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The synthesis and resolution of N-(benzyloxycarhony1)-y,y-di-tert- butyl-d,l- y- carboxyglutamic acid (5a)  is de- 
scribed. Resolution using quinine allowed separation of the D enantiomer from the racemic mixture in 15% yield 
from N-(benzyloxycarbonyl)-0-tosyl-d,l-serine methyl ester (la). Liberation of the L enantiomer from the remain- 
ing oily quinine salt followed by purification of the L-tyrosine hydrazide salt of 5a provided an overall yield of 13°C 
of the L enantiomer from la. The synthesis of N-(benzyloxycarbonyl)-y,y-di-tert- butvl-D-y-carhoxyglutam- 
yl-,y,y-di-tcrt- butyl-D-y-carhoxyglutamic acid (19) is described. 

Since the identification of y-carboxyglutamic acid (Gla)4 
in 1974, the synthesis of Gla derivatives has been the target 
of several lab~rator ies .~- '  T o  date two synthetic approaches 
have yielded the desired amino acid. One route utilizes a 
procedure developed by Wheland8 for the preparation of 
glutamic acid (Scheme I). As might be expected from similar 
syntheses of cysteineg and selenocysteine,lO loss of leaving 
groups from the /3 carbon of alanine derivatives was accom- 
panied by extensive racemization a t  the a-carbon atom.5b,c 
The second approach and the only reported asymmetric 
synthesis of @la5g utilized a modified Strecker synthesis to  
afford y ,y-d i - te r t -  butyl-L( -)-N-phthaloyl-y-carboxyglu- 
tamate. In spite of the high optical purity of the product ob- 
tained by this route, the primary source of optically pure Gla 
for further synthetic studies has been via Scheme I and clas- 
sical resolution.; This report describes in detail our studies 
on the development of routes to optically pure Gla derivatives 
on a synthetically useful scale. 

Resul ts  and Discussion 
Synthesis. The preparation of the 0-tosyl-L-serine deriv- 

atives (la-d, Scheme I)  was based on general procedures 
Scheme I 
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previously r e p ~ r t e d . ~ ~ ~ ~ ~ ' ~  The tosylation reaction was tem- 
perature dependent; reactions carried out below -5  "C were 
more successful. Although IC and Id were generated and used 
as in Scheme I, they were not easily purified without losses. 
The presence of pyridine particularly hampered purifica- 
tion. 

Treatment of the appropriate 0-tosyl-L-serine derivative 
with excess di-tert- butyl malonate using either sodium hy- 
dride or lithium diisopropylamide as the base provided the 
crude Gla derivatives. Of these esters, the N-(benzyloxycar- 
bony1)-y,y-di-tert-butyl-d,l-y-carboxyglutamic acid 
cu-methyl ester (3a) and the N-( te r t -  butyloxycarbonyl)- 
y,y-dibenzyl-y-methyl ester (3d) seemed to  have properties 
appropriate for further study. In order to evaluate the stability 
of the amine triester, solutions of 3a and 3d were deblocked 
a t  the amino group with palladium and hydrogen and triflu- 
oroacetic acid, respectively, followed by neutralization of the 
amine salt. The y,y-di-tert- butyl methyl ester resulting from 
3a exhibited a substantially longer lifetime (TLC. ninhydrin) 
than the dibenzyl methyl ester resulting from 3d. Thus, 3a was 
utilized in subsequent studies since the rate of apparent cy- 
clization to the pyro-y-carboxyglutamic acid derivative should 
be repressed relative to 3d. 

The triester, 3a, was smoothly converted to the hydrazide, 
4. Hydrazinolysis could be performed on the crude reaction 
mixture resulting from the reaction of excess di-tert- butyl 
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Scheme 11. Process Efficiency Evaluation 
OTs 
I 

ZSerOCH, ( l a )  

1 equiv D T B M  2 equiv D T B M  
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3a 50% [ 1 [ I  63% [ I  [ I  

I C  l b  
5a [ 1 47% 

5d 22% 3 2% 37% 49% 59% 
T = tyrosine hydrazine, DTBM = di-tert-butyl malonate, 
[ 

a Crude reaction mixture from which aliquots are drawn 
for subsequent procedures. b Silica gel chromatography. C 25 
min, 0.48 M KOHIEtOH, room temperature. dHTyrN,H,, 
CH,OH (min). e Anhydrous ether. 

] = product not isolated 

Scheme 111 
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0 1 N BuONO, HCI. b HGlyOEt. CH,, Pd/C. d ZGlyOCO-i- 
Bu. e 50:50  CH,CI,/F,CCO,H. 

malonate with the 0-tosyl-L-serine ester. This combination 
of steps avoided the necessity for chromatographic separation 
of 3a from excess malonate and provided racemic 4 in good 
yield and  purity. In  a similar manner, the hydrolysis of the 
methyl ester of'3a could be performed directly on the crude 
reaction mixture, and thus the  acid 5a could be obtained di- 
rectly from la. The acid 5a was conveniently isolated as either 
the  L-tyrosine hydrazide salt (5d) or the  N,N-dicyclohex- 
ylamine salt (5b).  

In order to secure large amounts of 5a for chemical resolu- 
tion, the  process efficiency of the  conversion of la to 5d was 
evaluated using 1 and 2 equiv of lithium di-tert-butyl malo- 
nate (Scheme 11). The  yields of 5d indicate tha t  2 equiv of 
nucleophile was more advantageous when 3d was not isolated 
and  tha t  acceptable yields of 5d could be obtained directly 
from la without isolation of the intermediate ester (3a) or acid 
(5a). 

Several simple peptide derivatives of racemic Gla were 
prepared in order to examine the  facility of coupling a t  the 
amino and carboxy ends of the molecule. The  synthesis of 
N-( benzyloxycarbony1)glycyl-y,y-di-tert- butyl-d,l- y-car- 
boxyglutamylglycine ethyl ester (7) is shown in Scheme 111. 
Smooth and  essentially quantitative removal of the y-tert-  
butyl ester groups of 7 could be achieved by treatment with 
a 50:50  (v/v) solution of TFA in methylene chloride (Scheme 
IV).  

Resolution. With the availability of 5a and the knowledge 
that the combination of the N-benzyloxycarbonyl and tert- 
butyl ester groups could be removed from Gla derivatives 

Scheme IV. Resolution of Enriched L Enantiomer via the  
L-Tyrosine Hydrazide Salt 
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L enriched D enriched 
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I 
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L-ZGlaOH 
T = TyrN,H,, Q = L-quinine 

a 1 equiv of Q. b 20% citric acid. C 1 equiv of T, CH,OH. 
d CH,OH recrystallization. e CCI, recrystallization ( x 1 ). 
fBased on d.I-la. 

without problem, the  resolution of Gla was considered. En-  
zymatic resolution of N-acetyl-y,r-di-tert- butyl-d,/- y-car- 
boxyglutamic acid, from acetylation of y,y-di-tert-  butyl- 
d,l- y-carboxyglutamic acid (6a) in our hands as othersia ex- 
perienced, was unsuccessful. Likewise, the separation of dia- 
stereoisomers from dipeptide derivatives such as 14, 15, 16, 
and  17 did not appear to be a promising route to synthetic 
quantities of optically pure Gla derivatives. 

Attempts to prepare the crystalline D-benzoyltartaric acid 
or the  D-camphor sulfonic acid salts of y,y-di-tert-  butyl- 
y-carboxyglutamic acid a-methyl ester were unsuccessful; the 
brucine salt of the acid 5a was also prepared, but remained as 
an  oil. T h e  I,-tyrosine hydrazide salt (5d) could, however, be 
readily obtained and could be purified by recrystallization 
from methanol. Although salt 5d could be resolved by nu- 
merous recrystallizations from methanol, only a low yield (5% 
overall from la)  of the  L. enantiomer of 5a could be secured. 
In addition, the crystallization process was slow and the 5a 
obtained had an optical purity of only 80-90°6. Finally, the 
recovered tyrosine hydrazide salt of the 11 enantiomer of 5a, 
a low-melting solid, could not be further resolved by recrys- 
tallization. 

