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Abstract: Diastereomeric a-boroxazolidone y-phenylethylamide (or y-phenylethanolamide) 
derivatives of 2-, 3- or 4-substituted glutamic acid analogues have been separated by silicagel 
chromatography, resulting, after deprotection, in a practical method for the resolution of most of 
these unnatural amino acids. 

INTRODUCTION 

Among non-proteinogenic a-aminoacids, a,a’-dialkyl derivatives, and especially a-methyl substituted 

amino acids, have been the subject of numerous investigations over recent years, due to their considerable 

scientific and medical significance. Many of them have been employed as enzyme substrates or inhibitors ‘. 

Moreover, their incorporation into physiologically active peptides, instead of their natural amino acid 

counterparts, generally increases the resistance to hydrolysis by peptidases 2, and sometimes alters the 

conformational freedom of these peptides 3P4 , promoting the tendancy toward helix formation 4,5, or locking 

active peptide conformations 6. Quite recently, the successful incorporation of such amino acid residues into 

proteins and peptides. using in vitro protein synthesis systems, has been reported 7. 

Both D- and L-enantiomers of glutamic acid (and glutamine) are key amino acids in various biological 

systems, either as free acids, or involved in a peptide structure: neurotransmitters in the mammalian central 

nervous system ‘, substrates of several physiologically-important enzymic reactions 1*9*10, component of the 

folate group coenzymes ‘t (L-enantiomer). component of the bacterial cell-wall peptidoglycane l2 (D- 

enantiomer). In several instances, enantiomerically pure glutamic acid (and glutamine) analogues have been 

pnzpared and used as essential tools for mechanistic and structure-activity relationship studies. 

(R) or (S)-2-methylglutarnic acids have been prepared, but in low yields, by asymmetric alkylatlon methods 

using appropriate chiral auxiliaries I3 or chiral precursors 14*15. A resolution of the (RS)- amino acid by 

fractional crystallization of its brucine salt (4 and 14% yields for R- and S-enantiomers respectively) has been 

reported I6 . On the other hand. whereas enzymatic resolutions of several other 2-alkyl substituted amino acids 

have been described 17, thii method does not seem to have been successfully applied to 2-methylglutamic acid 

derivatives, except for a small scale preqaration using glutamine synthetase ‘* or a minimally successful1 two- 

steps chemoenzymatic process using the enzymatic kinetic resolution of a corresponding a-nitro a-methyl 

dicarboxylic acid ester t9. 
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Various preparations of optically acttve acyclic, 3- or 4-alkyl (or alkylidene)-substituted glutamic acid 

isomers have been occasionally described, including chemical 20,21 or enzymatic 22.23 asymmetric synthesis 

methods, and chemical 24 or enzymatic %*’ resolutions. Cycloglutamic acids (cyclic 2,4-dialkyl derivatives) 

enantiomers have been the subject of a pioneering work devoted to the description of conformational and steric 

requirements for glutamic acid binding at the active site of glutamine synthetasc 25*28-30. Asymmetric syntheses 

or resolutions of cyclic analogucs of glutamic acid, corresponding to 2,3- , 2,4- or 3,4-dialkyl derivatives, have 

been also described in very active recent investigations, in connection with natural products structural 

assignment 31, studies of neurotransmisssion agonists 32-95 or search for inhibitors of the vitamin K-dependent 

carboxylations 36-38. 

Although very attractive routes for the stereoselective asymmetric synthesis of some of these analogues have 

been reported in the last few years 39, we have preferred to develop, from well known synthetic procedures 

leading to racemic compounds, simple resolution methods 4o likely to produce in high yield both enantiomers. 

In addition, as we were dealing with trifunctional amino acids, we have privileged resolution methods which 

would possibly afford regioselectively a- (or y-) protected derivatives as end-products, in the perspective of 

introducing these analogues into peptide structures by chemical synthetic methods. 

Ten years ago, an elegant simultaneous protection method for the a-amino and a-carboxyl group of a-amino 

acids was described by Nefkens and Zwanenburg 41. This method was based on the easy formation of 

boroxazolidone derivatives by reaction of methyl borane with usual amino acids, including L-glutamic acid, the 

y-carboxyl group of which could then be activated as ap-nitrophenyl ester, in order to obtain a suitable material 

for the synthesis of y-glutamyl peptides 41 . We have recently and successfully used this method for the selective 

protection of 2-methylglutamic acid and 2,4-disubstituted cyclic analogues, their introduction into oligopeptides, 

and the synthesis of the corresponding y-carboxamido compounds 38. We describe hereafter another use of this 

selective protection to prepare diastereomeric y-(R)-1-methylbenzylamide or y-(R)- 1 -hydroxymethylhenzylamide 

derivatives of 2-methylglutamic acid and other substituted analogucs. their chromatographic separation, and the 

subsequent resolution of these unnatural amino acids. 

RESULTS AND DISCUSSION 

(RS)-2-Methylglutamic acid la (Scheme 1) was reacted with methyl borane in THF to afford quantitatively a 

crystalline boroxazolidone derivative 3R. which was difficultly coupled with R-(+)-l-phenylethylamine, using 

the mixed anhydride method 42 (5O-60% yield). However. the corresponding diastereomeric amides 2a+3a 

were obtained in 80% yield when coupling was effected with the Brop reagent 43, which has been shown to be 

particularly efficient in the difficult coupling of sterically hindered N-methyl or a&-dialkyl a-amino acids. The 

a,a’-protected diastereomeric amides 2a and 3a thus obtained were clearly separated by TLC (ARf 2 0.1, see 

Table 1) and a transposition of the analytical separation to preparative column chromatography allowed a 

quantitative recovery of pure isomers. Then acidic hydrolysis, followed by anion exchange chromatography, 

afforded the pure enantiomeric 2-methylglutamic acids (>98% e.e. by HPLC 4j) in a final 78% yield (calculated 

from the racemic mixture) on a 10 mmoles scale. A similar, slightly better separation (Table Z), was obtained 

with the corresponding 4a and 5a amides deriving from R-(-)-phenylglycinol 45. Unexpectedly, the order of 

elution of (R)-phenylethylamides (2R,l’R-2a before 2S,l’R-3a) was reversed for (R)-phenylethanolamides 

(2S2’RSa before 2R,2’R-4a), as shown after acidic hydrolysis to free (R)- and (S)-2-methylglutamic acid 

enantiomers. 
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Scheme 1 

This method was extended to other (&)-methyl or methylene-substituted (lb-f’), and to cyclic glutarnic 

acid analogues (6-9). Variable TLC separations of the diastereomeric boroxazolidone (R)-phenylethylamide 

derivatives were noted (Table 1). In order to obtain a clear-cut separation on a prepara,.ive scale, the ARf had to 

be 20.06: three-3-methylglutamic acid (lc), erythro-4-methylglmamic acid (la), 4-methylene-glutamic acid 

(14, and frans l-amino-cyclopentane-1,3-dicarboxylic acid (9) derivatives showed a satisfactory separation and 

were easily resolved, in 100 mg to 1 g amounts, by this method; three-4-methylglutamic acid (le), erythro-3- 

methylglutamic acid (lb) and the other cyclic analogues (6-S) were not sufficiently separated to obtain a 

quantitative resolution. In all successful separations, the 2R-enantiomer derivative (which also corresponded to a 

3S- or 4S- configuration ) was the first eluted. 

