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Abstract : Methylaspartase catalyses the slow syn-elimination of ammonia from the (2S,3R)-[L_eryrhrol- 

diastereomer of the natural substrate, (2S,3S)-3-methylaspartic acid, to give mesaconic acid. To provide 

material of sufficient stereochemical purity to probe the mechanism of the reaction, two synthetic routes to 

(2S,3R)- and (2S,3R)[3-a]- 3-methylaspartic acid were devised. The use of these (2S,3R)-3-methylaspard~ 

acids revealed that the enzymic reaction does not involve C-3 epimerisation followed by no& antielimination. 

ruling-out the possibility of a carbanion intermediate. Conversely, the substrate displayed very large primary 

deuterium isotope effects indicating rate-limiting C-H bond cleavage. 

3-Methylaspartase (EC. 4.3.1.2) catalyses the second step in the catabolism of OS)-glutamic acid in 

Cfoskdia and several other bacteria, the u&elimination of ammonia from (2S.3St3-meth~laswtk acid (1) to 

give mesaconic acid (2). 
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Early reports by Barker claimed that rnethylaspartase was also able to catalyse the syn-deamination of 

the L-erytko-isomer. (ZS,3R)-3-methylaspartic acid (3). at cu. 1% of the rate for the natural substrate, to give 

mesaconic acid.’ Based on this and other observations. including the finding that solvent hydrogen exchange 

into the C-3 position of (2S,3S)-3-methylaspartic acid (1) occumd at a rate faster than the natural deamination 

reaction, Bright suggested that each of the deamination reactions might proceed via a C-3 carbanion 

intermediate.* However, it was later shown that the natural substrate (1) displayed significant primary 

deuterium isotope effects for both the deamination3 and the C-3 hydrogen exchange reactiot~.~ The existence of 
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a carbanion was finally discounted for the L?hreo-substrate when subsequent worh, using double 15N/14N- 

2H/1H-isotope fractionation measurements, showed that the elimination reaction was concerted5 and was 

followed by a slow step (step 3) which could account for the rapidity of C-3 hydrogen exchange, Scheme 1.4*6 

Scheme 1 

In the absence of a carbanion intermediate derived from the L-rkesubstrate (l), it was difficult to 

understand why methylaspartase should pmcess the Laty#trAiastereomer. Nevertheless, it was possible to 

verify that the L-eryrhrodiastereomer (3) was a substrate, both for the homogeneous enzyme isolated from 

Closfridilun termonwrphum Hl and for a pure preparation of the recombinant wild-type enzyme over-expressed 

in E. cok6 In each case the deamination product was the truns-dioic acid (2). These results indicated 

unequivocally that L-eryt~~3methylaspartase activity (a direct syn-elimination), or, C-3 L-eryrkA.-rhreod- 

metbylaspartic acid epimerase activity (conversion of the L-etyrhm- to the Lrhreo- diastereomer prior to normal 

anti-elimination) is an inherent activity of L-rhreo-3-methylaspartase. 

In order to distinguish between C-3 epimerase and L-eryrhrc-3-methylaspartate ammonia-lyase 

activities, access to stereochemically pure (2S,3R)-3methylaspartic acid and (2S,3R)[3-2H]-3-methylaspartic 

acid was required. It was envisaged that these materials would allow the rate of the elimination reaction to be 

compared with the rate of epimerisation, if such a reaction occurred, by measuring solvent hydrogen exchange 

at C-3, Scheme 2. 

C-3 Epimerisation Anti-elimination 

Syrdimination 

- 

. _JC” 

-OH?- 2 Ct-4 

Scheme 2 

(2R)-2-Bromopmpanoic acid (4) can be prepared in good yield from (2R)-alanine.7 The C-2 deutetiated 

material (4, HA = 2H) is available from (2R)[2-2H]-alanine which itself can be prepared either via the C-2 

deuteriation of N-acetylahmine azlactone, followed by lactone hydrolysis, acylase resolution and then amino 
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group deprotection. or, via the methylation of Schollkopf’s (3S)-2,5-dialkoxy-3-isopropyl-3,6- 

dihydropyraxines dideuteriated at C-6.* 

Alkylation of (3R)-2,5-dimetboxy-3-isoptopyl-3,&lihydropyrazine (5) with the methyl esters of (2R)- 

2-bromopropanoic acid should then give the protected (2S,3R)-3methylaspartic acid precursors with inversion 

of stereochemistry (and retention of absolute configuration) at C-2 of the electtophile. 

i, ii. 6r 

(4) 

H, H1( 

(5) (3) 
1’ 

(ZA)-valine Ma ester 

Scheme 3 

1. KBr, HBr, NaNOx, O’C; II. C&N2, Et20, diiil; III. 1.1 eq. n-BuLi, THF -BO ‘C; iv. l.Seq. (4) 
added at -&C, ftaeh chromatography on silica; v. 0.07 M HCI in 2.51 water: MeCN; vi. 1.0 M 
NaOH, 70’ C, 15 min. then HCI to pH 7.0; vii. Ion exchange chromatography on Biorad AGl-XB. 

