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ABSTRACT: An unprecedented organocatalyzed [3 + 2]
annulation of cyclopropenones and β-ketoesters has been
developed. This reaction provides a direct approach to highly
substituted butenolides with a quaternary center in moderate
to good yields. The preliminary mechanism study verified that
the enol intermediate is crucial to the reaction outcome and
the intermolecular esterification and intramolecular Michael
addition process were involved.

Butenolides as privileged structural motifs are widely found
in a variety of pharmaceuticals and natural products, such

as butyrolactone I,1a triptolide,1b tripdiolide,1b rofecoxib,1c

vitamin C,1d lanthellidone G,1e and lanthellidone H1e (Figure
1). They also serve as important synthetic building blocks in

complex molecule synthesis.2 Generally, the strategies to
construct butenolides rely on Au-catalyzed intramolecular
cyclization of enynes,3 Ru-catalyzed intramolecular cyclization
of acrylates,4 Rh-catalyzed intramolecular cyclization of
alkynoates,5 the acid-promoted intramolecular cyclization of
butanoic acids,6 or intermolecular cyclization of keto acids and
tertiary alcohols.7 Although much progress has been achieved in
this area, the use of expensive transition-metal catalysts, the
complicated operation, and/or harsh reaction conditions
limited their wide applicability. Hence, the development of a

promising strategy for the synthesis of highly substituted
butenolides from simple starting materials under mild reaction
conditions is still highly desirable.
β-Ketoesters as accessible building blocks have been used to

react with α,β-unsaturated aldehydes or acyl chlorides to
construct dihydropyranones under NHCs or tertiary amine
catalyzed [3 + 3] annulation (Scheme 1a and 1b)8,9 or with
propargylic esters to form dihydrofurans under Pd-catalyzed [3
+ 2] annulation (Scheme 1c).10 All of the above-mentioned
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Figure 1. Selected bioactive compounds containing a butenolide
structural motif.

Scheme 1. Cycloaddition Reaction of β-Ketoesters
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examples normally underwent intermolecular Michael addition
and intramolecular esterification/cyclization processes because
the enolization of β-ketoesters made the methylene of β-
ketoesters a prior nucleophilic site and the oxygen atom of keto
group another nucleophilic site. As part of the evolution of the
application of β-ketoesters, herein we describe an unprece-
dented organocatalyzed [3 + 2] annulation between β-
ketoesters and cyclopropenones,11 affording the butenolides
with a quaternary center in good yields with excellent
chemoselectivity (Scheme 1d). In this reaction, the enolization
of β-ketoesters made the oxygen atom of keto group a prior
nucleophilic site that reacted with cyclopropenones to realize
ring-opening and intermolecular esterification processes, and
subsequent intramolecular Michael addition delivered the
corresponding butenolides.
We initiated our exploration by investigating the reaction

between 2,3-diphenylcycloprop-2-enone 1a and ethyl benzoy-
lacetate 2a. When the reaction was performed in CH2Cl2 at
room temperature, the desired compound 3aa could not be
obtained under the catalysis of DMAP (C1), 4-PPy (C2), and
DHPB (C3) (Table 1, entries 1−3). When DABCO (C4),
TBD (C5), and NHC precatalyst (C6) were tested, 3aa could
be obtained in low yields (Table 1, entries 4−6). To our
delight, the yield of 3aa was dramatically improved to 79%
when DBU (C7) was used as the catalyst (Table 1, entry 7).

Decreasing catalyst loading resulted in lower yield (Table 1,
entry 8). Screening of solvents revealed that the yield of 3aa
could be increased to 91% when DME was employed as the
solvent (Table 1, entries 9−13).
With the optimized conditions in hand, we then tested an

array of β-ketoesters and cyclopropenones to explore the
generality of this novel [3 + 2] annulation reaction, and the
results are summarized in Scheme 2. First, a series of ethyl
benzoylacetates bearing electron-withdrawing or electron-
donating groups at the C4-position of the benzene ring were
examined, and the corresponding butenolides 3aa−ae were
achieved in 62−91% yields. The structure of 3ad was
determined by X-ray crystal structure analysis.12 The

Table 1. Optimization of Reaction Conditionsa,b

aReaction conditions: 1a (0.15 mmol, 1.5 equiv), 2a (0.1 mmol, 1.0
equiv), catalyst (20 mol %) in solvent (1.0 mL) at ambient
temperature for 24 h. bIsolated yield. cWith 20 mol % of K2CO3.
d10 mol % of DBU was used.

Scheme 2. Scope of the β-Ketoestersa,b

aReaction conditions: 1a (0.15 mmol, 1.5 equiv), 2 (0.1 mmol, 1.0
equiv), C7 (20 mol %) in DME (1.0 mL) at ambient temperature for
24 h. bIsolated yields.
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compounds 3af−ah with meta or ortho substituents at the
benzene ring were obtained in 75−92% yields. Multifluorine-
substituted benzoylacetates 2j and 2k resulted 3j and 3k in 87%
and 75% yields. When a CN group or Bz group was used to
replace the ester group, the 3al and 3am could also be obtained
in 82% and 51% yields. Methyl-, trifluoromethyl-, or n-propyl-
substituted β-ketoesters afforded 3an, 3ao, and 3ap in 63%,
64%, and 55% yields. The use of isopropyl ester, tert-butyl ester,
or allyl ester afforded 3aq−as in moderate yields.
The substrate scope of cyclopropenones was then examined,

and the results are shown in Scheme 3. The 2,3-diary-

lcycloprop-2-enone with a methyl group at the C4-position of
the phenyl ring afforded 3av in 75% yield. Electron-with-
drawing groups on the C4-position showed slightly lower
reactivity and furnished 3at and 3au in 60% and 43% yields.
The 3aw with a C3-methyl group and 3ax with a C2-fluorine
group could also be obtained in 78% and 53% yields.
To explore the reaction mechanism, control experiments

were performed as shown in Scheme 4. When ethyl 2,2-
dimethyl-3-oxo-3-phenylpropanoate 2y reacted with cyclo-
propenone 1a, no corresponding product 3ay was achieved
(Scheme 4b), and this result demonstrated that the enol
intermediate is crucial to the reaction outcome and the reaction
did not go through intermolecular nucleophilic addition and
intramolecular esterification processes. When ethyl 2-oxo-4-
phenylbutanoate 2z was tested, although it could easily offer
enolization under base conditions, we did not detect the
corresponding product 3az (Scheme 4c). This phenomenon
implied that the in situ formation of a Michael addition
acceptor during the enolization is also important to achieve the
annulation.
On the basis of previous reports11a−g and our control

experiments, a plausible mechanism for this [3 + 2] annulation
between cyclopropenones and β-ketoesters is proposed in
Scheme 4. Deprotonation of β-ketoester 2a by DBU (C7)
generates the enol intermediate I. The in situ formed
nucleophilic oxygen anion attacks the carbonyl group of
cyclopropenone 1a, realizing the ring-opening process and

affording the intermediate II. Subsequently, the intramolecular
Michael addition of II delivers intermediate III. Finally, the
product 3aa could be obtained after protonation.
In conclusion, we have developed an unprecedented

organocatalyzed [3 + 2] annulation for the construction of
highly substituted butenolides with a quaternary center from
cyclopropenones and β-ketoesters with excellent chemo-
selectivity. The method obviated the need for metal catalyst
and proceeded well under mild conditions and simple
operation. Further, this reaction expands the application of β-
ketoesters in cycloaddition reaction and pioneers a new model
to achieve new chemistry of β-ketoesters.
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