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The lithium enolate 4-(1-methylethyl)-3-[(phenylthio)me-
thyl]-1-oxetan-2-one (1), generated from the conjugate addi-
tion of lithium thiophenolate to α-methylene-β-lactone 2, re-
acts with acetaldehyde to give the 1,3-dioxan-4-ones 3 and
4 as unexpected aldol products. These products result from

Introduction

The chemistry of β-lactones has been widely explored for
synthetic purposes by numerous research groups.[1] β-Lac-
tone lithium enolates are quite persistent at low temperature
(278 °C) and react with a variety of electrophiles to give
the corresponding α-substituted β-lactones.[2] α-Methylene
β-lactones, which have been shown to be quite attractive as
valuable building blocks in organic synthesis,[3] have re-
cently been prepared in enantiomerically pure forms.[4]

They also function as precursors for β-lactone enolates by
conjugate addition of soft nucleophiles; for example, we
have described recently the generation of thiomethyl- and
ester-functionalized β-lactone enolates by the addition of
thiolates[5] and ester enolates[6] to α-methylene β-lactones.

The β-lactone enolates, which are conveniently generated
from the corresponding β-lactones by treatment with li-
thium diisopropylamide in tetrahydrofuran at 278 °C,[7]

but undergo electrocyclic ring opening above 250 °C,[8] re-
act with aldehydes to give the corresponding α-hydroxyme-
thylated β-lactone adducts in excellent yields (85295%).[9]

When the (phenylthio)methyl-substituted β-lactone enolate
1, derived from the Michael-type addition of lithium thio-
phenolate to the α-methylene β-lactones 2, was treated with
acetaldehyde, along with the 1,3-dioxan-4-one 3, 4 was un-
expectedly obtained, in which the isobutyraldehyde at the
acetal functionality has been replaced by an acetaldehyde,
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unusual aldol reorganization processes, which entail a com-
plex cascade of aldol additions, retroaldol cleavages and
translactonizations. The configurations of the products have
been determined by NOE experiments.

Scheme 1. Condensation of β-lactone enolate 1 with acetaldehyde

(Scheme 1). We report herein the experimental details of
this unusual reorganization of aldolates, and suggest a
mechanism to rationalize this novel result.

Results and Discussion

The product ratio of the 1,3-dioxan-4-ones 3 and 4, de-
termined by 1H NMR spectroscopy of the crude product
mixtures as well as of the isolated products after silica-gel
chromatography, was shown to depend on the amount of
acetaldehyde employed and the temperature of the aldol re-
action (Table 1). The maximum amount of 2-isopropyldi-
oxanone 3 vs. 2-methyldioxanones 4 (58:42) was obtained
by using 0.9 equiv. of acetaldehyde (Table 1, entry 1). When
the amount of acetaldehyde was increased to 1.5 equiv., the
3:4 product ratios of 50:50 and 34:66 were obtained at 240
°C (entry 2) and ca. 20 °C (entry 3) as final temperature
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Table 1. Reaction of the β-lactone enolate 1 with acetaldehyde; β-lactone enolate 1 was prepared by the addition of PhSLi to β-lactone
2 at 278 °C

Entry CH3CHO[a] (equiv.) Temp.[b] (°C) Product ratio[c] (3:4) Yield[d] (%)

1 0.9 ca. 20 58:42 41
2 1.5 240 50:50 40
3 1.5 ca. 20 34:66 63
4 2.0 ca. 20 0:100 55

[a] Addition temperature 278 °C. 2 [b] Protonation by aqueous NH4Cl solution. 2 [c] Determined by 1H NMR spectroscopy on the
crude product mixtures as well as on the isolated material after silica-gel chromatography; the (2S*,5S*,6S*):(2R*,5S*,6S*) ratio of 4
was determined to be 50:50 by 1H NMR spectroscopy on the crude product mixtures, mass balance 78280%; the 3:4 ratio was normalized
to 100% conversion, error ca. 5% of the stated values. 2 [d] Yield of isolated material after silica-gel chromatography.

before aqueous workup, which display a definitive temper-
ature dependence. Complete conversion into the dioxa-
nones 4 was achieved by the use of two equiv. of acetalde-
hyde and warming to ca. 20 °C before hydrolytic workup
(entry 4). The (2S*,5S*,6S*)/(2R*,5S*,6S*) diastereomeric
ratio of the dioxanone 4 was ca. 50:50 in all cases, as shown
by 1H NMR spectroscopy.

