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Introduction

The utility of â-lactones (2-oxetanones) continues to
grow as additional novel transformations of these strained
heterocycles are discovered.1 The development of concise
methods for the asymmetric synthesis of â-lactones will
therefore further enhance their utility as intermediates
in organic synthesis. Although several direct routes have
been developed for the synthesis of â-lactones in racemic
form,2 relatively few general approaches for the concise
synthesis of optically active â-lactones have been re-
ported.3 We recently described the development of a
highly diastereoselective route to racemic trans-3,4-
disubstituted â-lactones based on a tandem Mukaiyama
aldol-lactonization (TMAL) reaction that builds on the
work of Hirai.4 Herein we describe the application of the
TMAL reaction to a variety of optically active aldehydes
including aldehydes bearing R-epimerizable centers
(Scheme 1). Less than 2% racemization is observed with
most epimerizable aldehydes studied. In most cases the
degree of relative and internal stereoselection correlates
with previously reported chelation-controlled Mukaiyama
aldols resulting from either chelation or stereoelectronic
control.5 The derived â-lactones bear functionality which
enables further functionalization of these useful inter-
mediates.

Results and Discussion

Our initial studies with optically active â-lactones
began with the chiral aldehyde 1a6 bearing a â-stereo-
center (Table 1). This aldehyde served as a model for
our synthesis of (-)-panclicin D.4a Most of the TMAL
reactions were performed using the triethylsilyl (TES)
ketene acetal 2awhich we recently found provides higher
yields of â-lactones as compared to the tert-butyldimeth-
ylsilyl (TBS) ketene acetals by minimizing formation of
â-chlorosilyl ester side products.4b However, in some
cases higher selectivities were observed using the TBS-
ketene acetals (see entry 1, Table 1). Reaction of â-siloxy
aldehyde 1a under typical aldol-lactonization conditions
with TBS-ketene acetal 2b gave the â-lactone 3a in 62%
yield as a 1:9.1 ratio of syn/anti diastereomers. As in
previous cases, the trans â-lactone is formed almost
exclusively (J3,4 ) 4.0 Hz) while the minor diastereomer
arises from incomplete relative stereoselection. The
relative stereoselection observed is consistent with the
model recently proposed by Evans.7 Although slightly
higher yields resulted when the TES-ketene acetal was
employed, the relative stereoselectivity was diminished,
leading to a 1:5.3 ratio of syn/anti diastereomers (entry
1). In a similar manner aldehyde 1b8 gave a 1:4.8
mixture of diastereomers using the TES ketene acetal
2a along with ∼10-15% of diastereomeric tetrahydro-
furans (entry 2).9 The stereochemistry of the major
diastereomer 3b is based on analogy to â-lactone 3a and
comparison by 1H NMR.
We then turned our attention to aldehydes that were

capable of chelation-controlled additions and bearing
R-epimerizable stereocenters. The latter feature would
allow us to gauge the mildness of the TMAL reaction.
The benzyloxy aldehyde 1c10 derived from ethyl (S)-
lactate was studied first since it provided a model
reaction for our synthesis of okinonellin B.11 TMAL
reaction with aldehyde 1c provided the â-lactone 3c in
69% yield with nearly complete relative and internal
stereochemical control.5b Importantly, the enantiomeric
purity of the derived â-lactone was determined to be 96%
(chiral GC12), indicating that only slight epimerization
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had occurred under the reaction conditions. Aldehydes
1d13 and 1e10 also led to high diastereoselectivity to
deliver the â-lactones 3d and 3e, respectively. However
partial racemization of aldehyde 1e was observed and is
presumably the result of the increased acidity of the

R-protons due to the R-phenyl group. The stereochemistry
of â-lactone 3c was determined by conversion to the
known, all-syn-butyrolactone 414 via tandem transacyl-
ation-debenzylation with ferric chloride1d and is consis-
tent with a chelation-controlled aldol reaction (Scheme
2). Conversion of â-lactone 3c to hydroxy â-lactone 6
allowed more precise measurement of the diastereose-
lectivity due to interference at the â-lactone stage of a
benzylation side product.15

In analogy to â-lactone 3c, the stereochemistries of
â-lactones 3d and 3e are assigned as that derived from
chelation-controlled additions. Further evidence for the
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Trans. 1 1993, 11-14.

