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A mixed-valence Ru(II)Ru(III) complex was used to
catalyze the skeletal reorganization of 1,6-enynes, leading to
the production of 1-vinylcyclopentene derivatives. The reaction
proceeded optimally in an atmosphere of O2 or CO. The
presence of an alkyl group at the internal olefinic carbon in the
starting enyne resulted in an increase in product yield compared
to that bearing no substituent on the olefin moiety.

The catalytic cycloisomerization of enynes has recently
attracted considerable attention because of the great diversity of
products that can be produced from them.1 In 1988, Trost
reported the Pd(II)-catalyzed skeletal reorganization of enynes,
in which two isomers of 1-vinylcyclopentenes, type I and II
were formed.2 While type I is produced via the cleavage of a
CC double bond, type II involves a double cleavage of a CC
double bond and a triple bond (Scheme 1).

In 1994, we reported that [RuCl2(CO)3]2 also shows a high
catalytic activity in the skeletal reorganization of enynes which
led to the selective formation of type I products.3 In this reaction,
a CO atmosphere was crucial for the reaction to proceed. In fact,
[RuCl2(p-cymene)]2 and RuCl3¢xH2O exhibited high catalytic
activities only when the reaction was run under an atmosphere
of CO. However, no catalytic activity was observed when the
reaction was run under a N2 or Ar atmosphere. In sharp contrast,
[RuCl2(CO)3]2 showed catalytic activity even under N2. At this
stage, we speculated that the role of CO is to increase the
electrophilicity of the catalyst by coordination to a ruthenium
center, which would facilitate an interaction between the alkyne
and the catalyst because of its π-acidity.4 Since then, a wide
variety of electrophilic transition-metal complexes has been
found to catalyze the cycloisomerization of enynes.1,5 Some of
these complexes exhibit a characteristic substrate specificity. In
subsequent studies, we found that [Rh2(O2CCF3)4] also showed
a high catalytic activity for the skeletal reorganization of enynes
leading to the selective formation of type II products.5f,5g

[Rh2(O2CCF3)4] was more reactive than [Rh2(OAc)4], which
again suggests that the electrophilicity of the catalyst is
important for the reaction to proceed efficiently. The structure
of [Rh2(O2CCF3)4] features a pair of rhodium atoms, each with
an octahedral molecular geometry, defined by four acetate
oxygen atoms (Scheme 2).

We were interested in the catalytic activity of [Ru2(OAc)4]X
complex because it is structurally similar to [Rh2(O2CCF3)4]
(Scheme 2). [Ru2(OAc)4]X was expected to have a unique
catalytic activity because it is a Ru(II)Ru(III) mixed-valence
complex.6 However, it has rarely been used in organic synthesis.
The [Ru2(OAc)4]Cl complex was used only for hydrogenation,7

the carbonylation of amines,8 and the oxidation of alcohols9

and amines.10 We now report that [Ru2(O2CPh)4(THF)2]BF4, a
Ru(II)Ru(III) mixed-valence complex, can be used as a catalyst

for the skeletal reorganization of 1,6-enynes when the reaction is
run under an atmosphere of O2 or CO (Scheme 3).

The treatment of enyne 1 (0.2mmol) with a catalytic amount
of [Ru2(OAc)4(THF)2]BF4 (0.01mmol) in toluene (1mL) at
80 °C under N2 for 20 h gave the expected 1-vinylcyclopentene 2
in 56% yield. Similar to the Ru(II)-catalyzed skeletal reorgan-
ization of enynes, the yield was dramatically improved to 95%
yield when the reaction was carried out under an atmosphere of
CO, even for shorter reaction time (12 h). The yield was also
improved to 65% when the reaction was run under O2 for 20 h.
Kobayashi and co-workers observed that O2 has a pronounced
effect in [Mo2(OAc)4]-catalyzed Mukaiyama aldol reactions.11