The  timely report of Schwyzer e t  al.;" using quinine to ob- 
tain the  D-enantiomer of 5c combined with our studies using 
1.-tyrosine hydrazide provided a solution to several of these 
problems. As mentioned above, racemic 5a could be conve- 
niently isolated from crude reaction mixtures as the L-tyrosine 
hydrazide salt (55-65% from la). Since samples of 5d enriched 
in the  I, enantiomer of 5a were more easily resolved, quinine 
was used to separate the D enantiomer from the racemate 
(Scheme IV). The initial partition of the quinine salt of 5a 
gave 36% of the solid D-quinine D-acid salt and 53% of the 
[>-quinine L-acid as an oil. Purification of the former provided 
a 15% yield (from d,l- 5a) of the D enantiomer of 5a. Liberation 
of the acid 5a from the oily D-quinine ]>-acid salt using 20% 
citric acid followed by treatment of the acid with L-tyrosine 
hydrazide provided 75% of the solid salt of the I, enantiomer. 
Recrystallization from methanol provided the pure I, enan- 
tiomer of 5a. The  overall yield of 5a from la via this scheme 
involving the quinine and tyrosine hydrazide salts was 15% 
for the D enantiomer and 13% for the 1. enantiomer. 
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Scheme V 
(0 - t -Bu) ,  

I 
ZGlaOH . Q 
L enriched , oil I a ' b  solid ,159r~ 

( 0 - t - B u ) ,  (0- t -Bu) ,  
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L asnriched 

L-ZGiaOH L-ZGiaOH L-ZGiaOH t,-ZGiaOH 

% e e :  91 15 16 84 
T = L-HTryN,H,, E = L-ephedrine, Q = L-quinine 

a 20% citric acid. b CCl,/pentane recrystallization. c 1 
equiv of T. d CH,OH recrystallization. e 1 equiv of E. 
fEthyl acetateipentane recrystallization. g % based on 
starting serine tosylate. h Ratios are the same in each case; 
volumes are proportional to the amount of solid obtained 
from each salt. 

Another route to the  L enantiomer of 5a was reported by 
Schwyzer et  al. i a  and was used successfully in our laboratory. 
Recrystallization of the  crude L enantiomer fraction of 5a 
(liberated from the oily D-quinine L-acid fraction with 20% 
citric acid) from carbon tetrachloride or carbon tetrachlo- 
ride/pentane provided a 15% overall yield of the optically pure 
L enantiomer of 5a and 16% of recovered mother liquor en- 
riched in the  L enantiomer (Scheme V). This route to  the L- 
enantiomer of 5a is the  method of choice for the  rapid prep- 
aration of synthetically useful quantities of this substance. 

Attempts to further enrich the mother liquors by formation 
and separation of the quinine salt were unsuccessful; however, 
both the tyrosine hydrazide and ephedrineTb salts could be 
obtained and  purified. Recrystallization of the salts was 
pursued until 110 more solid could be obtained from either 
filtrate. Each filtrate was then reconverted to the acid 5a, and 
the rotation of the oil was determined; virtually no difference 
between the amount of rotation of the  acid remaining in the 
filtrate from either salt was observed. The crystalline salt 
fractions from ephedrine and tyrosine hydrazide were col- 
lected and likewise converted into 5a. Rotations indicated that 
although the  percent yield of solid salt was higher with 
ephedrine, the enantiomeric excess of the acid obtained from 
the tyrosine hydrazide salt was considerably greater. 

Determination of Optical Purity. The  criteria that  were 
developed for the determination of the optical purity of 5a are 
given in Table I. Conversion of 5a or N-(benzyloxycarbonyl)- 
y - te r t -  butyl-1, glutamic acid to the optically pure glutamic 
acid hydrochloride by hydrolysis with hydrochloric acid was 
accompanied by a 1-2% loss of enantiomeric excess. The value 
of 20.3 f 0.5" ( 3  1, H20)  for the specific rotation of glutamic 
acid hydrochloride was used as the standard value. 

The  specific mtations for the enantiomers of 5a were found 
to be most reliable when methanol was used as the  solvent. 
Consistent with the  previous reports,2bs7b we have found an  
inversion of the  Cotton effect of both glutamic and y-car- 

Table I. Optical Purity Criteria for Z-Gla(0- t-Bu)z-OH 

mp, "C la]%. den 

1. quinine salt 139.5-140 -71.9 (C 1, CHC13) 
tyrosine hydrazide 149-150 -21.6 (c 1, CHyOH) 
salt 

2. free acid (D) 87-88 +11.4 (c 1.1, CHzOH) 
-11.2 ( C  1.1, CHyOH) 
f20.0 (C 1, HLO) 

(L) 87-89 
3. glutamic acid 

hydrochloride 
(98%) 

boxyglutamic acid derivatives on changing solvent from 
methanol to chloroform. The  problems of reproducibility 
encountered with chloroform as a solvent could have been due 
to  the presence of either water or alcohol in the  chloroform, 
although alumina-filtered chloroform was not more reli- 
able. 

Synthesis Using Chiral 5a. The  preparation of N-(hen-  
zyloxycarbony1)-y,y -di-tert- butyl-? -carboxyglutamyl-y,y - 
di-tert- butyl-D-y-carboxyglutamic acid (19) was accom- 
plished using optically pure 5a. Treatment of 5a (liberated 
from the quinine salt) with diazomethane generated the  ester 
(3a), which was not isolated but directly converted to the 
hydrazide D-4. Conversion of D-4 to the azide and acylation 

D-5a D-6a 

1. CH,N, 
2. N,H, 

( 0 - t - B ~ ) ;  (O.t-Bu). 
I I  1. n-BuONO, HC1 

I 
(O-t.Bu ): 
I 

I Y ,  37% D - 4 ,  t i5% 

with y,y-di-tert- butyl-D-y-carboxyglutamic acid (D-6a) 
provided the optically pure dipeptide derivative 19. 

Experimental Sectionll 
N-(Benzyloxycarbonyl)-L-serine Phenacyl Ester (20). To a 

solution of 2.4 g of N-ibenzyloxycarbonyl)-~.-serine" and 1.39 mL 
of triethylamine in dimethylformamide was added 1.9 g of phenacyl 
bromide in 2 mL of dimethylformamide. After being stirred for 1'7 h, 
the reaction mixture was filtered and the solvent was removed in 
vacuo, leaving a yellow oil which solidified on standing. The solid was 
dissolved in ethyl acetate. and the organic solution was washed se- 
quentially with saturated sodium bicarbonate. water. and saturated 
brine. After the mixture was dried over anhydrous magnesium sulfate, 
the solvent was removed in vacuo to leave 2.9:3 g of  crude solid imp 
108.5-110 " C ) .  Recrystallization from etheriethyl acetate solvent gave 
1.90 g of ester (,53'/n): mp 113.5-114.5 "C:   CY]?^^^) -29.9" I c  1.0, meth-  
anol). 

Anal. Calcd for CI9H19XO,j: C ,  63.86: H :%: N. :3.92. Found: C,  
63.84; H, 5.38: N, 3.94. 