To confirm the identity of the dioxanones, authentic
samples of 3 and 4 were prepared by the conjugate addition
of thiophenol to a (2S*,6S*)/(2R*,6S*) mixture of the cor-
responding 5-methylenedioxanones 5 and 6 (Scheme 2,
Table 2). The latter were obtained from the acid-catalyzed
reaction of α-methylene-β-hydroxybutanoic acid with acet-
aldehyde or isobutyraldehyde.[10]

The configurations of the dioxanones (2S*,5R*,6R*)-3
and (2S*,5S*,6S*)-, (2R*,5S*,6S*)-4 were established un-
ambiguously by NOE experiments (Figure 1). Thus, the
most significant signal enhancements were observed upon
irradiation (both directions) of the H-2 proton of the di-
oxane ring with the H-6 proton or the substituent at this
position, as well as upon irradiation of the H-6 proton with
the methylene group at the position 5. Another important
enhancement was observed for the equivalent diastereomers
(2S*,5R*,6R*)-3 and (2R*,5S*,6S*)-4 on irradiation of the

Scheme 2. Synthesis of dioxanones 3 and 4

Table 2. Base-catalyzed nucleophilic conjugate addition of thiophenol to 5-methylenedioxanones 5 and 6; triethylamine (0.1 equiv.) was
used as base catalyst in acetone at 20 °C for 1 h, 100% conversion

Diastereoisomeric ratios (dr)[a]

Entry R 5,6 (2S*,6S*):(2R*,6S*) 3,4 (2S*,5S*,6S*):(2R*,5S*,6S*)[b] Yield[c] (%)

1 Me 89:11 89:11 86
2 iPr 90:10 90:10 99

[a] Determined by 1H NMR analysis on the crude product mixtures, normalized to 100% conversion, error ca. 5% of the stated values,
mass balance 78280%. 2 [b] Diastereoisomers 2S*,5S*,6S* and 2R*,5S*,6S* are mirros images of 2R*,5R*,6R* and 2S*,5R*,6R*. 2
[c] Yield of isolated material after silica-gel chromatography.
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Figure 1. Configurational assignment of the 1,3-dioxan-4-ones 3
and 4 by NOE spectroscopy.

H-2 and H-5 protons, which suggests a preferred boat con-
formation for these compounds.

The mechanism in Scheme 3 has been proposed to ration-
alize the complex formation of the dioxanones 3 and 4.
First the β-lactone enolate 1 reacts with acetaldehyde, with
efficient stereocontrol, via the transition state A to give the
aldol adduct 7; the latter serves as a common intermediate
in the two competitive paths 1 and 2 (see Scheme 3). In
analogy with other aldol reactions,[11] and the known aldol
condensation of β-lactone enolates with aldehydes,[9] the
configuration of the aldol adduct 7 is dictated by an anti
attack relative to the substituent on the β position through
lithium-ion coordination of the enolate and the carbonyl
group of the aldehyde. Although the isomer (R*,S*,S*) is
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Scheme 3. Mechanistic cascade

expected to be almost the only product, the formation of
the isomer (R*,S*,R*) cannot be totally excluded,[9] al-
though this isomer leads to the corresponding enantiomeric
products under the same mechanistic cascade. At acetalde-
hyde amounts near to one equiv., the aldol adduct
(R*,S*,S*)-7 translactonizes by way of the intermediate 8
to the aldol adduct 9 (path 1). The latter undergoes a com-
plex sequence of retroaldol cleavage (iPrCHO), aldol addi-
tions (CH3CHO and iPrCHO), ring expansion and aldol
reversion (CH3CHO) through the inferred but likely inter-
mediates 10214 to afford, on final protonation with aque-
ous NH4Cl, the dioxanone (2S*,5R*,6R*)-3. Note that in
this dioxanone, the acetaldehyde and isobutyraldehyde un-
its are in the reverse positions as would be expected when
enolate 1 is allowed to react with acetaldehyde. The mech-
anistic reason for the stereoselectivity of this product is still
not clear and will be the subject of further studies. The
competitive reaction in path 2 involves the addition of an-
other equivalent of acetaldehyde to the aldol adduct 7 in a
nonstereoselective manner to produce a 50:50 mixture of
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the acetaldehyde double-addition products 15a,b, which dif-
fer only in their newly formed C-39 stereogenic center. Their
ring expansion by attack of the alcoholate ion at the car-
bonyl group of the β-lactone affords the dioxanone interme-
diates 16a,b. A retroaldol reaction (iPrCHO) occurs sub-
sequently to give the (2S*,6S*)- and (2R*,6S*)-1,3-diox-
anone enolates 17, which, after protonation with aqueous
NH4Cl, afford the observed dioxanones (2S*,5S*,6S*)- and
(2R*,5S*,6S*)-4. When an excess of acetaldehyde (two
equiv.) is used at room temperature (Table 1, entry 4), only
the diastereomeric 1,3-dioxan-4-ones 4 are produced, with
complete suppression of the dioxane 3. A related unusual
reorganization by way of a cascade of aldol, retroaldol and
transacetalization processes has been reported in the reac-
tion of lithium enolates of 2,6-dialkyl-1,3-dioxan-4-ones
with aldehydes.[12]

