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Transition-metal-catalyzed cycloaddition reactions using carbon
monoxide as a one-carbon unit have been extensively studied.1

One of the most familiar examples is the Pauson-Khand
reaction,2,3 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 catalytically3

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 unsaturatedγ-lactones andγ-lactams, respectively (Scheme
1). Especially, the latter catalytic transformation usingR,â-
unsaturated imines would be useful in synthetic organic chemistry,
becauseγ-lactam skeleton is one of the most important nitrogen
heterocycles for pharmaceutical agents.4,5 To our knowledge,
however, such transformations of conjugated systems are known
to proceed only with theη4-diene iron carbonyl complex,6 and
no precedent for a catalytic reaction in this area has been reported.
As a similar transformation, Et2AlCl-mediated [4+ 1] cycload-
dition of R,â-unsaturated carbonyl compounds with isocyanides,
which are isoelectronic to carbon monoxide, has been reported.7

Recently, a special class of catalytic [4+ 1] 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 vinylallenes,8 dial-
lenes,9 allenyl aldehydes/ketones,10 and allenyl imines.11 Herein

we wish to report the first example of a [4+ 1] cycloaddition of
structurally simpleR,â-unsaturated imines with carbon monoxide.

The reaction of theR,â-unsaturated imine1 (2 mmol), which
was derived from the reaction oftrans-cinnamaldehyde withtert-
butylamine, with CO (10 atm) in toluene (3 mL) in the presence
of a catalytic amount of Ru3(CO)12 (0.04 mmol) at 180°C for 20
h gave a 1,5-dihydro-1-(1,1-dimethylethyl)-3-phenyl-2H-pyrrol-
2-one (2)12 in 36% isolated yield (eq 1) with 47% of the imine
being recovered astrans-cinnamaldehyde by silica gel column
chromatography. Prolongation of the reaction time (60 h)
increased the yield of2 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 atm)13

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 180°C under 10
atm of CO for 20 h. Changing the substituent on the nitrogen
atom toi-Pr, n-Bu, or p-MeOC6H4 resulted in no corresponding
products being produced. No reaction was observed when other
complexes, such as Cp*RuCl(cod), Ru(CO)2(PPh3)3, [RuCl2-
(CO)3]2, RuH2(CO)(PPh3)3, and Ru(acac)3 were used as catalysts.
The standard reaction conditions established are 2 mol % of Ru3-
(CO)12, 10 atm of CO, in toluene, and at 180°C. This reaction
represents the first example of catalytic carbonylative [4+ 1]
cycloaddition using a structurally simple 1,3-diene system.14

Selected results are shown in Table 1. The reaction of imine3
of 2-methylcinnamaldehyde gave the corresponding lactam4 in
77% yield (entry 1). Replacement of the phenyl group in1 with
an alkyl group, as in5, led to higher yield (entry 2).â,â-
Disubstituted imines also worked well (entries 3 and 4). The
reactions of imines having cyclic olefin counterparts also pro-
ceeded to give bicyclicγ-lactams (entries 5-7). Changing the
aldimino group to a ketimino group permitted a more efficient
transformation (entries 4 and 6).15 Use of imine15 derived from
the commercially available, optically active aldehyde, (1R)-(-)-
myrtenal, and cyclic imine17 also gave rise to the formation of
tricyclic γ-lactams (entries 7 and 8). The reaction ofR-oxyimine
19, which contains an oxygen-functionality at theR-carbon, gave
the corresponding lactam20 (entry 9), however, theâ-oxyimine
21 failed to react. This catalytic system lacks the ability to
carbonylate aromatic imines22 and23.14a
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We propose that the reaction proceeds via a pathway shown
in Scheme 2.16 The coordination of a nitrogen to ruthenium allows
the complex to be easily converted to metallacycleA via an
oxidative cyclization of theR,â-unsaturated imine. No examples
exist in which metallacycleA is formed by the reaction of a late
transition metal complex with aR,â-unsaturated imine,19,20 al-
though it is well-known that metallacyclopenetenes which contain
early transition metals, such as Ti and Zr, are formed by the
reaction of Cp2Ti and Cp2Zr with R,â-unsaturated imines.21 The

subsequent insertion of CO and reductive elimination of ruthenium
initially produce theâ,γ-unsaturatedγ-lactamB. For the reaction
of imines which contain aâ-hydrogen,B is transferred to the
thermally more stableR,â-unsaturated isomerC. We speculate
that the significant difference between the reactivity of imines
19 and21 is due to the different direction of the resonance effect
by the oxygen atom toπ-system. The nitrogen in imine21
partially loses, by the resonance effect, its sp2-character which
appears to be essential for the interaction between theR,â-
unsaturated imine and ruthenium.22

In summary, we have demonstrated a new Ru-catalyzed [4+
1] cycloaddition ofR,â-unsaturated imines with carbon monoxide.
The present reaction represents the first reported [4+ 1]
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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Table 1. Ru3(CO)12-Catalyzed [4+ 1]Cycloaddition of
R,â-Unsaturated Imines with COa

a Reaction conditions:R,â-unsaturated imine (2 mmol), CO (10 atm),
Ru3(CO)12 (0.04 mmol), toluenes (3 mL) at 180°C for 20 h.b Isolated
yield. Values in parentheses are the yield of enimines recovered as the
original aldehydes.c The reaction was run for 60 h.d The ratio of
products is determined by1H NMR.
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