In the event, the C-6 alkylation of the n-BuLi generated ahion of commercially available (3R)-2,5- 

dimethoxy-3-isopropyL3,6_dihydropyraxine (5) with methyl (2R)-2bromopropanoate (4), Scheme 3, was 

successful and gave mainly the required (3S,6R,2’R)-methyl ester (6) as judged by IH-NMR spectroscopic 

examination of the crude product. Small amounts of other stereoisomers of unknown absolute conQuration 

[total < 10% of compound (a)] were also detected but, the major side product, up to 32% of the crude product, 

proved to be the ketone (7). This material can arise either through an internal Claisen condensation of ester (6), 

or, via initial attack of the dihydropyraxine C-6 carbanion on C-l of the methyl (2R)-2bromopropanoate, 

Scheme 4. 

All attempts to prevent the formation of the ketone (7), by reducing the amount of base used in 

generating the anion of (S), by increasing the amount of the electrophile (4) and/or, changing the temperature 

for the reaction, or, even by using the mom sterically shielded isopropyl (ZR)-2-bromopropanoate ester, were 

unsuccessful. 

Under the best conditions the ester (6) was obtained in 56% yield after chromatographic purification on 

flash silica and contained less than 5% of other stereoisomers. Cleavage of the dihydropyrazine ring was 

effected using 0.07 M HCI to give a mixture of methyl (ZS)-valinate and (2SZR)3methylaspartic acid 

dinWhy ester (8). These. were saponified and the ammo acids were separated by ion exchange chromatography 

to give to required 3-methylaspartic acid (3) in 76% yield from the ester (6) after recrystallisation from 

water/ethanol. 
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Scheme 4 

The (ZS,‘JS)-diastereomer of 3methylaspartic acid can be easily distinguished from the (2S,3R)- 

diastemomer in lH-NMR spectra by examining the chemical shifts for the signals due to the methyl gmups. 

These cccur at -1.05 and 1.20 ppm respectively. By this amessment the synthesis ptovided mater&I ~~~ 

95% of the requited (2S,JR)-diasuzomer and 5% of the unwanted (2!53S)-diastemomer. The material could 

not be purified by further wrystallisation and the chid integrity at C-3 was too low to be of utility in several of 

tbe planned investigations with methylaspsrtase. Indeed, the contaminant, (2S,3S)-3methylaspartic acid (l), 

the natural substrate for the enzyme, was selectively processed by the enzyme, in a burst, at a rate much faster 

than for the (2&3R)-diastereomer. ‘Ibis finding preclu&d the use of the material in any kinetic experiments. 

Nevertheless it was possible to use tbe material tc verify that the product of the deamination of (2S,3R)-3- 

methylaspartic acid was the trans-enedioic acid, mesaconic acid vi& sypra. 

In order to obtain pum (2S,3R)-3-methylaspartic acid (3) alternative approaches incorporating msokuion 

steps were considered. Since we had confiied that tbe L-e~r~~~~~ (3) was a substrate for 

methylaspartase, it seemed likely that conditions could be found under which both L-diastereomem of 3. 

metbylaspartic acid could be generated in significant amounts from mesaconic acid and ammonia As the 

enzyme only operal‘es on L-amino acids, the remaining problem would be to separate tbe 3-metbylaspssdc acids 

on the basis of their confirms at C-3. Such a strategy would also provide C-3 deuteriated material, simply 

by conducting the aminadon reactions in deuterium oxide. 

Accordingly, (2S,3RS)-3-methylaspartic acid and (3&](2!3,3RS)-3.methytaspartic acid were prepamd 

through the catalytic amination of mesaconic acid with methylaspattase, in the appropriately labelled solvents, 

by allowing the reaction to reach equili~~ over several weeks, Scheme 5. 
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(0) (1 0) (3) 

Scheme 5 

I. NH&I (0.2 M). MgCl, (20 mM), KCI (IO mM) in t&O, pH 9.0 or *H& p’H 8.8. ~~~ 
(500 units @noi mg“ min”j for 5 g of m esacuntc add). 3OoC. -25-30 days required to reach 

equilibrium, 88%; il. N-(benzykxycarbonyloxyf-swx;lnimide, K&4 (aq), 99%~ 31. CH$$, E$tO, 
98%; Iv. Chromatography on Nash silica, eluting with EbO/pet. ether (1 :l), N-Cbz-(2S, 3R)-3- 

methylaspartate dimethyl ester is obtained in quanttbtiw recowry. after recycling, and etutas 
ttrst; v. AcOH I HCI (1 :I). reflux, 55 %. 

The unlabefled and dcuteriated L~~z~r~3-me~ylasp~c acids were obtained by resolving the 

(2S,3RS)_N-benzyloxycarbonyl-3-methylaspattic acid dimcthyl esters (4 and 5 HA = H or 2H> as shown in 

Scheme 5. The (2S,3R)-3methylaspattic acids (3. HA = H) and (3, HA = 2H> showed the expected spectral 

and analytical data and contained less than 2% of the (2S3Skdiastereomer as judged by lH-NMR 

wit and enzyme kinetic analyses. 

