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The sweet natural compound monatin 1 has two stereogenic
centres and the (2S,4S) absolute configuration has been at-
tributed to the natural isomer. We obtained all four stereoiso-
mers as pure compounds by a six-step synthetic sequence.
The stereogenic centre at C-4 was introduced stereoselec-
tively by a regio- and enantiospecific enzymatic hydrolysis
of the racemic ethyl dicarboxylate 4 using a protease from
Aspergillus oryzae. The absolute configuration of the inter-
mediate products was assigned by X-ray diffraction of chiral
derivatives. The stereogenic centre at C-2 was introduced
non-specifically, and the resulting diastereomeric mixtures
were separated by RP-HPLC. The absolute configurations of
the final products were established by comparing retention

Introduction

Monatin (1) is a high-intensity, sweet natural compound
isolated from the roots of Schlerochiton ilicifolius, a spiny-
leaved hardwood shrub growing in the rocky hills of North
Western Transvaal (South Africa). Its structure has been
elucidated as 4-hydroxy-4-(indol-3-ylmethyl)glutamic acid
by Ackerman and co-workers.[1] The same authors also as-
signed the (2S,4S) absolute configuration to the natural le-
vorotatory compound based on NOE NMR experiments
on a cyclic derivative and the application of the empirical
Clough–Lutz–Jirgenson rule, but the crystal structure of the
compound is not yet available. The relative sweetness of a
mixture of monatin salts, with a prevalence of sodium salt,
was estimated to be 1200- or 1400-times that of 5 and 10%
sucrose solutions, respectively.

Some synthetic approaches to racemic monatin have
been described in the open or patent literature.[2,3] More-
over, some stereoselective syntheses of (–)-monatin have
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times on a chiral HPLC column with those of known samples.
The four stereoisomers were submitted to tasting trials and
three of them, particularly the (2R,4R) isomer, were found to
be intensely sweet. A sample of natural monatin analysed
under the same conditions is shown to contain all the four
stereoisomers. The relative stereoisomeric content in the
plant, as well as the possible isomerisation of the chiral
centres during extraction and manipulation of monatin sam-
ples, are important points that need to be clarified by exten-
sive analysis of the natural extracts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

also been reported.[4–6] Since 2002, many patents have been
filed concerning monatin synthesis and its possible applica-
tions as a sweetener.[7] In one of these patents, monatin has
been obtained from a cross aldol reaction of a specific pyru-
vic acid with oxalacetic or pyruvic acid followed, if neces-
sary, by decarboxylation. Subsequently, the carbonyl group
of the ketoglutaric acid compound is then replaced with the
amino group.[8] In 2004 the same company obtained mona-
tin by resolution of diastereomeric mixtures, prepared with
a modification of the method of Nakamura and coworkers.
In another patent the sensory properties of all the four
monatin stereoisomers are described.[9] Monatin has also
been prepared by complex microbiological processes using
mutated d-aminotransferases from glucose, tryptophan and
indol-3-lactic acid[10] or 4-(indol-3-ylmethyl)-4-hydroxy-2-
oxoglutaric acid.[11]

Monatin is a very interesting compound. It has a modi-
fied amino acid structure related to simple chiral synthons
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such as glutamic acid and tryptophan, which are themselves
taste-active compounds. It is intensely sweet (about three
times sweeter than saccharin and six times sweeter than as-
partame) and its taste profile is described as extremely
pleasant and similar to that of sucrose, making this mole-
cule a good candidate for practical applications as a sugar
substitute. Unfortunately, since its discovery only scant in-
formation has been published in the open literature due to
the difficulties encountered in the synthesis, particularly in
the control of the stereochemistry, to the extreme difficulties
in obtaining the natural product, and also to the fact that
there is a patent pending since 2000 on the utilisation of this
compound that discouraged many researchers from further
studies.