N-(  Benzyloxycarbony1)-y,y-di- tert- butyl- d,l- y-carboxyglu- 
tamic Acid a-Methyl Ester (3a). To  a slurry of 59 mg of sodium 
hydride in 5 mL of dimethylformamide (freshly distilled from calcium 
hydride) at 0 "C was added 741 mg of di-tert-  butyl malonate':' in 3 
mL of dimethylformamide, and the solution was stirred for 24 h at 
room tempera t~re . '~  The reaction mixture was added dropwise over 
15 min to a solution of 900 mg of laYa in 3 mL ot  dimethylformamide. 
After the mixture was stirred for 20 h under a nitrogen atmosphere,15 
the solvent was removed in vacuo and the resulting oil was partitioned 
between 20% citric acid and ethyl acetate. The collected organic ex- 
tracts were washed with saturated sodium bicarhcinate and saturated 
twine and finally dried over magnesium sulfate. Removal ot'the solvent 
i n  vacuo let't 0.79 g of oil which was chromatographed on  silica gel 
(eluted with a linear gradient from methylene chloride to  5% ethyl 
acetate in methylene chloride). Pooled product,-cc)ntaining fractions 
gave 0.47 g of oil (84%) which was homogeneous by 'YIK (system A):  
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[ a I z 4 ~  0.38' (c 7.7. methanol); N M R  (DCC13) 6 1.43, 1.45 (Ps, 18, 
2t-Bu),  1.95-2.6 (broad, 2, /3-CH2), 3.31 (dd, J1 = 6.4 Hz,Jz = 7.5 Hz, 
y - C H ) ,  3.71 (s, 3, OCH3), 4.44 (m,  1, a-CH), 5.10 (s, 2, CHzBzl), 5.61 
(d ,  J = 8.4 Hz, 1, NH) ,  7.33 (s, 5, ArH). 

Anal. Calcd for C23H33N08: C, 61.18; H, 7.37; N,  3.10. Found: C, 
61.29, H. 7.42; N ,  3.14. 
N-( tert-Butoxycarbony1)-0-tosyl-d,l-serine Methyl Ester 

( I C ) .  Following the procedure of Weinstein e t  a1.,I6 20 g of d,l-serine 
methyl ester hydrochloride was converted to  22.6 g of crude N -  
( te r t -  butoxycarbony1)serine methyl ester, a viscous oil (7OOh) which 
was not further purified. The  crude oil was dissolved in pyridine and 
cooled to -15 "C, and 25.1 g of freshly recrystallized p-toluenesulfonyl 
chloride was added over 20 min. After being stirred for 6 h a t  -15 "C, 
the  reaction mixture was poured onto cracked ice and the aqueous 
mixture was extracted wit,h ethyl acetate. T h e  collected organic ex- 
tracts were washed with 20% citric acid, saturated sodium bicarbonate, 
and  saturated brine. (An additional washing with ice-cold 1.0 N hy- 
drochloric acid was required to remove all of the  pyridine followed 
by washes with saturated sodium bicarbonate and saturated brine.) 
After the mixture was dried over magnesium sulfate, removal of sol- 
vent left 30.3 g of solid. Recrystallization from absolute ethanol gave 
:!3.6 g (61%) of crystalline tosylate, m p  95-97 "C. 

Anal. Calcd for C16H*HNOi.(CyH60H)1/2: C, 51.50; H ,  6.61; N, 3.53. 
Found: C, 52.09: €I. 6.45; N ,  3.85. 

N - (  tert-Butoxycarbony1)-y,y-dibenzyl-d,l-y -carboxyglu- 
tamic Acid a-Methyl Ester (3d). The sodium salt of 0.70 g of di- 
benzyl malonate was prepared with 50 mg of sodium hydride in 5 mL 
o f  dimethylformamide (freshly distilled from calcium hydride) as 
described above. The  solution was added a t  room temperature to  a 
solution of 0.46 g of the  i enantiomer of l e  (prepared as described 
above for IC,  m p  '95-97 'C) in 3 mL of dimethylformamide over 10 
rnin. The  reaction was then stirred for 20 h, the solvent was removed, 
and the mixture w . 1 ~  worked up in the usual fashion. After the mixture 
was dried over magnesium sulfate, t h e  ethyl acetate was evaporated 
to leave 0.97 g of (til. Chromatography of the oil on silica gel (eluting 
with a linear gradient from methylene chloride to 5% ethyl acetate 
in methylene chloride) gave 0.33 g (60%) of3d: m p  82-84 "C; [ a I z 4 ~  
-1.4' (c ,  5, methanol): NMR (CDC1:J b 1.37 (s, 9, t -Bu) ,  1.95-2.75 (m, 
2. 3-CHa). 3.5-3.75 (m,  4. y-CH and OCH3), 4.40 (m. 1, a - C H ) ,  5.07 
(s. 2, CHZBzl), 5.10 (s, 2, CHPBzl). 5.40 (d ,  J = 8, NH),  7.25 (brd s, 10, 
XrH ). 

Anal. Calcd for C&ilNOs: C, 64.31; H,  6.44: N,  2.89. Found: C, 
61.24; H ,  62.46; N. 2.89. 

N - (  Benzyloxycarbonyl)-y,y-di- tert- butyl-d,l-y -carboxyglu- 
tamic Acid Dicyclohexylamine Salt (5b). A solution of 2.41 g (5.34 
mmol)  of 3a was idded dropwise at  room temperature to a 0.48 N 
solution of potassium hydroxide in absolute ethanol. After 30 min, 
the  reaction mixtiire was cooled to 0 "C and brought to  p H  7 with 
ice-cold 1.0 N hydrochloric acid. After the solvent was removed, the 
resulting oil was disstrlved in ethyl acetate and the solution was 
washed with 20% citric acid. water, and saturated sodium chloride. 
After heing dried ,wer  magnesium sulfate, solvent was removed and 
the resulting oil was dissolved in 10 mL of anhydrous ether and treated 
with 1.05 m L  (5..3:1 mmol) of dicyclohexylamine. Filtration after 
standing overnight at  room temperature gave 1.51 g of solid (46% 
based on starting imylate), m p  132,4134 "C. Recrystallization from 
a carbon tetrachlorideipetroleum ether mixture (1:2) raised the 
melting point to 140-142.5 "C. 

Anal. Calcd for C:3&4Nr08: C, 65.99: H,  8.80: N, 4.53. Found: C, 

N -  (Benzyloxycarbonyl)-y,y-di- tert- butyl- d,l-y-carboxyglu- 
tamic Acid a-Phenacyl Ester (3f). A. From 5a. T o  a solution of 173 
mg of 5a and 5&5 p:L of triethylamine in 1 mL of dimethylformamide 
was added 78.5 mi: of phenacyl bromide in one portion, followed by 
a I -mL rinse with solvent. After being stirred for 22 h a t  room tem- 
perature, solvent vias removed and the mixture was worked up in the 
usual fashion to give 182 mg of solid. Recrystallization from an ethyl 
acetate and petroleum ether solvent pair gave 112 mg of crystalline 
solid (.51%), m p  1Cm7.6-109 " C .  

Anal. Calcd for C:ioH:iiiYOg: C. 64.85; H ,  6.71: N, 2.52. Found: C, 
64.79; H, 6.74; N. ?.52. 

B. From 20. T o  a solution of 9.33 g of N-(benzyloxycarbonyl)-L- 
serine phenacyl ester in 40 mL of pyridine cooled to -15 "C was added 
in one portion 4.94 g of p-toluenesulfonyl chloride. After being stirred 
a t  -15 OC for 5 h, the reaction mixture was warmed to 0 "C, stirred 
1i)r an additional 9 h, and poured on :300 g of cracked ice. The aqueous 
mixture was extracted three times with ethyl acetate, and the collected 
organic washes were washed twice with ice-cold 1 N hydrochloric acid, 
twice with saturated sodium hicarbonate, and twice with saturated 
hrine. After the mixture was dried over magnesium sulfate, the solvent 

65.80; H ,  8.26; N. ,1.49. 

was removed in vacuo to leave a yellow oil. Trituration with petroleum 
ether yielded 10.4 g (77%) of solid, m p  72-78 "C. The  tosylate was not 
further purified, bu t  was used directly as follows. 

