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The catalytic cleavage of-€C bonds has been one of the most

difficult challenges in the fields of organic and organometallic PO EtN R
chemistry. This chemistry has recently received much scientific and . 2¢O T " )
technological interest and has opened the door to a new field of R 15am THF, 140 °C, 20 h | = R
synthetic organic chemistdyThe next challenging subject is the 1a :R- Et R O2 R
reconstruction of new carbon skeletons after@bond cleavage, b  nPr o 2 814:
leading to the rapid and selective synthesis of novel organic 1e : n-Bu 2c : 86%
molecules which cannot be obtained by the simple combination of 19 ¢ (CHae 2d : 87%

traditional synthetic methodsin our recent report on the unusual formation of 3a and dramatically increased the catalytic activity

ruthenium-catalyzed coupl?n_g of cyclobutenediones With_ alkenes, Rus(CO): to give 2b in the best yield of 81%. Other ruthenium
we demonstrated the explicit cleavage of C bonds leading to catalysts, such as Ryftcod)gS-cot) [cod = 1,5-cyclooctadiene,
the reconstruction of new carbon skeletént that reaction, a = "1 3 5-cyclooctatrienePp, 73%), [RUCHCO)]. (2b, 53%)
ruthenacyclobutenone is postulated to be a key intermediate, a”dRu(nG-cot)(nZ-dmfm)z [dmfm = dimethyl fumarate]Zb, 49%), and

we have continued our efforts to find a more efficient and direct Cp*RuCl(cod) [Cp*= pentamethylcyclopentadienylP, 46%)
method to generate an active ruthenacyclic intermediate. AMong; ' ihe presence of a NEtigand, also showed moderate to gé)od

the various possibilities, we foc_use_d our _attentio_n on the reactivity catalytic activity, while RUG(PPh)s, RuH,{(CO)(PPh)s; and
of cyclopro_penone%_SeveraI stoichiometric re_actlons of cyclopro- RuCl-3H,0 were almost ineffective even in the presence ofNEt
penones with transition-metal complexes to give metallacyclobuten- pyranopyrandiongb was obtained with several other transition-

ones?! maleoylmetal complexésand dinuclear complexggia C—C metal complexes, such asg@0),, Co(CO)s, Rhy(CO):5, and/or
bond cleavage have been reported; however, few transition-metalRhCKPPh)ag;a and Pt(PP}s4 which are known to react with

complexeatalyzedeactions using cyclopropenones directed toward cyclopropenones to give several metallacycles.

organic synthesis have been reportetherefore, we started our Catalyst systems combined with other amine ligands @\Bu
initial research to develop a novel ruthenium-catalyzed codimer- N-methylpiperidine, pyridine, anti,N-diethylaniline) and phos-
ization of cyclopropenones W_lth unsaturated compounds w&C phorus ligands (PGyand PBu) showed moderate catalytic activity,
bond cleavage. After many trials, we developed an unprecedented,hije good reproducibility was observed for the amine ligand, and
ruthenium-catalyzed carbonylative dimerization of cyclopropenones ina pest result was obtained with the NEgand.

involving C—C bond cleavage, which gave a novel organic  pyrthermore, unsymmetrically substituted pyranopyrandiones
functional monomer, pyranopyrandione, in high yieflrthermore, (2e—h) were generally obtained in good to high yields by novel

cross-carbonylation of cyclopropenones with internal alkynes was ruthenium-catalyzed cross-carbonylation of cyclopropenotips (
also found to give unsymmetrically substituted pyranopyrandiones. \yith internal alkynes4) (eq 2).

Treatment of cyclopropenoné)(with 3.3 mol % of Ry(CO),»
and 10 mol % of NEtin THF under 15 atm of carbon monoxide

at 140°C for 20 h gave a novel carbonylative dimerization product, F(g\ AU (CO)/ELN
R

+ 3004»”

tetrasubstituted pyranopyrandior®,(in high isolated yield with prr—, i @
high selectivity (eq 1). In all cases, the starting cyclopropenones 20 atm 150°C, 20 h o -
were completely consumed, and the only products detected by GLC  1a:R=Et 4a:R'= Pr 20 : 54%
were the corresponding pyranopyrandiones h: nobr  4b:  Bu O 2t:63%
; A . ) 1b: n-Pr 4c: n-CgH,, 29: 71%
First, the effects of the catalysts and ligands were examined in 1d:  -(CH)e 4e:  nCHy, 2h: 82%

the synthesis a2b from 1b. An appropriate catalyst combined with

a ligand was critical for the success of the reaction. For example, Use 0f*CO gave the correspondiri§C-labeled pyranopyran-
the catalytic activity of Rg(CO) itself was quite low, anda, diones,2b-13C and2e-13C, respectively (eqs 3 and 4). The result
4-oxa-1,2,6,7-tetrapropylspiro[2.4]hepta-1,6-dien-5-one, a dimer of Shown in eq 3 suggests that the carbonyl group of one molecule of
1a, was produced thermally without the catalyst in 89% yield. the cyclopropenone is exchanged for the external carbon monoxide

