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Transition-metal-catalyzed cycloadditions are viable tools to
assemble complex cyclic molecules from unsaturated acyclic
precursors.1 Because of their intrinsic atom-economical nature,
catalytic cycloadditions must play a pivotal role in the development
of environmentally benign synthetic processes. In this regard, the
catalyzed cyclotrimerizations of alkynes or the cocyclotrimerizations
of alkynes with alkenes have received renewed attention as a
powerful method to construct highly substituted carbocycles without
any atomic loss.2 In addition, nitriles or heterocumulenes such as
isocyanates, carbodiimides, and carbondioxide have been known
to participate in the cocyclotrimerizations with alkynes, leading to
heterocyclic compounds.2 Whereas these cycloaddition protocols
involving Csp-heteroatom multiple bonds have been extensively
investigated, Csp2-heteroatom double bonds have been scarcely
utilized to date. The cocyclotrimerizations of alkynes with ketones
were realized usingstoichiometricamounts of cobalt reagents.3 To
the best of our knowledge, only one example reported by Tsuda
and Saegusa et al. exists as acatalytic cocyclotrimerization
involving an aldehyde carbonyl group.4 Here we wish to report
the ruthenium(II)-catalyzed cycloaddition of 1,6-diynes with electron-
deficient ketones.

During our studies on the ruthenium-catalyzed cycloaddition of
the 1,6-diynes with unsaturated molecules,5 we found that electron-
deficient nitriles can be efficiently involved into the cycloaddition
with the diynes to afford bicyclic pyridines.6 On the basis of this
result, we envisaged that a highly electron-deficient CdO double
bond activated with two electron-withdrawing groups might be
employed for the desired catalytic cycloaddition with the diynes.7

Actually, in the presence of 5 mol % Cp*Ru(cod)Cl, a malonate-
derived diyne1a (X ) C(CO2Me)2, R ) H) and diethyl keto-
malonate2 (2 equiv) were heated in 1,2-dichloroethane (DCE) at
90 °C for 1 h toafford a dienal4a in 46% yield via electrocyclic
ring opening of the expected cycloadduct3a (Scheme 1).8 A diyne
dimer5a was also obtained in 10% yield. Further optimization of
the reaction conditions did not increase the yield of4a, probably
due to the thermal instability of the unsaturated aldehyde moiety.

To improve the present cycloaddition, an unsymmetrical diyne
1b having one internal alkyne termini (X) C(CO2Me)2, R ) Me)
was next used as a diyne substrate. In the similar manner,1b was
effectively reacted with2, and the reaction completed within 2 h.
To our delight, the cycloaddition proceeded in a highly regio-
selective manner to produce the desirable dienone4b in 75% yield
(Scheme 1). Interestingly, the competitive dimerization of1b was
suppressed in less than 10%. The generality of the present dienone
formation was examined with respect to the diyne substrates. As
summarized in Table 1, the terminal substituents bulkier than methyl

group (runs 3 and 4) or the heteroatom tether groups (runs 7 and
8) required increased catalyst loadings. The present cycloaddition
tolerates functionalities including esters (1a-d) and a ketone (1e)
carbonyl group, a hydroxyl (1f), a tosyl amide (1g), and an ether
(1h) group. These results demonstrated the wide functional group
compatibility of the ruthenium catalysis. The dienone structure of
the products was unambiguously confirmed by X-ray analysis (see
Supporting Information).

In the next step, some electron-deficient ketones were subjected
to the present cycloaddition. Upon reaction with the diyne1g,
indanetrione6 afforded the unexpected product8 via cycloaddition
at the phenacyl moiety together with the normal product7 in the
combined yield of 52% (Scheme 2). The structure of8 was
unambiguously determined by X-ray analysis (see Supporting
Information). This result shows that the two phenacyl CdO double
bonds activate each other by the conjugation through the benzene
ring.

In contrast to the tricarbonyl compounds2 and6, ethyl pyruvate
and diacetyl having a ketone moiety substituted by only one
electron-withdrawing group or decafluorobenzophenone having only
one carbonyl group with electron-deficiency similar to that of2
turned out to be totally ineffective. Accordingly, both sufficient
electron deficiency and more than two carbonyl groups, which might
form a stable chelate intermediate9 (Scheme 3), seem essential
for the ketone substrate. On the basis of this notion, a plausible
mechanism for the present cycloaddition was proposed as outlined
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in Scheme 3. The oxidative cyclization between the less hindered
alkyne terminus of1 and the ketone carboyl group in2 or 6 starts

from 9 to produce an oxaruthenacyclopentene intermediate11 via
a transition state10. Similar metallacycle formations were reported
for related 1,2-dicarbonyl systems.9 The insertion of the other alkyne
terminus followed by the reductive elimination of3 from 12
completes the catalytic cycle.