Scheme 1. Chemoenzymatic synthesis of the four monatin stereoisomers. a) THF, room temp.; b) NEt3, CHCl3, room temp.; c) proteases
from Aspergillus oryzae, toluene buffer pH 7; d) KOH/EtOH refl.; e) H+; f) Na/Hg, EtOH; g) H+; h) semi-preparative RP18-HPLC
resolution.
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In this work we describe a new synthetic method to ob-
tain all the four stereoisomers of monatin and the study of
their taste activity.

Results and Discussion

The chemoenzymatic synthesis of the four monatin ste-
reoisomers is shown in Scheme 1.

The racemic isoxazoline diester 4 was obtained[2] from
the 1,3-dipolar cycloaddition of 2 with the nitrile oxide gen-
erated in situ from the chlorooxime 3. The introduction of
the first stereogenic centre was achieved by a chemoenzym-
atic step. It is known from the literature that proteases from
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Aspergyllus oryzae are useful in the resolution of sterically
demanding esters.[12] We therefore used this enzyme to con-
vert the diester 4 into its monoacid derivative 6 with high
regio- and stereoselectivity in an aqueous-organic phase.
The obtained monoacid 6 and the unreacted diester 5 were
easily separated by extraction. The diester 5 had an ee
greater than 97%, as shown by direct analysis of the reac-
tion mixture by chiral HPLC (Chiralcel OD). The optical
purity of 6 was assessed indirectly by analyzing the corre-
sponding diacid derivative 8 as the corresponding dimethyl
ester (see above). The absolute stereochemistries of these
intermediates were established by means of derivatisation
with appropriate chiral auxiliaries. The diester 5 was treated
with (R)-1-phenylethyl isocyanate to give the corresponding
ureic derivative 14 and with 4-iodobenzoic acid in DCC to
give the amide 15 (Scheme 2).

Scheme 2. Synthesis of derivatives 14, 15 and 16. a) (R)-phen-
ylmethyl isocyanate, NaH, THF; b) 4-iodobenzoic acid, DCC,
DMAP, CH2Cl2 refl.; c) (–)-menthol, DCC, 4-pyrrolidinopyridine,
CH2Cl2, room temp.

Both derivatives 14 and 15 crystallise, but only com-
pound 15 gave crystals suitable for X-ray analysis. In this
derivative, the introduction of the heavy iodine atom made
it possible to resolve the structure and to attribute the (R)
absolute configuration to the stereogenic centre. This con-
figuration is also that expected on the basis of similar enzy-
matic resolutions of diesters.

The monoacid 6, with the opposite configuration, was
derivatised with (–)-menthol as a chiral auxiliary and the
resulting menthyl ester 16 was also crystallised for X-ray
analysis; this showed that the absolute configuration at the

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 1652–16581654

stereogenic carbon of the isoxazoline ring is (S). Figure 1
shows the crystal structures of derivatives 15 and 16.

Figure 1. X-ray structures of derivatives 15 and 16 with ellipsoids
at 25% probability.

During the enzymatic resolution, the diacid 8 was ob-
tained in variable small amounts depending on the duration
of the hydrolysis. This product also has high optical purity
(ee � 90%), as confirmed by analysis of 8 as the dimethyl
ester by chiral HPLC after derivatisation with diazometh-
ane. It is likely that compound 8 is formed from the chemi-
cal hydrolysis of (S)-6 after the enzymatic step; in fact, 8
has the same absolute configuration as the monoacid (S)-6,
as shown by the analysis of the CD spectra of pure com-
pounds (S)-6 and 8, which are very similar and have the
opposite sign with respect to that of compound (R)-5 (Fig-
ure 2).

The diacid (S)-8 and its enantiomer (R)-7 were then
quantitatively obtained by basic hydrolysis of (S)-6 and (R)-
5 respectively. Each enantiomer was submitted to hydro-
genolysis with Na/Hg in aqueous ethanol; during this step,
the second asymmetric centre of the monatin structure was
introduced non-specifically and two mixtures of diastereo-
isomers, 9 and 10, were obtained. Each mixture was ana-
lysed by RP-HPLC and showed the presence of two peaks
(P1 and P2 in Figure 3) with identical masses in ESI-LCMS
corresponding to an ion at m/z = 293.2, which is consistent
with the structure of monatin. Despite many attempts, we
were not able to separate the mixture by column chroma-
tography due to the very similar chromatographic charac-
teristics of the diastereoisomers. Therefore, we used semi-
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Figure 2. CD spectra of compounds 5, 6 and 8.