The concomitant use of a NFligand completely suppressed the in the carbonylative reaction of two molecules of cyclopropenone
(1b). Further, the result shown in eq 4 clearly indicates that 3 equiv

of the external carbon monoxide are incorporated into the product
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While the reaction mechanism is not yet clear, the most plausible
mechanism to explain the results obtained3a-labeling experi-
ments is illustrated in Scheme 1. We now believe that the initial

Scheme 1
-G,
,:derived from | Z[Ru]
external CO -

step in the present reaction might consist of oxidative addition of
the C-C bond between a carbonyl and ttecarbon in cyclopro-
penonel to an active ruthenium center to give a ruthenacyclobuten-
one intermediate. Carbonylation of ruthenacyclobutenone (or
carbonylative cyclization of alkynes on the rutheni@mwould
initially give a maleoylruthenium intermediate. Subsequent isomer-
ization of a maleoylruthenium intermediate produces an aciife (
bisketene)ruthenium intermedidfewhich reacts with another
molecule of cyclopropenone by oxidative addition and insertion
reactions to give a (ketene)ruthenium intermediate. Rapid tautomer-
ization would give a ruthenium carbene intermediate, and insertion
of carbon monoxide into a carbensithenium bond would give a
new ketene intermediaté Finally, insertion of a carbonyl group
of a ketene moiety into an acytuthenium bond and reductive
elimination give the desired pyranopyrandidhe

In conclusion, we have developed a novel and rapid ruthenium-
catalyzed synthesis of pyranopyrandiones by the reconstructive
carbonylation of cyclopropenones. All pyranopyrandiones prepared
in this study are new compounds, which are quite attractive as novel
functional monomers due to their characteristic physical and
chemical properties. The isolation of possible intermediates to
elucidate the mechanism and the use of pyranopyrandiones to
synthesize a functional polymer are the subjects of current
investigation.

Acknowledgment. This work was supported in part by a Grants-
in-Aid for Scientific Research (B), (C), and Scientific Research on
Priority Areas (A) “Exploitation of Multi-Element Cyclic Mol-
ecules” from the Japan Society for the Promotion of Science and
the Ministry of Education, Culture, Sports, Science and Technology,
Japan. T.K. acknowledges financial support from Tokuyama Science
Foundation, the Shorai Foundation for Science and Technology,
Kinki Invention Center, and N. E. CHEMCAT Co. T.O. and M.S.
appreciate Research Fellowships from the Japan Society for the
Promotion of Science for Young Scientists.

Supporting Information Available: Complete experimental pro-
cedures, lists of spectral data and elemental analyses for all of the new
compounds (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

References

(1) (a) Bishop, K. C., lll.Chem. Re. 1976 76, 461. (b) Crabtree, R. H.
Chem. Re. 1985 85, 245. (c) Jennings, P. W.; Johnson, L. Chem.
Rev. 1994 94, 2241. (d) Murakami, M.; Ito, Y. IrActivation of Unreactie
Bonds and Organic SyntheshMurai, S., Ed.; Springer: New York, 1999;
pp 97-129.

For lead references, see: (a) Noyori, R.; Odagi, T.; Takayal. Am.

Chem. Soc197Q 92, 5780. (b) Huffman, M. A,; Liebeskind, L. S. Am.

Chem. Soc1993 115, 4895. (c) Chatani, N.; Morimoto, T.; Muto, T.;

Murai, S.J. Am. Chem. Socl994 116 6049. (d) Murakami, M.;

Takahashi, K.; Amii, H.; Ito, Y.J. Am. Chem. S0d 997 119, 9307. (e)

Tsukada, N.; Shibuya, A.; Nakamura, I.; Yamamoto,JY Am. Chem.

Soc 1997 119, 8123. (f) Kondo, T.; Kodoi, K.; Nishinaga, E.; Okada,

T.; Morisaki, Y.; Watanabe, Y.; Mitsudo, TJ. Am. Chem. Sod 998

120, 5587. (g) Mitsudo, T.; Suzuki, T.; Zhang, S.-W.; Imai, D.; Fujita,

K.; Manabe, T.; Shiotsuki, M.; Watanabe, Y.; Wada, K.; KondoJT.

