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Transition-metal-catalyzed cycloaddition reactions using carbon
monoxide as a one-carbon unit have been extensively sttidied.
One of the most familiar examples is the Pausihand
reactior?? in which an alkyne, an alkene, and carbon monoxide
are condensed in a formal [2 2 + 1] cycloaddition to form

cyclopentenones. This transformation has been the subject of

intense investigation, both stoichiometrically and catalytically
because of its utility in the construction of five-membered cyclic
systems. In terms of the construction of a five-membered ring
system, the [4+ 1] mode, in which conjugated systems act as
four-atom assembling units, is also attractive. In this mode, the
reaction of 1,3-dienes with carbon monoxide would be expected
to afford cyclopentenones, and the replacement of a terminal

carbon by a heteroatom, such as oxygen and nitrogen, would give

rise to unsaturateghlactones ang-lactams, respectively (Scheme
1). Especially, the latter catalytic transformation usiog-
unsaturated imines would be useful in synthetic organic chemistry,
becauser-lactam skeleton is one of the most important nitrogen
heterocycles for pharmaceutical agetitsTo our knowledge,

however, such transformations of conjugated systems are known

to proceed only with they*-diene iron carbonyl complekand

no precedent for a catalytic reaction in this area has been reported
As a similar transformation, EAICI-mediated [4+ 1] cycload-
dition of a,5-unsaturated carbonyl compounds with isocyanides,
which are isoelectronic to carbon monoxide, has been repérted.
Recently, a special class of catalyticf41] cycloaddition reac-

tions using cumulene has been reported as well. The applicable

substrates for these reactions are limited to particular molecules
having cumulated double bonds and include vinylalléngis-
lenes? allenyl aldehydes/ketoné%and allenyl imined! Herein

(1) For general reviews, see: Lautens, M.; Klute, W.; TamQOhem. Re.
1996 96, 49. Qjima, |.; Tzamarioudaki, M.; Li, Z.; Donovan, R. Ghem.
Rev. 1996 96, 635. Frihauf, H.-W.Chem. Re. 1997 97, 523.

(2) For reviews on the Pauseikhand reaction, see: Schore, N.Ghem.
Rev. 1988 88, 1081. Schore, N. EDrg. React1991 40, 1. Geis, O.; Schmalz,
H.-G. Angew. Chem., Int. Ed. Engll998 37, 911. Schore, N. E. In
Comprehensk Organic Synthesigrost, B. M., Ed.; Pergamon Press: Oxford,
1991; Vol. 5, p 1037. Schore, N. E. I8omprehengie Organometallic
Chemistry 1] Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Elsevier:
New York, 1995; Vol. 12, p 703.

(3) Recently, the catalytic transformations of enynes were reported using
a variety of transition-metal complexes as catalysts. (a) [Co]: Jeong, N.;
Hwang, S. H.; Lee, Y.; Chung, Y. KI. Am. Chem. Sod.994 116, 3159.
Lee, B. Y.; Chung, Y. K.; Jeong, N.; Lee, Y.; Hwang, S. H.Am. Chem.
So0c.1994 116, 8793. Lee, N. Y.; Chung, Y. KTetrahedron Lett1996 37,
3145. Pagenkopf, B. L.; Livinghouse, J. Am. Chem. S0d996 118 2285.
Jeong, N.; Hwang, S. H.; Lee, Y. W.; Lim, J. $. Am. Chem. S0d 997,
119 10549. Kim, J. W.; Chung, Y. KSynthesisl998 142. Sugihara, T.;
Yamaguchi, M.J. Am. Chem. S0d.998 120, 10782. (b) [Ti]: Hicks, F. A.;
Kablaoui, N. M.; Buchwald, S. LJ. Am. Chem. S04996 118 9450. Hicks,
F. A.; Buchwald, S. L.J. Am. Chem. Socl996 118 11688. (c) [Ru]:
Morimoto, T.; Chatani, N.; Fukumoto, Y.; Murai, 3. Org. Chem1997, 62,
3762. Kondo, T.; Suzuki, N.; Okada, T.; Mitsudo,Jl Am. Chem. S04997,
119 6187. (d) [Rh]: Koga, Y.; Kobayashi, T.; Narasaka,Ghem. Lett1998
249. Jeong, N.; Lee, S.; Sung, B. Rrganometallics1998 17, 3642.

(4) Gamzu, E. R.; Hoover, T. M.; Gracon, SOrug Dev. Res.1989 18,
177 and references therein.

(5) For recent papers on transition-metal-catalyzed carbonylation leading
to y-lactams, see: Bertozzi, S.; SalvadoriSynth. Commuri996 26, 2959
and references therein.

(6) Franck-Neumann, M.; Michelotti, E. L.; Simler, R.; Vernier, J.-M.
Tetrahedron Lett.1992 33, 7361. Franck-Neumann, M.; Vernier, J.-M.
Tetrahedron Lett1992 33, 7365.

(7) Ito, Y.; Kato, H.; Saegusa, T. Org. Chem1982 47, 743.

