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The development of new, efficient methods for the construction 
of ring systems represents an important ongoing challenge for 
synthetic organic chemists.1 One very useful approach is Pd-
catalyzed cycloisomerization of enynes2 studied recently by Trost 
and co-workers.3-5 Their results can be classified into two types, 
one not involving carbon-carbon bond cleavage3'4 and the other 
involving carbon-carbon bond cleavage.5 The latter allows 
remarkable skeletal reorganization of hept-l-ene-6-ynes to 
1-vinylcyclopentenes. While synthetically attractive, this Pd-
catalyzed reaction seemed highly selective only in the case of 
substrates having an electron-withdrawing group on the acetylenic 
terminal carbon and a cis substituent at the olefinic part. The 
limitation diminishes the utility of this novel skeletal reorganiza
tion reaction. 

An issue critical to the synthetic utility of the cycloisomerization 
(or any isomerization reactions) is whether complete conversion 
with formation of only one product can be attained, because 
difficulty in separation of the unreacted starting material from 
the product is foreseen. We now report a new, synthetically useful 
ruthenium-catalyzed skeletal reorganization (cyclorearrange-
ment) of 1,6-enynes to 1-vinylcyclopentenes with high chemical 
yields and high selectivity (>98% isomeric purity in all cases). 
The new catalytic reaction is also applicable to a 1,7-enyne. 
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E' )QT A. toluene, CO 
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The treatment of 1,6-enyne 1 with 4 mol % [RuCl2(CO)3I2 in 
toluene under nitrogen gave a skeletal reorganization product, 
3-ethenyl-3-cyclopentene-l,l-dicarboxylic acid diethyl ester (2),6 

in 69% isolated yield. Attempts for optimization of the reaction 
conditions using additives such as phosphines, isonitriles, and 
amines ended in vain. It was finally found that the presence of 
CO had a pronounced effect on the yield of 2. Thus, the reaction 
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data and by elemental analyses or high-resolution mass spectra. See the 
supplementary material. 

of 1 (1 mmol) with [RuCl2(CO)3]2 (0.04 mmol) in toluene (5 
mL) at 80 0C under an atmosphere of CO was complete within 
12 h to give 2 in 96% isolated yield with high selectivity (>99% 
isomeric purity) (eq 1). Any byproducts could not be detected 
by GC and NMR. A variety of ruthenium complexes were 
examined for their ability to catalyze reaction 1. Although 
Ru3(CO)12, H2Ru(CO)(PPh3)3, RuCl2(CO)2(PPh3)2, [Cp*-
RuCl2],, CpRuCl(PPh3)2, [Ru(OAc)(CO)2],,, and Ru(acac)3 
were not active, the halide complexes such as [RuBr2(CO)3] 2 
(87%), [RuCl2(p-cymene)]2 (88%), and RuCl3-XH2O (84%) 
exhibited high catalytic activities when the reaction was run under 
an atmosphere of CO. The latter two did not show any catalytic 
activities under N2 or Ar. [RuCl2(CO)3]2/AgBF4 (1:4 molar 
ratio) did not catalyze the reaction. These results show that the 
presence of a halide and CO ligands on ruthenium is essential for 
the reaction to proceed. 

It is noteworthy that the present Ru-catalyzed reaction can be 
applied to enynes having a terminal acetylene moiety, which gave 
a mixture of products including skeletal reorganization products 
by Trost's Pd(II) catalyst.5* Substitution of a methyl group at 
the olefinic part enhanced the reactivity. The reactions of 3E 
and 3Z were complete within 1 h. Of particular note is the 
exclusive E geometry of the newly formed vinyl subunit, 
irrespective of the geometry of the starting enynes (eq 2).7 
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8 0 " C I h 

VjT- (2) 

3£ (BZ- 80/20) 
ZZ (BZ- 11/89) 

4 95% 
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The results obtained for a variety of enynes are summarized 
in Table 1. In all cases, starting enynes were completely consumed 
and the isomeric purity was quite high (>98%). No byproducts 
could be detected in GC.8 The reaction of phenyl- or trimeth-
ylsilyl-substituted enynes gave the corresponding (£)-dienes 
exclusively (entries 1 and 2). The successful reorganization of 
9 and U indicates that the geminal substitution in the tethers is 
not necessary (entries 3 and 4). The reaction of 1,6-enynes having 
an alkyl group at the internal carbon of the olefin moiety also 
proceeded smoothly (entries 5 and 6). Siloxy substitution at either 
the propargylic position or the allylic position favored the reaction 
(entries 7 and 8). The olefinic part can be trisubstituted (entry 
9). 

In contrast to Trost's system, a 1,7-enyne can be effectively 
trasnsformed to 1-vinylcyclohexenes.9 The reaction of an E/Z 
mixture of 1,7-enyne 23 afforded only the E isomer of 1-vinyl-
cyclohexene 24 in 86% yield when the reaction was run at 100 
0C for 4 h (eq 3). This is the first example of skeletal 
reorganization of 1,7-enynes to vinylcyclohexenes. 

