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Abstract: S-Carlosic acid was prepared in six steps and 32% yield
from malic acid. Ring closure was effected by a domino addition–
Wittig alkenation reaction with Ph3PCCO. A variant employing res-
in-bound malates furnished immobilized 5-carboxymethyltetron-
ates. It should be amenable to parallelization and automation.

Key words: domino reactions, solid-phase, lactones, natural prod-
ucts, bismuth triflate

Tetronic acids are rife in nature1,2 and have been isolated
from a broad range of predominantly lower organisms
such as moulds, fungi, lichens and sponges. 3,5-Disubsti-
tuted derivatives are of particular medicinal interest due to
their frequent biological activities.3 Compounds 1 and 2
are typical examples of bioactive 3-acyltetronic acids
bearing short hydrophilic hydroxymethyl or carboxy-
methyl residues at C-5. RK-682 5R-14 was isolated from
the strains of Actinomycetes DSM 7357 and Streptomyces
sp. AL-462 and was found to inhibit HIV-1 protease and
various protein tyrosine phosphatases. Carlosic acid 5S-2
(Figure 1) is an intermediate in the biosynthesis of peni-
cillic acid. It was isolated from Penicillium charlesii5 as
early as 1934 but synthesized for the first time only in
1974 by Bloomer and Kappler.6,7

Figure 1

Herein we report an efficient five-step solution-phase syn-
thesis of carlosic acid from benzyl malate and a solid-
phase variant thereof, which should be widely applicable
to 5-carboxymethyl substituted tetronates in general,
lending itself ideally to a combinatorial processing.

a-Hydroxyesters can be cyclized under pH-neutral, non-
racemizing conditions to the corresponding tetronates
with the cumulated phosphorus ylide (triphenylphospho-
ranylidene)ketene, Ph3P=C=C=O.8 This reaction com-

mences with an addition of the OH-group across the C=C
bond in the starting ylide to give a stabilized ester ylide
which is not normally isolated but undergoes an intramo-
lecular olefination of the ester C=O bond. The same ap-
proach was now pursued for the synthesis of carlosic acid
from an appropriate malate (Scheme 1).

Scheme 1 Solution-phase synthesis of carlosic acid 5S-2 from ma-
late 5 and Ph3PCCO. Reagents and conditions: (i) (CF3CO2)2O, neat,
r.t., 40 min; evaporation, then PhCH2OH, r.t., 3 h; (ii) DCC, DMAP,
Me3Si(CH2)2OH=TMSEOH, CH2Cl2, 0 → 25 °C, 16 h, 50%; (iii)
Ph3PCCO, C6H6, reflux, 16 h; (iv) 5% Pd/C, H2 (1 bar), MeOH, r.t., 1
h, 99%; (v) DCC, DMAP, Et3N, C3H7CO2H, CH2Cl2, 0 → 25 °C, 15
h; (vi) TBAF·3H2O, THF, r.t., 2 h, 90%.

The regioselective monobenzylation of malic acid accord-
ing to a literature method9 gave the corresponding a-hy-
droxyester 4a, the free b-carboxylic acid group of which
was protected with a trimethylsilylethyl (TMSE)10 group
to give the diester 5. Reaction of the latter with the ylide
Ph3PCCO under standard solution conditions furnished
the benzyl tetronate 6 in a satisfactory 85% yield after pu-
rification by flash column chromatography on silica gel.
The use of polystyrene-bound Ph3PCCO, which became
available recently,11 is not necessary here and is generally
advisable mainly in cases where the product alkenes are
difficult to separate from the by-product phosphane oxide
(e.g. tetramates).12 There are several methods known for
the downstream introduction of a 3-acyl residue into pre-
formed tetronic acids under conditions not affecting the
chirality center C-5, e.g. the protocol by Yoshii (RCO2H,
DCC, DMAP, Et3N).13 Hence tetronate 6 was first hydro-
genolytically debenzylated using 5% Pd on charcoal as
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the catalyst. Treatment of the free tetronic acid 7 with bu-
tyric acid under Yoshii conditions led to the formation of
the 3-butanoyltetronic acid 8 in excellent 91% yield.
Compound 8 was finally deprotected with TBAF,14 which
must not be entirely water-free, to leave optically pure
carlosic acid 5S-(–)-2 in 32% overall yield with respect to
malic acid.