To distinguish between epimerase and L-e~3&r0-3-methyhqartam activities, (2!&3R1_3-methyl~ 

acid (3, HA = H) was incubated with the enzyme in deuterium oxide in the presence of K+ and Mg2+ ions and 

the reaction was monitored by 200 MHz tH-NMR spectroscopy. The deamination reaction proceeded smoothly 

to give mesaconic acid and then, much later, (2S,3S)[3- 2H]-3-methyhqartic acid. No solvent hydrogen 

iucorporation into C-3 of the subsnate, (~,3R~3-~~yl~~c acid was de&c&d over the time course of the 

reaction (24 h.). The estimated limit of detection by 200 MHz ‘H-NMR is - 2 % of deuterhtm incorpomtion. 

Moreover, it was evident that the L-rhreo-isomer was not formed via direct epimerisation at C-3 Since its 

formation depended on the arnination of mesaconic acid generated during the initial phase of the reaction. 

Hence, ~~y~~se is able to catalyse, directly, the ~yn-e~~nadon of ammonia fiotn the L-cry&~ 

substrate. 

Examination of the kinetic pmperties of the L-c@trc-substrate (3) in the presence of 1 mM K+snd 20 

mM Mg2+ at pH 9.0 revealed that Vmsx was 17.2 x lO& mol drn3 min-*( bt = 12.9 s-*), 38 times slower, and 

K, was 40 mM, 17 times huger, than the cortesponding parameters far the L-rJtrcudiastemomer~’ As with 

the L-tkeo-subs&ate, increasin gtheK+~~~on~l m~~~~~tv~~~V_ 

and also decreased the apparent value of K,,,. For the L-eryr!~o-subst.rate, these factors were 2.4 and 7.6 

respectively. 
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At 1 mM IF, w [or VB/VB] was 7.15 f 2.74 and D(V/K) [or (VI~ND)/(KBIIQ] was 3.39 f 1.6. 

These unusually large primary deuterium isotope effects clearly indicate that C-H bond cleavage is the rate 

determining step in the reaction and suggest that the elimination process might be concerted.** The use of 

(2S,3R)-3-methylasPartic acid and its C-3 deuteriated isotopomer in other experiments designed to probe the 

mechanism of the syn-elimination process will be described elsewhere. 

Experimental 
All solvents and reagents were of analytical grade or were purified before use.. Melting points were 

determined using an Electrothem~I melting point apparatus and are uncorrected. Elemental analyses wem 

performed in the departmental microanalytical laboratmy or, on a service basis, by the microanalyticat laboratory 

at University College, London. Optical rotations were measured at mom temperature (21-25 oC)using Optical 

Activity Ltd AA 100 and AA loo0 polarimeters and 10 cm path-length cells. Infnued spectra were recorded on a 

Perkin-Elmer 1500 series ET IR spectrometer or on Perkin-Elmer 1310 and 1330 IR spectrometers. 

Absorption maxima are given in wavenumbers (cm-*) relative to a polystyrene standard. 

‘H-Nuclear magnetic resonance spectra were recorded at 200 MHz on a Varian Gemini-200, at 270 MHz 

on a Jeol JNM-GX270 or at 3lXl MHz on a B&x AM-300. Chemical shifts are given in parts per million 

downfield from TMS or the sodium salt of 3-(trimethylsilyl) propionic-2,2,3,3-2H4 (at 0.0 ppm) or are 

referenced to internal CHCI~ or H02H, signats at 7.27 and 4.61 ppm respectively, as appropriate for the 

sample.13C-Nuclear magnetic resonance spectra were recorded at 50.30 MHz on a Varian Gemini-200, at 67.8 

MHz on a Jeol JNM-GX270 and at 75.47 MHz on a Bruker AM-300. Chloroform (at 77.20 ppm) or methanol 

(at 47.00 ppm) were used as internal reference signals. Mass spectra and accurate mass measurements were 

obtained on a VG-70 250 SE or a Kratos MS 50 spectrometer, or on a VG ZAB E at the Science and 

Engineering Research Council service at Swansea, UK. Major fragments are given as percentages of the base 

peak intensity (100 %). 

Electronic adsorption spectra were obtained using a Pye-Unicam SP8-500 or SP8-100 

spectrophotometer and flash chromatography was performed using Sorbsil C 60 (40 - 60 mm) silica gel or 

Macherey-Nagel silica gel N. 

Methyl (ZR)-Bromopropanoate (4). 

(2R)-Alanine (4.0 g, 45 mmol) was added to a saturated solution of potassium bromide (10 ml), followed by the 

dropwise addition of hydrogen bromide (15 ml of a 47% soln). The resulting mixture was then cooled to 0 OC 

and sodium nitrite (6.21 g, 90 mmol) was added over lh. The reaction mixture was maintained below 5 ‘C for a 

further lh. and then allowed to warm to room temperature. The resulting solution was then extracted with 

diethyl ether (3 x 25 ml), the combined ether extracts were then dried (MgS04) and concentrated in vucuo to 

give a pale yellow oil (6.54 g) in 95% yield. This was distilled under reduced pressure to give pum (2R)- 



Synthesis of (2S,3R)-3-methylaspartic acid 1147 

bromopropanoic acid. l3.p. 68-70 oc/o.l mm Hg; [orID +29.1 (c 2.0 in CHC13) (Lit.7 45.4 (neat)); Urnax. 

(CHC@ 3110 (O-H), 1730 cm-l (GO); aw (270 MHz, C 2H Cl3 1.85 (3H, d, J 7% 3-CH& 4.41 (lH, q, 

J 7Hz, 2-CH), IO.75 (lH, s br, I-C$H). 

