Tetrahedron, Vol. 53, No. 16, pp. 5891-5898, 1997
Pergamon © 1997 Elsevier Science Ltd
All rights reserved. Printed in Great Britain

PII: S0040-4020(97)00249-4 0040-4020/97 $17.00 + 0.00

On the Synthesis of (S )-o-Methylaspartic Acid by Diastereoselective
Alkylation of a Chiral 2-Cyanopropanoate.

Carlos Cativiela*, Maria D. Diaz-de-Villegas,* José A. Gdlvez and Yolanda Lapeiia

Instituto de Ciencia de Materiales de Aragén, Departamento de Quimica Orgénica, Universidad de Zaragoza-C.S.1.C.,
50009 Zaragoza, Spain, e-mail: cativiela@posta.unizar.es, loladiaz@posta.unizar.es

Abstract: A novel and efficient procedure for the synthesis of optically pure a-methylaspartic
acid, based on the diastereoselective alkylation of (15,2R,4R)-10-(dicyclohexylsulfamoyl)isobornyl
2-cyanopropanoate with a-halocarbonyl compounds, is described. © 1997 Elsevier Science Ltd.

Conformationally constrained amino acid surrogates can be used to reduce the conformational space
available to peptidomimetics.! The modified peptide may provide useful information on its bioactive
conformation, and incorporation of the constrained amino acid residue may result in beneficial physiological
effects such as optimisation of peptide-receptor binding and resistance to peptidases.2 In the study of
conformationally constrained amino acids, a-methyl derivatives have received special attention3 due to their
considerable scientific and medicinal significance. In particular, a-methylaspartic acid is of great interest owing
to its ability to competitively inhibit aspartate amino transferase.4

L-Aspartic acid is widely used in medicines, as a chiral intermediate in drug synthesis and as a food
additive. Recently, aspartame, a dipeptide comprising of L-aspartic acid and L-phenylalanine methyl ester, was
commercialised as a low calorie synthetic sweetener. Moreover, aspartate is known3 to be an excitatory amino
acid (EAA) and o-methylaspartic acid may be an effective EAA antagonist. On the other hand, both L- and D-
aspartic acid are important intermediates for the synthesis of many useful drugs.6

(R)- or (S)-2-methylaspartic acids have been prepared by asymmetric alkylation methods using suitable
chiral precursors such as imidazolidinones,” oxazolidinones8 or hexahydropyrroloindoles. More recently,
Obrecht et al.10 have applied their resolution procedure to obtain (R)- or (S)-2-methylaspartic acids in
enantiomerically pure form.

As a part of an ongoing program, our research group has developed a stereoselective route to a-alkyl
amino acids from easily accessible (IS,2R,4R')-10-(dicyclohexylsulfamoyl)isobomyl 2-cyanoesters. The
underlying principle of our methodology is the highly diastereoselective alkylation of these chiral 2-cyanoesters
by neutralisation of the enolate with a reactive electrophile.!! We have recently observed that the alkylation
reaction can be conveniently performed using potassium carbonate as a base and with only 2 equivalents of the
electrophile to obtain amino acid precursors.!2 We report here the extension of this methodology to the
stereoselective synthesis of a-methylaspartic acid using o-halocarbonyl compounds as reactive electrophiles.
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Scheme 1 shows our general strategy for the synthesis of a-methylaspartic acid. The starting material is
(18,2R 4R)-10-(dicyclohexylsulfamoyl)isobornyl 2-cyanopropanoate, which is easily obtained by esterification
of 2-cyanopropanoic acid with (15,2R,4R)-10-(dicyclohexylsulfamoyl)isoborneol according'to a previously
described procedure.!3 Firstly we attempted to alkylate 1 with o-haloesters. In these cases the reactions,
performed with potassium carbonate as base and methyl, ferz-butyl and benzyl bromoacetate as electrophiles,
proceeded in nearly quantitative yields and with quite good stereoselectivities. In each case the C,S
diastereoisomer was the major compound.!4 Alkylation of methyl 2-cyanopropanoate with a chiral 2-
bromoacetate as the electrophile afforded the corresponding alkylation product 2d as an almost equimolecular
mixture of diastereoisomers.