10.1021/ja983546i CCC: $18.00 © 1

J. Am. Chem. S0d.999,121,1758-1759

Scheme 1
/ \ + cc0 — / \\X + C=0 ?X
(0] X = hetero atom (0]

we wish to report the first example of a {4 1] cycloaddition of
structurally simplex,S-unsaturated imines with carbon monoxide.
The reaction of thex,3-unsaturated imin& (2 mmol), which
was derived from the reaction ttins-cinnamaldehyde witkert-
butylamine, with CO (10 atm) in toluene (3 mL) in the presence
of a catalytic amount of R{CO),, (0.04 mmol) at 180C for 20
h gave a 1,5-dihydro-1-(1,1-dimethylethyl)-3-phenyi-pyrrol-
2-one @)*?in 36% isolated yield (eq 1) with 47% of the imine
being recovered asans-cinnamaldehyde by silica gel column
chromatography. Prolongation of the reaction time (60 h)
increased the yield a to 70%. When the reaction was carried
out at 160°C, 2 was formed only in 7% yield, and 90% of the
original aldehyde was recovered. Both a lower pressure (3-&tm)
and a higher pressure (30 atm) decreased the yield to 26 and 12%,
respectively. Among the solvents examined (dioxane 25% yield,
CH3CN 22%, cyclohexane 23%, pyridine 0%), toluene was the
solvent of choice when the reaction was run at 18Qunder 10
atm of CO for 20 h. Changing the substituent on the nitrogen
atom toi-Pr, n-Bu, or p-MeOGH, resulted in no corresponding
products being produced. No reaction was observed when other
complexes, such as Cp*RuCl(cod), Ru(G@Ph)s, [RuCl-
(CO)]2, RuH(CO)(PPh)s, and Ru(acagwere used as catalysts.
The standard reaction conditions established are 2 mol % of Ru
(CO)2, 10 atm of CO, in toluene, and at 18C. This reaction
represents the first example of catalytic carbonylativetH4.]
cycloaddition using a structurally simple 1,3-diene systém.

cat.
Ruz(CO)12

P|

/

NBu! 1)

pn— Neut *+ €O

1

toluene

10 atm, 180 °C o

2 36% (20 h)
70% (60 h)

Selected results are shown in Table 1. The reaction of ifdine
of 2-methylcinnamaldehyde gave the corresponding lactam
77% vyield (entry 1). Replacement of the phenyl groug with
an alkyl group, as in5, led to higher yield (entry 2)3,5-
Disubstituted imines also worked well (entries 3 and 4). The
reactions of imines having cyclic olefin counterparts also pro-
ceeded to give bicyclig'-lactams (entries 57). Changing the
aldimino group to a ketimino group permitted a more efficient
transformation (entries 4 and &)Use of iminel5 derived from
the commercially available, optically active aldehydeR)¢(—)-
myrtenal, and cyclic imind 7 also gave rise to the formation of
tricyclic y-lactams (entries 7 and 8). The reactioroedxyimine
19, which contains an oxygen-functionality at thecarbon, gave
the corresponding lactal0 (entry 9), however, thg-oxyimine
21 failed to react. This catalytic system lacks the ability to
carbonylate aromatic imine&2 and 23.142
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Table 1. Ruw(CO)-Catalyzed [4+ 1]Cycloaddition of
o,f-Unsaturated Imines with CO
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aReaction conditionso,S-unsaturated imine (2 mmol), CO (10 atm),
Rw(CO);2 (0.04 mmol), toluenes (3 mL) at 18C for 20 h.” Isolated

yield. Values in parentheses are the yield of enimines recovered as th

original aldehydest The reaction was run for 60 HThe ratio of
products is determined by NMR.
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We propose that the reaction proceeds via a pathway shown

in Scheme 2% The coordination of a nitrogen to ruthenium allows
the complex to be easily converted to metallacyBlevia an
oxidative cyclization of ther,S-unsaturated imine. No examples
exist in which metallacycld is formed by the reaction of a late
transition metal complex with a,3-unsaturated imin&2° al-
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subsequent insertion of CO and reductive elimination of ruthenium
initially produce the3,y-unsaturategr-lactamB. For the reaction
of imines which contain g-hydrogen,B is transferred to the
thermally more stablet,5-unsaturated isomeE. We speculate
that the significant difference between the reactivity of imines
19and21is due to the different direction of the resonance effect
by the oxygen atom tor-system. The nitrogen in imin@l
partially loses, by the resonance effect, ité-sparacter which
appears to be essential for the interaction betweenatjfe
unsaturated imine and ruthenidf.

In summary, we have demonstrated a new Ru-catalyzed [4
1] cycloaddition ofo.,3-unsaturated imines with carbon monoxide.
The present reaction represents the first reported+{41]
cycloaddition using a structurally simple 1,3-diene system. We
are now expanding the scope of this transformation with special
regard to the compatibility of the reaction with respect to func-
tional group, as well as exploring more mild reaction conditions.
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