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Transition-metal-catalyzed cycloaddition reactions using carbon
monoxide as a one-carbon unit represent a useful method for the
synthesis of carbocyclic and heterocyclic carbonyl compounds
from acyclic building blocks.1,2 A three component [2+ 2 +
1]cycloaddition, which incorporates the ketone or the aldehyde
π-bond, the alkeneπ-bond, and the carbon atom of CO into the
five-membered ring represents an attractive route toγ-butyro-
lactones (reaction 1).3 However, as of 1996, such an approach
had not been reported. Crowe reported that the exposure of
titanium metallacycles, obtained by the reaction of a stoichiometric
amount of Cp2Ti(PMe3)2 with olefinic aldehydes (e.g., 5-hexenal),
with CO followed by an oxidatively induced reductive elimination
gives γ-lactones.4 Buchwald independently reported a similar
transformation in whichγ-lactones are formed when the reaction
of Cp2Ti(PMe3)2 with tethered olefinic ketones is carried out in
an atmosphere of CO at 70°C, and found that the transformation
can be catalytic, for the case ofo-allylacetophenone as a substrate.5

We wish to report the use of Ru3(CO)12 as a catalyst for the
cyclocoupling of ketones (or aldehydes), olefins, and CO leading
to functionalizedγ-butyrolactones. The system described here
represents the first example of thecatalytic intermolecular[2 +
2 + 1] cyclocoupling of ketones (or aldehydes), olefins, and CO
(reaction 1).

In the past, we examined the reactivities of a wide variety of
aldehydes and ketones in the hope of carrying out the cyclocou-
pling reaction shown in reaction 1, but our experiments were
unsuccessful. Finally, we explored the use ofR-dicarbonyl

compounds as substrates, since these would be expected to be
more reactive than simple carbonyl compounds. As a result, we
found that reaction 1 can be realized by the use ofR-keto esters
as a substrate and Ru3(CO)12 as the catalyst. The reaction of
methyl benzoylformate (1) (2 mmol) with ethylene (initial pressure
3 atm at 25°C in a 50-mL stainless steel autoclave) at 5 atm of
CO (initial pressure at 25°C) at 160°C in toluene (6 mL) in the
presence of Ru3(CO)12 (0.05 mmol) for 20 h gave tetrahydro-5-
oxo-2-phenyl-2-furancarboxylic acid methyl ester (2)6 in 23%
isolated yield, based on1, along with 75% of1 being recovered.
A variety of transition-metal complexes were examined for their
ability to catalyze the coupling reaction, and none of these
catalysts, which included Fe3(CO)12, Co2(CO)8, Rh4(CO)12, Ir4-
(CO)12, Os3(CO)12, [RuCl2(CO)3]2, RuCl2(PPh3)3, and CpRuCl-
(PPh3)2, were found to be active. The use of PPh3 (0.15 mmol)
as an additive in the Ru3(CO)12-catalyzed reaction of1 increased
the yield to 61%. We then examined a variety of phosphines as
additives and found that the yields are relatively parallel to the
pKa values. Thus, the lower the pKa, the higher the yield; (PBu3
25%), (P(4-MeOC6H4)3 59%), (PPh3 61%), (P(4-FC6H4)3 64%),
(P(4-ClC6H4)3 72%), (P(4-CF3C6H4)3 94%). Finally, we found that
P(4-CF3C6H4)3 is the additive of choice (reaction 2).

A variety of ketones containing a carbonyl group at the
R-position were examined in the reaction with CO and ethylene,
as shown in Table 1. In all cases, the reactions were clean, and
no byproducts were detected by GC and TLC, even in the crude
reaction mixture. It was found thatR-diketones, such as5, 7,
and9, undergo a cyclocoupling reaction to afford the correspond-
ing lactones,6, 8, and 10, respectively. Similar to the case of
R-keto esters, the addition of P(4-CF3C6H4)3 gave higher yields
than were obtained in the absence of the phosphine for the reaction
of R-diketones.

The issue of whether the carbonyl group, adjacent to the ketone,
could be replaced with another electron-withdrawing group is of
interest. However, the reaction of benzoylcyanide and pentafluo-
roacetophenone did not proceed. In addition, the reaction of
benzophenone, acetophenone, 3-acetylpyridine, 2-pyridylacetone,
2-acetylpyrrole, 2-acetylfuran, and 2-acetylthiophene did not take
place. Interestingly and importantly, however, a CdN unit
adjacent to the ketone worked well. The reaction of 2-acetylpy-
ridine (11) with ethylene at 5 atm of CO at 140°C in toluene in
the presence of Ru3(CO)12 for 20 h gave 4-methyl-4-(2-pyridyl)-
γ-butyrolactone (12) in 92% isolated yield. Curiously, the addition
of phosphine is not required in the reaction of11. In contrast,
the addition of PPh3 had a dramatic effect on the reaction of
pyridinecarbaldehyde (13). A heteroaromatic ketone containing
a thiazole ring, as in15, gave the corresponding lactone16 in
nearly quantitative yield. The reaction is not limited to heteroaro-
matic ketones. An oxazoline system, such as17 also serves as a
good substrate. The acceleration effect of the heterocyclic moiety
on this catalytic reaction can be attributed to its coordinating
ability.

Although the mechanism for this reaction is not clear, the
coordination of 1-aza-4-oxo-1-diene (NdC-CdO) in N-hetero-
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cyclic ketones or 1,4-dioxa-1,3-diene (OdC-CdO) in R-dicar-
bonyl compounds to ruthenium leading toσ-X, σ-O chelate
ruthenium carbonyl complexes (X) N or O)7 or the related
metallacycles would be a key step for the present cyclocoupling

reaction to proceed. One possible mechanism is shown in Scheme
1.8-10 The coordination of a substrate19 to “Ru(CO)3” forms a
σ, σ-chelate ruthenium complex20. The complex20 reacts with
ethylene to form metallacycle21, with the coordination of X to
ruthenium remaining intact. The insertion of CO into a Ru-O
bond in 21 followed by reductive elimination gives the final
product23. The influence of the phosphine derivative on the yields
is dramatic in the reaction ofR-dicarbonyl compounds but is not
so for the case ofN-heterocyclic ketones. The exact role of the
phosphine is not clear at the present time.11 Further experiments
will be required to rationalize the reaction mechanism.

In summary, the first example of thecatalytic intermolecular
[2 + 2 + 1] cyclocoupling of ketones (or aldehydes), ethylene,
and CO has been demonstrated. This reaction is potentially useful
in the synthesis ofγ-butyrolactones which bear a functional group
at theγ-position and would be amenable to further elaboration.
The mechanism, especially the effects of phosphine and the role
of a C) X (O or N) moiety adjacent to ketones, will be addressed
in future studies.
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Table 1. Ru3(CO)12-Catalyzed [2+ 2 + 1] Cyclocoupling of
Ketones, Ethylene, and COa

a Reaction conditions: ketone (2 mmol), ethylene (initial pressure
3 atm at 25°C), CO (initial pressure 5 atm at 25°C), Ru3(CO)12 (0.05
mmol) in toluene (6 mL) at 160°C for 20 h in a 50-mL stainless
autoclave, unless otherwise noted.b +: P(4-CF3C6H4)3 (0.15 mmol) was
added.-: No phosphine was added.c Isolated yields based on the
starting ketones.d The reaction was run at 180°C. e The reaction was
run at 140°C. f PPh3 (0.15 mmol) was added in place of P(4-CF3C6H4)3.

Scheme 1
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