To a solution of (2R)-bmmopmpanoic acid (5.0 g, 33 mmol) in ether (10 ml) was slowly added an ethereal 

solution of diazomethane until the yellow colour persisted. The excess diazomethane was removed in a stream 

of nitrogen, and the solution was then concentrated in WCUO, to give a pale yellow oil which was distilled f’mm 

CaHz to give methyl (2R)-2-bromopropanoate as a colourless oil (5.04 g, 93 %); B-p. 143-144 OC; [a]~ 

+69.1 (neat) (lit.7 +68.6 ); urnax. (CHQ) 1750 cm-l (GO); h (270 MHz, C*H Cl,) 1.86 (3H, d, J 7 Hz, 

3-CH,), 3.83 (3H, s, I-CO,CH,), 4.42 (lH, q, J 7 Hz, 2-CH). 

Alkylated Dihydropyrazine (6) {(3S,6R)-2,5-dimethoxy-3-((2’R)-methoxypropio~yl)-6- 

isopropyl-3,&dihydropyrazine}. 

To a solution of (3R)-2,5-dimethoxy-3-isopropyl-3,6-dihydmpyrazine (5) (4.0 g, 21.7 mmol) in anhydrous 

THF (15 ml) under argon cooled to -80 OC was added n-butyl lithium (9.5 ml of a 2.5 M solution in hexane, 

23.75 mmol). The solution was allowed to warm to -65 9c, when the yellow colour of the his-lactim ether anion 

became apparent. The solution was cooled to -80 Oc and a solution of methyl (2R)-bromopropanoate (4) (5.43 

g, 33 mmol) in THF (10 ml), precooled to -80 OC, was added The reaction was kept at -55 OC for at least 12 h. 

and was then allowed to wazm to room temperature. Removal of the solvent in vacua gave an oil which was 

partitioned between diethyl ether (25 ml) and potassium phosphate buffer (100 mM, pH 7.0; 25 ml). The 

ethereal phase was separated, and the aqueous phase was extracted with diethyl ether (2 x 25 ml). The pooled 

fractions were dried (MgS04) and concentrated in vacw to give a yellow oil containing both the required 

alkylated his-lactim ether (6) and the pyrazine ketone (7). These were separated by flash column 

chromatography on silica (15% ethyl acetate; pet. ether) to give 3.27 g, (55.8%) of the required alkylated bis- 

lactim ether (6) as a colourless oil and 1.62 g (3 1.2%) of the pyrazine ketone (7) as white crystals. 

For compound (6): (Found: C, 57.85; H, 8.60; N, 10.00, h4+, 270.1581. C13H22N~04 requires C, 57.80; H, 

8.20; N, 10.35%; A4+, 270.1580); [a]D +24.6 (c 1.0 in CHCl$; II,,. (CHCl$ .2970 (CH), 1734 (C-O), 

1696 cm-l (C=N); & (270 MHz, C*HC1,) 0.73 and 1.04 (3H, d, J 7 HZ, 6-CH(Q&), 1.16 (3H, d, J 7 

Hz, 3-(CH(C&)CO$ZH$), 2.24 (lH, dsp, J 3 and 7 Hz, 6-CH), 3.01 (IH, dq, J 3 and 7 Hz, 3- 

(C&I(CH$CO+H$), 3.66 (lli, s br, 2,5-OCH3, and 3-(CH(CH&O$&), 3.94 (IN, t, J 3 Hz, 6-H), 4.20 

(IH, t, J 3 Hz, 3-H); SC (67.9 MHz, @HCl,) 1 I-57, 16.84 (6-CHcH&), 19.17 (3-(CH(I(=H,)o$H,)), 

32.10 (6-cH(CH3)2), 43.67 (3-(cH(CH3)C02CH3), 5 1.83 (3-(CH(CH+02j&), 52.59 52.68 (2,5- 

OCH,), 57.96 (6-CH), 61.10 (3-CH), 162.08, 164.74 (2,5-0-C=N), 174.03 ppm (C=O); m/z (EI) 270 (&, 

0.3%), 255 (0.2 96, [M - CH,J+), 239 (1.4, [A4 - OCH$+), 227 (16.8, [M - CH(CH,),]+). 
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For compound (7): m.p. 34-35 OC; (Found: C, 60.55; H, 7.m N, 11.70; M +, 238.1330. C12HrgNzq 

requires: C, 60.50; H, 7.60; N, 11.75%; M +, 238.1317); s, (270 MHz. @HCl$ 1.16 (3H, t, J 7 Hz, 3- 

COCH2C&), 1.23 (6H, d, J 7 Hz, ~JCH(C&)~), 3.06 (2H, q, J 7 Hz, 3-COCH2CH3), 3.34 (H-I, sp, J 

7Hz, 6-Ca(CH3)2), 3.94 and 4.01 ppm (6H, 2s, 2,5-0C!H3); m/z (EI) 238 (M ‘,66.83%), 223 (13.46, ]M - 

CL-f,]+), 209 (100, W - C&l+). 