COOR K,CO;3, acetone \ i, COOR
CH, < s
CN x Dy 3 CN
1 2a-f
2a R=R* Y =COOCH;,2b R=R¥* Y =COOC(CHj3);
2¢ R=R* Y =COOCH,C¢Hs,2d R=CH,, Y=COOR* R*OH= OH
2¢ R=R* Y=CN,2f R=R*Y=CON ) SON(CeHin)
Scheme 1

When iodoacetonitrile was used we obtained an inseparable mixture of compounds. N-
(bromoacetyl)piperidine was found to be the best alkylating agent and the corresponding alkylation product was
obtained in nearly quantitative yield with a very high diastereoselectivity. Moreover, both diastereoisomers of
compound 2f can be easily separated by flash chromatography (silica gel) using ether/hexane 95/5 as the eluent
and the major compound was isolated in 90 % yield from the diastereomeric mixture. In contrast, isolation of the
major compound from mixtures 2a-2¢ proved extremely difficult in all cases and a diastereomerically pure
sample of compound 2b was obtained only after several crystallisations.

Table 1. Yields obtained in the alkylation of compound 1.

Entry Alkylating agent Compound Yield % (d.r.)a
1 BrCH,CO;CH3 2a = 100 75125
2 BrCH,CO,C(CH3)3 2b = 100 80/20
3 BrCH,CO;CH,CgHj5 2¢ = 100 82/18
4b BrCH,CO;R* 2d 80 45/55
5 ICH,CN 2e traces -
6 BrCHZCO'N: > 2f = 100 92/8

2 Determined from the crude reaction mixture by integration of the |H NMR (300 MHz) absorptions of the methine protons (each

diastereoisomer gives separate signals). P Alkylation with (15,2R,4R)-10-(dicyclohexylsulfamoyl)isobornyl 2-bromoacetate was
performed on methyl 2-cyanopropanoate.
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Compound 2f also has an advantage in that it is also more convenient to perform the selective hydrolysis
of the chiral ester group as it possess two different functional groups (ester and amide). Selective hydrolysis of
the ester group can easily be performed by treatment with a IN solution of lithium hydroxide in methanol at
room temperature. Under these conditions we obtained carboxylic acid 3 in 75 % yield after 4 days (Scheme 2).
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For the final step in the synthesis of a-methylaspartic acid we attempted the Curtius rearrangement of
compound 3 under a variety of reaction conditions. In the synthesis of the acyl azide, the mixed anhydride
obtained by treatment of compound 3 with isopropyl chloroformate was trapped in situ with sodium azide. This
route was necessary as all attempts to obtain the corresponding acid chloride by treatment of 3 with thionyl
chloride, phosphorous pentachloride or oxalyl chloride were unsuccessful. The acylazide obtained was
submitted to Curtius rearrangement, without being isolated, by heating in a mixture of toluene/methanol. The
resulting urethane was hydrolysed first in an acidic medium, to generate the amino acid moiety, and
subsequently in a basic medium to liberate the -carboxylic function. The overall yield for the reaction sequence
was 87 %. We also tested the use of the one-pot procedure developed by Yamada et al.!5 and used
diphenylphosphoryl azide in the presence of a base in order to obtain the intermediate acylazide. The reaction
appeared to be dependent on the nature of the amine used and we obtained the best results using
diisopropylethylamine as the base. The crude acylazide was heated in an acidic medium and then submitted to
basic hydrolysis to afford o-methylaspartic acid in 83 % overall yield.
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Scheme 3

An interesting alternative for the synthesis of o-methylaspartic acid is the oxidation of the allylic side chain
of (25)-2-tert-butoxycarbonylamino-2-methyl-4-pentenonitrile, which can be synthesised in enantiomerically
pure form.!2 In effect, treatment of compound § with an excess of sodium periodate in the presence of
ruthenium trichloride led to the conversion of the allylic side chain into a carboxylic acid group. Subsequent acid
hydrolysis of the nitrile with 20 % hydrochloric acid afforded (S)-o-methylaspartic acid hydrochloride in 80%
overall yield for the two steps (Scheme 3).
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In conclusion, our methodology for the synthesis of o;a-dialkylamino acids based on the diastereoselective
alkylation of chiral 2-cyano esters can be successfully applied to the synthesis of o-methylaspartic acid by simply
using (15,2R,4R)-10-(dicyclohexylsulfamoyl)isobornyl 2-cyanopropanoate as the starting material and o-
halocarbonyl compounds or allylbromide as the electrophile.