Table 1. Optically Active â-Lactones Obtained via the Tandem Mukaiyama Aldol-Lactonization Reaction
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assigned stereochemistry of â-lactone 3d is based on
coupling constant analysis16 of the all-syn-butyrolactone
7 obtained using our recently improved conditions for the
tandem debenzylation-transacylation reaction (Scheme
3).11 Once again the diastereoselectivity was determined
after hydrogenolysis which delivered the hydroxy â-lac-
tone 9.15

As previously reported, high trans selectivity (internal
stereoselection) was observed with most aldehydes stud-
ied. An exception is â-lactone 3f derived from glyceral-
dehyde 1f17 which gave a 3.6:1 ratio of trans/cis â-lactone
diastereomers but gave excellent relative stereocontrol
favoring the Felkin-Ahn product (entry 6).5c Impor-
tantly, the diastereomers could be readily separated by
flash chromatography to give the major diastereomeric
â-lactone 3f with >99% ee in 63% isolated yield. The
stereochemistry of â-lactone 3f was determined by reduc-
tion to the known diol 10 (Scheme 4).18

TMAL reaction with R-methyl-â-benzyloxy aldehyde
1g19 (Table 1, entry 7) gave low yields even after

prolonged reaction times which is consistent with our
previous observations with R-alkyl-substituted aldehydes
such as pivaldehyde.4a,b Interestingly, again no epimer-
ization is observed even with this aldehyde which is
known to be quite susceptible to epimerization.19b As
expected, use of the acetic acid derived ketene acetal 2c
gave good yields but poor diastereoselectivity (entries 8
and 9).
In summary, the TMAL reaction provides a concise and

direct route to optically active â-lactones from various
chiral aldehydes under mild conditions. In most cases,
less than 2% racemization of the R-chiral aldehyde
substrates and high internal stereoselection is observed.
In light of recently discovered, novel transformations of
â-lactones, the optically active â-lactones described herein
should prove to be useful synthetic intermediates. Ongo-
ing mechanistic studies of this intriguing reaction have
led to some interesting observations that will be the
subject of future reports.

Experimental Section

General. Aldehydes were prepared according to literature
procedures by DIBAl-H reduction of the corresponding ester
(1a-e), by NaIO4 cleavage of the corresponding diol (1f), or by
Swern oxidation of the corresponding alcohol (1g) and were
typically used directly in the TMAL reaction (especially R-epimer-
izable aldehydes) without purification to prevent potential
racemization on silica gel.19b Solvent purification/drying, flash
chromatography, thin-layer chromatography, and optical purity
determination were performed as previously described.4b

General Procedure for TMALReaction as Described for
â-Lactone 3a. Anhydrous ZnCl2 (482 mg, 3.46 mmol, 1.4 equiv)
was freshly fused at ∼0.5 mmHg, and after cooling to ambient
temperature, CH2Cl2 (appropriate volume to make the final
concentration of aldehyde in CH2Cl2 ∼0.15 M) was added. The
aldehyde (527 mg, 2.47, 1.0 equiv) was then added neat or as a
CH2Cl2 solution at room temperature, resulting in a cloudy,
colorless solution. After 15 min of stirring, the thiopyridylketene
acetal (847 mg, 2.86 mmol, 1.2 equiv) was added neat and the
resulting yellow suspension was stirred vigorously for the time
indicated in the table. As the reaction proceeded, the reaction
solution typically went from a yellow suspension to a homoge-
neous yellow solution, and finally, an off-white precipitate
formed.
After addition of pH 7 buffer, the mixture was stirred