(2S,3R)-3-Methylaspartic acid (3) from compound (6) 

The alkylated bk-lactim ether (6) (3.27 g, 12.0 mmol) was dissolved in 0.10 M hydrochloric acid (250 ml, 25 

mmol) and acetonitrile (100 ml) and was stirred at room temperature for 12 h. The resulting solution was 

extracted with diethyl ether (2 x 50 ml) which was then discarded. The aqueous phase was coucentrsted in 

vactw to give a 1: 1 mixture of (ZR)-valine methyl ester hydrochloride and (2s ,3R)-dimethyl-3-mcthylaspartic 

acid hydrochloride as a white solid which was dissolved in 1.0 M sodium hydroxide solution (60 ml, 60 mtnol). 

The solution heated to 70 Oc for 15 min., cooled on ice and adjusted to pH 7.0 using 5.0 M hydrochloric acid. 

The solution was then concentrated in wcuo to ca. 4.0 ml and was applied to a column of Biorad AGl-X8 anion 

exchange resin (1 x 15 cm: OH form). The column was washed with water (500 ml) and then the pH of the 

elutant was gtadually decmased using acetic acid until all of the &R)-valine had been eluted. The column was 

then washed with 0.5 M acetic acid until all of the 3methylaspartic acid had eluted. These fractions were 

combined and were concentrated in vucuo to give (2S,3R)-3methylaspartic acid (3) as a white solid which was 

recrystallised from water/ethanol, (1.34 g, 76 46). m.p. 257-259 OC dec.; (Found: C, 40.95; H, 6.15; N, 9.50; 

C5H$I04 requires C, 40.80; H, 6.15; N, 9.50%); [aID + 37.9 (c 1.0 5 M HCl) (lit! +38.7 (c 1.83 in 5 M 

HCI); S, (270 MHz, 2HZ0, pH 9.0; TMS(Na)) 1.29 (3H, d, I 7 Hz, 3-CH3), 3.16 (IH, dq, J 4 and 7 Hz, 3- 

H), 3.98 (lH, d, J 4 Hz, 2-H); 8, (67.9 MHz, 2H20, pH 9.0; ref. dioxane) 16.10 (3-CH3), 42.62 3-C). 

58.31 (2 -C), 174.98 and 182.07 ppm (1 and 4-GO); m/z (CI - NH3) 165 ([M + NH4]+, 10.4%), 148 (100, 

[M + HI+). This material contained upto 5% of the (2S,33)-diastemomer. 

(2S,3RS)-3-methylasprrtic acid, (1) and (3). 

Mesaconic acid (5 g, 38.5 mmol) was dissolved in water (5 ml) and 35 M ammonia solution was added to adjust 

tbe pH to 9.0. The water was removed in vucuo to give the ammonium salt. This was redissolved in buffer 

(50 ml) containing 0.2 M ammonium chloride, 20 mM magnesium chloride hexahydrate and 10 mM potassium 

chloride, and the pH readjusted to 9.0. 3-Methylaspartase (0.5 ml, 50 units) was added and the mixture 

incubated at 30 OC. The reaction was monitored by removing 0.5 ml sliquots at various time intervals, which 

were concentrated in vacua, redissolved in deuterium oxide and examined by ‘H-NMR spectroscopy. Further 

aliquots of enzyme were added as required, until approximately half of the 3-methylaspsrtate produced was in 

the L-crythro -form. At this time the enzyme was denaturated by heating at 80 Oc for several minutes and was 

removed by filtration. The filtrate was acidified to pH 1.0 with 12 M hydrochloric acid and then extracted with 
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diethyl ether (2 x 30 ml). The aqueous layer was concentrated in vucuo to give 5 g of a 55:45 mixtum of 

(2S,3S:3R)-3methylaspartate containing -20% by weight of buffer salts (3.98 g, 86%). S, (200 MHz, 2H20) 

1.20 (3H, d. J 7.6 Hz, rhreo -3-Cl-&), 1.31 (3H, d, J 7.6 Hz, eryrhro -3-CH$ 3.01 (2H, m, J 7.6 Bt 5.0 

Hz, 3-H), 3.81 (lH, d, J 5.0 Hz, erythro-2-H). 4.06 (IH, d, J 5.0 Hz, rhreo-2-H). 

Dimethyl N-carbobenzoxy-(2S,3RS)-3-methylaspartate’ (9) and (10). 

(2S,3S/R)-3-Methylaspartate (3.98 g, 27 mmol) was dissolved in potassium carbonate solution (10%. 100 ml). 

N-(Benzyloxycarbonyloxy)-succinimide (13.5g, 54 mmol) was added, and the reaction wss stirred for 16 

hours. lhe reaction mixture was extracted with dichloromethane (2 x 100 ml), the aqueous layer was aciditied 

to pH 2.0 and then extracted with ethyl acetate (5 x 100 ml). The pooled tractions were dried (MgSO4) and 

concentrated in vucuo to give N-carbobenzoxy-(2S,3RS>3-methylaspartic acid a yellow oil (7.53 g, 99%). 

