5.28 (m, 2H),
5.53-5.60 (m, 1H), 7.32 (s, 1H); 13C NMR (400 MHz, DMSO)
δ ppm 21.4, 24.1, 25.8, 27.1, 28.2 (28.1 shoulder), 30.2, 31.7,
35.8, 39.6, 51.6, 51.9, 54.7, 58.3, 69.4, 77.9, 126.5, 133.0, 155.1,
170.6, 171.7, 174.1; HRMS m/z found 480.270880 (M + H)+,
calcd for C24H38N3O7 480.270976. 1H NMR homo-decoupling
experiments, via selective irradiation of the methylene P1-
Hε protons, as well as the Hâ of the vinyl ACCA moiety (P1)
adjacent to the olefin (δ 1.98-2.08 ppm), resulted in JHγ-Hδ )
9.8 Hz for the two olefinic protons, confirming the cis geometry
of the double bond. Furthermore, strong ROE correlation
between Hâ and the amide NH of the ACCA moiety was
consistent with the desired stereochemistry at the Câ of the
vinyl ACCA moiety placing the olefinic linker syn to ester
moiety and anti to the amide bond.

Compound E/Z-11. Superposition of the 1H NMR (400
MHz, CDCl3) of the pure compound 10 and the mixture of
compounds 11 (mixture indicated in Figure 3b) indicated a
very similar patern of resonances. However, 1H NMR homo-
decoupling experiments, via selective irradiation at the chemi-
cal shift where the Hâ proton of vinyl ACCA is typically found
(δ ∼2.4-2.5 ppm), resulted in the decoupling of an olefinic Hγ
proton (typically at δ 5.04 ppm) to a doublet with J ) 15.26
Hz, confirming a trans geometry for the double bond of one
compound in this mixture, which was assigned the structure
of E-11. Subsequently, this mixture of “naked” macrocyclic
scaffolds was reacted with 2-thiazole-4-hydroxy-7-methoxy-
quinoline, via Mitsunobu reaction at the Cγ-OH of the proline
unit,6a to product a mixture of derivatives which were slightly
more amenable to separation. A product corresponding to a
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Z-11 macrocyclic precursor (i.e., the epimer at the Câ of vinyl
ACCA moiety with a cis double bond) was isolated and fully
chracterized by NMR (data not shown).
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