They proposed the intermediacy of an electrophilic catalytic
species which is generated by the oxidation of [Mo2(OAc)4]
under the reaction conditions. Other mixed-valence ruthenium
complexes were examined under an atmosphere of O2. The use
of [Ru2(O2CPh)4(THF)2]BF4 gave 2 in 77% yield. However,
a neutral complex, [Ru2(O2CPh)4]Cl was devoid of catalytic
activity. The use of a Ru(III)Ru(III)Ru(III) complex, such as
[Ru3(OAc)6(¯3-O)]OAc resulted in no yield of 2 at all. Next,
various solvents were screened under O2 in the presence of
[Ru2(O2CPh)4(THF)2]BF4. Almost no reaction occurred when
cyclohexane, 1,4-dioxane, ethanol, and acetonitrile were used as
the solvents. However, the use of 1,2-dichloroethane improved
the yield of 2 (85% at 60 °C for 15 h under O2) (Scheme 4). The
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Scheme 1. Skeletal reorganization of enynes.
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Scheme 2. [Rh2(OCOCF3)4] vs. [Ru2(OAc)4]X.
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Scheme 3. Skeletal reorganization of enynes.
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use of 1,2-dichloroethane also improved the yield of 2 when the
reaction was run under CO.

To obtain additional information regarding the active
catalytic species, NMR and ESI-MS studies were performed.
No change was observed when [Ru2(O2CPh)4(THF)2]BF4 was
exposed to a N2 atmosphere at 60 °C. In sharp contrast, ESI-MS
showed a significant change under CO and O2. However, the
structure of the active species could not be confirmed because of
production of complex mixtures.

The results obtained for some enynes in the presence of
[Ru2(O2CPh)4(THF)2]BF4 as the catalyst are summarized in
Table 1. A simple enyne 3 gave the 1-vinylcyclopentene 4 only
in low yields irrespective of the atmosphere used. However, the
presence of an alkyl group at the internal olefinic carbon, as in 5
and 7, resulted in a dramatic increase in product yields.12 In the
case of enynes containing a trisubstituted olefin, as in 11 and 13,
the reaction proceeded and high yields of type I products were
formed exclusively.

We have already reported on the [RuCl2(CO)3]2-catalyzed
skeletal reorganization of enynes.4 However, the catalytic
activity of [RuCl2(CO)3]2 and [Ru2(O2CPh)4(THF)2]BF4 appear
to be different. For example, 15 is one of the most reactive
substrates in [RuCl2(CO)3]2-catalyzed reactions, but no reaction
occurred when [Ru2(O2CPh)4(THF)2]BF4 was used as the
catalyst (Scheme 5).

An enyne having a nitrogen atom in the tether 17 gave
a mixture of the 1-vinylcyclopentene derivative 18 and the
bicyclic[4.1.0]heptene derivative 19, the latter being the major
isomer (Scheme 6).

In summary, we report on the skeletal reorganization of 1,6-
enynes leading to 1-vinylcyclopentene derivatives catalyzed by
a mixed-valence Ru(II)Ru(III) complex. The reaction gives
optimal yields when run under an atmosphere of O2 or CO.13
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aReaction conditions: enyne (0.2mmol), [Ru2(O2CPh)4-
(THF)2]BF4 (0.01mmol) at 60 °C in 1,2-dichloroethane
(1mL). bThe reaction was run at 80 °C. E = COOEt.

[Ru2(O2CPh)4(THF)2]BF4

1,2-dichloroethane
60 °C, under CO
E = COOEt

E

E

15

no reaction

Ph

toluene
80 °C, 1 h, under CO

E

E E

E

15
16 97%Ph

Ph[RuCl2(CO)3]2

Scheme 5. [RuCl2(CO)3]2 vs. [Ru2(O2CPh)4(THF)2]BF4.

TsN

TsN

Me

Me

1,2-dichloroethane
60 °C

17

18

O2, 15 h 10%

CO, 60 h 11%

TsN

Me
19

55%

56%

[Ru2(O2CPh)4(THF)2]BF4

Scheme 6. [Ru2(O2CPh)4(THF)2]BF4-catalyzed skeletal reor-
ganization of 17.