preparative RP-HPLC to obtain the pure samples after
many injections of the mixture and recovery of the sepa-
rated peaks by lyophilisation of the aqueous organic phase.
With this method, 5–15 mg of pure compounds 11 and 12
were obtained from mixture 9, emanating from (R)-5; the
other diastereoisomers 13 and 1 were obtained from mix-
ture 10, emanating from (S)-6.

Figure 3. HPLC analysis of monatin stereoisomers; i) reverse-phase
analysis of mixture 9 (10 is identical); ii) Crownpack CR (+), mona-
tin stereoisomers; iii) Crownpack CR (+), natural monatin (same
conditions as in ii).

Compounds 1, 11, 12 and 13 were submitted to spectral
analysis and identified as the four stereoisomers of monatin
by means of their spectroscopic characteristics.

Eur. J. Org. Chem. 2005, 1652–1658 www.eurjoc.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1655

While the HRMS and NMR spectroscopic data were
fully consistent with those published in the literature,[1]

some differences were observed in the optical rotation data.
Actually, the reported [α]D25 values are usually referred to
monatin sodium or ammonium salt (or their mixture) and
using water, aqueous 1 n HCl or 5% NH3 as a solvent. We
isolated monatin and its stereoisomers as free amino acids,
and we observed a certain instability of these compounds
in acidic conditions due to the formation of lactones
and/or lactams, as evidenced by HPLC and LCMS traces.
For these reasons we measured [α]D25 in methanol, in which
the free amino acids (but not the sodium salts) are
soluble.

Owing to the different conditions used, a direct compari-
son of these data with those published in the literature is
difficult; for this reason the assignments of absolute config-
uration in our samples were not based on optical rotation
data, but were obtained by means of chiral HPLC.

In order to confirm the attribution of the absolute con-
figurations to the four samples, X-ray data or a direct com-
parison with a specimen of natural (2S,4S)-monatin were
necessary. Many attempts to crystallise derivatives 1 and
11–13 failed, so we looked for a sample of natural monatin.
Natural monatin is not available commercially; the plant
Schlerochiton ilicifolius grows only in a restricted area in
South Africa and is not available from any commercial
sources. After many enquiries with companies and scientists
who have previously worked on monatin, we were finally
able to obtain a few milligrams of an extraction sample.
When this sample was first analysed by RP-HPLC we were
surprised to find that it consisted of two peaks, chromato-
graphically identical to our P1 and P2, thus indicating the
presence of at least two diastereoisomers. Then, the same
sample was analysed by chiral HPLC using a method devel-
oped by Ajinomoto researchers to resolve the four stereo-
isomers with high efficiency and previously used to attri-
bute the absolute configuration to the same four stereoiso-
mers synthesised by an independent method.[9] Our com-
pounds were also analysed under the same conditions. The
results of this comparison are shown in Figure 3 and in
Table 1.

From these results we could attribute the (2S,4S) config-
uration to our compound 1, corresponding to peak D (Fig-
ure 3) of the natural monatin sample. Its enantiomer 12 has
the (2R,4R) configuration, while 11 is (2S,4R) and 13 is
(2R,4S).

It is remarkable to note that the sample of natural mona-
tin we analysed consisted of a mixture of the four stereoiso-
mers, with a predominance of the (2R,4R) enantiomer. This
was unexpected, since natural monatin was reported to be
the (2S,4S) enantiomer.[1] Owing to the small amounts
available and to the impossibility of obtaining a larger sam-
ple or information about the exact origin and detailed ex-
traction methodology, it is not possible to establish whether
these isomers are indeed already present in the plant or
come from some racemisation during the processing of the
sample. This point should undoubtedly be investigated fur-
ther in the future.
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Table 1. HPLC retention times [min] of the compounds obtained in this paper, natural monatin and Ajinomoto’s samples of the four
stereoisomers. The approximate peak ratio was calculated from the percentage area of the single peaks.