vigorously for 10 min and filtered through Celite with CH2Cl2.
The organic layer was separated, dried over MgSO4, filtered,
taken up in CH2Cl2 (appropriate volume to make the final
concentration ∼0.15 M), and directly treated with CuBr2 (1.3
equiv relative to ketene acetal) to remove excess thiopy-
ridylketene acetal and any thioester formed. The resulting
suspension was stirred for 1.5 h, filtered through Celite, and
washed with 10% aqueous K2CO3 and brine. The organic layer
was dried over MgSO4, filtered, concentrated in vacuo to afford
the crude product, and purified by flash chromatography (silica
gel) to give 444 mg (69%) of â-lactone 3a as a colorless oil with
the following physical and spectral characteristics. The following
data were obtained for â-lactone 3a using aldehyde 1a derived
from yeast reduction of ethyl acetoacetate: Rf 0.44 (10:90 EtOAc:
hexanes); [R]26D 72.8 (c 1.05, CHCl3);1H NMR (200 MHz, CDCl3)
δ 4.36 (ddd, J ) 4.2, 4.2, 8.7 Hz, 1H), 3.92-4.07 (m, 1H), 3.23
(dq, J ) 4.0, 7.5 Hz, 1H), 1.73-1.96 (m, 2H), 1.39 (d, J ) 7.5
Hz, 3H), 1.18 (d, J ) 6.1 Hz, 3H), 0.89 (s, 9H), 0.07 (s, 6H); 13C
NMR (50 MHz, CDCl3) δ 172.1, 76.8, 64.9, 50.7, 44.2, 25.7, 24.3,
17.9, 12.3, -4.3, -4.9; IR (thin film) 1832 cm-1; FABHRMS calcd
for [M + H] 259.1729, found 259.1719. Anal. Calcd for
C13H26O3Si: C, 60.42; H, 10.14. Found: C, 60.27; H, 10.16.
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Using the general procedure described above, â-lactones 3a-g
were prepared in the reaction times and diastereo- and enan-
tioselectivities indicated in the table. Characterization data for
â-lactones 3b-g can be found in the Supporting Information.

γ-Lactone 4 was prepared according to the method described
previously. Data not previously reported or different from that
previously reported follow: Rf 0.07 (10:90 EtOAc:hexanes); mp
57-58 °C, lit.14 mp 51-53 °C; [R]26D -45.6 (c 0.92, CHCl3), lit.14
[R]25D -48.0 (c 1.13, CHCl3); 1H NMR (300 MHz, CDCl3) δ 4.49
(dq, J ) 3.0, 6.6 Hz, 1H), 4.28 (br s, 1H), 2.75 (dq, J ) 5.1, 7.5
Hz, 1H), 2.10 (br s, 1H), 1.44 (d, J ) 6.6 Hz, 3H), 1.28 (d, J )
7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 178.3, 78.9, 72.4, 42.4,
13.7, 8.0; IR (KBr) 3130-3610, 1752 cm-1.
Hydroxy â-lactone 6 was prepared as described below for

hydroxy â-lactone 9: Rf 0.2 (1:2 EtOAc:hexanes); [R]26D 67.6 (c
1.02, CHCl3); 1H NMR (300 MHz, CDCl3) δ 4.05 (dd, J ) 3.9,
5.4 Hz, 1H), 3.92-4.00 (m, 1H), 3.48 (dq, J ) 3.9, 7.5 Hz, 1H),
2.05 (br s, 1H), 1.41 (d, J ) 7.5 Hz, 3H), 1.29 (d, J ) 6.6 Hz,
3H); 13C NMR (75 MHz, CDCl3) δ 171.2, 81.9, 67.9, 47.1, 18.3,
12.1; IR (thin film) 3050-3720, 1822 cm-1; FAB HRMS calcd
for [M + Na] 153.0528, found 153.0525.