6 7 6 9 
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Incidentally, when this method was applied to the resolution of4-alkyl suhstituted (or 2.4~cyclic) analogues, a 

special care must he exercised in the final acrdic hydrolysis step: an easy epimrrization at C-4 “,” afforded new 

diastereomeric mixtures, requiring another ion-exchange chromatographic separation 46, as illustrated in the 

cxperimentai part for the preparation of (2R,4S)-4-methylglutsrnic acid. This prompted us to systematically 

invcstigatc the separation of phcnylglycinol-derived amides 4 and 5 “, prone to hydrolyze in milder acidic 

conditions through a preliminary intramolecular N- to 0-acyl shift “, and thus susccptihlc to minimize the 

cpimrrization of 4-alkyl suhstituted analogues. Table 2 shows that most diastcreomeric separations wcrc 

improved, as for example with rryrho-3- and 4-methylglutamic acids (lb and Id). d,~po-4-methylglutaic acid 

(le) and cyclic glutamic acid analogues amides: oniy frnns-l-ammo-l ..%cyclohexane-dicarboxylic acid (7) could 

not be separated in either derivatization method. Some of these separations were casdy transposed to preparative 

column chromatography on a l-5 mmoles (or larger) scale. However the stability of the boron complex was 

lower in some of these derivatives, especially 4b, prohahly hecause of an intramolecular attack by the free 

hydroxyl group of the phenylglyoinol residue; it was thus necessary to perform the chromatographic separation 

shortly after preparation in order to avoid an untimely decomplcxation. resulting in lower yields. 

Table 1: TLC separation of diastereomeric (R)-1-phenylethylamtde derivatives of glutanuc acrd analoguer 
(solvents: A, CH$Ztz-acetone 85:lS; B, CH2C12-acetone 8:2; C, CH$?12-acetone 7:3; D, CH$Iz-iPrOH 95:5) 

7: Truns - 1 -amino- 1.3~cyciohexane-dicarboxylic acid 

8: Cis -I-amino-1.3.cyclopentane-dicarhoxylic acid 

9: Truns -l-amino- 1,3-cyclopentane-dicarboxylic acid 

A IO.38 

C 0.29 

A 0.35 

0.38 no separation 

0.29 no separation 

0.28 good 

Table 2: TLC separation of diastereomeric (R)-phenylglycinol amide derivatives of glutnmtc acid analogues 

7: Trans -I-amino-1.3~cyclohcxane-dicarboxylic acid A 0.35 0.35 no separation 

8: Cis -I -amino- I .3-cyclopentane-dicarboxylic acid B 0.37 (lR3R) 0.29 (IS..??) good 

9: Trum -1-amino-i,3-cyclopcntane-dicarboxylic acid A 1 0.32 (IS,3R) 0.24 (1RJS) good 
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For diastereomeric phenylglycinolamide derivatives substituted in Q- or P-posiGons, the order of elution was 

related to the configuration at the G-carbon (S- before R-); on the contrary, with substitution in the y-position. 

significant correlations with the C-configuration (R- before S-) could be found, resulting in apparent reversed 

elution order of Ca-epimers for three- and erythro-4-methylglutamlc acids (Table 2, see Id and le), or cis- and 

trans-cyclic analogues (8 and 9). It is not unexpected that the Cy-asymmetric center, closer to the chiral auxiliary 

asymmetric center, does exert a larger effect on the separation, rather than the remote P- ( or d-) center, if 

specific interactions of the hydroxyl group of the phenylglycinol residue are effectively involved in the binding 

to the silica adsorbent 45. 

The hydrolysis of the phenylglycinol derived amides, which was easily achieved under relatively mild acidic 

conditions (2N HCl, 80°C, 12 h), afforded pure amino acid enantiomers, even in the case of 4-alkylated 

compounds, avoiding an additional separation step. 

The use of y-benzylamide derivatives raised the opportunity of preparing enantiomerically pure y-glutamine 

analogues by hydrogenation of the N-benzyl bond. Current hydrogenation methods (catalytic hydrogenation in 

acetic acid 48 or in methanol, catalytic hydrogen transfer from formic acid 49 or ammonium formate in methanol 

“), experimented with the 2-methylglutamic phenylethylamide derivatives 2a or 3a, resulted in the expected 

decomplexation of the boron moiety, but essentially provided 2-methylpyroglutamic acid 10 (Scheme 2). A 

similar result was obtained by ammoniolysis (28% NH40H in water, SO”C, 24 h) of the corresponding 

phenylglycinolamide derivative. Simultaneous cleavage of the boroxazolidone protecting group and reduction of 

the y-N-methylbenzyl group were expected from the treatment of diastereomeric phenylethylamides 2a or 3a 

with lithium in liquid ammonia ? the only isolated reduction products were the corresponding enantiomers of 

a-methyl &hydroxynorvaline 11. 

C02H CO-NH-YH-Phe CONH;, 

CH3 q H,N... 2a, 3a 
. 

w’ 

/ 
CH,OH 

11 

Scheme 2 

The partial deprotection of such boroxazolidone benzylamide derivatives by methanol decomplexation of the 

boron moiety is easily realized. The resulting temporary blocking of the y-a&do group, which generally 

constitutes a major problem when introducing glutamine derivatives in peptide syntheses, might be a useful 



736 F. ACHER andR. AZERAD 

feature if we consider that the favored pyroglutamate formation previously observed, when using hydrogenation 

methods for deprotection, may be minimized when the a-amino group is engaged in a N-acyl or N-carbamyl 

derivative.(+)-Boc-2-methyl glutamic acid y-phenylethylamide was easily obtained, without pyroglutamate 

formation, by methanol decomplexation of 2a+3a, followed by t-butyloxycarbonyl protection, but 

hydrogenation in various conditions (10% Pd/C with ammonium formate added 52, in methanol, ethanol, or 

water-AcOH, at room or reflux temperature) was unsuccessful and the starting material was recovered 

unchanged. 

This method, particularly when using the phenylglycinolamide derivative, is highly efficient for the 

resolution of most of the tested glutamic acid analogues; it should probably be successful1 with other new 

unnatural a-amino acids bearing an acidic side chain function. However, this method was uneffective to provide 

selectively y-amido derivatives, through the attempted hydrogenation of the y-phenylethylamido group. 

Enzymatic resolution methods, with adequately protected denvatives, are currently investigated, in order to 

provide selectively protected amino acid analogues enantiomers. 

EXPERIMENTAL 

R-(+)-1-phenylethylamine (2 99 % e.e.)was purchased from Fluka, R-(-)-Z-phenylglycinol (99.5 % e.e.), 
2-methylglutamic acid hemihydrate were from Janssen Chimica (France). Brop (bromo-tris[dimethylamino]- 
phosphonium hexafluorophosphate) 43 was a gift from Drs J.Coste and M.N.Dufour (Montpellier, France). 
(f)-4-Methyleneglutamic acid was synthetized as previously described 53: m-p. 20521O’C dec (lit. s4 197- 
210°C dec.). (+)-Three- and erythru-3-methylglutamic acids were prepared by a modification of a published 
method 55.56: the intermediate 4-methylpyrrolidone dicarboxyester was directly hydrolyzed (HCl 2N, 100°C, 6 
h) to the diastereomeric amino acids (threo/erythro, 7:3), which were separated by anion exchange 
chromatogra 

% 
hy 46 (erylhro first eluted). (f)-Threo- and eryrhro-4-methylglutamic acids were prepared 

according to ,26,57 and separated by anion exchange chromatography 22.46. (+)-Cis- and (&)-truns- l-amino- 
1,3-cyclohexanedicarboxylic acids 28 and (Z&C& and (f)-truns- l-amino- 1,3-cyclopentanedicarboxylic 
acids 3O,33 were prepared according to published procedures, and separated by anion exchange chromatogra- 
phy 36. Anion exchange chromatography was performed using AGlX4@ resin (Biorad, Cl-, 200-400 mesh) 
converted to the AcO- form. 