EXPERIMENTAL

Apparatus: Melting points were determined using a Biichi 510 capillary melting point apparatus and are
uncorrected. IR spectra were recorded using a Perkin-Elmer 1600 FT IR infrared spectrophotometer. 'H NMR
and 13C NMR spectra were recorded using a Varian Unity-300 or a Bruker ARX-300 spectrometer in
deuterochloroform or deuterated water using the residual solvent signal as the internal standard; chemical shifts
(8) are given in parts per million and the coupling constants (J) in Hertz. Elemental analyses were performed
using a Perkin-Elmer 2400 analyser. Optical rotations were measured on a Perkin-Elmer 241-C polarimeter at
25°C.

Chemicals: Methyl, tert-butyl and benzyl bromoacetate and iodoacetonitrile were purchased from the
Aldrich Chemical Co. and used as received. (15,2R,4R)-10-Dicyclohexylsulfamoyl-2-bromoacetate and N-
(bromoacetyl)piperidine were obtained by treatment of bromoacetylbromide with (15,2R,4R)-10-
(dicyclohexylsulfamoyl)isoborneol and piperidine respectively according to standard procedures. (15,2R 4R)-
10-(Dicyclohexylsulfamoy!)isobornyl-2-cyanopropanoate!? 1 and (25)-2-fert-butoxycarbonylamino-2-methyl-4-
pentenonitrile!! 5 were obtained according to literature procedures. TLC was performed on precoated silica-gel
plates which were visualised using UV light and anisaldehyde/sulfuric acid/ethanol (2/1/100). Flash coluran
chromatography was performed using silica-gel (Kiesegel 60).

General procedure for the enolate alkylation of compound 1
Potassium carbonate (690 mg, 5 mmol) was added to a well stirred solution of the corresponding (2RS)
(15,2R,4R)-10-(dicyclohexylsulfamoyl)isoborny! 2-cyanopropanoate 1 (478 mg, 1 mmol) and the
corresponding alkylating agent (2 mmol) in dry acetone (15 ml). The resulting mixture was stirred at room
temperature for 48 h, filtered and the solid residue washed with ether. The combined filtrates were concentrated
in vacuo and the residue was dissolved in ether, washed with water, dried over anhydrous MgSQy, filtered and
concentrated in vacuo to afford the corresponding alkylated compound 2a-f as a mixture of diastereoisomers
(see table 1). When N-bromoacetylpiperidine was used as the alkylating agent, the major compound 2f was
isolated in 90 % yield from the diastereomeric mixture by flash chromatography (eluent ether/hexane 95/5) as a
white solid.
(25)-(15,2R ,4R)-10-(Dicyclohexylsulfamoyl)isobornyl 2-cyano-2-methyl-3-methoxycarbonyl
propanoate 2a
From the (75/25) diastereomeric mixture, lH NMR (CDCl3, 300 MHz) 5 0.87 (s, 3H), 1.15 (s, 3H), 1.68 (s,
3H), 1.00-2.05 (m, 27H), 2.62 (d, 1H, J = 13.5 Hz), 2.67 (d, 1H, J = 17.3 Hz), 3.09 (d, 1H, ] = 17.3 Hz),
3.20-3.36 (m, 2H), 3.44 (d, 1H, 13.5 Hz), 3.70 (s, 3H), 4.88 (dd, 1H, J = 7.4 Hz, J = 3.4 Hz); !3C NMR
(CDCl3, 75 MHz) 5 19.6, 20.2, 23.3, 25.0, 26.1, 26.2, 26.9, 30.5, 32.2, 33.0, 38.4, 40.2, 41.8, 44.2, 493,
52.1, 53.6, 57.3, 81.1, 119.3, 167.6, 169.1; Anal. Calcd. for CooH4gN204S: C, 63.24; H, 8.42; N, 5.09; S,
5.82. Found: C, 63.03; H, 8.15; N, 5.33; §, 6.07.
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(25)-(15,2R,4R)-10-(Dicyclohexylsulfamoyl)isobornyl 2-cyano-2-methyl-3-ter¢-
butoxycarbonylpropanocate 2b