Finally, we attempted the intramolecular Michael addition of
some cycloadducts having both an acetyl and an alkylidenemalonate
moiety. As depicted in Scheme 4, the adducts4b,g,h were treated
with NaH (10 equiv) in refluxing THF for 5 h to give the desired
bicyclo[3.3.0]octenone derivatives13b,g,h, which are useful inter-
mediates for the syntheses of polyquinanes and related compounds.10

Acknowledgment. We gratefully acknowledge financial support
(09750947, 09305059, 10132222, 12450360, and 13875174) from
the Ministry of Education, Culture, Sports, Science and Technology,
Japan.

Supporting Information Available: Experimental procedures and
analytical data for4a-h, 7, 8, and 13b,g,h (PDF). X-ray crystal-
lographic files (CIF). This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) (a) Lautens, M.; Klute, W.; Tam, W.Chem. ReV. 1996, 96, 49-92. (b)
Ojima, I.; Tzamarioudaki, M.; Li, Z.; Donovan, R. J.Chem. ReV. 1996,
96, 635-662. (c) Frühauf, H.-W.Chem. ReV. 1997, 97, 523-596.

(2) (a) Schore, N. E. InComprehensiVe Organic Synthesis; Trost, B. M.,
Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 5, pp 1129-1162. (b)
Grotjahn, D. B. InComprehensiVe Organometallic Chemistry II; Hegedus,
L. S., Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon:
Oxford, 1995; Vol. 12, pp 741-770. (c) Saito, S.; Yamamoto, Y.Chem.
ReV. 2000, 100, 2901-2915.

(3) (a) Harvey, D. F.; Johnson, B. M.; Ung, C. S.; Vollhardt, K. P. C.Synlett
1989, 15-18. (b) Gleiter, R.; Schehlmann, V.Tetrahedron Lett.1989,
30, 2893-2896.

(4) Tsuda, T.; Kiyoi, T.; Miyane, T.; Saegusa, T.J. Am. Chem. Soc.1988,
110, 8570-8572.

(5) (a) Yamamoto, Y.; Ogawa, R.; Itoh, K.Chem. Commun.2000, 549-
550. (b) Yamamoto, Y.; Kitahara, H.; Ogawa, R.; Kawaguchi, H.; Tatsumi,
K.; Itoh, K. J. Am. Chem. Soc.2000, 122, 4310-4319. (c) Yamamoto,
Y.; Ogawa, R.; Itoh, K.J. Am. Chem. Soc.2001, 123, 6189-6190. (d)
Yamamoto, Y.; Takagishi, H.; Itoh, K.Org. Lett.2001, 3, 2117-2119.
(e) Yamamoto, Y.; Takagishi, H.; Itoh, K.J. Am. Chem. Soc.2002, 124,
28-29.

(6) Yamamoto, Y.; Okuda, S.; Itoh, K.Chem. Commun.2001, 1102-1103.
(7) Only recently, the BiCl3-promoted cyclocoupling of zirconacyclopenta-

dienes with diethyl ketomalonate was reported, see: Takahashi, T.; Li,
Y.; Ito, T.; Xu, F.; Nakajima, K.; Liu, Y.J. Am. Chem. Soc.2002, 124,
1144-1145.

(8) The thermal electrocyclic ring opening of fusedR-pyrans is common,
see: refs 3, 4, and 7.

(9) (a) van Wijnkoop, M.; de Lange, P. P. M.; Fru¨hauf, H.-W.; Vrieze, K.;
Smeets, W. J. J.; Spek, A. L.Organometallics1995, 14, 4781-4791and
references therein. (b) Tobisu, M.; Chatani, N.; Asaumi, T.; Amako, K.;
Ie, Y.; Fukumoto, Y.; Murai, S.J. Am. Chem. Soc.2000, 122, 12663-
12674.

(10) Mehta, G.; Srikrishna, A.Chem. ReV. 1997, 97, 671-719.

JA0264100

Table 1. Cp*Ru(cod)Cl-Catalyzed Cycloaddition of 1,6-Diynes
1a-h with Diethyl Ketomalonate 2 (Z ) CO2Me, E ) CO2Et)a

a All reactions were carried out with Cp*Ru(cod)Cl, diynes1 and
ketomalonate2 (2 equiv) in DCE at 90°C. b Isolated yields.
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