Compounds in this paper Natural sample Ajinomoto’s chiral standards[9]

13 11 12 1 P1 P2 2R,4S 2S,4R 2R,4R 2S,4S

Dynamax RP 18 9.29 9.29 10.84 10.84 9.30 10.86
peak ratio 1.0 2.0
Inertsil ODS80 – 9.66 12.26 12.26 9.64 12.06 9.64 9.64 12.06 12.06

1.0 2.3peak ratio
A B C D

Crownpack CR- 12.83 20.82 16.00 35.68 12.32 20.28 15.91 35.46 12.46 20.56 16.24 36.20(+)
peak ratio 1.67 1.0 2.5 2.0
area% (20) (12) (30) (24)

Table 2. Experimental sensory analysis data for the four stereoisomers of monatin.

Sensory analysis da- Ref.13 (2R,4S) 11 (2S,4R) 12 (2R,4R) 1 (2S,4S)ta[a]

RS (10–4 m in H2O) 250 (1.3) tasteless (1.3) 1000 (3.5) 350 (2.6) this paper
RS* 1300 300 2700 50 [8]

RS 1200 [1]

RS slightly sweet (?) sweet [4]

[a] RS = Relative sweetness. * = Relative sweetness values of monatin Na salts compared to the 5% sucrose solution. The optical purity
of these stereoisomers is more than 99%.

Pure compounds 1, 11, 12 and 13 were then submitted
to tasting trials. We used the “sip and spit” procedure[13]

with an untrained and informed panel of 4–6 people using
water solutions of known concentration and sucrose 3%
solution as a standard to determine the relative sweetness
(RS) of the compounds. The results of sensory analysis are
shown in Table 2.

In our tasting trials three of the four stereoisomers were
found to be cleanly sweet, with a small delay time, fast dis-
appearance of the sweet taste and no relevant aftertaste.
Compound 11 was found to be tasteless at the examined
concentration. This stereoisomer has been described pre-
viously as “slightly sweet” by Goodman,[4] but contami-
nation with natural monatin was suspected by the authors;
recently, this isomer has also been tasted and described as
“slightly sweet with bitter” but no quantitative information
on the concentrations used in the tasting trials is pro-
vided.[10] Interestingly, the most potent isomer was not the
(2S,4S) isomer but its (2R,4R) enantiomer, compound 12.
The sweet taste of (2R,4R)-monatin, as well as the higher
potency with respect to its enantiomer, have also been de-
scribed in a patent by Ajinomoto[11] filed during the prepa-
ration of this manuscript. The fact that three (or four) ste-
reoisomers of the same molecule are sweet is not so com-
mon, since usually a high stereospecificity of the interaction
with the receptor is observed. This fact is very important
for practical applications, since synthetic access to single
stereoisomers is much more difficult than to racemates. For
the same reason, the identification of all the four stereoiso-
mers in a sample of natural monatin and the prevalence of
the (2R,4R) isomer, which is also the sweetest of the series,
is very important.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 1652–16581656

The relative stereoisomeric content in the plant, as well
as the possible isomerisation of the chiral centres during
extraction and manipulation of monatin samples, are im-
portant points that need to be clarified by extensive analysis
of the natural extracts as soon as they become available.

The results of the sensory evaluation can also be investi-
gated from the theoretical point of view. In fact, it is pos-
sible to explain the observed stereoselectivity by using some
of the available sweet-taste receptor models to study the in-
teractions between monatin and its stereoisomers and the
putative receptor at molecular level. This has in fact been
the object of further studies by our research group, which
will be reported shortly.