From the (80/20) diastereomeric mixture, lH NMR (CDCl3, 300 MHz) § 0.87 (s, 3H), 1.14 (s, 3H), 1.41 (s,
9H), 1.65 (s, 3H), 1.00-2.05 (m, 27H), 2.61 (d, 1H, J = 13.5 Hz), 2.64 (d, 1H, J = 16.8 Hz), 2.97 (4, 1H, J
= 16.8 Hz), 3.18-3.40 (m, 2H), 3.43 (d, IH, 13.5 Hz), 4.87 (dd, 1H, ] = 7.5 Hz, J = 3.3 Hz); 13C NMR
(CDCls, 75 MHz) & 19.8, 20.4, 23.7, 25.2, 26.3, 26.4, 27.1, 28.0, 30.7, 32.3, 33.3, 38.4, 40.6, 43.3, 44 4,
49.5, 53.8, 57.2, 81.1, 82.1, 119.7, 167.8, 168.1; Anal. Calcd. for C3pHs52N206S: C, 64.83; H, 8.84; N,
4.73; S, 5.41. Found: C, 64.75; H, 8.91; N, 4.59; S, 5.29.
(25)-(1S,2R,4R)-10-(Dicyclohexylsulfamoyl)isobornyl 2-cyano-2-methyl-3-
benzyloxycarbonylpropanoate 2c

From the (82/18) diastereomeric mixture, 'H NMR (CDCl3, 300 MHz)  0.87 (s, 3H), 1.13 (s, 3H), 1.69 (s,
3H), 1.00-2.05 (m, 27H), 2.61 (d, 1H, J = 13.2 Hz), 2.64 (d, 1H, J = 17.4 Hz), 3.14 (4, 1H, J = 17.4 Hz),
3.20-3.36 (m, 2H), 3.43 (d, 1H, 13.2 Hz), 4.87 (dd, 1H, J = 7.2 Hz, J = 3.3 Hz), 5.10 (d, 1H, J = 12.3 H2),
5.16 (d, 1H, J = 12.3 Hz), 7.30-7.40 (m, 5H); !3C NMR (CDCls, 75 MHz) § 19.8, 20.4, 23.8, 25.2, 26.3,
26.4, 27.1, 30.7, 32.4, 33.2, 38.6, 40.4, 42.2, 44.4, 49.5, 49.6, 53.8, 57.5, 67.4, 81.4, 119.7, 128.1,
128.5, 128.6, 135.0, 167.7, 168.8; Anal. Calcd. for C35sH59N20¢S: C, 67.06; H, 8.04; N, 4.47; S, 5.12.
Found: C, 66.91; H, 7.89; N, 4.25; S, 5.28.
(28)-(1S,2R,4R)-10.(Dicyclohexylsulfamoyl)isobornyl 2-cyano-2-methyl-3-(1-
piperidylcarbonyl)propanoate 2f

Mp 160 °C ; [o]p20 = - 67.2 (c = 1 in CHCl3); IR (Nujol) 2246, 1737, 1641 cor}; TH NMR (CDCl3, 300 MHz)
3 0.89 (s, 3H), 1.23 (s, 3H), 1.71 (s, 3H), 1.00-2.05 (m, 33H), 2.64 (d, 1H, J = 13.4 Hz), 2.78 (d, 1H, ] =
16.4 Hz), 3.06 (d, 1H, J = 16.4 Hz), 3.22-3.36 (m, 2H), 3.38-3.46 (m, 2H), 3.49 (d, 1H, 13.4 Hz), 3.55-
3.64 (m, 2H), 4.85 (dd, 1H, J = 7.6 Hz, J = 3.0 Hz); 13C NMR (CDCl3, 75 MHz) & 20.0, 20.5, 23.9, 24.3,
25.2, 25.3, 26.2, 26.3, 26.4, 27.2, 30.6, 32.4, 33.2, 38.4, 40.8, 42.3, 42.8, 44.4, 46.3, 49.4, 49,5, 53.8,
57.5, 80.9, 120.4, 165.8, 168.4; Anal. Calcd. for C33Hs53N305S: C, 65.64; H, 8.85; N, 6.96; S, 5.31. Found:
C,65.82; H, 8.71; N, 7.04; S, 5.18.