T o  a solution of the  crude tosylate a t  0 "C in 10 mL of dimethyl- 
formamide was added a solution of the  sodium salt of 8.78 g of di- 
ter t -butyl  malonate, prepared as  described with 0.97 g of sodium 
hydride in 50 mL of dimethylformamide. After 20 h, the reaction 
mixture was worked up in the usual fashion to  give 12.6 g of oil which 
solidified on very long standing. A 5.82-g portion of this material was 
chromatographed on silica gel using a n  elution gradient of 100% 
chloroform to 5% methanol in chloroform. Three major fractions were 
obtained, each of which had a t  least three components on TLC. Re- 
crystallization of one fraction (585 mg) from ethyl acetate gave 420 
mg of solid, m p  104-108 "C. T h e  NMR spectrum and T L C  mobility 
were identical with those of an authentic sample of 3f prepared as  
described above. 
N-( Benzyloxycarbonyl)-y,y-dibenzyl-d,l-y-carboxyglutamic 

Acid Methyl Ester (3c). Preparation of the sodium salt of 3.57 g of 
dibenzyl malonate was accomplished using 0.30 g of sodium hydride 
in 50 mL of dimethylformamide as described above. This solution was 
added dropwise over 2-3 min to  a solution of 2.55 g of tosylate la  in 
10 mL of dimethylformamide a t  room temperature. After the mixture 
was stirred for 20 h, 0.72 m L  of glacial acetic acid was added, the sol- 
vent was removed, and the  resulting oil was worked u p  in the usual 
manner to yield 5.40 g of yellow oil. The  oil was chromatographed on 
silica gel (eluting with a linear gradient from methylene chloride to  
10% methanol in methylene chloride) to  yield 2.35 g of 3c as  a clear 
colorless oil (72%): [ a I z4~  t1.28' (c 5.4. methanol); NJMR (CDC13) 6 
2.06-2.80 (m,  2, P-CHz), 3.66 and 3.64 (dd,  J1 = 6 Hz, J2 = 8 Hz, and 
s, 4, respectively, y -CH and OCH:j), 4.51 (m,  1. n - C H ) ,  5.06,5.08, 5.12 
(3 overlapping singlets, 6, C H ~ B Z I ) ,  5.65 (d ,  J = 8.5. 1, N H ) .  7.26 (s ,  
15, ArH). 

Anal. Calcd for C29H29N08: C, 67.04; H ,  5.6:1: K, 2.70. Found: C, 
66.80; H ,  5.70; N,  2.64. 
N-(Benzyloxycarbonyl)-y,y-di- tert-butyl-d,l-y-carboxyglu- 

tamic Acid Hydrazide (4). To a stirred solution of diisopropylamine 
(5.82 mL, 41.6 mmol) in 5 m L  of dry tetrahydrofuran (distilled from 
lithium aluminum hydride under nitrogen) under a nitrogen atmo- 
sphere was added 17.35 mL of a 2.4 N solution of n-butyllithium in 
hexane. T h e  solution was stirred for 5 min a t  room temperature and 
then cooled t o  0 "C. A solution of 8.98 g (41.6 mmolj ofd i - te r t -  butyl 
malonate in 10 mL of dry tetrahydrofuran was added dropwise, and 
the mixture was stirred for 20 min after the addition was complete. 
This solution was added to a stirred solution oftosylate la  (8.06 g, 19.8 
mmol) in 30 mL of dry tetrahydrofuran (distilled from lithium alu- 
minum hydride under nitrogen) a t  0 " C  under a nitrogen atmo- 
sphere. 

The reaction mixture was stirred a t  room temperature for 20 h a n d  
condensed in vacuo. The residue was taken up in an ethyl acetate/20% 
citric acid solution. the layers were separated, and the aqueous layer 
was washed with ethyl acetate. The  comhined organic layers were 
washed with 20% citric acid solution and saturated sodium chloride 
solution, dried over magnesium sulfate. and condensed to  an oil in 
vacuo. The  residue was dissolved in 15 m L  of methanol and treated 
with 5 mL of hydrazine hydrate. After being stirred for :i h a t  room 
temperature, the reaction mixture was evaporated to  dryness to 
produce an oily residue which solidified on trituration with hexane. 
Recrystallization from aqueous methanol produced 7.61 g of 4 (84%): 
mp 111.1-112 "C; NMR (CDCl:?) 6 1.45 (s, 9, t - H u ) ,  1.47 (s, 9, t -Bu) .  
2.23 (m, 2.i3-CHz) :3.34 ( t , J  = 7 Hz. 1, y-CH).  3.87 ibrd. 2. NHZ). 4.27 
(m,  1, a - C H )  5.11 (s, 2, ArCHZ), 5.85 ( d . J  = 7 Hz,  1,  N H ) ,  7.35 (s .  5, 
ArH), 8.03 (m,  1, NH).  

Anal. Calcd for C2.H:I,jN:jO:: C, 59.44; H ,  7.16: N. 9.1 1. Found: C. 
59.21; H ,  7.18; N ,  9.02. 

d,l-y,y-Di- tert-butyl-y-carboxyglutamic Acid (6a). A solution 
of the lithium salt of 12.7 g of di- ter t -butyl  malonate in tetrahydro- 
furan was prepared as described and carefully added to  a solution of 
19.3 g of 1b'O in 25 mL of tetrahydrofuran at 0 "C. T h e  reaction 
mixture was allowed to stir for 24 h, during which time it warmed to 
room temperature. Following the addition of  4.7  mL of glacial acetic 
acid, solvent was removed in vacuo from the solution and the resulting 
oil was partitioned between 20% citric acid and ether. T h e  comhined 
organic extracts were washed with saturated sodium bicarbonate, 
water, and saturated brine and dried over magnesium sulfate. Re- 
moval of the solvent provided an oil which was dissolved in 250 m L  
of anhydrous methanol and hydrogenated in the presence of0.9 .g of 
10% palladium on charcoal catalyst. When TLC indicated completion 
of the reaction, the catalyst was removed by filtration and the solvent 
was evaporated in vacuo to  leave 12.9 g of crude waxy solid. Recrys- 
tallization from methanol gave 8.1 g of a white solid. nip 142--14:1.5 
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" C  (66% based on starting tosylate l b ) .  
T h e  melting point was found to  vary considerably with the drying 

procedure: desiccator, PzOs, 24 h, m p  138-139 "C; pistol, Pzo5,22 " C ,  
24 h, m p  143-143.5 " C ;  pistol, PzOs, 55 "C, 24 h, mp 148.5-150 "C. The 
difference is due to complexed methanol as indicated by the analytical 
data. 

Os: C, 55.43; H ,  8.31; N,  4.62. Found: C, 

-carboxyglutamic Acid Methyl  Ester 
O x a l a t e  S a l t  (9 ) .  Hydrogen gas was bubbled for 2 h through a solu- 
tion of 343 mg :)f 3a containing 0.25 g of 10% palladium on charcoal 
in 12 mL of glacial acetic acid. T h e  mixture was filtered through 
Celite, and 68.1 mg of anhydrous oxalic acid was added. Removal of 
the  solvent in I'acuo followed by trituration with ether gave 210 mg 
(68%) of a white solid, m p  1 

Anal. Calcd tor Ci;H2yNOlo(CH:ICO~H): C,  48.81: H.  7.12; N,  3.00. 
Found: C, 48.45; H ,  6.89; N,  3.20. 

d , l -7-Carboxyglutamic Acid a - M e t h y l  E s t e r  Hydrochlor ide  
(10). Hydroger. was bubbled for 6 h through a solution of 0.54 g of 3c 
containing 0.5 g of 10% palladium on charcoal in 15 mL of glacial acetic 
acid. After the mixture was filtered through Celite, 0.1 mL of con- 
centrated hydrochloric acid was added and the solution was con- 
densed to one-tenth its volume. Precipitation from the solution with 
an excess of an iydrous ether. filtration, and drying for 24 h in vacuo 
over phosphorus pentoxide provided 107 mg (43%) of 10 as  a white 
solid: mp 122.5-122 " C ;  NMR (D20, chemical shift downfield from 
acetone) 6 2.05 I t .  J = 7.5 Hz. 1. ( t -CH),  1.62 (s .  3, OCH:j), 0.28 (dd.  
,J = 7 Hz, 2. d-IZH?). 