Melting points were determined with a Biichi capillary tube melting point apparatus and are uncorrected. 
Elemental analysis were carried out by the Service Central de Microanalyse du CNRS (Gif-s-Yvette, France). 
Optical rotations were determined in a 1 dm cell with a Perkin Elmer 241 spectropolarimeter using Na (589 nm) 
or Hg (578, 546, 436 and 365 nm) lines. tH (250.13 MHz) and l3C (62.9 MHz) NMR spectra were recorded 
on a WM 250FT Bruker Spectrometer; chemical shifts are given with reference to residual tH or t3C in 
deuterated solvents (6 ppm): CDCl3,7.24,77.00; aCCtOIIt?-D6, 2.05, 20.60 and 208.00; DMSG-De, 2.49, 30.7. 
Multiplicities ate reported as br. (broad), s (singlet), d (doublet), t (triplet), q (quadruplet) and m (multiplet). MS 
(CI-NH3) was performed on a Nermag RlO-10 instrument. TLC was performed on Merck 6OF254 precoated 
silicagel plates (0.2 mm thick, 10 cm migration) with the indicated solvent systems. Products were &.ualized by 
UV light (254 nm), 2% (w/v) ninhydtin in ethanol and TDM reagent 58_ Medium pressure flash chromatography 
was performed on Merck 60H silicagel (15-40 pm) on a Jobin et Yvon axial compression column (4 cm 
diameter), at 2-10 bars. HPLC was performed with an Altex Chromatem 380 pump, a Rheodyne 7125 (2Opl 
loop), a Pye-Unicam LC-UV detector set at 2 10 nm, and a Shimadzu CR-3A integrator, using a Nucleosil SC18 
(10 cm x 4 mm I.D.) column with 0.1 M NaHzP04 buffer pH 3.0 at a 0.3 mL.min-t flow rate. GC was 
performed either on an Flexibond TM OV-1701 (0.2 mm x 15 m) capillary column (Pierce Chem.Co) run at 150- 
160°C, or on a polysiloxane XE60-S-valine-S-phenylethylamide (0.25 mm. x 30 m) capillary column 
(Chrompack) run at 145°C with helium (I bar) as carrier gas. Purity of the resolved diastereoisomers was 
checked by TLC, careful examination of the 250 MHz *H-NMR spectra, and gas chromatography after 
hydrolysis to amino acids and derivatization to N-trifluoroacetyl-O-isopropyl esters (OV-1701): in most cases, 
only ~98% pure fractions were considered for pooling. Enantiomeric purity of amino acids was checked, after 
derivatization, by HPLC 44 or GC 59. 
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Resolution of (k)-Z-methylglutamic acid (la) using R-(+)-1-phenylethylamine 
1) mixed anhydride method: To a suspension of finely ground (k)-2-methylglutamic acid, 0.5 Hz0 (0.340 g, 

2 mmol) in dry THF (3 ml) under an argon atmosphere, was added a 1M solution of triethylboron in THF (3 
ml). After overnight stirring, excess reagent was eliminated under a stream of argon and the solution cooled at - 
1YC; triethylamine (0.3 ml, 2.16 mmol) then i-butylchloroformate (0.270 ml, 2.08 mmol) were added. After 5 
minutes stirring at - WC, R-(+)-1-phenylethylamine (0.320 ml, 2.51 mmol) was added and stirring was 
continued overnight, with the temperature slowly arising to ambient. The solvent was evaporated and the residue 
dissolved in EtOAc (15 ml). washed with O.lN HCI (15 ml), water (15 ml), saturated aqueous NaHC03 
solution (15 ml), water (15 ml), dried over Na2S04, then evaporated to a white solid (0.64 g). The 
diastereoisomeric boroxazolidone amides were separated by medium pressure chromatography on a silicagel 
column (9Og). CH2C12/ acetone (85:15) eluted first the 2R,l’R-isomer (0.193 g, 0.58 mmol), a small amount 
of mixture (0.016 g) and the 2S,l’R-isomer (0.159 g, 0.48 mmol), corresponding to a total yield of 55% from 
(k)-2-methylglutamic acid. The same yield was obtained when the preparation was run on a 10 mmoles scale. 

Analytical data for the 2R.l’R-diastereoisomer f2al: M.p.197”C (205’C after recrystallization in CHC13- 
pentane). Anal. talc.% for ClgH2gN203B: C 65.07, H 8.80, N 8.43, found % C 58.29, H 8.01, N 9.41 60. 
[a]~~~= +90.2 (c 2, acetone), [a]578= +93.8, [a]546= +108.1, [a]436= +196.2, [01]365= +336.5. 1H NMR 
(CDC13) 6 ppm, J Hz: 7.73 (d, lH, NH, J = 12.1), 7.30 (m, 5& ArH), 6.89 (d, lH, NH, J = 7.6). 5.01( dq, 
lH, CHAr, J = 7.1). 3.24 (d, lH, NH, .I = 12.2). 2.59 (ddd, lH, y-CH, J = 3.1, 6.8 and 17.8), 2.35 (ddd, 
lH, y-CH, J = 3.4, 8.3, and 17.8). 2.09 (m, 2H, &CH2), 1.52 (s, 3H, a-CH3), 1.48 (d, 3H, Ar-CH-CH3, J 
= 7.1), 0.79 and 0.78 (2 t, 6H, B[CH2-CH&. J = 7.7 ), 0.43-0.17 (m, 4H, B[CHz-CH&). 

Analytical data for the 2s. l’R-diastereoisomer (3a): M.p. 185’C (unchanged after tecrystallization in CHC13- 
pentane). Anal. talc.% for ClgH2gN203B: C 65.07, H 8.80, N 8.43, found % C 63.72, H 8.71, N 8.63 60. 
[a]~~~= +56.5 (c 2, acetone), [a]578= +58.8, [a]546= +68.2, [al&j= +128.5, [a]365= +230.4. 1H NMR 
(CDC13) 6 ppm, J Hz: 7.75 (d, lH, NH, J = 11.8), 7.28 (m, 5 H, ArH), 6.31 (d, lH, NH, J = 7.5). 5.02 (dq, 
lH, CHAr, J = 7.1), 3.16 (d, lH, NH, J = 11.7), 2.56 (ddd, lH, y-CH, J= 2.6, 7.5, and 17.7). 2.35 (ddd, 
lH, y-CH, J = 2.5, 9.0, and 17.7) 2.12 (m, 2H, P-CH2), 1.54 (s, 3H, a-CH3), 1.49 (d, 3 H, Ar-CH-CH3, J 
= 7.15) 0.76 and 0.61 (2 t, 6H, B[CH2-CH3]2, J = 7.7), 0.39-0.01 (m, 4H, B[CH2-CH3]2). 

2) Brop synthesis method: To the clear solution obtained from (k) 2-methylglutamic acid, 0.5 Hz0 (la) 
(0.296 g, 1.74 mmole) and triethylboron solution, as previously described, were added triethylamine (0.5 ml, 
3.6 mmole), R-(+)-1-phenylethylamine (0.25 ml, 1.96 mmol), DMAP (0.213 g, 1.74 mmol) in THF (2 ml) and 
Brop (0.7438, 1.91 mmol) suspended in 10 ml THF. The mixture was stirred for 4 h at room temperature then 
evaporated. The residue was dissolved in EtOAc (35 ml), washed with aqueous KHS04 solution (up to pH 3, 
35 ml), aqueous NaHC03 solution (35 ml). saturated NaCl solution (35 ml), dried over Na2SO4 and evaporated 
to yield a white solid (0.612 g) which was chromatographed on silicagel (40 g) and eluted with CHzClz-acetone 
(85:15, 800 ml) and CH$Z&acetone (82:18, 500 ml) to give the 2R,l’R-isomer 2a (0.221 g, 0.666 mmol), 
m.p.l97’C, a small amount of mixture (0.026 g, 0.079 mmol) and the 2S,l’R-isomer 3a (0.229 g, 0.690 
mmol), m.p.185”C (total yield: 82%). 