(Pound: (M + NH4 - H20)+, 281.1137. Cl,HtSNOe + NH4 - H20 requires 281.1137); u_ (CHC13) 3100 

(O-H) & 1720 (GO) cm-t; S, (200 MHz, @HCl,) 1.22 8z 1.28 (6 H, 2d. J 7.6 Hz, 3-CH,), 3.00 (lH, m, 

J 5.0 Hz, fhreo -3-H), 3.33 (lH, m, J 5.0 Hz, eryzhro -3-H), 4.58 (2H, m, J 3.6 Hz, 2-H). 5.07 & 5.10 

(4H, 2s, CH2) 6.71 (2H, 2 br d, J 10.0 Hz, NHs) & 7.30 (lOH, s. Phs); S, (50.3 MHZ, C~Cl3) 13.77 & 

14.03 (3-Cl-I+), 41.65 (zhreo -3-C). 42.52 (erythro -3-C). 55.87 & 56.04 (2-Cs), 67.98 (PhQ-12s), 128.54, 

128.67 & 129.04 (Aromatics), 136.40 (Phenyl C-l), 157.12 & 157.71 (OCONHs), 175.09, 175.66 & 178.73, 

179.19 (CO2Hs); m/z (EI) 263 ( [M-H20]+, 7%), 108 (47, PhCH,OH). 107 (51, PhCH20), 91 (100. 

PhCH,). 44 (37. C02); m/z (CI) 281 ([M + NH4 - H20J+, 60%). 263 (14, MH+- H20), 192 (16, M - 

q04H) and 57 (6, MH+ - PhC4H40& 

The material from the preceding experiment (7.53 g, 27 mmoles) was dissolved in diethyl ether (50 ml) and an 

ethereal solution of diazomethane was added slowly dropwise, until the yellow colour persisted The excess 

diazomethaue was removed in a stream of nitrogen and the solvent was removed in vucuo to give a pale yellow 

oil (8.12 g, 98%). (Pound: M + 309.1212. C15Ht9NOS requires 309.1212); U_ (CHC13) 3420 (N-H) & 

1730 (GO) cm-l; S, (200 MHZ, @HC!l$ 1.22 (3H. d, J 7.5 Hz, rhreo-3-CHg), 1.27 (3H. d, J 7.5 Hz, 

eryrhro-3-CHg), 3.00 (lH, mJ 4.0 Hz, threoS-H), 3.30 (lH, m, J 4.0 Hz, erythro-3-H), 3.67 & 3.74 (2 x 

6H, 2s, CO#H+), 4.58 (lH, m, J 4 Hz, eryrhro-2-H), 4.70 (IH, m, J 4 & 5 Hz, r&e&2-H), 5.12 & 5.18 

(2 x2H, 2s, PhC&), 5.55 (lH, br d, J 7.6 Hz, rhreo-NH), 5.70 (lH, br d, J 10.0 Hz, erythro_NH) & 7.35 

(lOH, s, Ar); 8, (50.3 MHz; C2HCI,) 12.29 ((3s)3-CH$, 14.19 ((3R)-3-CH3), 41.62 ((3S)-C), 41.80 

((3R)-C), 51.76 & 52.22 (2 x threo-CO&H3), 52.62 & 53.15 (2 x erythro-CO&H+, 55.44 (f/ueo-2-C), 

56.34 (erythro-2-C), 66.70 (rhreo-PhQ12), 67.67 (eryrko-PhcH2), 127.70, 127.79, 128.12 & 135.83 

(rhreo-Ar), 128.53, 128.69, 129.02 & 136.66 (erythro_Ar), 155.56 (rhreo-OCONH), 157.13 (eryrhro- 

OCONHL 170.67 & 173.08 (2 x fhreoCO$Hg). 171.70 & 174.67 (2 x erythroCO$Xj); mlz @I) 309 

(M+, 8%), 250 (19, M - CqMe), 206 (31, M - C,H,Od 174 (7, M - PhCH2CO& 108 (41, PhCH20H) & 91 

(100, PhCH,). 
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Dimethyl N-carbobenzoxy=(2S,3R)-3-methylaspartate (10). 

N-Carbbezoxy-{2S, 3RS)-3-methylaspartate dimethyl ester (1 g, 3.4 mmoles) was dissolved in diethyl etkr 

and adsorbed onto silica (TLC grade), this was applied to a silica chromatgraphy column and the column was 

eluted with diethyl ether/pctroreum ether (50~50). The (2S,3R)-3-1ncd1ylaspartate ester eluded first and the 

pooled fractions were concentrated in vacLl0 to give compound (10) 85 a colourless oil (0.35 g, 35%). (Found: 

M + 309.1212. C!1*H19N06 requires 309.12;2); 2) max (CWl$3420 (N-H) Bi 1730 (WI) cm-l; h (200 

MHZ; @HCl+$ 1.27 (3H, d, J 7.5 Hz, 3-CH$, 3.30 (lH, m, J 4.0 Hz, 3-H), 3.67 8t 3.74 (2 x 3H, 2s, 

CC&H+), 4.58 (lH, m, J 4 Hz, 2-H), 5.18 (2H, s, PhCJ&), 5.70 (lH, br d, J 10,O Hz, NH) & 7.35 (SH, 

s, Ar); SC (50.3 MHz; C*HCl$ 14.19 (3-C&), 41,80 (3-Q 52.62 & 53.15 (C02CH3), 56.34 (2-C), 67.67 

(PhQl,), 128.53, 128.69, 129.02 & 136.66 (Ar), 157.13 (CCONH), 171.70 & 174.67 (CO&!H#; nzlz @I) 

309 (M+, 8%), 250 (19, M - Cf&Me), 206 (31, M - C&O,) 174 (7, M - PhCH$$), IO8 (41, PhCH$H) 

& 91(100, PhCH$. 