(2S)- 2-cyano-2-methyl-3-(1-piperidylcarbonyl)propanoic acid 3

(15,2R 4R)-10-(Dicyclohexylsulfamoyl)isobornyl 2-cyano-2-methyl-3-(1-piperidylcarbonyl)propanoate 2f (603
mg, 1 mmol) was added to a 1N solution of LiOH in methano! (15 ml) and the reaction mixture was stirred at
room temperature for 4 days. The resulting solution was partitioned between ether and water and the aqueous
layer was extracted with ether (3 x 20 ml) in order to remove and recover the chiral auxiliary. The aqueous layer
was then acidified with 20% hydrochloric acid and extracted with methylene chloride (3 x 20 ml). The organic
layer was dried over anhydrous MgSOa, filtered and concentrated in vacuo to afford (25)- 2-cyano-2-methyl-3-
(1-piperidylcarbonyl) propanoic acid 3 as a white solid in 75% yield.

Mp 127 °C ; [«]p20 = - 39.8 (c = 1 in methanol); IR (Nujol) 2271, 1750, 1643 cm'!; 'H NMR (CDCl3, 300
MHz) & 1.40-1.60 (m, 6H), 1.58 (s, 3H), 2.72 (d, 1H, J = 16.5 Hz), 2.95 (d, 1H, J = 16.5 Hz), 3.22-3.30
(m, 2H), 3.35-3.54 (m, 2H), 4.68 (brs, 1H); 13C NMR (CDCl3, 75 MHz) § 23.7, 24.1, 25.2, 26.0, 41.2,
42.6, 46.2, 120.8, 165.9, 171.0; Anal. Calcd. for C;1H6N203: C, 58.92; H, 7.19; N, 12.49. Found: C,
60.08; H, 7.03; N, 12.62.
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(2S)-a-Methylaspartic acid 4
Method A. N-Methylmorpholine (56 mg, 0.55 mg) and isopropyl chloroformate (67 mg, 0.55 mmol) were
added successively to a solution of (25)- 2-cyano-2-methyl-3-(1-piperidylcarbonyl) propanoic acid 3 (112 mg,
0.5 mmol) in THF (10 ml) at -30 °C and the reaction was stirred for 30 min. The resulting mixture was allowed
to warm to room temperature and a solution of sodium azide (65 mg, 1 mmol) in water (1 ml) was added. The
resulting mixture was stirred for an additional 30 min and extracted with ether (3 x 20 ml). The combined
organic extracts were dried over anhydrous MgSQOj, filtered and concentrated in vacuo without heating. The
crude carbonylazide was dissolved in toluene/methanol 2:1 (15 ml) and the resulting solution was heated under
reflux for 8 h. The solvents were removed in vacuo to afford the crude urethane which was hydrolysed without
purification by addition of 20 % hydrochloric acid solution (40 ml) and heating under reflux conditions for 24 h.
The solution was concentrated in vacuo, diluted with water (15 ml) and concentrated in vacuo once again. The
residue was partitioned between ether and water and the aqueous layer was extracted with ether (3 x 20 ml). 10%
aqueous sodium hydroxide solution was added to the aqueous layer and the basic solution was extracted with
methylene chloride (3 x 20 ml). The resulting aqueous solution was heated at 110 °C with stirring for 4 h and
then acidified with 5% hydrochloric acid. The reaction mixture was evaporated to dryness in vacuo to give the
crude amino acid salt which was purified by elution with 2N aqueous ammonia through a cation exchange resin
column (Dowex 50W x 8, H*). 128 mg (87%) of (25)-a-methylaspartic acid 4 was obtained as a white solid.
Method B. Diisopropylethylamine (143 mg, 1.1 mmol) and diphenylphosphoryl azide (303 mg, 1.1 mmol) were
added successively to a solution of (25)- 2-cyano-2-methyl-3-(1-piperidylcarbonyl)propanoic acid 3 (224 mg, 1
mmol) in dry toluene (10 ml) and the reaction was stirred for 6 h under reflux . When the reaction was complete
the solvent was evaporated in vacuo to afford the crude isocyanate which was hydrolysed without purification by
heating under reflux with 20 % aqueous hydrochloric acid (40 ml) for 24 h. The solution was concentrated in
vacuo, diluted with water (15 ml) and concentrated in vacuo once again. The residue was partitioned between
ether and water and the aqueous layer was extracted with ether (3 x 20 ml). Aqueous sodium hydroxide (10%)
was added to the aqueous layer and the basic solution was extracted with methylene chloride (3 x 20 ml). The
resulting aqueous solution was heated at 110 °C with stirring for 4 h and then acidified with 5% aqueous
hydrochloric acid. The reaction mixture was evaporated to dryness in vacuo to give the crude amino acid salt
which was purified by elution with 2N aqueous ammonia through a cation exchange resin column (Dowex S0W
x 8, H*), 122 mg (83%) of (25)-a-methylaspartic acid 4 was obtained as a white solid.
Method C. Small portions of NalO4 (877 mg, 4.1 mmol) were added to a stirred solution of (25)-2-tert-
butoxycarbonylamino-2-methyl-4-pentenonitrile 5 (210 mg, 1 mmol) in a mixture of acetonitrile-carbon
tetrachloride-water (2:2:3 ) (20 mi). On completion of the addition, the mixture was vigorously stirred for 5 min
and was treated with RuCl3-H,0 (10 mg, 0.044 mmol). The mixture was stirred for a further 3 h and saturated
aqueous sodium bicarbonate solution was added until the pH was 8-9. The aqueous solution was washed with
dichloromethane ( 3 x 10 ml) and the resulting aqueous layer was then carefully acidified with 20% aqueous
hydrochloric acid and extracted with dichloromethane (3 x 10 ml). The combined organic extracts were dried
over anhydrous MgSOQy, filtered and concentrated in vacuo . The resulting crude (35)-3-tert-
butoxycarbonylamino-3-cyanobutanoic acid was hydrolysed by stirring with 20% aqueous hydrochloric acid (40
ml) for 24 h under reflux . The reaction mixture was washed with ether and the aqueous layer evaporated to
dryness in vacuo to give 117 mg (80 %) of the amino acid hydrochloride from which the free amino acid was be
isolated by ion exchange chromatography (Dowex 50W x 8,H*) as a white solid.
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Physical and spectroscopic data of the hydrochloride: M.p. > 300 °C; [«]25p = + 31 (c, 0.5 in methanol), lit
[¢]25p = + 33.5 (c, 1.5 in methanol); 'H NMR (D,0, 300 MHz): & 1.30 (s, 3H), 2.40 (d, 1H, J = 7.2 Hz),
2.67 (d, 1H, J = 7.2 Hz); 13C NMR (D;0, 75 MHz): § 20.7, 40.8, 57.6, 175.5, 176.2.