(R)- and (S)-2-Methylglutamic acid (la) 
The separated boroxazolidone derivative [0.598 g (2R,l’R)-2a, 1.8 mmol] was suspended in 6N HCL 

(18ml) in a screw-capped bottle and heated at 1 10°C for 18 hours. The solution was evaporated and dried under 
vacuum over potassium hydroxyde. The residue was then dissolved in boiled water (27Oml), adjusted to pH> 8 
with 1OM sodium hydroxyde, and added on the top of an AGlX4 (AcO-) column (18 x 2 cm). After washing 
with boiled water, elution with 0.15M acetic acid, monitored by reverse-phase HPLC, yielded optically pure 
(R)-2-methylglutamic acid, which was dried by azeotropic evaporation with cyclohexane (0.278 g, 1.635 mmol, 
91% yield); TLC in CH2C12-MeOH-28% aqueous NH40H (50:50:15 v/v): Rf. 0.23 

Analytical data for the R-enantiomer: M.p. 183- 184’C (lit. 18 169-172°C). [a]$ = -11.5 (c 4,6N HCl) [lit. 
-12.1 (c 4,6N HCl) 16; -12.1 (c 3.24, 5N HCl) 14], [a]578 = -12.0, [aIs&= -13.6, [a]436= -23.3. E.e.2 97 
% (by HPLC after derivatization ‘14)_ 

Analytical data for the S-enantiomer: M.p.183’C. [a]D21 = +11.5 (c 4, 6N HCl) [lit. l6 +12.1 (c 4, 6N 
HCl)], [a]578 = +12.0, [a]546= +13.7, [a]436= +23.7, [a]365= +38.4 . E.e.2 97 % (by HPLC after 
derivatization 44) 

Resolution of (f)-2-methylglutamic acid (la) using R-(-)-2-amino-2-phenylethanol 
The (k)-2-methylglutamic-boroxazolidone complex was coupled with R-(-)-2-phenylglycinol by the mixed 

anhydride or the Brop method to yield both diastereoisomers which were separated on a silicagel column 
(CH$12-acetone, 6:4) as described for the 1-phenylethylamide derivatives. Hydrolysis was performed in 2N 
HCl at 80°C for 12 hours; pure amino acid and recovered (R)-phenylglycinol (m.p.76-77°C after crystallization 
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in ether-hexane) were separated by anion exchange chromatography (see above). 
Analytical data for the 2R.2’R-diastereoisomer (4a): glassy solid. 1H NMR (CD$OCD$ 6 ppm, J Hz: 8.01 

(d, 1H. NH, J = 7.6). 7.37-7.21 (m. 6H, ArH + NH), 5.15 (d, IH, NH, J= 12). 5.05 (m. 2H, CH-Ar), 3.76 
0% 2H, CHzOH), 2.98 (br s, 1H. OH), 2.72 (ddd, lH,CH2, J= 4, 8, and 17.2), 2.48 (ddd, IH, CH2, J= 
3.9, 8, and 17.1), 2.13-1.98 (m, 2H, CHz), 1.49 (s, 3H, cr-CH3), 0.75 (t, 3H, B[CH2-CH3]2, J = 7.7) ; 
WE’-0.17 (m, 4H, B[CH2-CH3]2). E.e. of (R)-2-methylglutamic acid, determined by HPLC 44 after acidic 
hydrolysis: 98.4 %. 

Analytical data for the 2S.2’R-diastereoisomer (Sal: M.p.166’C. 1H NMR (CD3COCD3) 6 ppm, J Hz: 8.04 
fd. 1H. NH. J = 7.8 ). 7.45-7.24 (m. 6H. ArH + NH), 5.10-4.98 (m, 2H, NH + CH-Ar), 3.77 (d, 
~,CH~OH.‘J = 5.4), j.00 (br S, l~,-Oh), 2. 69 (ddd, 1HkH, J = 3.5, 8.3, and 17.1) ; 2.52 (ddd, 1H, CH, 
J= 3.4, 5.5, and 17.1). 2.13-1.91 (m, 2H, CH2) 1.46 (s, 3H. a-CH3); 0.78 and 0.76 (2t. 6H. B[CWSH312. 
J = 7.1) ; 0.41 - 0.25 (m, 4H, B[CH?-CH3]2). E.e. of S-2-methylglutamic acid, determined by HPLC 44 after 
acidic hydrolysis: 98.8 8. 

Resolution of (+)-4-methylene glutamic acid (If) using R-(+)-1-phenylethylamine 
The diastereoisomers mixture (2f and 3f’) was prepared from (_+Wmethyleneglutamic acid (If) (0.890 g, 

5.6 mmol), EbB and R-(+)-2-phenylethylamine by the mixed anhydride method, and separated by silica gel 
column chromatography (200 g, CH2C12-acctonc 88: 12,2 L, and 85: 15, 1 L). The 2R, I ‘R-isomer 2f (0.485 g, 
I .47 mmol) was eked first, then the 2S,l’R-isomer 3f (0.444 g. 1.345 mmol). Total yield from If: 50%. 

Analytical data for the 2R.l’R-diastereoisomer (2Q: M.p. 153” C (157-158°C after recrystallization in 
CH$Z12-hexane). Anal talc % for Cl~H27N203B : C 65.47, H 8.24, N 8.48; found C 64.79. H 8.21. N 8.26. 
[a]~~‘= +53.4 (c 1, CHC13).[C1]578= +56.0, [c(]546= +63.0. [a]$‘= +35.0 (C 1. acetone), [c(]578= +36.3, 

[a]546= -t41.6, [CX]436= +7 1.3, [a]Wj= +111.7 . *H NMR (CDC13) 6 ppm, J Hz: 7.38-7.27 (m. 5H, ArH), 
7.18 (m, lH, NH), 6.34 (d, IH, NH, J = 7.5). 5.77 and 5.76 (2s. 2H, = CH2). 5.07 (dq, lH, CH-Ar, J = 
7.3). 3.75 (m, 2H, NH, + a-CH), 2.83 and 2.76 (2dd, 2H, CH2, J = 5.6, 14.6. and 3.6). 1.53 cd. 3H. Ar-C- 
CH3, J = 7.1), 0.76 and 0.74 (2t, 6H. B[CH2-CH3]2, J = 7.6), 0.33 (m, 4 H, B[C&-CH312). 

Analytical data for the 2S.l’R-diastereoisome (34: M.p. 173’ C (unchanged after recrystallization in 
CHClg-hexane). Anal talc % for C18H27N203B rC 65.47, H 8.24, N 8.48; found C 64.89, H 8.19, N 8.43. 
[cx]$l= +17.9 (c 1, CHClj-EtOH, 9:1),[a]578= +19.6, [a]~&= +23.4, [a]436’ +54.0. [a]~~‘= +5.0 (c 1, 
acetone), [(X1578= +5.3, [a]546 = +6.7, [a]436 = +17.8, [CZ]365= +43.0 . 
1H NMR (CDC13) 6 ppm, J HL: 7.46-7.18 (m, 6H, ArH + NH), 6.27 (d, lH, NH, J = 7.1), 5.79 and 5.74 
(2s, 2H. =CH2), 5.09 (dq, lH, CH-Ar, J = 7.1). 3.80 (m, 2H, a-CH + NH), 2.87 and 2.79 (2dd. 2H. CH2, 
J = 5.9, 14.6, and 4.4 Hz), 1.54 ( d, 3H, Ar-C-CH?, J = 6.9). 0.74 and 0.65 (2t. 6H, B[CH2-CH3]2. J = 
7.8), 0.38-0.19 (m, 4H, B[C&-CH3]2) . 

The separated derivatives 2f and 3f were hydrolysed (6N HCl, 1 IW’C, 18 hours) and (R)- and (S)-4- 
methyleneglutamic acids (If) were purified as described previously. 