In conclusion, the present complex transformation of the
α-alkoxymethyl-β-lactone intermediate 7, which is readily
accessible by the stereoselective aldol reaction of α-thio-
methyl-β-lactone enolate 1 with acetaldehyde, to the
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1,3-dioxan-4-ones (2S*,5R*,6R*)-3 and (2S*,5S*,6S*)-,
(2R*,5S*,6S*)-4 are the first observed unusual reorganiza-
tions of alkoxymethyl-β-lactone intermediates.

Experimental Section

General: All reactions were performed in oven-dried glassware un-
der a positive pressure of argon or nitrogen gas. The air- and mois-
ture-sensitive enolate solutions were transferred by means of a syr-
inge into the rubber-septum-capped reaction vessels. 2 1H NMR
(250 MHz): Bruker AC 250 (CHCl3, at δ 5 7.26 as internal stand-
ard). 2 13C NMR (63 MHz): Bruker AC 250 (CHCl3, at δ 5 77.0
as internal standard). Elemental analyses were performed at the
Analytical Division of the Institute of Inorganic Chemistry (Uni-
versity of Würzburg). For column chromatography, Merck silica-
gel (2302400 mesh) was employed. Commercial grade reagents
were used without further purification, except when indicated.
THF was distilled from a sodium/benzophenone mixture immedi-
ately prior to use, and CH2Cl2 from P2O5. Petroleum ether was
distilled from P2O5, and only the fraction which came over between
30250 °C was used for the silica-gel chromatography.

General Procedure for the Generation of the β-Lactone Enolate 1
and Subsequent Reaction with Acetaldehyde (Scheme 1): A 50-mL,
two-necked, round-bottomed flask was equipped with an inlet ad-
apter for argon or nitrogen gas and a rubber septum. It was charged
with 5 mL of dry THF and thiophenol (43.7 mg, 0.40 mmol), co-
oled in an ice bath, and subsequently a n-butyllithium solution
(1.56  in hexane, 0.28 mL, 0.43 mmol) was added rapidly by me-
ans of a syringe. After 15 min, the ice bath was replaced with a dry
ice/acetone bath (278 °C), and a solution of β-lactone 2 (50.0 mg,
0.40 mmol) in 1 mL of THF was added dropwise by means of a
syringe over a period of 1 min; the syringe was then rinsed with
THF (2 3 0.2 mL). After 30 min of stirring, a solution of acetalde-
hyde (15.7 mg, 0.36 mmol) in 1 mL THF was added slowly over a
period of 1 min. The resulting solution was stirred at 278 °C for
1 h, allowed to warm to room temperature (ca. 20 °C) and then
treated with 10 mL of saturated, aqueous NH4Cl solution. After
5 min, the aqueous phase was separated and extracted with diethyl
ether (3 3 20 mL), the combined organic phases were dried over
MgSO4, filtered, and concentrated (ca. 20 °C/ 20 Torr). The 3:4
ratio was 58:42 and the (2S*,5S*,6S*):(2R*,5S*,6S*) ratio of 4 was
50:50, as determined by NMR analysis of the characteristic H-2
protons of the 1,3-dioxan-4-ones, i.e., (2S*,5R*,6R*)-3-H [δ 5 5.17
(d)], (2S*,5S*,6S*)-4-H [δ 5 5.62 (q)] and (2R*,5S*,6S*)-4-H
[δ 5 5.53 (q)] in the crude product mixture. The residue was
purified by silica-gel chromatography to yield 26.4 mg (24%) of
(2S*,5R*,6R*)-3 and 17.2 mg of a mixture of (2S*,5S*,6S*)- and
(2R*,5S*,6S*)-4 (17%) as light-colored oils, total yield 41%. Accor-
ding to this procedure, additional experiments were carried out
with 1.5 and 2.0 equiv. of acetaldehyde and the protonation with
aqueous NH4Cl solution at 240 and ca. 20 °C. The product ratios
and yields are reported in Table 1.