Am. Chem. Sod 999 121, 1839. (h) Nishimura, T.; Uemura, S. Am.

Chem. Soc1999 121, 11010. (i) Kondo, T.; Nakamura, A.; Okada, T.;

Suzuki, N.; Wada, K.; Mitsudo, TJ. Am. Chem. SoQ00Q 122 6319.

(3) Forreviews, see: (a) Potts, K. T.; Baum, JCBem. Re. 1974 74, 189.

(b) Eicher, T.; Weber, J. LTop. Curr. Chem1975 57, 1. (c) Krebs, A.
W. Angew. Chem., Int. Ed. Endl965 4, 10. (d) Yoshida, Z.; Konishi,
H. In Houben-Weyl: Methods of Organic Chemis#yh ed.; de Meijere,
A., Ed.; Thieme: Stuttgart; 1997; Vol. E17d, Chapter 5, pp 298378.

(4) (a) Wong, W.; Singer, S. J.; Pitts, W. D.; Watkins, S. F.; Baddley, W. H.
J. Chem. Sa¢Chem. Commuril972 672. (b) Visser, J. P.; Ramakers-
Blom, J. E.J. Organomet. Chem1972 44, C63. (c) Foerstner, J.;
Kakoschke, A.; Wartchow, R.; ButensahoH. Organometallics200Q
19, 2108. See also, (d) Bird, C. W.; Briggs, E. M. Chem. Soc. (C)
1967, 1862. (e) Fichteman, W. L.; Schmidt, P.; Orchin, MOrganomet.
Chem 1968 12, 249 (f) Bird, C. W.; Briggs, E. MJ. Organomet. Chem
1974 69, 311.

(5) (a) Song, L.; Arif, A. M.; Stang, P. DrganometallicsL99Q 9, 2792. (b)
Gade, L. H.; Memmler, H.; Kauper, U.; Schneider, A.; Fabre, S.; Bezougli,
I.; Lutz, M.; Galka, C.; Scowen, I. J.; McPartlin, NChem. Eur. J200Q
6, 692.

(6) Carroll, W. E.; Green, M.; Howard, J. A. K.; Pfeffer, M.; Stone, F. G. A.
J. Chem. Soc., Dalton Tran$978 1472.

(7) (a) Noyori, R.; Umeda, I.; Takaya, Kthem. Lett1972 1189. (b) Baba,

A.; Ohshiro, Y.; Agawa, T.J. Organomet. Chenl976 110, 121. (c)

Baba, A.; Ohshiro, Y.; Agawa, TChem. Lett1976 11. (d) Ohshiro, Y.;

Nanimoto, H.; Tanaka, H.; Komatsu, M.; Agawa, T.; Yasuoka, N.; Kali,

Y.; Kasai, N.Tetrahedron Lett1985 26, 3015. (e) Chatani, N.; Hanafusa,

T. J. Org. Chem1987, 52, 4408.

Pyranopyrandiones have been synthesized previously but in low yield with

low selectivity. (a) Cava, M. P.; Napier, D. R.; Pohl, RJJAm. Chem.

Soc 1963 85, 2076. (b) Bird, C. W.; Wong, D. YTetrahedron Lett.

197Q 4433. (c) Bird, C. W.; Wong, D. YTetrahedron1974 30, 2331.

For thermal dimerization of cyclopropenones, see: Breslow, R.; Eicher,

T.; Krebs, A.; Peterson, R. A.; Posner,JJ.Am. Chem. Sod 965 87,

1320.

(10) (a) Barrow, M.; Cromhout, N. L.; Manning, A. R.; Gallagher, J.JF.
Chem. Soc., Dalton Tran2001, 1352. (b) Liebeskind, L. S.; Baysdon,
S. L.; South, M. S; lyer, S.; Leeds, J. Petrahedron1985 41, 5839,
and references therein.

(11) Jewell, Jr., C. F.; Liebeskind, L.; Williamson, Nl. Am. Chem. So4985
107, 6715. The authors are deeply indebted for reviewer’'s suggestions
about the mechanism involving a (bisketene)ruthenium intermediate.

(12) Hegedus, L. S. Iiiransition Metals in the Synthesis of Complex Organic
Molecules 2nd ed.; University Science Books: Sausalito, 1999; Chapter
6, pp 143-186.

JA0260521

@

~

8

=

©

~

J. AM. CHEM. SOC. = VOL. 124, NO. 24, 2002 6825