Analytical data for the R-enantiomer (from 2f, yield 66%): M.p. 188°C (lit. 61 196-199’C). [oz]$= -12.5 (c 
1, 5 N HCl) [lit. 61 -7.9 (c 1, 3N HCI)], [a]578= -13.1, [a]546= -15.4. [@]436= -31.6, [a]365= -63.3. E.e. = 
98 % (by GC after derivatization 59). 

Analytical data for the S-enantiomer ffrom 3f, yield 71%): M.p. lWl97’C (lit. 196’C dcc 57; 195-197°C @; 
192-195°C 63; 188-190°C dec. 64) [a]D2*= +12.8 (c 1.5 N HCl) [lit. +12.8 (11% w/v HCl) 24; +15.0 (c 1, 5N 
HCi) 27; +13.2 (C 0.56, 5 N HCi) 63; +14.6 (C 0.5, 5N HCI) 641, [a]578= +x3.3, [a]546= +15.7, @]436= 
+31.8, [a]365= +63.4. E.e. = 94 ?k (by GC after derivatization 5Q) 

Resolution of (+)-three-3-methylglutamic acid (1~) using R-(+)-1-phenylethylamine 
The mixture of boroxazolidone diastereoisomers was prepared as previously described by the mixed 

anhydride method, on a 1 mmole scale. Separation was achieved on a silica gel (50 g) column eluting with 
CH2C12-acetone (85:15).The 2R,3S,l’R-isomer 2c (0.0713 g, 0.21 mmole) was eluted first, then a mixed 
fraction (0.42 mmole), and last the 2S,3R,l’R-isomer 3c (0.031 g, 0.093 mmole) with a total yield of 67% 
from 3-methylglutamic acid. Part of the mixture fraction (0.116 g, 0.35 mmole) was rechromatographed (25 g 
of silica gel, eluant CH2C12-i-P&H 96:4, 250 ml, and 95:5, 200 ml) to give 0.027 g of the 2R,3S,l’R-isomer, 
0.050 g of mixture and 0.023 g of the 2S,3R,l’R-isomer. 

Analytical data for the 2R.3S.l’R-diastereo’somer (2~): M.p. 168’C. Anal talc % for C18H2QN203B, C 
65.07, H 8.80, N 8.43; found C 65.13, H 8.k4, N 8.57. [cx]D~*= +73.5 (c 1 acetone), [a]578= +76.7, 
[a]~&= +88.8, [a]436= +162, [a]365= +28 1. !H NMR (CDC13) 6 ppm, J Hz: 7.35-7.21 (m, ArH, 5H), 4.58 
(d. IH, NH, J = 7.6), 6.34 (br t, IH, NH, J = 10.2), 5.01 (dq, lH, CH -Ar, J = 7.1). 4.22 (br t, lH, NH, J = 
10.1). 3.65 (dt, LH, a-CH , J = 2.2 and X.8). 2.60-2.39 (m, 3H, CH-CH2). 1.47 (d, 3H, Ar-C-CH3, J = 
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7.1). 1.21 (d, 3H, @-CH3, J = 6.6), 0.79 and 0.74 (2 t , 6H, B-[CHz-CH3]2, J = 7.8 ), 0.41-0.26 (m, 4H, B- 
WkCH312). 

Analytical data for the 2S.3R.l’R-diastereoisomer (3~) : glass. Anal talc % for ClgH2gN203B, C 65.07, H 
8.80, N 8.43; found %, C 64.34, H 8.80, N 8.43. [a]$= +40.7 (c 1, acetone). [a]578= +42.5, [a]546= 
+49.7, [(x1436= +95.4, [a]365= +175.3. lH NMR (CDC13) 6 ppm, J Hz: 7.34-7.21 (m, ArH. 5H), 6.48 (br s, 
lH, NH), 5.91 (br t, 1H. NH, J = 10.2) 5.00 (dq, lH, CH-Ar, J = 7.1). 4.37 (br m, lH, NH), 3.73 (dt, lH, 
cc-CH, J = 2.3 and 8.6) 2.66-2.37 (m, 3H, CH-CHz), 1.46 (d, 3H. Ar-C-CHY. I = 7.1), 1.14 (d,3H, B-CH3, 
J = 7.0), 0.74 and 0.66 (2 1, 6H, B-[CHZ-CH~I~), J = 7.8). 0.37-0.18 (m, 4H, B-[CH2-CH3]2) 

An analytical sample of each diastemoisomer was hydrolysed in 4N HCl for 18h at lOO”C, dried and derivati- 
zed to determine enantiomeric excess by GC 59: from isomer 2c was obtained (2R,3S)-three-3-methylglutamic 
acid, e.c. = 95.4 %; from isomer k, (2S,3R)-three-3-metbylglutamic acid, e.e. = 93.4 % . 

Resolution of (k)-three-3-methylglutamic acid (lc) using R-(-)-2-amino-2-phenylethanol 
The (k)-three-3-methylglutamic-boroxazolidone complex was coupled on a 4 mmoles scale with R-(-)-2- 

phenylglycinol by the Brop method to yield diastereoisomers 4c and 5c (67 % yield from lc) which were 
separated (2S,3S,2’R first eluted) on a silicagel column eluted with CH$‘l2-acetone (65:35). 

Analytical data for the 2R.3S.2’R-diastereoisomer (4cl: glass. [cx]D21= -18.7 (c 1. acetone). [cz]578= -19.7, 
[o]546= -23.1, [ff]436= -46.3, [a&= -88.1. lH NMR (XCtOnC-De) 6 ppm. J Hz: 7.74 (br.d, lH, NH, J = 
7.6). 7.38-7.22 (m, 5H. ArH), 6.11 (m, lH, NH), 5.67 (m, lH, NH), 5.04 (br.q lH, CH-Ar, J = 6.8). 3.90- 
3.74 (m, 3H, a-CH+CH?OH), 2.80 (s, lH, OH), 2.65-2.51 (m, 3H, B-CH+y-CH2), 1.15 (d,3H, P-CH3, J = 
6.8), 0.74 and 0.69 (2t, 6H, B-[CH2 - CH3]2. J = 7.7), 0.34-0.21 (m, 4H, B-[CH:! - CH3]2). 

Analytical data for the 2S.3R.2’R_diastereoisomer& glass. [a]~~~= -5 1.2 (c 1 .l, acetone), [0?]578= - 
53.5, [a]54rj= -61.9, [a]4’je= -113.1, [a]365= -194.3. lH NMR (aCetOne-Dfj) 6 ppm, J Hz: 7.76 (br.d, lH, 
NH, J = 7.2). 7.38-7.23 (m, 5H, ArH), 6.26 (m, lH, NH), 5.62 (m, lH, NH), 5.04 (br.q. lH, CH-Ar, J = 
6.6) 3.77 (m. 3H, wCH+CH~OH), 2.81 (s, lH, OH), 2.73-2.48 (m, 3H, P-CH+y-CH2), 1.16 (d, 3H, B- 
CH3, J = 6.8) 0.78 and 0.74 (2 t, 6H, B-[CH2 - CH3]2, J = 7.8). 0.34 (m, 4H. B-[CH;! - CH3]2). 

Hydrolysis of 4c and 5c was performed in 2N HCl at 80°C for 12 hours: pure amino acids and recovered 
(R)-phenylglycinol were separated by anion exchange chromatography (see above). 

Analytical data for the (2~vlQ$namic acid (from 4c, yield: 72 %): M.p. 164°C. [o]~~t= -12.0 (c 
1, H20), [Cc]578= -12.5, [Cc]s&j= -14.5. [a]436= -27.0, [1X1365= - 47.5. Threo/erythro, 99.6:0.4. E.e. = 97 8 
(by GC after derivatization 59). 