Experimental Section

General: Reagents were of commercial grade purity; solvents were
dried with standard procedures; melting points are uncorrected. 1H
NMR spectra were recorded on Bruker AMX-300 and AMX-600
instruments, using TMS as internal standard; J values are given in
hertz. Mass spectra were recorded on a Finnigan 4021 spectrome-
ter; HPLC experiments were performed with a Varian PROSTAR
instrument; HPLC-MS analysis was performed with an Agilent SL
1100 series instrument with ESI and ion-trap system. HRMS were
recorded with a Bruker Daltonics APEX II ICR-FTMS instru-
ment, using the ESI ionisation mode. CD spectra were recorded
with a Jasco J 810 spectropolarimeter. The crystal structures of
15 and 16 were determined from diffraction data acquired with a
Marresearch Image Plate system and refined by full-matrix least-
squares to give wR1 values of 0.0664, 0.0884 respectively.
CCDC-252171 (for 15) and -252172 (for 16) contain the supple-
mentary crystallographic data for this paper. These data can be
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Monatin Stereoisomers: The synthesis of compounds
2,[2] 3[14] and 4[2] (Scheme 1) has been described in the literature;
the hydrogenolysis reactions of diacid isoxazolines 9 and 10 have
been reported[2] on the racemic mixture.

Enzymatic Hydrolysis of Diethyl 5-(3-Indolylmethyl)-4,5-dihydrois-
oxazole-3,5-dicarboxylate (4): Protease (250 mg) from Aspergillus

oryzae (Sigma type XXII, 3.6 U/mg) was suspended in a two-phase
system prepared from phosphate buffer (25 mL, 0.1 m, pH 7.0) and
toluene (19 mL). Substrate 4 (1.09 g, 3.2 mmol) in toluene (6 mL)
was added and the pH was kept constant by addition of 0.1 n

NaOH. The reaction was monitored by chiral HPLC analysis of
the organic phase. After 80 h the phases were separated, the organic
phase was dried with Na2SO4 and the solvent removed in vacuo to
obtain 453 mg of 5 (41%). The aqueous phase was acidified to pH
3 with 5% HCl and extracted with AcOEt. The organic phase was
washed with brine, dried with Na2SO4, filtered and the solvent re-
moved under reduced pressure. The crude product was purified by
flash chromatography (eluent: CH2Cl2/MeOH, 7:3) to obtain
242 mg of 6 (24%).

Diethyl (3R)-5-(3-indolylmethyl)-4,5-dihydroisoxazole-3,5-dicarbox-
ylate (5): M.p. 104–105 °C. [α]D25 = –55.1 (c = 0.59, CHCl3); ee �

97% (HPLC, Chiralcel OD). 1H NMR (CDCl3): δ = 1.3 (2t, J =
7.2 Hz, 6 H, OCH2CH3), 3.38 (dd, J = 18.7 Hz, 2 H, CH2), 3.47
(dd, J = 15, J = 21.4 Hz, 2 H, indole-CH2), 4.25 (2q, J = 7.2 Hz,
4 H, OCH2CH3), 7.1–7.7 (m, 5 H, indole), 8.1 (br. s, 1 H, NH)
ppm. MS: m/z (%) = 344 (20) [M+], 299 (10), 271 (15), 243 (40),
130 (100).

Ethyl (3S)-5-(3-Indolylmethyl)-5-carboxy-4,5-dihydroisoxazole-3-
carboxylate (6): M.p. 91–92 °C. [α]D25 = +3.75 (c = 0.24, MeOH);
ee � 87%. 1H NMR ([D6]acetone); δ = 1.25 (t, J = 7.3 Hz, 3 H,
OCH2CH3), 2.85 (m, 2 H, indole-CH2), 3.3 (m, 2 H, CH2), 4.25
(q, J = 7.3 Hz, 2 H, OCH2CH3), 6.9–7.7 (m, 5 H, indole) ppm.
MS: m/z (%) = 316 (M+, 20), 272 (40), 255 (18), 203 (15), 181 (15),
167 (15), 130 (100), 103 (5), 77 (5).