Malic acid monoesters 4b,c were then prepared analo-
gously and immobilized as esters 9 by attachment of their
free b-carboxylic acid function to Wang resin via a Mit-
sunobu esterification (Scheme 2).

Scheme 2 Solid-phase synthesis of 5-carboxymethyltetronates 11
from malates 4. Reagents and conditions: (i) Wang resin, PPh3,
DIAD, THF, –10 °C → r.t., 14 h; (ii) Ph3PCCO, THF, 60 °C, 22 h;
(iii) 0.05–0.3 mol% Bi(OTf)3, H3CCN, 100 °C, microwave, 1 h.

A twofold, easily recoverable excess of 4 was applied to
ensure exhaustive loading of the resin. The hydroxyesters
9 were then cyclized with Ph3PCCO under standard con-
ditions to give the tetronates 10. Their liberation by cleav-
age of the exocyclic ester bond turned out not to be a
trivial problem. Saponification under basic conditions
would endanger the integrity of the configuration at C-5
and also of the lactone bond. Acidic ester cleavage, e.g.
with TFA more often than not also disrupts the ‘internal’
benzyl ether bond of the Wang linker.15 Bismuth triflate,
Bi(OTf)3, was now found to be a highly efficacious
though mild Lewis acid catalysts for the selective cleav-
age of the 5-methylenecarboxylate.16 It was required in
only 0.05–0.3 mol%, did not affect the configuration at C-
5 and gave purer products and higher yields when com-
pared to the more common cleavage with TFA/trialkylsi-
lane. For allylic residues R (e.g. 11c), downstream
[3s,3s]-Claisen rearrangements were not induced unless
microwave irradiation was maintained for a prolonged pe-
riod in the presence of more than 0.4 equivalents of
Bi(OTf)3. The immobilized tetronic acid 10 (R = H) can
be obtained by selective cleavage of a resin-bound tet-
ronate with R = TMSE as described above for carlosic ac-
id. It should be of interest as an entry point to libraries of
immobilized tetronates with variable residues R (by 4-O-
alkylation) and of 3-acyltetronic acids (by 3-C-acylation).
Work to this end is currently underway.

Microwave irradiations were carried out in sealed vials in an MLS
Microchemist system. Melting points were recorded in a Gallen-
kamp apparatus and are uncorrected. Optical rotations were record-
ed at 589 nm with a Perkin-Elmer polarimeter 241. IR spectra were
recorded on a Perkin-Elmer Spectrum One FT-IR spectrophotome-
ter equipped with an ATR sampling unit. NMR spectra were record-
ed under conditions as indicated on a Bruker Avance 300
spectrometer. Chemical shifts are given in ppm (d) downfield from
TMS as internal standard. Mass spectra were recorded using a Vari-
an MAT 311A (EI, 70 eV). Microanalyses were carried out with a
Perkin-Elmer 2400 CHN elemental analyzer. For flash chromatog-
raphy Merck silica gel 60 (230–400 mesh) was used. Starting com-
pounds were purchased from Fluka, Bachem and Novabiochem
(Wang resin) and used as such without further purification.

Malic Acid Monoesters (4); Typical Procedure for (2S)-2-Hy-
droxysuccinic Acid 1-Benzyl Ester (4a)
Trifluoroacetic anhydride (45 mL) was added to L-malic acid (10.6
g, 79.2 mmol). After 40 min stirring of the mixture all volatiles were
distilled off on a rotary evaporator at < 30 °C. Anhydrous benzyl al-
cohol (50 mL) was added to the white crystalline residue and the re-
sulting mixture was stirred at r.t. for 3 h. The excess alcohol was
distilled off and the crude remainder was purified by column chro-
matography on silica gel 60 to yield 4a (16.2 g, 91%) as a colorless
oil; Rf 0.25 (cyclohexane–EtOAc, 1:2); [a]D

25 –15.3 (c = 1, CHCl3)
{Lit. 17 [a]D 16.7 (c = 1.6, CHCl3) for ent-(4a)}.