Analytical data for the (2S.3R)-3-mcthvleluta ‘c acid (from 5c, yield: 71 %): M.p. 16YC. [a]~~~= +14.4 (c 
1, HzO), [C%]578= +15.0, [a]546= +17.0, [a]43$30.7. [a]365= +%.9. Threo/erythro, 98:2. E.e. = 98 % (by 
GC after derivatization 59). 2S,3R-monoammonium salt, m.p. 161°C; [~r]$~= +8.5 (c 1.1, H20) 
(lit.21[a]$l= +6.0) 

Resolution of (+)-eryfhro-3-methylglutamic acid (lb) using R-(-)-2.amino-2-phenylethanol 
The (+)-erythro-3-methylglutamic-boroxazolidone complex was coupled on a 4 mmoles scale with 

R-(-)-2-phenylglycinol by the Brop method to yield diastereoisomers 4b and 5b (62 % yield from lb) which 
were separated (2S,3S,2’R first eluted) on a silicagel column (CH2Cl2-acetone, 65:35) 

Analytical data for the 2R.3R.2’R-diastereoisomer 14bl: M.p. 144’C. [a]n21= -54.0 (c 0.5, MeOH). 
[a]578= -55.0, [a]546= -61.0, [a]436= -107.2, [a]365= -184.0. ‘H NMR (acetone-De) 6 ppm, 3 Hz: 7.89 
(m, lH, NH), 7.33-7.23 (m, 5H, ArH), 7.12 (br.s, lH, NH), 5.64 (br s, lH, NH), 5.04 (m, iii, CH-Ar), 
3.76 (m, 3H, aCH+CH20H), 2.78 (s, lH, OH), 2.77-2.30 (m, 3H, p-CH+y-CH2). 1.18 (d, 3H, P-CH3, J 
= 6.4). 0.72 (m, 6H, B-[CH2 - CH3]2), 0.32 (m, 4H, B-[CHz - CH3]2) 
Analytical data for the 2S.3S.2’R-diastcreoisomer (Sl_Q M.p. 174°C. [a]D2*= -80.2 (c 1, acetone), [a]578= - 
83.5, [aIs&= -96.0, [a&= -172.2, [a]365= -289.4. 1H NMR (acetone-De) 6 ppm, J Hz: 7.98 (m, lH, 
NH), 7.39-7.23 (m, 6H, ArH+NH), 5.54 (br.s, 1H. NH), 5.02 (m, lH, CH-Ar), 3.76-3.63 (m, 3H, a- 
CH+CH2OH), 2.7’9 (s, lH, OH), 2.78-2.44 (m, 3H, fi-CH+y-CH2), 1.08 (d,3H, &CH3, J = 7.2), 0.79 and 
0.74 (21, 6H, B-[CH2 - CH3]2, J = 7.6 and 8.0), 0.42-0.25 (m, 4H, B-[CH2 - CH3]2) 

Hydrolysis of 4b and 5b was performed in 2N HCI at 80°C for 12 hours; pure ammo acids and recovered 
(R)-phenylglycinol were separated by anion exchange chromatography (see above). 
Analytical data for (2R.3R)-3-mcthvlglutamic acid (from 4b, yield: 62 %): M.p. 170°C. [a]D21= -15.6 (c 1, 
H20), [a]578= -16.3, [a]546’ -18.7, [a]&’ -34.1, [a]365= -59.2. No threo isomer detected. E.e. 2 99.5 
% (by GC after derivatization 59). 
Analytical data for @.3S)-3-methvb$utamic acid (from Sb, yield: 65 %): M.p. 18O’C. [alD21= +15.2 (c 1, 
HzO), [a]578= +15.9, [a&= +18.3, [a]&= +33.8, [a&= +59.2. Erythrdtfireo, 99.4:0.6. E.e. 2 99.5 % 
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(by GC after derivatization 59) 

Resolution of (+)-erythro-4-methylglutamic acid (Id) using R-(+)-1-phenylethylamine 
The mixture of boroxazolidone diastereoisomers was prepared from (+)-erythro-4-methylglutamic acid (Id) 

by the mixed anhydride method,as previously described, on a 2 mmoles scale. Separation was achieved on a 
silica gel (50 g) column, eluting with CH2C12-acetone (8614) the 2R,4S,l’R isomer 2d (0.248 g, 0.75 
mmole), then a mixed fraction (0.1 g, 0.3 mmole), and, with CH$&acetone (82: 18). the 2S,4R,l’R isomer 
3d (0.192 g. 0.58 mmole). Total yield: 81% from Id. 

Analytical data for the 7R.4S.l’R-diastereoisomer (2dk M.p. 185’C. [a]$‘= +92.9 ( c 1, acetone), 
[o]578= +96.9, [(r]s&= +111.4, [a]@&= +2Ol, [@365= +343. tH NMR (CDC13) 6 ppm, J Hz: 7.34-7.21 (m, 
6H, ArH + NH), 6.65 (br.s, lH, NH), 6.17 (br.s, lH, NH), 5.01 (dq, lH, CH-Ar, J = 7.1), 3.80 (m, lH, CC- 
CH), 2.69 (m. lH, y-CH), 2.23-2.02 (m. 2H, P-CH2), 1.44 (d, 3H, Ar-CH-CH3, J = 6.9), 1.20 (d, 3H, y- 
CH3, J = 7.0 ). 0.76 and 0.71 (2 t, 6H, B-[CH~-CH~]Z, J = 7.7). 0.39-0.27 (m, 4 H, B-[CH2-CH3]2). 

Analytical data for the 2S.4R.l’R-diastereoisomer (3dl: M.p. 76’C. [a]~~~= +28.6 (c 1 acetone), [a]‘j78= 
+30.0, [a]546= +35.1. [a]436= +70, [c1]365= +l33. lH NMR (CDC13) 6 ppm. J Hz: 7.33-7.20 (m, 6H, ArH 
+NH), 6.34 (br.s, lH, NH), 6.06 (br.s, 1H. NH), 4.99 (dq, lH, CH-Ar, J = 7.0) 3.79 (m, lH, a-CH), 
2.60 (m, 1H, y-CH), 2.18 (ddd, lH, P-CH, J = 2.9, 8.8, and 15.3). 1.98 (ddd, lH, p-CH, J = 2.1, 7.3, and 
15.3), 1.44 (d, 3H, Ar-CH-CH3, J = 7.0) 1.23 (d, 3H. y-CH3, J = 7.2). 0.70 and 0.64 (2t, 6H, B-[CHz- 
CH3]2. J = 7.8). 0.32-0.14 (m, 4H, B-[CH2-CH3]2. 

2d (0.2338.0.7 mmol) was retluxed in methanol (100 ml) for 8 h, then evaporated to dryness and heated in 
4N HCl (40 ml) at 1OO’C for 15 h . The residue, containing a partially epimerized mixture z2 of three- and 
erythro 4-methylglutamic acids (le and Id, 22:78) was chromatographed on an AG- 1X4 (AcO-) column (2.5 x 
12.5 cm). After washing with boiled water (200 ml), elution with 0.15 N acetic acid afforded the three isomer 
(2R,4R)-le (7.5 mg). a mixed fraction (27.4 mg) and 60 mg of pure erythru isomer (2R,4S)-ld (total yield: 
88 %); e.e. (by GC after derivatization s9) = 97 % . [a]D2’= -19.8 (c 1, 6N HC1) [lit.for the (2S,4R)-isomer 22 
+23 (c 2.5, 6N Ha)]. [a]578= -20.6, [al=&= -23.8, [a]436= 44.9, [a]365= -81.5. 

Resolution of (+)-erythro-4-methylglutamic acid (Id) using R-(-)-2-amino-2-phenylethanol 
The (+)-erythro-4-methylglutamic-boroxazolidone complex was coupled on a 2 mmoles scale with 

R-(-)-2-phenylglycinol by the Brop method to yield diastemoisomers 4d and 5d (51 % yield from Id) which 
were separated (2S,4R,2’R first eluted) on a silicagel column (CH#&-acetone 6:4). 