[2S,3R)-3mMethylaspartic acid (3) 

N-CarWenzoxy-(2S,3R)-3-methylaspartate dimethyl ester (0.72 g, 2.33 mmol) was refluxed in concenti 

hydrochloric acid and glacial acetic acid (5050) (20 ml) for 2 h. The solvent was nzmoved in VUCIW and the 

residue was redissolved in water (20 ml) and then lyophiliscd to give the dry hydrochloride sah. The residue 

was dissolved in the minimum volume of water and 20 M ammonia solution (0.11 ml) was added. Addition of 

ethanol gave (2S, 3R)-3-methylaspartic acid as white crystals (0.19 g, 55%). m.p. 257 - 259 OC (decomp.) 

(Found: C, 40.60; H, 6.45; N, 9.65. CsH9N04 requires C, 40.80; H, 6.15; N, 9.50.) (Pound: (M + H)‘, 

148.0610. CjH9NO4 requires 148.0610); [aID +36.3 (c 1.0, 5M HCl), lit9 +38.7 (c 1.83, SM HCl), litlo 

+32.9’ (c 0.8,5M HCI); b (200 MHz; zHzO) 1.26 (3H, d, J 7.5 Hz, 3-CH,), 3.13 (IH, m, J 7.5 & 5.0 

Hz, 3-H), 3.95 (lH, d, J 5.0 Hz, 2-H); s, (50.3 MHz; *H20) 15.72 (CH,), 42.78 (3-C), 58.99 (2-C), 

175.25 8; 180.13 (CO,Hs); m/z (CI) 148 (MH+, 1OO%), 102 (20, M - CC+H), 58 (53, M - C+&H). This 

material contained less than 2% of the (2S,3S)-diastereomer as judged by lH-NMR spectroscopic and also 

enzyme kinetic analysis where the end-Point for (fast) L-three-substrate Processing was measured by following 

AOD at 240 nm.4 

(2S,3RS)[3-2H]-3-Methylaspartic acid (1, HA = 2H) and (3, HA = 2H), 

Mesaconic acid (5 g, 38.5 mmof) was dissolved in deuterium oxide (5 ml) and ammonia sokion added to adjust 

the pD to 8.6. The deuterium oxide was removed in WJCUO to give the ammonium salt. The buffer salts 

(ammonium chloride (0.535 g, 10 mmol), magnesium chloride hexahydrate (0.203 g, 1 mmol) and potassium 

chloride (37 mg, 0.5 mmol) were dissolved in deuterium oxide and concentrated in vacua twice before 

dissolved in deuterium oxide (SO ml). The mesaconate diammonium salt was redissolved in the deuteriated 

buffer (50 ml, 0.2 M ammonium chloride, 20 tnM magnesium chloride hexahydrate and IO mM potassium 

chloride) and the pH readjusted to 8.6 with sodium deutoxide. A portion of 3-methylaspartase enzyme solution 
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(0.5 ml, M units) was diltn.cd with deutorium oxide (2 nit) and ~~~~1~ The residue was dissolved in 

deuterhm oxide (0.5 ml) and added to the buffered s&mate sdution. The mixtw was incubated at 30 OG and 

tbe reaction was mcmitofed as describtxi plwhnisly until apptmhna~y ooe third the r3-2Hmmthy~ 

acid produced was the L-eryrhro -form. The reaction was teminated and worked-up as described pmviously to 

give a 2:l mixture of ~ZS,3S~R)[3-2H]-3-~~y1a~c acid (97 % deuteriated) (4.61 g, 81.1 %) and buffer 

salts. S, (200 MHZ; a20) 1.20 (3H, s, t)ueo3-CH$, 1.31 (3H, s, etyfluo-3-CH$. 3.81 (lH, s, eW&o-2- 

H), 4.06 (lH, s, rk-eo-Z-H). 

(ZS,3R)r3-2HJ-~M~thytaspa~ic acid (3, HA = 2H) 

The material from the pmvious experiment (4.61 g, 31 mmol) was dissolved in potassium carbonate solution 

(lO%, 100 ml) and was tmated with N-gKnzyloxyc~nyloxy)_succinimide (15.5 g, 62 mmol) as described 

previously for the labelled compound to give N-carbobanxoxy-(2S,3RS)[3-2H]-3-rnothylaspartic acid as a 

yellow oil (8,75 g, 99.6 %), (Pound: (kf + NH4 - H20>+, 282.1200. Cr3HlsN06 f NH4 - Hz0 requires 

282.1200); U_ (CHC!l+ 3 I00 (0-H) & 1720 (C=O) cm -I; 6, (200 MHz; C2H C13) 1.22 & 1.28 (6 H, 2s.2 x 

3-(X3), 4.60 & 4.65 (2H, 2d, J 5.0 Hz, 2 x 2-H), 5.08 L 5.11 (4H, 2s, 2 x Pha2) 6.91 L 6.98 @II, 26, J 

5.0 Hz, 2 x NH) 62 7.30 (lOIi, s, 2 x Ph); SC (50.3 MHz; C2HC13) 13.71 8r 13.96 (2 x 3-CH$, 56.00 (2 x 2- 

C), 67.98 (2 x PhCH& 128.54, 128.77 & 129.04 (Aromatics), 136.32 (pkeayl C-l), 157.01 & 157.70 

(OCONH), 175.02 6t 175.65, 178.71 & 179.21 (C02Hs); m/z (Cl) 282 ([M f NH4 - HzO]+, 10%). 264 (20. 