(3R)-5-(3-Indolylmethyl)-4,5-dihydroisoxazole-3,5-dicarboxylic Acid
(7): A solution of KOH 10% (3.54 mmol) was added to a solution
of 5 (405 mg, 1.56 mmol) in 9 mL of aqueous 80% EtOH. After
2.5 h at room temperature and in the dark the mixture was acidified
to pH 3 by addition of 10% HCl, treated with brine and extracted
with AcOEt. The organic phase was dried with Na2SO4, filtered
and the solvent evaporated in vacuo to give 208 mg of diacid 7
(62%), m.p. 166–168 °C. [α]D25 = –6.7 (c = 0.18, MeOH). 1H NMR
(CDCl3, [D6]acetone): δ = 3.4 (dd, J = 18.7 Hz, 2 H, CH2), 3.45 (s,
2 H, indole-CH2), 6.8–7.5 (m, 5 H, indole), 10.15 (br. s, 1 H, NH)
ppm. MS: m/z (%) = 244 (18), 227 (20), 199 (10), 154 (37), 131
(20), 130 (100), 103 (10), 89 (10), 77 (18), 63 (10), 51 (10).

(3S)-5-(3-Indolylmethyl)-4,5-dihydroisoxazole-3,5-dicarboxylic Acid
(8): A solution of 10% KOH (1.77 mmol) was added to a solution
of 6 (270 mg, 0.78 mmol) in 6 mL of aqueous 80% EtOH. After
2.5 h at room temperature in the dark the mixture was acidified to
pH 3 by addition of 10% HCl, treated with brine and extracted
with AcOEt. The organic phase was dried with Na2SO4, filtered
and the solvent evaporated in vacuo to give 139 mg of diacid 8
(62%), m.p. 166–168 °C. [α]D25 = +4.3 (c = 0.11, MeOH). 1H NMR
(CDCl3 with [D6]acetone): δ = 3.4 (dd, J = 18.7 Hz, 2 H, CH2),
3.45 (s, 2 H, indol-CH2), 6.8–7.5 (m, 5 H, indole), 10.15 (br. s, 1
H, NH) ppm. MS: m/z (%) = 244 (18), 227 (20), 199 (10), 154 (37),
131 (20), 130 (100), 103 (10), 89 (10), 77 (18), 63 (10), 51 (10).

Diethyl 5-[1-(1-Phenylethylcarbamoyl)-2,3-dihydro-1H-indol-3-yl-
methyl]-4,5-dihydroisoxazole-3,5-dicarboxylate (14): (R)-(+)-1-
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Phenylethyl isocyanate (102 mg, 0.69 mmol) was added to a solu-
tion of 5 (200 mg, 0.58 mmol) and 60% NaH (24 mg, 0.58 mmol)
in dry THF cooled to 0 °C. The reaction was warmed up to room
temperature and, after 2 h, heated at reflux for 4 h. A solution of
brine was added, the THF evaporated in vacuo and the aqueous
phase extracted with AcOEt, dried with Na2SO4, and the solvent
evaporated. The crude product was purified by flash chromatog-
raphy (hexane/AcOEt, 7:3) and crystallised from cyclohexane/
CH2Cl2 to give 240 mg of pure diester 14 (84%). M.p. 78–80 °C.
[α]D25 = –7.5 (c = 0.64, MeOH). 1H NMR (CDCl3): δ = 1.21 (t, J =
7.17 Hz, 3 H, OCH2CH3), 1.35 (t, J = 7.17 Hz, 3 H, OCH2CH3),
1.62 (d, J = 6.80 Hz, 3 H, CH3), 3.21 (d, J = 18.2 Hz, 1 H), 3.42
(2d, J = 15.26 Hz, 2 H), 3.61 (d, J = 18.2 Hz, 1 H), 4.18 (q, J =
7.17 Hz, 2 H, OCH2CH3), 4.28 (q, J = 7.17 Hz, 3 H, OCH2CH3),
5.22 (m, 1 H, CH), 5.82 (d, J = 6.99 Hz, 1 H, NH), 7.10–7.50 (m,
8 H, indole and Ar), 7.52 (d, J = 7.54 Hz, 1 H, Ar), 8.05 (d, J =
8.27 Hz, 1 H, Ar) ppm. MS: m/z (%) = 491 (30) [M – 2], 473 (5),
403 (5), 388 (30), 345 (10), 146 (5), 145 (40), 105 (40), 91 (100), 77
(60).