Analytical dam for the 2R.4S.2’R-diastereoisomer (4d): M.p.190°C. [a]D21= -15.0 (c 1, acetone-MeOH, 
1:l). [a]578= -15.7, ]a&= -18.4. [a]436= -38.2. tH NMR (acetone-De) 6 ppm, J Hz: 7.67 (br.s, IH, 
NH), 7.38-7.22 (m, 5H, ArH), 6.05 (br.s, lH, NH), 5.72 (brs, lH, NH), 5.04 (br.q, lH, CH-Ar, J = 6.6) 
3.78-3.71 (m, 3H, a-CH+ CHzOH), 2.79 (m+s. 2H, y-CH+OH), 2.27 (ddd, lH, P-CH, J = 3.4, 9.4, and 
14.8), 1.83 (ddd, lH, P-CH, J = 3.3, 4.9, and 14.9). 1.26 (d, 3H, ‘yCH3, J = 7.2), 0.74 and 0.67 (2t, 6H, 
B-[C&-CH312, J = 7.9 and 8.0), 0.25 (m. 4H, B-[CH2-CH3]2). 

Analytical data for the 2S,4R,2’R-diastereoisomer (5d): glassy solid. [a]D2*= -58.5 (c 1, acetone-MeOH, 
9:l), [(r&78= -61.3, [a]546= -70.4, [a]436= -126.9, [a&= -215.3. rH NMR (acetone-D6) 6 ppm, J Hz: 
7.78 (br.s, IH, NH), 7.35-7.24 (m, 5H, ArH), 6.00 (br.s, lH, NH), 5.77 (br.s, lH, NH), 5.07 (m, lH, CH- 
Ar), 3.78 (m, 3H, a-CH+ CHzOH), 2.90 (m+s, 2H, y-CH+OH), 2.77 (m, 1H. P-CH), 1.90 (m, lH, B-CH), 
1.22 (d. 3H, y-CH3, J = 7.0). 0.80 and 0.77 (2 t , 6H, B-[CH2-CH3]2, J = 7.0 and 7.6). 0.33 (m, 4H, B- 
[Cff2-CH3]2). 

Hydrolysis of 4d and 5d was performed in 2N HCl at 8O’C for 12 hours; pure amino acid and recovered 
(R)-phenylglycinol were separated by anion exchange chromatography (see above). 
Analytical data for (2R.4S)-4-methvlulutamic acid (from 4d): M.p.169’C. [a]D21= -20 (c 0.6. 6N HCI), 
[a]578= -20.7, [(x1546= -24.5, [a]436= -47.2, [Cr]365= -87.2. No thr-eo isomer detected. E.e = 95 % (by GC 
after derivatization 59). 
Analytical data for (2S.4R)-4-methvlulutamic acid (from 5d): M.p.160”C. [a]D21= +19.9 (c 0.8, 6N HCI), 
[a]578= +20.8, [C~]546= +23.9, [a]436= +44.9. Erythro:threu: 99.6:0.4. E.e = 96.2 % (by GC after 
derivatization 59). 

Resolution of (+)-three-4-methylglutamic acid (le) using R-(-)-2-amino-2-phenylethanol 
The (+)-three-4-methylglutamic-boroxazolidone complex was coupled on a 1 mmole scale with R-(-)-2- 

phenylglycinol by the Brop method to yield diastereoisomers 4e and 5e (62 % yield from le) which were 
separated (2R,4RV2’R first eluted) on a silicagel column as described for the erythro derivatives. 

Analytical data for the 2R.4R.2’R-diastercoisomer (4e): glass. [a]D21= -62.5 (c 1.3, acetone), [a]578= - 
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65.5, [alse= -75.7, [(X1436= -139.8, [o&5= -244.5. 1H NMR (aCetOne-De) 6 ppm, J Hz: 7.89 (br.d, lH, 
NH, J = 8.4) 7.39-7.24 (m, 5H, ArH), 6.08 (m, IH, NH), 5.16 (dt, lH, CH-Ar, J = 4.6 and 8.6), 5.05 (m, 
lH, NH), 3.84 (dd, lH, CHOH, J = 4.5 and 10.9), 3.71(dd+m, 2H, CHOH+a-CH, J = 8.7 and 10.9), 2.85 
tm+s. X-L Y-CH+OH), 2.13-1.98 (m, 2H, (3-CHz), 1.16 (d, 3H, Y-CH3, J = 7.0). 0.77 and 0.73 (2t , 6H, B- 
[CH2-C&]2, J = 8.0 and 7.8), 0.40-027, (m, 4H, B-[CH2-CH3]2). 

Analytical data for the 2S.4S.2 R dtaste eo some (Se) : glass. [cl]D21= -9.8 (c 1.3, acetone), [a]578= 
-10.4, [a]546= -12.2, [o]436= -24.5, lo]36:= f6.4.:H NMR (acetone-De) 6 ppm, J HZ: 7.67 (br.d, lH, 
NH, J = 7.4), 7.65-7.24 (m, 5H, ArH), 5.66 (m. lH, NH), 5.37 (m, lH, NH), 5.03 (m, lH, CH-At), 3.80 
(m, 2H, CHzOH), 3.55 (m, lH, a-CH), 2.96 (m, lH, y-CH), 2.85 (s, 1H. OH), 2.15-1.94 (m, 2H, B-CH2). 
1.23 (d, 3H, y-CH3, J = 7.0). 0.77 and 0.71 (2t, 6H, B-[CH2-C&]2, J = 7.6 and 7.8), 0.41-0.21 (m, 4H, B- 
WW%ld. 

Hydrolysis of 4e and Se was performed in 2N HCl at 80°C for 12 hours; pure amino acid and recovered (R)- 
phenylglycinol were separated by anion exchange chromatography. 
Analytical data for (2R.4R)-4-methvldutamic (from 4e): M.p.147T. [a]D21= -21.6 (c 0.5, H20), 
[o]57s= -22.2, [o]5&= -25.4, [1X1436= -43.8, [o]365= 69.0. Threo/erythro, 98.7:1.3. E.e.= 98 % (by CC 
after derivatization 59). 
Analytical data for (2S.4S)-4-methvlglutamic a& (from 5e): M.p.lSl”C [lit. 22 170’C]. [a]D21= +22 8 (C 

0.25, HzO), [lit. +25 (c 1, H20) 221, [CZ]57g= +23.6, [a]546= +26.8, [(r]436= +45.2. [o]365= +71.6: No 
erythro isomer detected. E.e.= 98 %I (by CC after derivatization 59). 

Resolution of (f)-cis-l-amino-1,3-cyclohexanedicarboxylic acid (6) using R-(-)-2-amino-2- 
phenylethanol 

The (+)-boroxazolidone complex 38 was coupled on a 0.1 mmole scale with R-(-)-2-phenylglycinol by the 
Brop method to yield diastereoisomers which were separated (lR,3R,2’R first eluted) on a silicagel column 
(CH$Zl2-acetone 6:4). 
Analytical data for the lR.3R.2’R-diastereoisomer: glass. tH NMR (acetone-Dg) 6 ppm, J Hz: 7.34-7.20 (m, 
6H, ArH+NH), 5.40 (br.s, 2H, 2 NH), 4.98 (m. lH, CH-Ar), 3.76 (m. 2H, CHzOH), 2.91 (s, lH, OH), 
2.72 (m, lH, CH-COzH), 2.25-1.80 (m, 7H. CH2), 1.45 (m. lH, CH2), 0.75 and 0.74 (2 t , 6H. B-[CH2- 
CH3]2, J = 7.6 and 7.8), 0.34 (m, 4H. B-[CH2-CH3]2). 
Analytical data for the mS.2 R dmstereo.somq: M.p. 105°C. 1H NMR (aCCtOne-D(j) 6 ppm, J Hz: 7.36-7.20 
(m, 6H, ArH+NH), 5.36 (br.s: 2;. 2 NH): 4.99 (m, lH, CH-Ar), 3.76 (m, 2H, CHzOH), 2.79 (s, lH, OH), 
2.78-2.60 (m, lH, CH-COzH), 2.14-1.65 (m, 7H, CH2), 1.65-1.46 (m, lH, CH2), 0.76 and 0.75 (2 t , 6H, 
B-[CH2-CH3]2, J = 7.8), 0.34 (m, 4H, B-[CH2-CH3]2). 