1566

© 2013 The Chemical Society of JapanChem. Lett. 2013, 42, 15651567 www.csj.jp/journals/chem-lett/

http://www.csj.jp/journals/chem-lett/


1 For reviews, see: a) C. Aubert, O. Buisine, M. Malacria,
Chem. Rev. 2002, 102, 813. b) G. C. Lloyd-Jones, Org.
Biomol. Chem. 2003, 1, 215. c) A. M. Echavarren, C.
Nevado, Chem. Soc. Rev. 2004, 33, 431. d) S. T. Diver, A. J.
Giessert, Chem. Rev. 2004, 104, 1317. e) L. Añorbe, G.
Domínguez, J. Pérez-Castells, Chem.®Eur. J. 2004, 10,
4938. f) C. Bruneau, Angew. Chem., Int. Ed. 2005, 44, 2328.
g) L. Zhang, J. Sun, S. A. Kozmin, Adv. Synth. Catal. 2006,
348, 2271. h) J. Marco-Contelles, E. Soriano, Chem.®Eur. J.
2007, 13, 1350. i) E. Jiménez-Núñez, A. M. Echavarren,
Chem. Rev. 2008, 108, 3326. j) V. Michelet, P. Y. Toullec,
J.-P. Genêt, Angew. Chem., Int. Ed. 2008, 47, 4268. k) S. I.
Lee, N. Chatani, Chem. Commun. 2009, 371. l) A. Fürstner,
Chem. Soc. Rev. 2009, 38, 3208. m) D.-H. Zhang, Z. Zhang,
M. Shi, Chem. Commun. 2012, 48, 10271.

2 B. M. Trost, G. J. Tanoury, J. Am. Chem. Soc. 1988, 110,
1636.

3 N. Chatani, T. Morimoto, T. Muto, S. Murai, J. Am. Chem.
Soc. 1994, 116, 6049.

4 Fürstner found that the PtCl2-catalyzed [2 + 2]cycloaddition
of 1,6-enynes leading to the production of cyclobutene
derivative was accelerated by an atmosphere of CO. A.
Fürstner, P. W. Davies, T. Gress, J. Am. Chem. Soc. 2005,
127, 8244; Recently, the role of CO in the PtCl2-catalyzed
cycloisomerization of 1,6-enynes was proposed by theoret-
ical studies. Y. Gimbert, L. Fensterbank, V. Gandon, J.-P.
Goddard, D. Lesage, Organometallics 2013, 32, 374.

5 For papers on skeletal reorganization of enynes from our
laboratory, see: a) PtCl2: N. Chatani, N. Furukawa, H.
Sakurai, S. Murai, Organometallics 1996, 15, 901. b) Y.
Miyanohana, H. Inoue, N. Chatani, J. Org. Chem. 2004, 69,

8541. c) [IrCl(CO)2]n: N. Chatani, H. Inoue, T. Morimoto, T.
Muto, S. Murai, J. Org. Chem. 2001, 66, 4433. d) GaCl3: N.
Chatani, H. Inoue, T. Kotsuma, S. Murai, J. Am. Chem. Soc.
2002, 124, 10294. e) InCl3: Y. Miyanohana, N. Chatani, Org.
Lett. 2006, 8, 2155. f) [Rh2(O2CCF3)4]: K. Ota, N. Chatani,
Chem. Commun. 2008, 2906. g) K. Ota, S. I. Lee, J.-M.
Tang, M. Takachi, H. Nakai, T. Morimoto, H. Sakurai, K.
Kataoka, N. Chatani, J. Am. Chem. Soc. 2009, 131, 15203.
h) Labeling studies: H. Nakai, N. Chatani, Chem. Lett. 2007,
36, 1494.