Acknowledgement: This work was supported by the Direccidn General de Investigacién Cientifica y
Técnica, project number PB94-0578. Y.L. would like to express her gratitude to the Ministerio de Educacién y

Ciencia for a doctoral fellowship.

REFERENCES

1.  For leading references see: (a) Degrado, W. F., Advances in Protein Chemistry, Academic Press Inc.,
New York, 1988. (b) Toniolo, C., Formaggio, F., Crisma, M., Valle, G., Boesten, W. H. J.,
Schoemaker, H. E., Kampuis, J., Temussi, P. A., Becker, E. L., Précigoux, G., Tetrahedron, 1993,
49, 3651 and refs cited therein. (c) Hruby, V. J., Al-Obeidi, F., Kazmierski, W., Biochem. J., 1990,
268, 249.

2. See for example: (a) Rapoport, H., Koskinen, A. M. P., J. Org. Chem., 1989, 54, 1859. (b)
Kronenthal, D. R., Mueller, R. H., Kuester, P. L., Kissick, T. P., Johnson, E. J., Tetrahedron Letr.,
1990, 31, 1241. (c) Chung, J. Y. L., Wasicak, J. T., Arnold, W. A., May, C. S, Nadzan, A. M.,
Holladay, M. W., J. Org. Chem., 1990, 55, 270. (d) Holladay, M. W, Lin, C. W., May, C. S.,
Garvey, D. S., Witte, D. G., Miller, T. R., Wolfram, C. A. W., Nadzan, A. M., J. Med. Chem., 1991,
34, 455. (e) Bruncko, M., Crich, D., Tetrahedron Lett., 1992, 33, 6251.(f) Goméz-Monterrey, 1.,
Gonzilez-Muiiiz, R., Herranz, R., Garcia-Lépez, M. T., Tetrahedron Lett., 1993, 34, 3593.(g) Sasaki,
N. A,, Pauly, R,, Fontaine, C., Chiaroni, A., Riche, C., Potier, P., Tetrahedron Lett., 1994, 35, 241.