IR (ATR): 3425, 1726, 1711, 1240 cm–1.
1H NMR (CDCl3): d = 2.78 (dd, J = 16.6, 6.2 Hz, 1 H, CH2), 2.94
(dd, J = 16.6, 4.5 Hz, 1 H, CH2), 4.52 (dd, J = 6.2, 4.5 Hz, 1 H, CH),
5.17 (s, 2 H, OCH2), 7.28–7.33 (m, 5 H, ar-H).
13C NMR (75.5 MHz, CDCl3): d = 38.2 (C3), 67.1 (C2), 67.6
(OCH2), 128.3, 128.4, 128.5 (ar-CH), 134.8 (ar-Cq), 173.0 (C4),
175.2 (C1).

(2S)-2-Hydroxysuccinic Acid 1-Methyl Ester (4b)18

Yield: 3.3 g (86%) from malic acid (3.54 g, 26.3 mmol) and MeOH
(15 mL); colorless oil; [a]D

25 –15.0 (c = 1, MeOH) {lit.18 [a]D –15.6
(c = 1.33, MeOH)}.

(2S)-2-Hydroxysuccinic Acid 1-Cinnamyl Ester (4c)
Yield: 6.2 g (32%) from malic acid (10.6 g, 26.3 mmol) and cin-
namyl alcohol (10.6 mL, 79 mmol); colorless oil; Rf 0.37 (hexane–
EtOAc, 1:1).

IR (ATR): 3402, 1727, 1717, 1695, 1205, 1110 cm–1.
1H NMR (CDCl3): d = 2.83 (dd, J = 16.2, 6.0 Hz, 1 H, CH2), 2.94
(dd, J = 16.2, 4.5 Hz, 1 H, CH2), 4.52 (t, J = 4.5 Hz, 1 H, CH), 4.84
(d, J = 6.6 Hz, 2 H, OCH2), 6.20–6.31 (m, 1 H, CH=CPh), 6.66 (d,
J = 15.9 Hz, 1 H, CHPh), 7.23–7.40 (m, 5 H, ar-CH).
13C NMR (75.5 MHz, CDCl3): d = 38.5 (C3), 66.8 (C1¢), 67.2 (C2),
122.0 (C2¢), 126.8, 128.4, 128.7 (ar-CH), 135.5 (C3¢), 135.9 (C4¢),
173.0 (C1), 175.8 (C4).

MS: m/z (%) = 250 (21) [M+], 232 (9), 204 (6), 161 (13), 134 (29),
117 (100).

Anal. Calcd for C13H14O5: C, 62.39; H, 5.64. Found: C, 62.36; H,
5.60.

(2S)-1-Benzyl-4-trimethylsilylethyl Malate (5)
Ester 4a (2.24 g, 10.0 mmol) in CH2Cl2 (20 mL) was treated with
DMAP (50 mg) and trimethylsilylethanol (1.57 mL, 11.0 mmol),
the resulting mixture was cooled to 0 °C and dicyclohexylcarbodi-
imide (DCC; 2.27 g, 11.0 mmol) was added portionwise. The reac-
tion mixture was stirred at r.t. for 16 h, the precipitated
dicyclohexylurea was filtered off, the filtrate was concentrated and
the crude product was purified by column chromatography on silica
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gel to yield 5 (1.61 g, 50%) as a colorless oil; Rf 0.31 (hexane–
EtOAc, 4:1); [a]D

25 –15.9 (c = 1, CHCl3).

