
COMMUNICATIONS

1734 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3712-1734 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 12

[9] a) C. U. Kim, W. Lew, M. A. Williams, H. Liu, L. Zhang, S.
Swaminathan, N. Bischofberger, M. S. Chen, D. B. Mendel, C. Y.
Tai, W. G. Laver, R. C. Stevens, J. Am. Chem. Soc. 1997, 119, 681 ± 690;
b) N. Bischofberger, C. U. Kim, L. Willard, H. Liu, M. A. Williams
(Gilead Sciences, Inc.), WO 9626 933 A1, 1996 [Chem. Abstr. 1996,
125, 300 503].

[10] S. Ogawa, M. Yoshikawa, T. Taki, S. Yokoi, N. Chida, Carbohydr. Res.
1995, 269, 53 ± 78.

[11] M. Chandler, R. Conroy, A. W. J. Cooper, R. B. Lamont, J. J. Scicinski,
J. E. Smart, R. Storer, N. G. Weir, R. D. Wilson, P. G. Wyatt, J. Chem.
Soc. Perkin Trans. 1, 1995, 1189 ± 1197.

[12] R. Csuk, M. Hugener, A. Vasella, Helv. Chim. Acta 1988, 71, 609 ± 618.
[13] a) D. M. Gordon, G. M. Whitesides, J. Org. Chem. 1993, 58, 7937;

b) T. H. Chan, M. B. Isaac, Pure Appl. Chem. 1996, 68, 919 ± 924;
c) L. A. Paquette, T. M. Mitzel, M. B. Isaac, C. F. Crasto, W. W.
Schomer, J. Org. Chem. 1997, 62, 4293 ± 4301.

[14] The stucture was established by X-ray analysis. Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-101 241. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).

[15] G. Stork, T. Takahashi, J. Am. Chem. Soc. 1977, 99, 1275 ± 1276.
[16] S. Hintermann, Dissertation, ETH Zürich, 1997.
[17] K. Horita, T. Yoshioka, T. Tanaka, Y. Oikawa, O. Yonemitsu,

Tetrahedron 1986, 42, 3021 ± 3028.
[18] All attempts to convert this alcohol into a thiocarbonyl derivative

involved participation of the acetamido group and led to mixtures of
thiocarbamates and oxazolines.

[19] D. B. Dess, J. C. Martin, J. Am. Chem. Soc. 1991, 113, 7277 ± 7287.
[20] G. A. Molander, J. A. McKie, J. Org. Chem. 1994, 59, 3186 ± 3192.
[21] R. J. Arhart, J. C. Martin, J. Am. Chem. Soc. 1972, 94, 5003 ± 5010.
[22] Reaction at 23 8C yielded a mixture 16 and 17.
[23] Excess sulfurane and a reaction temperature of 23 8C were required

for complete transformation. Under these conditions, the attack of the
acetamido group on the sulfurane led partially to two isomeric
iminoacetals, which were transformed into 16 and 17 by treatment
with aqueous acetic acid.

[24] M. W. Rathke, A. Lindert, J. Am. Chem. Soc. 1971, 93, 2318 ± 2320.
[25] a) K. B. Sharpless, R. F. Lauer, A. Y. Teranishi, J. Am. Chem. Soc.

1973, 95, 6137 ± 6139; b) H. J. Reich, J. M. Renga, I. L. Reich, J. Am.
Chem. Soc. 1975, 97, 5434 ± 5447.

[26] Periodate thiobarbiturate assay: a) L. Warren, J. Biol. Chem. 1959,
234, 1971 ± 75; b) D. Aminoff, Biochem. J. 1961, 81, 384 ± 91.

[27] In a control experiment 1 had an IC50 value of 42 mm.
[28] S. J. Crennell, E. F. Garman, C. Philippon, A. Vasella, W. G. Laver,

E. R. Vimr, G. L. Taylor, J. Mol. Biol. 1996, 259, 264 ± 280.
[29] a) X. Guo, W. G. Laver, E. Vimr, M. L. Sinnott, J. Am. Chem. Soc.

1994, 116, 5572 ± 5578; b) J. C. Wilson, D. I. Angus, M. von Itzstein, J.
Am. Chem. Soc. 1995, 117, 4214 ± 4217.

Ring-Closing Metathesis of Functionalized
Acetylene Derivatives: A New Entry into
Cycloalkynes
Alois Fürstner* and Günter Seidel

Olefin metathesis is rapidly evolving into a prosperous field
of research, and as a result of the development of a new
generation of performance catalysts with a high tolerance
towards functional groups has recently found many applica-
tions in organic synthesis.[1, 2] In particular, ring-closing meta-
thesis (RCM) of dienes to cycloalkenes provides good access
to carbo- and heterocycles and has been proved to be effective
in numerous syntheses of natural products.[2] Medium-sized
and macrocyclic rings can also be forged by RCM.[3, 4] The
latter, however, are usually obtained as mixtures of E and Z
isomers, the ratio of which can, at present, be neither
predicted nor properly controlled. This is a major drawback
in target-oriented syntheses as exemplified, for example, by
several approaches to epothilone: Although various research
teams succeeded in forming the 16-membered ring of this
promising chemotherapeutic agent by RCM, separation of the
resulting stereoisomeric mixtures were inevitable because
only epoxidation of the Z-configured cycloalkene leads to the
desired target molecule.[5]

In striking contrast to olefin metathesis, the metathesis of
alkynes presently plays only a minor role in organic chem-
istry.[6] Even though the close mechanistic ties between both
types of transformations were noticed early on,[7] and various
well-defined alkyne metathesis catalysts are available,[8] the
applications of alkyne metathesis have until now been
confined to the preparation of some special polymers[9] and
to the dimerization or cross-metathesis of simple acetylene
derivatives.[10]

We now describe the first efficient syntheses of function-
alized macrocycles by ring-closing metathesis of diyne sub-
strates (Scheme 1). Partial reduction of the cycloalkyne
molecules thus obtained by one of the conventional methods
(e.g. Lindlar hydrogenation or hydroboration/protonation)
also consitutes a stereoselective route to Z-configured cyclo-
alkenes[11] which cannot yet be directly prepared in pure form
by RCM.