3.  See for example: (a) Karady, S., Amato, J. S., Weinstock, L. M., Tetrahedron Lett., 1984, 25, 2243.
(b) Schollkopf, U., Westphalen, K. O., Scroder, J., Horn, K., Liebigs Ann. Chem., 1988, 781. (c)
Zydowski, T. M., de Lara, E., Spanton, S. G., J. Org. Chem., 1990, 55, 5437. (d) Ojima, T., Komata,
T., Qiu, X., J. Am. Chem. Soc., 1990, 112, 770. (e) Seebach, D., Burgar, H. M., Schekli, C. P,
Liebigs Ann. Chem., 1991, 669. (f) Williams, R. M., Im, M. N., J. Am. Chem. Soc., 1991, 113,
9276. (g) Ihiara, M., Takahashi, M., Taniguchi, N., Yasui, K., Niitsuma, H., Fukumoto, K., J. Chem.
Soc., Perkin Trans. I, 1991, 525.(h) O' Donnell, M. J., Shengde, W., Tetrahedron: Asymmetry, 1992,
3, 591. (i) Roos, E. C., Lépez, M. C., Brook, M. A., Hiemstra, H., Speckamp, W. N., J. Org. Chem.,
1993, 58, 3259. (j) Acher, F., Azerad, R., Tetrahedron: Asymmetry, 1994, 5, 731.

4.  Kiick, D. M., Cook, P. F., Biochemistry, 1983, 22, 375, and references therein.

5.  See for example: (a) Watkins, J. C., Olverman, H. J., Trends Neurosci., 1987, 10, 265. (b) Meldrum,
B., Brain Res. Rev., 1993, 181, 293.

6. For a recent review see: Matsumoto, K., Seki, M., J. Synth. Org. Chem. Jpn., 1994, 49, 26, and
references therein.
Aebi, J. D., Seebach, D., Helv. Chim. Acta, 1985, 68, 1507.
(a) Fadel, A., Salaiin, J., Tetrahedron Lett., 1987, 28, 2243. (b) Altman, E., Nebel, K., Mutter, M.,
Helv. Chim. Acta, 1991, 74, 800.

9.  Chan, C. O, Crich, D., Natarajan, S., Tetrahedron Lett., 1992, 33, 3405.



5898

10.

11.

12.

13.
14.

15.

C. CATIVIELA et al.

Obrecht, D., Bohdal, U., Daly, J., Lehmann, C., Schénholzed, O., Miiller, K., Tetrahedron, 1995, 51,
10883.

See for example: (a) Cativiela, C., Diaz-de-Villegas, M. D., Gélvez, J. A., Tetrahedron: Asymmetry,
1993, 4, 1445. (b) Cativiela, C., Diaz-de-Villegas, M. D., Gélvez, J. A., Tetrahedron: Asymmetry,
1994, 5, 261. (c) Cativiela, C., Diaz-de-Villegas, M. D., Galvez, J. A., Synlett, 1994, 302. (d)
Cativiela, C., Diaz-de-Villegas, M. D., Gdlvez, J. A., Tetrahedron, 1994, 50, 9837. (e) Cativiela, C.,
Diaz-de-Villegas, M. D., Gélvez, J. A., Tetrahedron, 1995, 51, 5921.

Badorrey, R., Cativiela, C., Diaz-de-Villegas, M. D., Gélvez, J. A., Lapeiia, Y., Tetrahedron:
Asymmetry, 1997, 8, 1.

Cativiela, C., Diaz-de-Villegas, M. D., Gélvez, J. A., J. Org. Chem., 1994, 59, 2497.

Isolation of monocrystalline samples of the major products of 2b and 2f allowed us to determine their
absolute configuration by X-ray analysis. This assignment clearly demonstrates that the attack of the
electrophile occurs from the Cg.re side of the Z-enolate intermediate, opposite to the 10-
(dicyclohexylsulfamoyl) group, which is in accordance with our previously proposed model, Cativiela,
C., Diaz-de-Villegas, M. D., Gélvez, I. A., Bull. Chem. Soc. Jpn., 1992, 65, 1657, so we can assume
that the same stereochemical course has controlled the formation of compounds 2a and 2c.

Shioiri, T.,Ninomiya, K., Yamada, S., J. Am. Chem. Soc., 1972, 94, 6203.

(Received in UK 7 February 1997; revised 28 February 1997; accepted 6 March 1997)