IR (ATR): 3451, 1738, 1248, 858, 832 cm–1.
1H NMR (CDCl3): d = 0.0 (s, 9 H, SiMe3), 0.90–0.96 (m, 2 H,
CH2Si), 2.73 (dd, J = 16.3, 5.8 Hz, 1 H, CH2), 2.83 (dd, J = 16.3, 4.7
Hz, 1 H, CH2), 4.09–4.17 (m, 2 H, CH2CH2Si), 4.50 (dd, J = 5.8, 4.7
Hz, 1 H, H-5), 5.20 (s, 2 H, OCH2), 7.30–7.37 (m, 5 H, ar-H).
13C NMR (75.5 MHz, CDCl3): d = –1.6 (SiMe3), 17.2 (CH2Si), 38.7
(C3), 63.3 (CH2CH2Si), 67.3 (C2), 67.6 (OCH2), 128.3, 128.5,
128.6 (ar-CH), 135.0 (ar-Cq), 170.5 (C4), 173.2 (C1).

Anal. Calcd for C16H24O5Si: C, 59.23; H, 7.46. Found: C, 59.36; H,
7.37.

(5S)-4-Benzyloxy-5-trimethylsilylethylcarboxymethyl[5H]fu-
ran-2-one (6)
Compound 5 (650 mg, 2.0 mmol), Ph3PCCO (786 mg, 2.6 mmol),
and catalytic amounts of benzoic acid were dissolved in benzene
(15 mL) and heated under reflux for 16 h or irradiated for 1 h at 100
°C in a microwave oven. The solvent was evaporated and the crude
product was purified by column chromatography to leave 6 (591
mg, 85%) as a colorless oil; Rf 0.37 (hexane–EtOAc, 2:1); [a]D

25

–15.1 (c = 1, CHCl3).

IR (ATR): 3120, 3066, 1760, 1730, 1628, 1248, 1166, 1152, 858,
832 cm–1.
1H NMR (CDCl3): d = 0.0 (s, 9 H, SiMe3), 0.90–0.96 (m, 2 H,
CH2Si), 2.59 (dd, J = 16.1, 8.1 Hz, 1 H, CH2), 2.83 (dd, J = 16.2,
4.3, 1 H, CH2), 4.10–4.17 (m, 2 H, CH2CSi), 5.04 (s, 2 H, OCH2),
5.13 (s, 1 H, H-3), 5.20 (dd, J = 8.1, 4.3 Hz, 1 H, H-5), 7.31–7.39
(m, 5 H, ar-H).
13C NMR (75.5 MHz, CDCl3): d = –1.6 (SiMe3), 17.2 (CH2Si), 37.2
(CH2CO2), 63.5 (CCSi), 74.6 (CH2Ph), 75.1 (C5), 89.9 (C3), 127.9,
128.8, 129.1 (ar-CH), 133.6 (ar-Cq), 168.8 (CO2TMSE), 171.7
(C2), 179.7 (C4).

MS: m/z (%) = 348 (7) [M+], 186 (7), 132 (7), 101 (6), 91 (100), 73
(75), 65 (15), 45 (20).

Anal. Calcd for C18H24O5Si: C, 62.04; H, 6.94. Found: C, 62.16; H,
6.90.

(5S)-5-Trimethylsilylethylcarboxymethyldihydrofuran-2,4-di-
one (7)
Compound 6 (348 mg, 1.0 mmol) was dissolved in MeOH (20 mL)
and treated with 5% Pd on charcoal (25 mg). The reaction vessel
was repeatedly evacuated and flushed with hydrogen gas and left to
stir at r.t. for 1 h, pressurized with 1 atm of H2. The resulting reac-
tion mixture was filtered through a short plug of celite, which was
washed with MeOH (40 mL). The filtrate was concentrated on an
oil pump to give pure tetronic acid 7 (250 mg, 99%) as a yellowish
solid; mp 80–81 °C; Rf 0.24 (hexane–EtOAc, 1:1); [a]D

25 –19.4 (c =
1, MeOH).