Scheme 1. Ring-closing metathesis of diynes with 1.
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We use the tungsten alkylidyne complex [W(�CCMe3)-
(OCMe3)3] (1) developed by Schrock as an alkyne metathesis
(pre)catalyst,[12] which is readily obtained from the reaction of
[(Me3CO)3W�W(OCMe3)3] (2)[13] with neoheptyne. This
complex turned out to be a highly active catalyst for the
cyclization of diynes to cycloalkynes (Table 1). Because
various functional groups are tolerated in the substrates, it is
possible to obtain lactones, lactams, and cyclic silyl ethers of
ring sizes 12 or greater in good yields, provided that the
reactions are carried out under high dilution conditions
(�0.02m) in trichlorobenzene (in vacuo, see below), chloro-
benzene, toluene, or THF as the solvent, respectively. The
formation of minor amounts of cyclodimeric products has
been detected in some cases (Table 1, entries 7 and 8).[14] It is

necessary to use diyne derivatives with R1, R2=H as the
starting materials because of the known incompatibility of
catalyst 1 with terminal alkynes.[8] However, we did not notice
any significant difference between substrates with R1, R2�
Me (entries 1 ± 6, 8 ± 12) and those with R1, R2�Et (entry 7).
With 1,2,4-trichlorobenzene as the solvent (b.p.� 214 8C), it is
possible to remove the alkyne by-products R1C�CR2 (e.g. 2-
butyne, 3-hexyne) from the mixture by performing the reactions
under reduced pressure (ca. 20 mbar); this seems to have a
positive effect on the conversion (entries 4, 7, 10). Whereas the
preparation of cycloalkynes by some conventional methods
leads to the formation of allenic by-products,[15] this undesirable
side reaction does not occur with ring-closing diyne metathesis.
The scope of this new method is currently being explored.

Table 1. Synthesis of cycloalkynes by ring-closing metathesis of diynes.[a]

Entry Substrate Solvent Product Yield [%]

1 [MeC�C(CH2)2OOC(CH2)]2 3 C6H5Cl 73[c]

2 MeC�C(CH2)8COO(CH2)2C�CMe 5 C6H5Cl 52

3 [MeC�C(CH2)2OOC(CH2)2]2 7 C6H5Cl 73[c]

4 7 C6H3Cl3
[b] 79

5 7 Toluol 69
6 7 THF 64

7 EtC�C(CH2)7COO(CH2)8C�CEt 9 C6H3Cl3
[b] 69[d]

8 MeC�C(CH2)8COO(CH2)9C�CMe 11 C6H5Cl 52[e]

9 [MeC�C(CH2)9O]2SiPh2 13 C6H5Cl 55

10 [MeC�C(CH2)8COOCH2]2 15 C6H3Cl3
[b] 97

11 [MeC�C(CH2)8CONHCH2]2 17 C6H5Cl 90

12 [MeC�C(CH2)9OOC(CH2)2]2 19 C6H5Cl 52

[a] With [W(�CCMe3)(OCMe3)3] (1, 4 ± 6 mol %) as the catalyst at 80 8C under argon and 1 atm, unless stated otherwise; reaction time 2 ± 19 h. [b] In 1,2,4-
trichlorobenzene under reduced pressure (20 mbar). [c] Ca. 10 % of the substrate is recovered. [d] 8 % of the cyclic dimer is obtained. [e] 6 % of the cyclic
dimer is obtained.
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Methoxide Coordination at the Pocket of
[CuIITpCum,Me] and a Simple Model for the Cu
Center of Galactose Oxidase**
Michael Ruf and Cortlandt G. Pierpont*

Functionalized hydrotris(pyrazolyl)borate ligands (TpR)
have been used to create protected transition metal coordi-
nation sites. Pyrazol nitrogen atoms resemble histidine donor
groups, and the TpR complexes of Fe, Cu, and Zn have

Experimental Section

8 : A solution of diyne 7 (121 mg, 0.43 mmol) and [W(�CCMe3)(OCMe3)3]
(12 mg, 6 mol %) in chlorobenzene (20 mL) was stirred under Ar at 80 8C
for 2 h. The solvent was removed in vacuo, and the residue purified by flash
chromatography (Merck silica gel, hexane/ethyl acetate 4/1). This led to the
recovery of some unchanged starting material 7 (12 mg, 10%) and afforded
the desired cycloalkyne 8 as colorless crystals (70 mg, 73%). M.p.� 106 ±
107 8C; 1H NMR: d� 4.14 (t, 4 H, J� 5.5 Hz), 2.53 (t, 4H, J� 5.6 Hz), 2.40
(m, 4H), 1.76 (m, 4 H); 13C NMR: d� 173.0, 77.8, 62.4, 34.8, 24.9, 19.0. MS:
m/z (rel intensity): 224 (<1, [M�]), 179 (<1), 166 (1), 152 (1), 137 (1), 129
(3), 111 (7), 101 (4), 78 (100), 66 (21), 55 (10), 41 (8); elemental analysis
calcd for C12H16O4 (224.3): C 64.24, H 7.18; found: C 64.14, H 7.15.
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