Anal. Calcd for C-HI ,NOnCllH,O): C. 32.39: H.  5.43: N. 5.40. ._ - - 
Found: C,  32.01; H, 5.15; N. 5.41. 

boxyglutamic Acid Hydraz ide  (11). The  sodium salt of 0.75 g of 
d i - t r r t -  butyl malonate was prepared with 59 mg of sodium hydride 
in 5 mL of dirnethylformamide as described above. The  reaction 
mixture was added to  a solution of 640 mg of L-tosylate I C  in 3 mL of 
dimethylformamide. and the reaction was stirred for 20 h. After 0.1t5 
mI, of glacial acetic acid was added, the solvent was removed and the 
residue was worked up in the usual fashion to give 0.72 g of oil. 
Chromatography on silica gel (linear gradient from methylene chlorine 
to  2 r ~  ethyl ace.:ate in methylene chloride) gave 0.29 g ( l l r c )  of crude 
ester 3e. 

To a solutiori of 172. i mg (0.412 mmol) of 3e in 1 mL of methanol 
was added 30 drops (1 .5 mmol) of hydrazine hydrate. After 3 h at room 
temperature. t i e  reaction mixture was condensed in vacuo to  146.8 
mg (85%) of hydrazide 11. An analytical sample was obtained by re- 
crystallization -%om aqueous methanol: mp 82-83 "C; NMR (CDCI i) 
ii 1.40 (s .24 ,O- ' -Hu) .  2.20 im. 2. 3-CH?), 3.28 i t . J  : 12 Hz. 1. ?-CHI. 
4.18 ( m .  ik-CH:!), 5.65 (./ : 15 Hz, 1, N H ) .  

.Anal. Calcd l'or CIyHl-&O.;: C. 54.68: H. 8.39; N. 10.07. Found: C.  
54.67: H.  8.1:3; N. 10.02. 

.V-(tert-Butoxycarbony1)-d,l-y-carboxyglutamic Acid 
a - M e t h y l  E s t e r  (12). .A mixture of' ,518.8 mg 11.07 mmoli of crude 
ester :Id, prepared as described above. and 52.2 mg of 10% palladium 
on charcoal catalyst in 10 mI, of methanol was stirred under 1 atm of 
hydrogen for 2 n. After the catalyst was separated and the solvent was 
removed. the resulting solid was dried in vacuo. Recrystallization from 
an ether/hexaiie solvent gave 226.1 mg ( 7 O W  of 12, m p  125-126.5 
O C .  

Anal. Calcd for CI?H19NOH: C .  17.21: H ,  6.2:3; N. 4.59. Found: C. 
47.16; H ,  6.25: N .  1..56. 

N - (  Benzy1aixycarbonyl)glycyl-y,y-di- t e r t -buty l -d , l -y-car -  
boxyglutamic Acid a - M e t h y l  E s t e r  (13). Hydrogen gas was buh- 
bled for 4d mir  through a solution of 1.30 g of 3a in 40 mL of glacial 
acetic acid containing 500 mg of 10% palladium on charcoal. After 
heing filtered through Celite, the solution was condensed to one-third 
its volume and .i niI, of saturated hydrochloric acid in anhydrous ether 
wah added. Evaporation in vacuo yielded an oil from which traces of 
acid were removed by evaporation with dry tetrahydrofuran, ethyl 
acetate. and anhydrous ether. The resulting hydrochloride salt 10 was 
used directly in the tollowing reaction. 

Under a nitrogen atmosphere a solution of 605 mg o f  S - ( h e n -  
zyloxycarhonyl iglycine ;and :322 pL of LV-methylmorpholine in 1.6 mL 
of' tetrahydrofuran (freshly distilled from calcium hydride) was cooled 
t o  -7 "C and 334 p L  of  isobutyl chloroformate in 500 p L  of tetrahy- 

fter the mixture was stirred for 30 min. a f i l -  
tered solution of 1.16 :: of the hydrochloride 10 and 394 mg of .V- 
methylmorpholine in 9 mI, of tetrahydrot'uran was added and the 
reaction mixture \vas stirred overnight a t  0 "C. After the solvent was 
removed, the ri:sulring i i i l  was partitioned between ethyl acetate and 
20cc citric acid. The collected organic washes were extracted with 

N- ( tert-Butoxycarbony1)-y,y-di- t e r t -buty l -d , l -y-car -  

saturated sodium bicarbonate and saturated brine and dried over 
magnesium sulfate. Removal of the solvent gave 1.28 g of oil which 
solidified on standing. Recrystallization from anhydrous ether/pe- 
troleum ether solvent gave 0.92 g (63%) of 13: m p  91.5-93 "C; N M R  
(CDClC3) ii 1.45 (s, 18, 0 - t - B u i ,  2.39 (m, 2, P-CH2). 3.30 ( t ,  J = 6 Hz, 
1, y-CHI, 3.70 (s, 3,OCH3), 3.91 (brd d ,  GlyCHz), 4.66 (m, 1. n-CHI,  
,5.12 (s, 2, BzlCH?), 5.94 (brd t,  1, GlyNH), 7.12 ( b r d d ,  1, GlaNH), 7.34 
(s, 5 .ArH) .  

Anal. Calcd for Cz~H36N209: C,  59.04; H.  7.14; N, 5.51. Found: C,  
59.09; H ;  7.17; N, 5.53. 

N-(Benzyloxycarbonyl)-y,y-di- tert- butyl-d, l -y-carboxyglu-  
tamylglycine Ethyl  Ester (6). To a solution of 0.86 g of 4 (1.87 mmolj 
in 4 m L  of dry tetrahydrofuran (distilled from lithium aluminum 
hydride under nitrogen) a t  -23 O C  under a nitrogen atmosphere was 
added dropwise 6.94 mmol (1.99 mL)  of a 3.49 M solution of hydro- 
chloric acid in tetrahydrofuran followed by 0.5 mL of n-butyl nitrite. 
After the mixture was stirred for 10 min. the p H  was adjusted to  10 
with triethylamine. The  reaction mixture was diluted with 10 mL of 
tetrahydrofuran, and the temperature was raised to  0 " C .  A solution 
of 900 mg (8.7 mmol) of ethyl glycinate in 5 mI, of dry tetrahydrofuran 
was added, and the reaction was stirred a t  0 "C for 3 h. (The reaction 
may be monitored by TLC using 270 methanol in chloroform.) The  
reaction mixture was condensed in vacuo, and the residue was taken 
up in saturated sodium bicarbonate/ethyl acetate. 'The aqueous layer 
was washed with ethyl acetate. and the organic layers were combined. 
After being washed with 20% citric acid and saturated sodium chloride 
and dried with magnesium sulfate. the organic layer was condensed 
to an oil which was crystallized from aqueous methanol to produce 
811.1 mg (80%) o f a  white solid: mp97.5-99 "C; NMR (CDCI:1) 0 1.24 
( t ,  J = 7 Hz, 3, CH,I), 1.45 (s .  18, t -Bu) .  2.2 (hrd.  2,  GlaCHpi. 3.44 ( t .  
J = 7 Hz. 1, Gla-?-CHI. 3.99 ( d .  J = 5 Hz. 2. G1yCH2), 4.18 ( q ,  J = 7 
Hz, 2. GlyOCH?), 1.35 (hrd,  1. Gla-n-CH). 5.09 Is. 2. XrCH?). 6.05 (d. 
J = 8 Hz. 1, NH) ,  7.32 (s 

.Anal. Calcd for Ca6H 38 : C ,  57.77: H. 7.41: N. 5.19. Found: 
C .  57.57; H ,  7.08: N, 5.15. 