Diethyl 5-[1–4-Iodobenzoyl)-2,3-dihydro-1H-indol-3-ylmethyl]-4,5-
dihydroisoxazole-3,5-dicarboxylate (15): DCC (400 mg, 1.94 mmol)
and a catalytic amount of DMAP were added to a solution of 4-
iodobenzoic acid (471 mg, 1.9 mmol) in dry CH2Cl2 (5 mL) under
nitrogen. After 1 h at reflux a solution of 5 (98 mg, 0.286 mmol) in
dry CH2Cl2 (2.3 mL) was added, the reaction mixture heated at
reflux for three days. It was then filtered and the solvent evaporated
in vacuo. The crude product was purified by flash chromatography
(hexane/AcOEt, 8:2) to give 98.5 mg of 15 as a white solid (60%).
M.p. (EtOH) 111–114 °C. [α]D25 = –11.0 (c = 0.79, CH2Cl2). 1H
NMR (CDCl3): δ = 1.25 (t, J = 7.2 Hz, 3 H, CH3), 1.35 (t, J =
7.2 Hz, 3 H, CH3), 3.18 (d, J = 18.5 Hz, 1 H), 3.48 (2d, J = 15.6 Hz,
2 H, indole-CH2), 3.58 (d, J = 18.5 Hz, 1 H), 4.18 (q, J = 6.7 Hz,
2 H, CH2) 4.28 (q, J = 6.7 Hz, 2 H, CH2), 7.10–8.50 (m, 9 H,
indole and ar) ppm. MS: m/z (%) = 574 (5) [M+], 360 (40), 231
(100), 203 (20), 104 (15), 76 (18).

3-Ethyl 5-(2-Isopropyl-5-methylcyclohexyl)-5-(2,3-dihydro-1H-indol-
3-ylmethyl)-4,5-dihydroisoxazole-3,5-dicarboxylate (16): DCC
(55 mg, 0.27 mmol), a catalytic amount of DMAP and (–)-menthol
(46 mg, 0.29 mmol) were added to a stirred solution of 6 (85 mg,
0.27 mmol) in 5.7 mL of CH2Cl2. The reaction mixture was stirred
at room temperature for 3 d. The organic phase was washed with
water and dried with Na2SO4, filtered and the solvents evaporated.
The crude product was purified by flash chromatography (hexane/
AcOEt, 7:3) to give 63 mg of 16 (52%). M.p. (hexane/CH2Cl2) 118–
119 °C. [α]D25 = –2.4 (c = 1.45, CH2Cl2). 1H NMR (CDCl3): δ =
0.67 (d, J = 6.75 Hz, 3 H, CH3), (d, J = 6.75 Hz, 3 H, CH3), 0.90
(d, J = 6 Hz, 3 H, CH3), 1.28 (t, J = 6.7 Hz, 3 H), 1.20–1.90 (m, 9
H, menthyl), 3.18 (dd, J = 18.7 Hz, 1 H), 3.48 (2d, J = 15 Hz, 2
H, CH2-indole), 3.58 (d, J = 18.7 Hz, 1 H), 4.28 (q, J = 6.7 Hz, 2
H), 4.73 (m, 1 H), 7.10–7.65 (m, 5 H, indole), 8.1 (br. s, 1 H, NH)
ppm. MS: m/z (%) = 454 (40) [M+], 317 (5), 271 (5), 243 (20), 197
(5), 130 (100), 83 (5).

The hydrogenolysis of isoxazoline diacids 7 and 8 gave a mixture
of diastereoisomers 9 (71%) and 10 (60%) respectively. The mix-
tures were resolved by semi-preparative HPLC.