6 a) M. A. S. Aquino, Coord. Chem. Rev. 1998, 170, 141. b)
M. A. S. Aquino, Coord. Chem. Rev. 2004, 248, 1025.

7 a) P. Legzdins, R. W. Mitchell, G. L. Rempel, J. D. Ruddick,
G. Wilkinson, J. Chem. Soc. A 1970, 3322. b) B. C. Hui,
G. L. Rempel, J. Chem. Soc. D 1970, 1195. c) A. J. Lindsay,
G. McDermott, G. Wilkinson, Polyhedron 1988, 7, 1239.

8 J. J. Byerley, G. L. Rempel, N. Takebe, B. R. James,
J. Chem. Soc. D 1971, 1482.

9 a) N. Komiya, T. Nakae, H. Sato, T. Naota, Chem. Commun.
2006, 4829. b) C. N. Kato, M. Ono, T. Hino, T. Ohmura, W.
Mori, Catal. Commun. 2006, 7, 673.

10 S.-I. Murahashi, Y. Okano, H. Sato, T. Nakae, N. Komiya,
Synlett 2007, 1675.

11 Y. Yamashita, M. M. Salter, K. Aoyama, S. Kobayashi,
Angew. Chem., Int. Ed. 2006, 45, 3816.

12 A similar positive effect of a substituent at the internal
olefinic carbon was also observed in the Rh(II)-catalyzed
skeletal reorganization of enynes. See refs 5f and 5g.

13 Supporting Information is available electronically on the
CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

1567

© 2013 The Chemical Society of JapanChem. Lett. 2013, 42, 15651567 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1021/cr980054f
http://dx.doi.org/10.1039/b209175p
http://dx.doi.org/10.1039/b209175p
http://dx.doi.org/10.1039/b308768a
http://dx.doi.org/10.1021/cr020009e
http://dx.doi.org/10.1002/chem.200400089
http://dx.doi.org/10.1002/chem.200400089
http://dx.doi.org/10.1002/anie.200462568
http://dx.doi.org/10.1002/adsc.200600368
http://dx.doi.org/10.1002/adsc.200600368
http://dx.doi.org/10.1002/chem.200601522
http://dx.doi.org/10.1002/chem.200601522
http://dx.doi.org/10.1021/cr0684319
http://dx.doi.org/10.1002/anie.200701589
http://dx.doi.org/10.1039/b812466c
http://dx.doi.org/10.1039/b816696j
http://dx.doi.org/10.1039/c2cc34739c
http://dx.doi.org/10.1021/ja00213a054
http://dx.doi.org/10.1021/ja00213a054
http://dx.doi.org/10.1021/ja00092a098
http://dx.doi.org/10.1021/ja00092a098
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/ja050845g
http://dx.doi.org/10.1021/om301104r
http://dx.doi.org/10.1021/om950832j
http://dx.doi.org/10.1021/jo0489061
http://dx.doi.org/10.1021/jo0489061
http://dx.doi.org/10.1021/jo010091y
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ja0274554
http://dx.doi.org/10.1021/ol060606d
http://dx.doi.org/10.1021/ol060606d
http://dx.doi.org/10.1039/b805100c
http://dx.doi.org/10.1021/ja9047637
http://dx.doi.org/10.1246/cl.2007.1494
http://dx.doi.org/10.1246/cl.2007.1494
http://dx.doi.org/10.1016/S0010-8545(97)00079-9
http://dx.doi.org/10.1016/j.ccr.2004.06.016
http://dx.doi.org/10.1039/j19700003322
http://dx.doi.org/10.1039/C29700001195
http://dx.doi.org/10.1016/S0277-5387(00)81218-8
http://dx.doi.org/10.1039/C29710001482
http://dx.doi.org/10.1039/b610862h
http://dx.doi.org/10.1039/b610862h
http://dx.doi.org/10.1016/j.catcom.2006.02.011
http://dx.doi.org/10.1055/s-2007-984515
http://dx.doi.org/10.1002/anie.200600801
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/