N-(Benzy1oxycarbonyl)glycyl-y,y-di- ter t -butyl-d, l -y-car-  
boxyglutamylglycine E t h y l  E s t e r  ( 7 ) .  A solution of 1.83 g (8.95 
mmol) of 6 in 150 mL of absolute ethanol was stirred with 450 mg of 
100; palladium on carbon catalyst under hydrogen at atmospheric 
pressure for 2 h; filtered through Supercell. and condensed in vacuo 
to an oil. The product was used immediately without purification. 

T o  a stirred solution of 3.27 g (15.6 mmol) of .V-( benzyloxycar- 
bony1)glycine in 10 mL of dry tetrahydrofuran (distilled from lithium 
aluminum hydride under nitrogen) a t  -5 "C was added 1.75 mL I 15.6 
mmol) of  .V-methylmorpholine followed 1))- 2.03 mL (15.6 nimol) of 
isobutyl chloroformate. After the mixture was stirred for 15-20 min. 
a solution of 8.95 mmol of dipeptide-free base (prepared as above) in 
10 mL of dry tetrahydrofuran was added and the reaction was stirred 
overnight a t  5 "C. The reaction mixture was condenseti, and the res- 
idue was taken up in ethyl acetate/water. 'The aqueous layer was 
washed with ethyl acetate, and the combined organic layers were 
~vashed with saturated sodium hicarbonate. rvater. 20cr citric acid. and 
saturated sodium chloride. Drying u.ith ningnesium sulfate and con- 
densation i n  vacuo produced an oil (6.9 :) n.hich was recrystallized 
from ether/petroleum ether to yield 3.i g I7 : j f ; )  of7:  m p  10:1-106 " C :  

(hrd. 2. Gla-d-CH-,). 3.42 (t.  J = 7 Hz. 1. (>la--, -CHI. 3.90 (d .  J = 5 Hz. 

\ -CHI.  5.12 (s. 2 ,ArCH?i ,  5.8: 1 t . J  = 5 H z ,  1 NHI.  

Anal. Calcd for C ~ ~ H J I N ~ O I , ) :  C. .58.03: H, 7.08: N. 7.25. Found: C. 
,58.01; H .  7.08: N. 7.30. 

N - (  Benzyloxycarbony1)glycine-y,y-di- tert- butyl-d,l- y- 
carboxyglu tamyl  Hydraz ide  (18). T o  a solution of 0.65 g (12.7 
mmol) of dipeptide ester 13 in 3.5 mL of methanol was added 0.65 mL 
of hydrazine hydrate. and the solution n'ab stirred for :I h a t  room 
temperature. Removal of'the solvent provided an oil which was taken 
up in ethyl acetate. and  the resulting solution was washed with sat-  
urated hrine and dried over magnesium sulfate. Removal of solvent 
gave 0 . S Y  g ot'solid which was recrystallized from methanol and water 
to yield 0 .42  g 165%) of'hydrazide. mp 80.5- 

.Anal. Calcd for C24H~31jN,0X.(H20)~  2: ('. 
Found: C,  53.67: H. 7.4 

N-  (Benzy1oxycarbonyl)glycyl- d,l-y-carboxyglutamylglycine 
Ethyl  E s t e r  (8). T o  an ice-cold, stirred solution ol' l , ( l2  g (1.76 mmol) 
of7  in 30 mL of' methylene chloride was added dropwise 20 ml, of 9grc 
trifluoroacetic arid. T h e  mixture was stirred tor 70 min at 0 "C and 
then cor ls5 min at room temperature. Removal 0 1  stllvent yielded a 
hydroscopic oil. An analytical sample of' 7 as the half'-h>-drate was 
obtained in low yield by crystallization o t t h e  oil  trom ethyl acetate/ 

NMR (CDCl?) i, 1.24 ( t .  J = 7 Hz. 3 ,  GIyOCH,I. 1.46 (s. 18. t -Ru) .  2.25 

(d .  J = 5 Hz.  2. GlyCH-,), 1. I9 lq. .J = 7 Hz.  :I. CH:j). 
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hexane. The  a h i t e  solid obtained decomposed over the  range 76 to 
94 " C .  

Anal. Calcd for C.,oH&\.:301o.0.5H20: C,  50.42; H ,  5.46; N,  8.82. 
Found: C. 50.50: H ,  5.50; N. 8.84. 
N-( Benzyloxycarbonyl)-y,y-di- tert- butyl-d,l-y-carboxyglu- 

tamyl-y,y-di-tert-butyl-d,l-y-carboxyglutamylglycine Ethyl 
Ester (14). "\i-iBenzyloxycarbonyl)-di-tert-butyl-d,l-y-carboxy- 
glutamyl azide was prepared from 5.87 g (13.0 mmol) of hydrazide 4 
and coupled in situ with y.y-di- ter t -  butyl-d,l- y-carboxyglutamyl- 
glycine ethyl ester. prepared from 5.62 g (11.1 mmol) of the fully 
protected peptide 6, in a manner analogous to tha t  described for the 
preparation of 6. LVorkup provided 8.84 g of a crude oil which was 
chromatographed over a 5.5 X 22 cm column of silica gel G using 1% 
methanol in chloroform as solvent. The  main fraction yielded a n  oil 
which was cry:,tallized from aqueous methanol to give 14 as  1.53 g 
( l ? )  of a mixture of diastereoisomers, melting a t  108-118 " C .  

Anal. Calcd for C J , , H ~ ~ N , ~ O I J :  C,  59.18: H ,  7.56: N, 5.20. Found: C ,  
S9.39: H .  7.6<5; N .  5.20. 

N-(Benzyloxycarbony1)glycyl-d,l-y,y-di- tert-butyl-y-car- 
boxyglutamyl- d,l- y ,y -di- tert- butyl-y -carboxyglutamylglycine 
Ethyl Ester (15). Hydrogen gas was passed through a solution of 440 
mg of 6 in 10 m1. of methanol containing 50 mg of 10% palladium on 
charcoal catal>.st until TLC of the reaction mixture indicated no 
starting mater al. .After the reaction mixture was filtered and the 
solvent was renoved by evaporation. the  resultant oil was dissolved 
in I mL of tetrahydrofuran (t'reshly distilled from calcium hydride) 
and added to the solution ( i f  the  acyl azide prepared as  indicated 
below. 

A solution of 420 nig of 18 in 2 m L  of' freshly distilled tetrahydro- 
furan was coolcbd to -2'3 'C, and 0.87 mL of a saturated solution of 
hydrogen chloride in tetrahydrofuran was added dropwise. After 10 
min 0.23 ml, 0 1  isobutyl nitrite was added in one portion, and after 
10 min the solution was adjusted to  pH 10 by addition of triethyl- 
amine. The temperaturt: was adjusted to 0 "C, and the solution of the 
reduced dipeptide prepared above was added in one portion. The  
reaction mixtu-e was slirred for 24 h a t  4 "C. the  solvent was then 
removed, and the resulting oil was partitioned between ethyl acetate 
anti ?OOCr citric bcid. The ethyl acetate solution was then washed with 
saturated sodium bicarbonate. water. and saturated brine and dried 
over magnesium sulfate Recrystallization of the product yielded 290 
mg  of solid and 25U nip of oil in the mother liquor. T h e  oil was chro- 
matographed on silica gel (gradient elution from methylene chloride 
to methanol i n  methylene chloride) to yield 145 mg (19%) of 15 as 
a niixture ofdiastereoisomers: NLIK ICDC1:jj 0 1.21 ibrd t.  3. CH.{). 