(2R,4R)-Monatin (12): [α]D25 = –3.85 (c = 0.78, MeOH). 1H NMR
(D2O): δ = 2.05 (dd, J = 15.2, J = 11.7 Hz, 1 H, H-3a), 2.70 (dd,
J = 15.2, J = 2.0 Hz, 1 H, H-3b), 3.08 (d, J = 14.7 Hz, 1 H, H-5a),
3.28 (d, J = 14.7 Hz, 1 H, H-5b), 3.63 (dd, J = 11.7, J = 2.0 Hz, 1
H, H-2,), 7.0–7.8 (m, 5 H, indole) ppm. LCMS (ESI): m/z (%) =
293 (100) [M + 1], 274 (5), 257 (10), 121 (40). HRMS (ESI, pos):
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m/z (%) = 293.11219 [M + 1], 315.09451 [M + Na]; calculated:
293.11320.

(2S,4R)-Monatin (11): [α]D25 = –0.7 (c = 0.43, MeOH). 1H NMR
(D2O): δ = 2.21 (dd, J = 15.2, J = 9.9 Hz, 1 H, H-3a), 2.44 (dd, J

= 15.2, J = 3.2 Hz, 1 H, H-3b), 3.22 (dd, J = 14.4 Hz, 2 H, H-5),
3.92 (dd, J = 9.9, J = 3.2 Hz, 1 H, H-2), 7.0–7.8 (m, 5 H, indole)
ppm. LCMS (ESI): m/z (%) = 293 (100) [M + 1], 275 (5), 274 (5).
HRMS (ESI, pos): m/z (%) = 293.11212 [M + 1], 315.09491 [M +
Na]; calculated: 293.11320.

(2R,4S)-Monatin (13): [α]D25 = +10.0 (c = 0.02 MeOH). 1H NMR
(D2O): δ = 2.21 (dd, J = 14.9, J = 9 Hz, 1 H, H-3a), 2.44 (dd, J =
15.2, J = 3.2 Hz, 1 H, H-3b), 3.22 (dd, J = 14.4 Hz, 2 H, H-5),
3.92 (dd, J = 9.9, J = 3.2 Hz, 1 H, H-2), 7.0–7.8 (m, 5 H, indole)
ppm. LCMS (ESI): m/z (%) = 291 (100) [M – 1], 211 (5). HRMS
(ESI, pos): m/z (%) = 293.11212 [M + 1], 315.09491 [M + Na];
calculated: 293.11320.

(2S,4S)-Monatin (1): [α]D25 = +1.2 (c = 0.93, MeOH). 1H NMR
(D2O): δ = 2.05 (dd, J = 15.2, J = 11.7 Hz, 1 H, H-3a), 2.70 (dd,
J = 15.2, J = 2.0 Hz, 1 H, H-3b), 3.08 (d, J = 14.7 Hz, 1 H, H-5a),
3.28 (d, J = 14.7 Hz, 1 H, H-5b), 3.63 (dd, J = 11.7, J = 2.0 Hz, 1
H, H-2), 7.0–7.8 (m, 5 H, indole) ppm. LC-MS (ESI): m/z (%) =
291 (100) [M – 1], 113 (5). HRMS (ESI, pos): m/z (%) = 293.11219
[M + 1], 315.09451 [M + Na]; calculated: 293.11320.

HPLC Analysis: All the compounds were analysed by RP-HPLC
for their chemical purity. The enantiomeric excess was determined
for compounds 5 and 6 with a Chiralcel OD column from Daicel.
The four stereoisomers of monatin 1, 11, 12 and 13 were analysed
by Dr. Yusuke Amino, Ajinomoto Co. Inc., with a Crownpack CR
(+) (Daicel) column in comparison with samples obtained by an
independent method[8] and with a sample of natural monatin.
Peaks were identified based on retention times and enrichment with
reference samples. Analytical conditions: Dynamax C18 25×0.4
mm id.; eluent A: H2O+0.1% acetic acid; eluent B: CH3CN+0.1%
acetic acid; t0 A:B = 90:10, t25min A:B = 75:25, flow 1.0 mL/min,
UV 254 nm. Chiralcel OD, 25×0.4 id., Daicel; eluent: hexane/
iPrOH (65:35) isocratic conditions, flow 0.8, UV 254 nm. Crown-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2005, 1652–16581658

pack CR(+) 15×0.4 id., Daicel; eluent HClO4 aq (pH 2.00)/MeOH
(85:15), flow 1.1, UV 210 nm.
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