Hydrolysis was performed in 2N HCl at 80°C for 12 hours. From the lR,3R,2’R isomer was obtained 
(lR,3R)-6 (e.e.= 98 %) and from the lS,3S,2’R isomer, (lS,3S)-6 (e.e.= 98 %, determined by HPLC after 
derivatization 44). 

Resolution of (f)-cis-1-amino-1,3-cyclopentanedicarboxylic acid (8) using R-(-)-2-amino-2- 
phenylethanol 

The (f)-boroxazolidone complex 38 was coupled on a 0.1 mmole scale with R-(-)-2-phenylglycinol by tbe 
Brop method to yield diastereoisomers which were separated (lR,3R,2’R first eluted) on a silicagel column 
(CH$&acetone 1: 1). 

Analytical data for the mR.2 ‘_ . ssomer : glass. lH NMR (aCCtOnC-De) 6 ppm. J Hz: 7.41-7.18 (m, 
6H, ArH+NH), 5.52 (br.s, 2H, 2 NH), 5.02 (m, lH, CH-Ar), 3.75 (m, 2H, CH20H), 3.14 (m, lH, CH- 
C02H), 2.78 (s, lH, OH), 2.52 (m, lH, CH2), 2.34 (m, 2H, CH2). 2.19 -2.02 (m, 3H, CH2), 0.76 and 0.75 
(2 t , 6H, B-[CH2-CH&, J = 7.6) 0.34 (m, 4FI, B-[CH2-CH3]2). 

Analytical data for the J&3S.2 R ’ _. d- : glass. lH NMR (acetone-De) 6 ppm, J Hz: 7.42 (br.d, 
lH, NH. J = 7.6), 7.37-7.17 (m, 5H. ArH), 5.52 (br.s, 2H, 2 NH), 5.02 (m, lH, CH-Ar), 3.75 (m, 2H, 
CHzOH), 3.17 (m, lH, CH-COzH), 2.79 (s, lH, OH), 2.59-2.41 (m, lH, CH2), 2.40-2.21 (m, 2H, CH2), 
2.18 -2.03 (m, 3H, CH2), 0.75 (t , 6H, B-[CH2-CH3]2, J = 7.6), 0.35 (m, 4H, B-[CH2CH3]2). 

After hydrolysis in 2N HCl at 8O’T for 12 hours, the lR,3R,2’R isomer yielded (lR,3R)-8 (e.e.= 96 %) 
and the lS,3S,2’R isomer, (lS,3S)-8 (e.e.= 95 8, determined by HPLC after detivatization 44). 

Resolution of (f)-Puns-l-amino-1,3-cyclopentauedicarboxylic acid (9) using R-(-)-kamino- 
2-phenylethanol 

Tbe (&)-boroxazolidone complex 38 was coupled on a 0.1 mmole scale with R-(-)-2-phenylglycinol by the 
Brop method to yield diastereoisomers which were separated (lS,3R,2’R first eluted) on a silicagel column 
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(CHZCIZ-acetone 6:4). 
Analytical data for the lR.3S.2’R-diastereoisomer: glass. *H NMR (XCtOnC-Dg) 6 ppm, J Hz: 7.96 (br.d, 

lH, NH, J = 8.0), 7.42-7.20 (m, 5H, ArH), 6.88 (br.d, IH, NH, J = 11.2), 5.06-4.94 (m, 2H, CH-Ar+NH), 
3.77 (m, 2H, CHzOH), 3.35 (m. IH, CH-COzH), 2.80 (s, lH, OH), 2.44 (m, lH, CHz), 2.27-1.89 (m, 5H, 
CH2), 0.75 (t , 6H. B-[CH~-CH~]Z, J = 7.6), 0.34 (m, 4H, B-[CH2-CH3]2). 

Analytical data for the lS.3R.2’R-diastereoisomer: glass. *H NMR (acetone-Dg) 6 ppm, J Hz: 8.03 (br.d, 
1H. NH. J = 7.6). 7.39-7.23 (m, 5H, ArH), 6.92 (br.d. 1H. NH, J = 11.2), 5.01 (m, 1H. CH-Ar), 4.90 
(br.d, lH, NH, J= 12.4), 3.75 (m, 2H, CHzOH), 3.36 ( m, IH, CH-C02H). 2.82 (s, lH, OH), 2.67-1.97 (m, 
5H, CHz), 1.76 (m. 1H. CH2), 0.81 and 0.72 (2t 1 6H. B-[CH~-CH~]Z, J = 7.8 and 7.6) 0.35 (m. 4H, B- 
[Cff2-CH312). 

After hydrolysis in 2N HCI at 80°C for 12 hours, the 1 S,3R,2’R isomer yielded (lS,3R)-9 (e.e.> 99 %) and 
the lR.3S,2’R isomer, (lR,3S)-9 (e.e.= 88 %, determined by HPLC after derivatization 44). 

Hydrogenolysis of 2a. 
a) caralytic hydrogenation : to (2R,l’R)-2a (0.209 g, 0.63 mmol) dissolved in methanol (5 ml) were added 
Pd/C (10%. 0.209 g) and ammonium formate (5 eq). After overnight stirring, only decomplexation was 
observed; the catalyst was filtered, formic acid (10 ml) was added to the evaporated filtrate, and the resulting 
solution was heated at 90°C for 8 hours. The single product formed was identified to 2-methylpyroglutamic acid 
10 by comparison with an authentic sample: M.p.142”C (lit. 65 140-143°C). 
b) Li/iVH3 reductive cleavage: to (2R,l’R)-2a (0.201 g. 0.6 mmol) dissolved in liquid ammonia (about 10 ml) 
was added lithium (50 mg) producing a blue color visible for lo-20 min. After evaporation of ammonia, the 
residue was purified by ion exchange chromatography, first on an AG50WX4 (H+, 20-50 mesh) column, eluted 
with 0.5 M NI-ktOH, then on an AGlX4 (AcO-, 200-400 mesh) column, eluted with 0.05 N AcOH. Crystalline 
5-hydroxynorvaline 11 (32.1 mg) was obtained, M.p.216-217’C (after recrystallisation in methanol-ether); this 
compound (Rf 0.13) slightly differed from 2-methylglutamine t* (Rf 0.12) by TLC (CH#&MeOH-aqueous 28 
% NH40H. 65:35:10) or reverse phase HPLC (Nucleosil 5Cl8 column, 0.4 x 30 cm, 0.1 M Na phosphate 
buffer, 0.5 mUmin): retention time, 7.0 min ( 6.8 min for 2-methylglutamine). 
1H NMR (DMSG-De) 6 ppm, J Hz: 6.80 (br.s, 3H, NHs), 3.32 (t, 2H, CH20H. J = 5.9), 3.15 (s, IH. OH), 
165-1.30 (m, 4H, 2 CH2), 1.21 (s, 3H, c+CH3). 13C NIMR (DMSO-De+D20) S ppm: 175.59 (CO), 62.02 
(CHzOH), 61.58 (C-2) 35.21 and 27.65 (C-3 and C-4), 23.90 (a-CH3). CIMS (NH3): 148 [M+l]+ (lOO), 
130 (13), 128 (26), 102 [M-COzH]+ (74). 88 (15), 85 (18) 84 (14). 
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