1 2  ( m ,  2 ,  $-CHj, 3.6-4.4 (m. 
CHI. n.16 (s, 2,  BzlCHs) 5.96 

t8~YaO~::  C'. 58.;12: H.  7.47: K, 6.48. Found: C, 

:16. O-t-Hii). 2.35 im. 6. y C H  
H?, ( I -CH. ( ' H L C H  $) .  1.52 Im. 

ini .  I .  N H ) .  7.5 --i.4 jni. s overlap. 8, ArH + N H ) .  

X - (  Benzylouycarbony1)-L-leucyl-y,y-di- tert- butyl-d,l-y- 
carboxyglutarnic Acid Methyl Ester (16). Hydrogen gas was 
l)ulit)led through n 5.cilution of' 1.36 g of :la in 25 mI, of anhydrous 
methanol containing (1.14 g ot' 1 0 p c  palladium on charcoal catalyst. 
Removal of the c,atalyst and solvent provided 1.2 g of oil which was 
useti as descrihrd helow without further purification. 

'l'o a siilutioi. of' 1.14 g of .V-(benzyloxycarbonpl)-~.-leucine (19 )  
(ohrained from t h e  dicyclohexylamine salt as an oil1 and 0.35 g ot' 
.V-inethylmorp!ic,line in 2 mL of tetrahydrot'uran (distilled from 
lithium aluminum h\-dride) a t  -10 "C was added 0.47 g of isobutyl 
chloroformate. 4tter t h e  mixture was stirred !'or :30 min, a solution 
of the crude free )lase of the triester (1.2 gJ in ? mL of  tetrahydrofuran 
was added dropwise o\-er 5 min and the reaction was stirred with slow 
warming to rooni temperature for I .5 h. After the solvent was removed, 
the residue mas xr t i t ioned between ethyl acetate and 2O'pc citric acid 
and the comhinod organic extracts were washed with saturated brine 
and dried over magnesium sulfate. At'ter the solvent was removed in 
vacuo. the resulting oil f2.Oil g )  Lvah chromatographed on silica gel 
(eluting with a c incentration gradient from methl-lene chloride to YC 
acetcme in methylene chloride) to yield 1.27 g of an oil, presumably 
the diastereomers ( i f  16. Attempted separation of the diastereomers 
hy column chr(1111atography was unsuccessful: NMR iCDCI,+) Ci 0.93 
(6. lirti d .  ./ = 1 Hz. I,eu('Hj): 1.:1-1.8 is + hrd s. 2 0 ,  0 - i - R u  + Leu- 
.j-CH?r. :{.?? ( t .  ./ = 7 1-11.. 1. ( i la -y-CH) .  3.71 i s  + m, 4,  OCH:3 + 
I,eu-;j-CH). 1.:{:1 in?. 1. I , e w y ( ' H I ,  4.66 im,  1, Gla-Ct-CH). 5.15 (hrd 
5 .  2.  H z I C H ~ J .  5.3-I i t .  I .  UH). 7 , : E  i s  + m, 6. ArH + NHr. 

Anal. Calcd for ( ' , ~ H ~ ~ X L O C , :  ('. 61.68: H,  7.85: K, 4.96. Found: C. 
6 l , . i 7 :  H.  7.90. 3. 5.00 

N -  (Benzylox ycar bonyl) -y ,y-di- tert- butyl- d,l- y-carboxyglu- 
tamgl-L-proline Benzyl Ester (17). 'I'o a solution of hydrazide 4 in 
4,6 1111, of tetrahi-clroturnii ifreshly distilled from lithium aluminum 

hydride) a t  -23 " C  was added 2.32 mL of anhydrous saturated hy- 
drogen chloride in tetrahydrofuran. After the mixture was stirred for 
10 min, 0.6 mL of isobutyl nitrite was added in one portion and stirring 
was continued for 10 min. T h e  solution was brought to  p H  10 by ad- 
dition of triethylamine, and the temperature was raised to  0 " C .  A 
solution of L-proline benzyl ester (obtained from the tosylate salt by 
partitioning between ether and 33% sodium hydroxide saturated with 
potassium chloride) in 4 m L  of dry tetrahydrofuran was added to the 
solution over 5 min, and the reaction was stirred for 24 h a t  4 " C .  After 
being warmed to  room temperature, the  mixture was poured into 
saturated sodium bicarbonate and the aqueous mixture was extracted 
with ethyl acetate. The collected organic layers were washed with 20% 
citric acid and saturated brine and then dried over magnesium sulfate. 
Removal of the  solvent in vacuo left 1.73 g of oil which was chroma- 
tographed on silica gel (eluted with a linear gradient from methylene 
chloride to 5% acetone in methylene chloride) to provide 0.83 g (60%) 
of a clear oil, presumably a mixture of the diastereoisomers of 17. The  
mixture could not  be separated by elution chromatography. 

Anal. Calcd for C S ~ H & ~ O ~ :  C, 65.47: H.  6.95; N. 4.49. Found: C. 
65.31; H ,  7.13; N, 4.50. 

Determination of Optical Purity of Gla Derivatives. Sample 
Preparation. A degassed solution of a weighed amount of protected 
amino acid derivative in 6 N hydrochloric acid was heated a t  110 " C  
in a vacuum-sealed tube. At the  end of 3 h the  hydrochloric acid was 
removed in vacuo and the resulting solid was dissolved in 2-3 mL of 
distilled, deionized water to  give a nearly opaque dispersion which 
could not be used for polarimeter measurements. Extraction of the 
solution with three 2-mL portions of ether yielded a clear aqueous 
layer which gave a white powder on lyophilization. T h e  powder was 
redissolved three times in 2 mL of water and lyophilized to  insure the 
complete removal of hydrochloric acid and finally was dried in vacuo 
with phosphorus pentoxide. 

The  optical rotations of the glutamic acid hydrochloride samples 
were obtained from weighed amounts of solid (2.0 f 0.1 mg in 2 mL 
of distilled, deionized water)." Enantiomeric excess was determined 
tip comparison with standard values obtained in the following 
fashion. 

Preparation of Authentic Samples of D- and L-Glutamic Acid 
Hydrochloride. A solution of 2.4 g of L-glutamic acid (enantiomeric 
excess determined by comparison with published values as  98.1 * 
0.:3?~)'~ in 25 mL of6  N hydrochloric acid was warmed on a steam bath 
for 3 min to dissolve all solid. After the mixture was cooled overnight 
at 0 " C .  the crystals were filtered and vacuum dried over phosphorus 
pentoxide to leave 2.66 g (900;) of crystalline d i d :  mp 202-203.5 "C: 

( c  6.2,5. H.10). [(k]22;4ti +27;.7' ( c  6.25, H2O). Lyophilization o f t h e  
filtrate gave an additional 256 mg of solid: mp 196 " C :  [(t]2111 f20.6 '  

A similar procedure starting with D-glutamic acid (enantiomeric 
excess 98%) yielded the corresponding hydrochloride: [ < t ] 2 2 ~ l  -20.6' 

The  average rotation and the precision to be expected from the 
determination of rotation for 20.0 f 0.1 mg samples in 2 mL of dis- 
tilled. deionized water were determined to be [ c b ] 2 i 1 )  +20.:3 i 0.:36° 
and [ ~ t ] ~ : ~ : ? ~  +21.:1' f 0.:'h0 and [(\]')j;46 +24.:1 i- 0.41°. or an expected 
deviation then is nearly FC out of 20.7'. Compared to the values re- 
ported by Schwyzer and co-workers,;" this sample of L.-glutamic acid 
hydrochloride has an enantiomeric excess 0 f 9 8 . 5 ~ ~ .  a value consistent 
with the determined value for the starting 1:glutamic acid. 