γ-Lactone 7. To a solution of â-lactone ent-3d (79.9 mg, 0.27
mmol) in 1.5 mL of CH2Cl2 was added 0.28 mL of BCl3 (1 M
solution in hexane, 0.28 mmol) at -78 °C. After 20 min, 1 mL
of pH 7 buffer was added. To the resulting mixture was added
3 mL of CH2Cl2. The organic phase was washed with brine,
dried over MgSO4, filtered, concentrated in vacuo, and purified
by flash chromatography (1:4 f 1:3 f 1:2 EtOAc:hexanes) to
give 41.4 mg (74%) of γ-lactone 7 as a white solid: Rf 0.09 (20:
80 EtOAc:hexanes); [R]26D -34.9 (c 1.06, CHCl3); mp 109-111
°C; 1H NMR (300 MHz, CDCl3-D2O) δ 7.12-7.31 (m, 5H), 4.79
(br s, 1H), 4.52 (ddd, J ) 3.0, 7.2, 7.5 Hz, 1H), 4.25 (dd, J ) 3.0,
4.8 Hz, 1H), 3.21 (dd, J ) 7.2, 13.8 Hz, 1H), 3.11 (dd, J ) 7.5,
13.8 Hz, 1H), 2.70 (dq, J ) 4.8, 7.0 Hz, 1H), 1.26 (d, J ) 7.0 Hz,
3H); 13C NMR (75 MHz, CDCl3) δ 178.3, 136.4, 129.2, 128.6,
126.8, 83.3, 71.2, 42.1, 34.5, 8.0; IR (KBr) 3250-3610, 1756 cm-1;
FAB HRMS calcd for [M + H] 207.1021, found 207.1021.
Hydroxy â-Lactone 9. To a solution of â-lactone 3d (12.7

mg, 0.043 mmol) in 3 mL of THF was added 15 mg of Pd/C. After
being stirred overnight under a H2 atmosphere at ambient
temperature, the reaction mixture was filtered through Celite,
concentrated, and purified by flash chromatography (1:6 f 1:4

f 1:2 EtOAc:hexanes) to give 7.1 mg (81%) of hydroxy â-lactone
9: [R]26D-67.8 (c 2.05, CHCl3); 1H NMR (300 MHz, CDCl3) δ
7.23-7.37 (m, 5H), 4.11 (dd, J ) 3.9, 4.2 Hz, 1H), 3.97-4.04 (m,
1H), 3.51 (dq, J ) 3.9, 7.8 Hz, 1H), 2.96 (dd, J ) 7.5, 13.5 Hz,
1H), 2.84 (dd, J ) 6.3, 13.5 Hz, 1H), 2.15 (br s, 1H), 1.30 (d, J )
7.8 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 171.4, 136.3, 129.3,
128.8, 127.0, 80.0, 72.0, 46.9, 39.5, 12.0; IR (thin film) 3120-
3710, 1814 cm-1; EI HRMS calcd for [M+] 206.0943, found
206.0945.
Tetrahydrofuran i: Rf 0.43 (10:90 EtOAc:hexanes); [R]26D

+13.2 (c 0.68, CHCl3); 1H NMR (300 MHz, CDCl3) δ 4.42 (dddd,
J ) 2.4, 2.4, 4.8, 5.7 Hz, 1H), 4.23 (ddd, J ) 6.3, 6.9, 9.3 Hz,
1H), 3.93 (dd, J ) 4.8, 9.3 Hz, 1H), 3.69 (s, 3H), 3.62 (ddd, J )
0.6, 2.4, 9.3 Hz, 1H), 2.58 (dq, J ) 6.9, 6.9 Hz, 1H), 1.90 (dddd,
J ) 0.6, 2.4, 6.3, 12.9 Hz, 1H), 1.80 (ddd, J ) 5.7, 9.3, 12.9 Hz,
1H), 1.23 (d, J ) 6.9 Hz, 3H), 0.88 (s, 9H), 0.058 (s, 3H), 0.050
(s, 3H); 13C NMR (75 MHz, CDCl3) δ 174.9, 79.2, 76.0, 72.6, 51.7,
44.2, 39.5, 25.8, 18.0, 13.7, -4.76, -4.83; IR (thin film) 1741
cm-1; FAB HRMS calcd for [M + H] 289.1835, found 289.1850.
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