IR (ATR): 3126, 1762, 1726, 1618, 1249, 1168, 858, 832 cm–1.
1H NMR (CDCl3): d = 0.0 (s, 9 H, SiMe3), 0.80–0.92 (m, 2 H,
CH2Si), 3.04 (s, 2 H, H-3), 3.12 (d, J = 22.1 Hz, 1 H, CH2), 3.38 (d,
J = 22.1 Hz, 1 H, CH2), 4.04–4.13 (m, 2 H, CH2CSi), 4.77 (s, 1 H,
H-5).
13C NMR (75.5 MHz, CDCl3): d = –1.6 (SiMe3), 17.2 (CH2Si), 36.4
(CH2CO2), 37.8 (C3), 64.2 (CH2CSi), 81.1 (C5), 169.4
(CO2TMSE), 170.5 (C2), 205.2 (C4).

MS: m/z (%) = 258 (5) [M+], 243 (15), 215 (25), 173 (15), 145 (20),
129 (50), 117 (10), 101 (100), 73 (100).

Anal. Calcd for C11H18O5Si: C, 51.14; H, 7.02. Found: C, 51.28; H,
6.95.

(5S)-3-Butanoyl-5-trimethylsilylethylcarboxymethyldihydrofu-
ran-2,4-dione (8)
Et3N (0.15 mL, 1.1 mmol) was added at 0 °C to a stirred suspension
of tetronic acid 7 (258 mg, 1.0 mmol) in anhyd CH2Cl2 (10 mL). To
the resulting homogeneous solution was added in succession
DMAP (36 mg, 0.3 mmol), butyric acid (97 mg, 1.1 mmol) and
DCC (2.47 mg, 1.2 mmol) in three portions. The mixture was stirred
for 10 min at 0 °C, the cooling bath was removed, and stirring con-
tinued for 15 h at r.t. The precipitate N,N¢-dicyclohexylurea was fil-
tered off over a short plug of celite which was washed with EtOAc.
The combined filtrates were washed with 5% HCl, dried over
Na2SO4 and concentrated on a rotary evaporator. The crude product
was purified by chromatography on silica gel to leave 8 (300 mg,
91%) as orange crystals; mp 86–88 °C; [a]D

25 –28.0 (c = 0.5,
MeOH).

IR (ATR): 3380, 1726, 1633, 1465, 1249, 1167, 858, 832 cm–1.
1H NMR (CD3OD): d = 0.05 (s, 9 H, SiMe3), 0.94 (t, J = 7.55 Hz, 3
H, CCH3), 0.99 (t, J = 8.4 Hz, 2 H, CH2Si), 1.50–1.59 (m, 2 H,
CH2CH3), 2.54 (dd, J = 16.2, 7.0 Hz, 1 H, CH2), 2.76 (t, J = 7.0 Hz,
2 H, COCH2), 2.92 (d, J = 16.2 Hz, 1 H, CH2), 4.19 (t, J = 8.4 Hz,
2 H, OCH2), 4.73 (s, 1 H, H-5), 9.52 (br, 1 H, OH).

MS: m/z (%) = 328 (5) [M+], 313 (15), 285 (50), 257 (20), 239 (30),
167 (20), 151 (10), 123 (20), 101 (15), 84 (15), 73 (100).

Anal. Calcd for C15H24O6Si: C, 54.85; H, 7.37. Found: C, 54.69; H,
7.30.

(5S)-Carlosic Acid (2)
A solution of 8 (157 mg, 0.5 mmol) in THF (4 mL) was treated with
TBAF·3H2O (480 mg, 1.5 mmol) in one portion. After stirring of
the mixture at r.t. for 2 h Et2O (5 mL) and water (5 mL) were added
and stirring was continued for 10 min. The layers were separated
and the aqueous one was extracted with Et2O to remove organic im-
purities. Carlosic acid 2 was extracted from the clear aqueous phase
with hot benzene (3 × 50 mL). The combined organic layers were
dried and evaporated to leave yellowish crystals (103 mg, 90%); mp
175 °C (lit.19 176–177 °C); [a]D

25 –125.0 (c = 0.25, H2O) {Lit. 7e [a]D

–125.0 (c = 0.28, H2O)}.

