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ABSTRACT

A tandem catalytic asymmetric aldol reaction/cyclization ofβ,γ-didehydro-γ-lactones with aldehydes was achieved using chiral tin dibromide as a
chiral precatalyst and sodium alkoxide as a base precatalyst. Optically active trans-β,γ-disubstituted γ-butyrolactones were selectively obtained
in moderate to high yields with up to 99% ee from γ-aryl-substituted β,γ-didehydro-γ-butyrolactones and bulky aliphatic aldehydes.

Nonracemic γ-lactones are versatile chiral synthons for
the synthesis of numerous biologically active natural pro-
ducts or synthetic drugs.1 To prepare such useful synthetic
intermediates, various methods have been developed.2

Although much effort has been devoted to the enantiose-
lective synthesis of chiral γ-lactones employing a catalytic
amount of a chiral promoter,3 to the best of our knowl-
edge, there are no reports on the catalytic process via an
aldol approach.4 We report here a novel example of the
catalytic asymmetric synthesis of optically active γ-butyr-
olactones from β,γ-didehydro-γ-butyrolactones through
a tandem enantioselective aldol reaction/cyclization
(Scheme 1).
We have previously reported the asymmetric aldol

reaction5 and the asymmetric Mannich-type reaction6

using alkenyl trichloroacetates as masked enolates and

chiral tin alkoxides as catalysts that are recycled in the
presence of alcohol. These addition reactions provide the
corresponding optically active β-hydroxy carbonyl com-
pounds and β-amino carbonyl compounds with high en-
antiomeric excess (ee).However, thesemethods present the
disadvantage that an alcohol is required as an additive in
order to recycle the chiral tin alkoxides, in addition to the
fact that unnecessary methyl or ethyl trichloroacetate is
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generated. We envisaged that if a cyclic alkenyl ester, an
unsaturated lactone, could be employed as an enolate
precursor in place of an acyclic alkenyl ester, the substrate
would undergo the aforementioned chiral tin-catalyzed
asymmetric aldol reaction with an aldehyde and the chiral
tin alkoxide catalystwouldbe regenerated in the absenceof
an alcohol due to the subsequent lactonization of the
resulting tin alkoxide of β-hydroxy ketones possessing an
ester moiety. Thus, we attempted to react γ-substituted
β,γ-didehydro-γ-butyrolactone with aldehyde utilizing
chiral tin dibromide 1a and sodium alkoxide as catalysts,
and as a result, the anticipated β,γ-disubstituted γ-butyr-
olactone was obtained with significant asymmetric induc-
tion. For example, when a mixture of 5-phenylfuran-
2(3H)-one (1.2 equiv) and isobutyraldehyde (1 equiv)
was treated with chiral tin dibromide 1a (10 mol %) and
NaOEt (10mol%) inTHFat60 �Cfor 24h, trans-dihydro-
4-benzoyl-5-isopropylfuran-2(3H)-one was obtained

diastereoselectively in 29% yield (Table 1, entry 1).7 The
product had 60% ee. Then, we tested sodium methoxide
instead of sodium ethoxide, and consequently, the first was
found tobe superior to the last in termsof chemical yield and
enantioselectivity (entry 1 vs entry 2). In order to obtain
better results, we next tried to optimize the reaction condi-
tions. Among the solvents tested, toluene gave the highest
yield and ee (entry 4 vs entries 2 and 3). Decreasing the reac-
tion temperature further improved the chemical yield and the
enantioselectivity (entries 5 and 6). Finally, the enantiomeric
purity of the product reached 94% ee when the reaction was
carried out at room temperature (entry 6). Although we also
tested the catalytic ability of chiral tin dibromides 1b and 1c

under theoptimizedreactionconditions, asaconsequence,1a
was found to be superior to 1b and 1c in terms of chemical
yield and enantioselectivity (entry 6 vs entries 7 and 8). The
reaction did not proceed at all in the presence of a chiral tin
dimethoxide, generated fromchiral tindibromides1a (10mol
%) and sodium methoxide (20 mol %).
With the optimal reaction conditions in hand, we ex-

amined the catalytic asymmetric lactone synthesis employ-
ing various aldehydes (Table 2). A distinct decrease in the
trans/cis ratio as well as the ee of the trans product was
observed for an aromatic aldehyde and anR,β-unsaturated
aldehyde (entries 1 and 2). In contrast, aliphatic aldehydes
are more suitable substrates for realizing high enantio-
selectivity, with the exception of primary alkyl aldehydes
(entries 3-8). In particular, use of a bulky aldehyde
resulted in the formation of the targeted lactone with
98% ee although a longer reaction time was necessary to
obtain a more satisfactory yield (entry 8).
The above-mentioned results prompted us to investigate

diverse γ-substituted β,γ-didehydro-γ-butyrolactones in
the tandem catalytic asymmetric aldol reaction/cycliza-
tion. The results are summarized in Table 3. Not only
electron-deficient but also electron-rich aromatic groups