(2S*,5R*,6R*)-3: IR (CCl4): ν̃ 5 3060 cm21, 2960, 2920, 1740,
1465, 1380, 1230, 1160, 910. 2 1H NMR: δ 5 0.98 (d, J 5 6.8 Hz,
3 H), 0.99 (d, J 5 6.8 Hz, 3 H), 1.37 (d, J 5 6.4 Hz, 3 H), 1.95
(dsept, J 5 4.4, 6.8 Hz, 1 H), 2.60 (dt, J 5 5.0, 6.9 Hz, 1 H), 3.04
(dd, J 5 7.2, 13.8 Hz, 1 H), 3.49 (dd, J 5 5.0, 13.7 Hz, 1 H), 4.23
(qui, J 5 6.5 Hz, 1 H), 5.17 (d, J 5 4.7 Hz, 1 H), 7.1827.48 (m, 5
H). 2 13C NMR: δ 5 16.1 (q), 16.2 (q), 19.5 (q), 32.0 (d), 33.2 (t),
46.3 (d), 71.0 (d), 100.3 (d), 126.7 (d), 128.6 (d), 129.6 (d), 135.3
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(s), 170.3 (s). 2 C15H20O3S (280.4): calcd. C 64.25, H 7.18, S 11.02;
found C 64.03, H 7.18, S 10.62.

(2S*,5S*,6S*)- and (2R*,5S*,6S*)-4: IR (CCl4): ν̃ 5 3040 cm21,
2950, 2900, 1725, 1460, 1390, 1225, 1065, 900. 2 C13H16O3S
(252.3): calcd. C 61.88, H 6.39; found C 61.92, H 6.60.

(2S*,5S*,6S*)-4: 1H NMR: δ 5 1.38 (d, J 5 6.4 Hz, 3 H), 1.40 (d,
J 5 5.1 Hz, 3 H), 2.61 (dt, J 5 5.0, 6.9 Hz, 1 H), 3.05 (dd, J 5

6.9, 13.8 Hz, 1 H), 3.48 (dd, J 5 5.0, 13.8 Hz, 1 H), 4.24 (quint,
J 5 6.6 Hz, 1 H), 5.62 (q, J 5 5.1 Hz, 1 H), 7.2027.45 (m, 5 H).
2 13C NMR: δ 5 19.7 (q), 20.6 (q), 33.3 (t), 46.3 (d), 71.2 (d), 94.5
(d), 126.8 (d), 129.1 (d), 129.9 (d), 135.2 (s), 170.0 (s).

(2R*,5S*,6S*)-4: 1H NMR: δ 5 1.35 (d, J 5 6.1 Hz, 3 H), 1.40 (d,
J 5 5.1 Hz, 3 H), 2.72 (ddd, J 5 3.8, 4.9, 10.0 Hz, 1 H), 3.24 (dd,
J 5 3.8, 13.6 Hz, 1 H), 3.54 (dd, J 5 4.9, 13.6 Hz, 1 H), 4.10 (dq,
J 5 6.1, 10.1 Hz, 1 H), 5.53 (q, J 5 5.2 Hz, 1 H), 7.2027.45 (m, 5
H). 2 13C NMR: δ 5 20.0 (q), 21.1 (q), 32.8 (t), 48.2 (d), 74.0 (d),
100.5 (d), 127.0 (d), 129.2 (d), 130.4 (d), 135.2 (s), 169.1 (s).

General Procedure for the Addition of Thiophenol to the 5-Methyl-
ene-1,3-dioxan-4-ones 5 and 6 (Scheme 2): To a solution of the par-
ticular 5-methylene-1,3-dioxan-4-one (1.0021.50 mmol) and thio-
phenol (1.0021.50 mmol) in 5 mL of acetone was added 20.0 mg
(0.19 mmol) of triethylamine. The reaction mixture was stirred for
1 h at room temp. (ca. 20 °C), the solvent was evaporated (ca. 20
°C at 20 Torr), and the residue was purified by silica-gel chromatog-
raphy to yield the 5-(phenylthio)methyl-1,3-dioxan-4-ones 3 and 4.
The yields and diasteroisomeric ratios are given in Table 2.
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