MH+- IIzO), 220 (12, Mff+- CH2C3), 108 (100, PhC!H20H), 91 (83, PhCH& 58 (6, MH+ - PhC4H50& 

Tmtment of the diacid (8.65 g, 30.7 mmoks) with an ethereal solution of diaxomethane as described previously 

gave dimethyl N~~~n~~-~2S,3RS)-3-me~y~p~te (9, HA = 2H) and (10, HA = 2H> as a pale yellow 

(7.42 g, 78%). (Found: MM + 311.1353, C,sH19Q NO6 requires 311.1353); v_ (CHQ3) 3420 (N-H) & 

1730 (GO) cm-l; S, (200 MHZ; C2H Cl3 1.22 (3H, s, &reo-3-CHg), 1.27 (3H, s, eryr/uw-3-CH~), 3.70 8r 

3.76 (2 x 6H, 2s, CO$H3s), 4.58 (lH, d, J IO Hz, ery&ro-2-H). 4.70 (IH, d, J 10 Hz, (chreo-2-H), 5.12 & 

.5.17(2~2H,2s,PhC&),5.53 (lH,brd,J lO~,r~~),S.71 (IH. brd,f lOHz,~~~~)&7.35 

(lOH, s, Ar); 8~ (SO.3 MI-k C2HC$) 13.06 (zhreo-f-CHg), 14.12 (erythro_3CH3), 5266 & 53.14 ((2S, 

3S~~C~~s~, 56.27 (2-Cs), 65.15 (?hm&PhCII& 67.66 ~e~t~o-Ph~~~, 128.58, 128.70, 129.02 t 

136.59 (Aromatics), 156.29 (Theo-OCONH). 157.13 (eryrko-OCONH), 171.43 & 171.71 (-cO$H3s}; m/z 

(EI) 311 (M@. 8%), 267 (9. MH - CO,>, 251 (5, M - C02Me), 207 (15, M - C3H304) 174 (9, M - 

PhCH&C$, 108 (11, PhCHzOH) & 91 (100, PhCH$; m/z (CI) 311 (MH+, lOO%), 267 (59, MH - co,,, 

251 (7, M -CO&H& 207 (27, M -c3H304), 108 (20, Ph~~OH) & 91 (77, PhCH& 

The two diastereomem were separated on silica as described previously to give dimethyl N-carbobenu>xy- 

(2S,3RS)-3-methylaspartate (9, HA = 2H>, (0.40 g, 40%). (Pound: it4@ 311.1353. C@$HNO6 requires 

311.1353); u_ (CHCl$ 3420 (N-H) & 1730 (C--O) cm-l; S, (200 MHz; C!2HC13) 1.27 (3H, s, 3-CH3). 

3.70 8i 3.76 (2 x 3H, 2s, CO$H,s), 4.58 (lH, d, J 10 Hz, 2-H), 5.17 (2H, s, Pha2), 5.71 (1H. br d, J 

10 Hz, NH) 8r 7.35 (5H, s, Ar); 8, (50.3 MHz; C2HC!13) 14.12 (3-CH$. 52.66 & 53.14 (CO&I-I& 56.27 
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(2-C), 67.66 (Phmz), 128.58, 128.70, 129.02 Bt 136.59 (Ar), 157.13 {OCONH), 171.43 & 171.71 

am3s); m/z @I) 311 (Mff+, 8%), 267 (9, MH - CO& 251 (5, M - CO$H3). 207 (15, M - qH,O,, 

174 (9, M - PhCH&O$. 108 (11. PhCHzOH) 8c 91 (100, PhCH$; m/z (CI) 311 (MH+. 100%). 267 (59, 

MH - C$,, 251 (7, M - CO$J$), 207 (27, M -$H304), 108 (20, PhCH20H) $91(77, PhCH$. 

The N-pxnected aspwtate dimethyl ester (2.04 g, 6.58 mrnol) was hydrolyscd in acid as -bed for the 

unlabelled compound to give (2S.3R)[3-zH]-3-methylaspartic acid (3, HA = 2H) as white crys@ls (0.47 g, 

32%). Further crops of less pure material were also obtained. 

ap. 258 - 259 Cc (decomp.) (Found C, 40.10; H, 6.45; N, 9.75. Q&&NO, requires C, 40.55; H, 6.80; 

N, 9.45); (Found: MHt, 149.0673. CJH$HN04 requires 149.0670); [a], t30.5 (c 1.0, 5 M HCI); S, 

(200 MHZ; 2H20) 1.25 (3H, s, 3-CIi$, 3892 (lH, s, 2-H); 8, (50.3 MHz; *H20) 15.63 (CH,), 58.91 (2-0, 

175.27 & lgO.is (2 x C02H); m/z (CI) 149 (M&t. 100%). 131(6, M - OH), 103 (9, M - C$H), 59 (21, M - 

c2ffo41. 
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