Table 1. Optimization of Tandem Catalytic Asymmetric Aldol
Reaction/Cyclizationa

aUnless otherwise specified, the reaction was carried out using chiral
tin dibromide 1a-1c (10 mol %), sodium alkoxide (10 mol %), 5-phe-
nylfuran-2(3H)-one (1.2 equiv), and isobutyraldehyde (1 equiv) in the
specified solvent at 60 �C, 40 �C, or rt for 24 h. b Isolated yield. cThe
value corresponds to the trans isomer. Determined by HPLC analysis.
dThe reactionwas performed using 1 equiv of 5-phenylfuran-2(3H)-one.

Scheme 1. Chiral Tin-CatalyzedAsymmetric Synthesis ofChiral
γ-Butyrolactones

Table 2. Tandem Catalytic Asymmetric Aldol Reaction/Cycli-
zation with Various Aldehydesa

aThe reaction was carried out using chiral tin dibromide 1a (10 mol
%), sodiummethoxide (10 mol %), 5-phenylfuran-2(3H)-one (1 equiv),
and aldehyde (1 equiv) in toluene at rt for 24-72 h. b Isolated yield. cThe
value corresponds to the trans isomer. Determined by HPLC analysis.
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could be used as the R1 substituent of the lactones without
reducing the isolated yields and the enantioselectivity of
the trans-isomers, but a small amount of cis-isomer was
observed in the case of substrates having an electron-
withdrawing group (entries 3 and 4). Employment of
tert-alkyl-substituted aldehydes as electrophiles was effec-
tive in raising the level of asymmetric induction in addition
to the trans/cis ratio. In fact, as regards pivalaldehyde,
2-methyl-2-phenylpropanal, and 2,2-dimethylpent-4-enal,
nearly exclusive trans-selectivity and excellent enantio-
selectivity of up to 99% ee were observed (entries 5-9).
We further investigated the reactivity of a γ-methyl-substi-
tuted β,γ-didehydro-γ-butyrolactone; however, the yield of
the target lactone was low because of deceleration of the
lactonization.
A possible catalytic mechanism is shown in Figure 1.

Initially, chiral tin dibromide 1 reacts with an equimolar
amount of sodium methoxide to generate the correspond-
ing chiral tin bromide methoxide, which is the key cata-
lyst in the present asymmetric γ-lactone synthesis. Thus
formed chiral tin bromide methoxide is then added to
β,γ-didehydro-γ-butyrolactone 2 to yield chiral tin enolate
3. Subsequent aldol reaction between chiral tin enolate 3

and an aldehyde gives tin alkoxide of β-hydroxy ketone 4.
Finally, tin alkoxide 4 undergoes cyclization via par-
ticipation of its ester moiety to afford optically active
β,γ-disubstituted γ-butyrolactone 5 with regeneration of
the chiral tin bromide methoxide. The methoxycarbonyl
group of intermediates 3 and 4 plays a crucial role in the
catalytic cycle.
In conclusion, we have developed a novel catalytic

asymmetric γ-lactone synthesis in which the enantioselec-
tive aldol reaction of γ-substitutedβ,γ-didehydro-γ-butyr-
olactone with aldehyde and the lactonization of the
resulting tin alkoxide of aldol adduct take place succes-
sively. The use of in situ generated chiral tin bromide
methoxide as the chiral catalyst realizes the synthesis of
various nonracemic β,γ-disubstituted γ-butyrolactones
with enantioselectivities of up to 99% ee.
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Figure 1. Plausible catalytic cycle for the tandem asymmetric
aldol reaction/cyclization.

Table 3. Tandem Catalytic Asymmetric Aldol Reaction/Cycli-
zation with Various γ-Substituted β,γ-Didehydro-γ-butyrolac-
tones and Aldehydes a

aThe reaction was carried out using chiral tin dibromide 1a (10 mol
%), sodium methoxide (10 mol %), γ-substituted-β,γ-didehydro-
γ-butyrolactone (1 equiv), and aldehyde (1 equiv) in toluene at rt for
19-86 h. b Isolated yield. cThe value corresponds to the trans isomer.
Determined by HPLC analysis.