IR (ATR): 3133 (br), 1745, 1707, 1662, 1604, 1016 cm–1.
1H NMR (DMSO-d6): d = 0.88 (t, J = 7.4 Hz, 3 H, CH3), 1.50–1.57
(m, 2 H, CH2CH3), 2.56 (dd, J = 16.7, 7.3 Hz, 1 H, CH2), 2.73 (t,
J = 7.0 Hz, 2 H, COCH2), 2.83 (dd, J = 16.7, 3.5 Hz, 1 H, CH2), 4.83
(dd, J = 7.3, 3.5 Hz, 1 H, H-5), 9.52 (br, 2 H, OH).
13C NMR (75.5 MHz, DMSO-d6): d = 13.7 (Me), 18.3 (CH2Me),
36.2 (CH2CO2), 38.7 (COCH2), 75.8 (C5), 98.2 (C3), 170.5
(CO2H), 170.8 (C2), 192.1 (COCH2), 192.3 (C4).

MS: m/z (%) = 228 (5) [M+], 210 (35), 192 (25), 183 (15), 167 (50),
151 (30), 139 (20), 97 (40), 84 (100).

Immobilized Malates (9); General Procedure 
Under a blanket of anhyd Ar Wang resin (1.0 g, loading 1.2 mmol/
g, 100–200 mesh, 1% DVB) was suspended in anyhd THF (12 mL)
and allowed to swell for 30 min. Malate 4 (2.4 mmol) and Ph3P
(0.65 g, 2.4 mmol) were added, the mixture was chilled to –10 °C
and gently shaken and then treated dropwise with a 2 M solution of
DIAD (0.47 mL, 2.4 mmol) in anhyd THF (1.2 mL). The mixture
was allowed to warm up to r.t. overnight and shaken at this temper-
ature for a further 14 h. The colorless resin was collected on a sin-
tered frit, rinsed in turn with THF (2 × 20 mL), CH2Cl2 (2 × 20 mL),
CH2Cl2 (3 × 20 mL), MeOH (3 × 20 mL) and Et2O (2 × 20 mL), and
dried on an oil pump. Completeness was ascertained by weight in-
crease.

9a
Yield: 1.24 g from 4a (0.54 g = twofold excess).
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IR (ATR): 3505 (br), 1737, 1167 cm–1.

9b
Yield: 1.16 g from 4b (0.36 g = twofold excess).

IR (ATR): 3507 (br), 1736, 1170 cm–1.

9c
Yield: 1.28 g from 4c (0.6 g = twofold excess).

IR (ATR): 3504 (br), 1736, 1168 cm–1.

Immobilized Tetronates (10); General Procedure 
Under a blanket of anhyd Ar resin-bound malate 9 (1.2 mmol) was
suspended in anhyd THF (10 mL) and treated with Ph3PCCO (480
mg, 1.6 mmol) and benzoic acid (10 mg). The mixture was gently
shaken at 60 °C for 22 h. At r.t. the light brown resin was collected
on a sintered frit, washed in turn with THF (2 × 20 mL), DMF (2 ×
20 mL), CH2Cl2 (3 × 20 mL), MeOH (3 × 20 mL), toluene (2 ×20
mL) and Et2O (2 × 20 mL) and dried in vacuum. Completeness was
ascertained by the weight increase and the disappearance of the OH-
band of 9 in the IR spectra.

10a
IR (ATR): 1761, 1738, 1631 cm–1.

10b
IR (ATR): 1760, 1736, 1636 cm–1.

10c
IR (ATR): 1754, 1738, 1629 cm–1.

Tetronates 11 from Cleavage of 10 with Bi(TfO)3; Typical Pro-
cedure for (5S)-4-Benzyloxy-5-carboxymethyl[5H]furan-2-one 
(11a)
Under a blanket of anhyd Ar bismuth triflate (196 mg, 0.3 mmol)
was added to a suspension of 10a (1.3 g, 1.2 mmol) in MeCN (10
mL). The mixture was irradiated in a microwave oven at 100 °C for
1 h and then filtered at r.t. over a fritted funnel. The yellow resin was
washed with THF (2 × 20 mL), DMF (2 × 20 mL), CH2Cl2 (3 × 20
mL), MeOH (3 × 20 mL), toluene (2 × 20 mL) and Et2O (2 × 20
mL). The combined filtrates were concentrated and the residue pu-
rified by column chromatography on silica gel 60 to yield 11a (150
mg, 50%) as white crystals; mp 128–130 °C; Rf 0.41 (hexane–
EtOAc, 1:2); [a]D

25 –10.8 (c = 1, MeOH).