[RuCl2(CO)3I; 

toluene, CO 
\ = 100°C,4h 

,2
 E - V V ^ P h 

23(02=81/19) 24 86% 

The Trost's Pd(II) catalyst3-5 seems not applicable to the 
skeletal reorganization of all the 1,6- and 1,7-enynes described 
above. To compare our Ru(II) catalyst system with Trost's Pd-
(II) catalyst system in which only enynes containing ester-

(7) In contrast to our result, a stereospecific reaction was observed in the 
case of the Pd(II)-catalyzed reaction of ethoxycarbonyl-substituted enynes. 
(Z)-Enyne gave a diene product which consisted of only the E isomer. The 
E substrate gave predominantly the Z product. See ref 5a. 

(8) Partial polymerization of enynes seems to be a side reaction, thus 
fortunately preventing the product from contamination with unreacted enynes. 

(9) The Pd(II)-catalyzed reaction of 1,7-enynes resulted in [2 + 2]-
cycloaddition with formation of bicyclo[4.2.0]octene derivatives, 1-vinyl
cyclohexenes not being obtained. See ref 4. 
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Table 1. [RuCl2(CO)3]2-Catalyzed Reaction of Enynes to 
1 - Vinylcyclopentenes" 
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' Xr X J ^ ?? 
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^ - S I M e 3 s 

. Q or-
- 10 
9 
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6h 

79% 
4h 

83% 
2h 

94% 
1 h 

13 

E. /—^ 

14 

;>(^SIMe, E X j O 

15 1 6 

80% 
.SiMe3 1 h 

1BuMe2SiO 1BuMe2SiO 

8 

17 1« 

UCI V 1«....- „,J 'BuMe2SiO 

19 

E. /—= 

BuMe2SiO 

20 

XT xcw 
22 

21 

90% 
1.5 h 

90% 
2h 

93% 
1 h 

• Reaction conditions: enyne (1 mmol), [RuCIi(CO)3] j (0.04 mmol), 
toluene (S mL), 80 0C under CO. * Isolated yield based on the enyne. 

substituted alkynes are employable substrates,5 the reaction of 
an ethoxycarbonyl-substituted enyne 25 was carried out using 

[RuCl2(CO)3J2 catalyst. The reaction of 25 in the presence of 
[RuCl2(CO)3J2 under CO gave 26Zas a major product, along 
with small amounts of 26£and 27 (eq 4). In contrast, the reaction 
of 2510 with Trost's Pd(II) catalyst gave a 1:1.4 mixture of 27 
and a bicyclo[3.2.0]heptene derivative, but 26 was not formed. 
These results show that the present reaction differs considerably 
from Trost's reaction. 

xr 
25 

[RuCWCO)3I2 

toluene, CO 
80 0C, 3 h 

E - COOEt 

XO ;>o^ (4) 

26 27 
90% (26Z26E27 - 83:111 

The reaction mechanism is not clear at present and must wait 
for further study.11'12 The mechanistic aspect aside, the present 
reaction provides a new, efficient method of converting enynes 
to vinylcycloalkenes, which should find wide applications in 
practical organic synthesis.15 Interestingly, some other metal 
halides such as [RhCl(CO)2]2, ReCl(CO)5, [IrCl(CO)2]B, PtCl2, 
and AuCl3 can cause a similar skeletal reorganization and some 
of these complexes exhibited characteristic substrate specificity. 
These results will appear in the near future. 

Acknowledgment. This work was supported in part by grants 
from the Ministry of Education, Science, and Culture, Japan. 
Thanks are given to the Instrumental Analysis Center, Faculty 
of Engineering, Osaka University, for assistance in obtaining 
MS, HRMS, 600-MHz NMR, and elemental analyses. 

Supplementary Material Available: Lists of spectral data and 
elemental analyses for the products (6 pages). This material is 
contained in many libraries on microfiche, immediately follows 
this article in the microfilm version of the journal, and can be 
ordered from the ACS; see any current masthead page for ordering 
information. 

(10) Trost used 25 (E - COOMe) in place of 25 (E - COOEt). 
(11) Trost suggested that two paths are operating for the reaction with 

terminal acetylenes and only one path for the reaction with ester-substituted 
acetylenes to account for the dueterium labeling pattern.3* See also: Trost, 
B. M.; Hashmi, A. S. K. Angew. Chem., Int. Ed. Engl. 1993, 32, 1085. We 
examined the reorganization of 1 with 2H and 13C labeling. Our labeling 
studies also revealed coexisting of two mechanistic pathways for the [RuCl2-
(C0)3h-catalyzed reaction of 1. 

(12) There are the following three possibilities for a first step of the reaction 
mechanism: (i) the formation of a ruthenacyclopentene complex via oxidative 
cyclization, (H) a vinyl ruthenium complex via chlororuthenation,13 and (iii) 
a slipped, polarized ^'-isomer bearing a positive charge at the /S position via 
the rearrangement of an T^-alkyne ruthenium complex.I4 A detailed discussion 
will be presented in the near future. 
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