IR (ATR): 3112 (br), 1722, 1713, 1620, 1584 cm–1.
1H NMR (CD3OD): d = 2.57 (dd, J = 16.5, 8.2 Hz, 1 H, CH2CO2),
2.89 (dd, J = 16.5, 3.8 Hz, 1 H, CH2CO2), 5.19 (s, 2 H, OCH2), 5.19
(dd, J = 8.2, 3.8 Hz 1 H, H-5), 5.33 (s, 1 H, H-3), 7.35–7.52 (m, 5
H, ar-H).
13C NMR (75.5 MHz, CD3OD): d = 38.1 (CH2CO2), 76.1 (OCH2),
77.4 (C5), 90.5 (C3), 129.3, 129.9, 130.0 (ar-CH), 136.0 (ar-Cq),
172.7 (COOH), 175.2 (C2), 182.8 (C4).

MS: m/z (%) = 248 (10) [M+], 132 (10), 91 (100).

HRMS: m/z calcd for C13H12O5: 248.06847; found: 248.06840.

(5S)-5-Carboxymethyl-4-methoxy[5H]furan-2-one (11b)
Yield: 113 mg (55%)  from 10b (1.2 g); colorless oil; Rf 0.19 (hex-
ane–EtOAc, 1:1).

IR (ATR): 3328 (br), 1728, 1626, 1516 cm–1.
1H NMR (CD3OD): d = 2.56 (dd, J = 16.6, 8.2 Hz, 1 H, CH2CO2),
2.91 (dd, J = 16.6, 3.8 Hz, 1 H, CH2CO2), 3.74 (s, 3 H, OMe), 5.22
(ddd, J = 8.2, 3.8, 1.1 Hz, 1 H, H-5), 5.27 (dd, J = 1.1 Hz, 1 H, H-3).
13C NMR (75.5 MHz, CD3OD): d = 37.7 (CH2CO2H), 60.8 (OMe),
77.2 (C5), 89.6 (C3), 172.6 (CO2H), 175.2 (C2), 184.2 (C4).

Anal. Calcd for C7H8O5: C, 48.84; H, 4.68. Found: C, 48.79; H,
4.60.

(5S)-5-Carboxymethyl-4-cinnamyloxy[5H]furan-2-one (11c)
Yield: 63 mg (40%) from 10c (400 mg); colorless oil; Rf 0.32 (hex-
ane–EtOAc, 1:2).
1H NMR (CD3OD): d = 2.65 (d, J = 16.1 Hz, 1 H, CH2CO2), 2.93
(d, J = 16.1 Hz, 1 H, CH2CO2), 4.56 (d, J = 5.6 Hz, 3 H, OMe), 5.10
(s, 1 H, 3-H), 5.19 (dd, J = 7.9, 3.3 Hz, 1 H, OCH), 5.40 (d, J = 10
Hz, 1 H, CHPh), 5.87–6.01 (m, 1 H, CH=CPh), 7.46–7.68 (m, 5 H,
ar-H).
13C NMR (75.5 MHz, CD3OD): d = 36.8 (CH2COOH), 73.4
(OCH2C=), 75.0 (C5), 89.7 (C3), 120.4 (=CHPh), 128.6 (ar-CH),
130.0 (CH=CPh), 132.1 (ar-CH), 135.9 (ar-Cq), 162.1 (C2), 172.0
(CO2H), 179.6 (C4).

Anal. Calcd for C15H14O5: C, 65.69; H, 5.14. Found: C, 65.69; H,
5.21.
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