Optical Purity of L-Glutamic Acid Obtained by Hydrolysis of 
N-(Benzyloxycarbonyl)-y- tert-butyl-L-glutamic Acid. A 150-mg 
sample of ~ ~ - ( h e n z y l o x y c a r h o n y l ) - ~ ~ - ~ e r t - t ~ u t y l - ~ . - g l u t a m i c  acidlY 
hydrolyzed and treated according to the previously described pro- 
cedure provided 79 mg of glutamic acid hydrochloride. [ ct l2'I1 +20.O0 
i c  1.00, H2O). T h e  calculated enantiomeric excess according to  rhe 
ahove described standards is either 98.,5',' if the standard is optically 
pure or 97.1% if the  enantiomeric excess of the standard is 98.5%. 

Partial Resolution of 4c Using the L-Tyrosine Hydrazide Salt 
(5d). The lithium salt of8.2 g (38 mmol) of di-tert-butyl malonate was 
prepared in tetrahydroturan as  described ahove using 10.5 m L  (76.4 
mmolJ of  diisopropylamine and 44.6 mL of n -hutyllithium in hexane 
(75.1 mmol). The  solution of salt was added to a solution of 15 g (:16.8 
mmolj of la in 20 mL of  tetrahydrofuran at  0 'C. The  reaction mixture 
was allowed to stir for 24 h ,  during which time it warmed t o  room 
temperature. After addition of 4.3 mI, ot' glacial acetic acid and re- 
moval of the solvent in vacuo. the mixture was Lvorked up in the usual 
fashion to give 14.2 g ot'oil. .A 4.6-g portion of the oil in 10 mL of hot 
absolute methanol was treated with 1.0 g of i.-tyrosine hydrazide.',' 
On cooling. 1.24 p ( i f  salt .id was obtained. nip 1:16-116 O(', 

Several recrystallizations of the salt f r ~ ~ m  methanol ultimately 

[ < I ] ~ ' I >  21.4' i~ 1.00, HzO). [ ( t ] ? " ~  t23 .2 '  ( C  6.25. H?O). [t~]"5;, f24.2 '  

( C  1.0. HyOj. 

( C  1.00. H?O) ,  [ ~ i ] ~ ~ o  -23.5' ( ( '  6.25, H-,O). 
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yielded 140 mg of 5d (2% based on 2), [a']''D +19.5 ' (c 2.0, methanol). 
T h e  free acid 5a obtained by partitioning 4a between ether and  20% 
citric acid was a clear, nearly colorless oil, [CY]24D -10.2' (c 2.3, 
methanol). Hydrolysis of 46 mg of 5a  followed by removal of HC1 gave 
15.5 mg of residue. Dissolution of the  solid in 2 m L  of water gave an 
opaque mixture which became clear after three ether extractions. The 
aqueous solution was lyophilized, and  the  resulting solid was dried 
in vacuo over phosphorus pentoxide. The  rotation of a sample, 
+21.16' (c 0 . 7 , l  N hydrochloric acid), compared to  t h a t  of a sample 
of L-glutamic acid similarly treated [[cfIz3D +27.6' (c 0.75, 1 N HCl)] 
indicated an optical purity of 4c of no better than 77%, although the 
optical purity in subsequent runs varied from 77 to  87%. 

Resolut ion of 4c Using  a Combina t ion  of the Quinine a n d  
Tyros ine  Hydraz ide  Sal ts .  Isolat ion of t h e  D Enant iomer .  The  
lithium salt of 167 g of di- ter t -butyl  malonate in 242 m L  of tetrahy- 
drofuran was prepared as  described above using 108 m L  of diisopro- 
pylamine, 604 mL of tetrahydrofuran, and 322 m L  of 2.4 M n-butyl- 
lithium in hexane. After being warmed to  room temperature and 
stirred for a n  additional hour, the  reaction mixture was added over 
5 h to  a solution of 157 g of d,l- la (prepared in the  same manner as  
la, m p  103-105 "C) in 242 mL of tetrahydrofuran cooled to 0 "C. The 
reaction was allowed to stir for an additional 24 h, during which time 
it warmed to  room temperature. After the dropwise addition of 44 mL 
of glacial acetic acid and removal of the solvent in vacuo, the mixture 
was worked u p  in the  usual fashion to  yield 240 g of oil. T h e  oil was 
dissolved in 3 L of 0.48 N potassium hydroxide in ethanol and stirred 
for 25 min a t  room temperature. After adjustment to  p H  7 with ice- 
cold 1.0 N hydrochloric acid, the ethanol was removed in vacuo. After 
workup as  before, 225 g of crude oil was isolated. 

T h e  oil was dissolved in 150 m L  of hot anhydrous methanol, 48.2 
g of L-tyrosine hydrazide was added, and the  mixture was warmed 
until all solid dissolved. After the mixture was cooled t o  room tem- 
perature, 1000 mL of anhydrous ether was added followed 15 min later 
by a second 1000 mL. The  mixture was filtered after standing a t  -15 
"C for 1 h, and the solid was air-dried, leaving 158 g of 5d: m p  125-130 
"C; [ c Y ] ~ ~ D  f22.6 '  (c 2.0, methanol). T h e  free acid 5a  was recovered 
by partitioning the  crude salt between ether and a solution of 48 g of 
citric acid in 150 inL of water. T h e  ether extracts were washed with 
saturated brine, dried, and condensed in vacuo to  111 g of oil. Mixing 
of a solution of the oil in c50 mL of hot ethyl acetate with a dispersion 
of 80.8 g of 1,-quinine in 700 mL of hot ethyl acetate resulted in solu- 
tion of all solids. Filtration after slow cooling and standing for 2 days 
gave 42.4 g of quinine salt, mp 130-135 "C. A second crop of 30.7 g was 
obtained from the filtrate for a total yield of 73.1 g (37% of the d,l free 
acid). The remaining material in the final filtrate (110.4 g) was a brown 
viscous oil (representing 56.44; of the  d , /  free acid). T h e  conversion 
to the first set of separated quinine salts proceeded with 93% overall 
yield. 

Following the  procedure of Schwyzer e t  al.,7 the  quinine salt was 
recrystallized several times from ethyl acetate. Careful cooling pro- 
cedures yielded a I otal of 46 g of salt (15% from 2 or 23% of the d,/ acid 
5a) .  The salt was contained in four fractions of various levels of purity, 
including 28.2 g of highly purified salt: mp 139.5-140 'C; [cY]22D -68.6' 
IC  1.0, methanol). 

Anal. Calcd: C, 66.21; H ,  7.28; N,  5.52. Found: C,  65.98; H,  7.28; N, 
5.46. 

The  salt 5d could be converted into 5a  by partitioning the purified 
salt between 20% citric acid and ether: m p  87-88 "C; [flI2'D t11.4 '  
I C  1.1. methanol). Hydrolysis of 150 mg of 5a  as  previously described 
above yielded 61.4 mg of glutamic acid hydrochloride, [a ]20D -20.3' 
I C  1.0, H20). T h e  isolated free acid 5a  is therefore N-(benzyloxycar- 
bonyl)-D-y,y-di-i er t -  butyl-y-carboxyglutamic acid with an enan-  
tiomeric excess of'98.1 f L.5%. 

Isolat ion of t h e  L E n a n t i o m e r  of 4c via  4a. The  oily L-enriched 
quinine salt obtained on the first separation was partitioned between 
20% citric acid and ether. The combined organic extracts were washed 
with saturated brine and dried over magnesium sulfate, and the sol- 
vent was removed in vacuo to leave 58.6 g of oil (representing 55.4% 
of the d, l  free acid). The  oil was dissolved in 140 m L  of hot anhydrous 
methanol, 25.3 g of L-tyrosine hydrazide was added, and the solution 
was heated until d l  of the solid dissolved. Careful cooling overnight 
gave on first separation 56.7 g of solid: m p  134-137 "C; [NlZ4D t22.3' 
( c  2.0, methanol). Further crystallization and  collection of fractions 
gave a total of 64 g of salt (27.2% from la ,  representing 41.9% of d , / -5a)  
distributed among several fractions of differing purity, including 21 
E of highly purified salt (9% from l a ,  13.7% from d l - 4 ~ ) :  m p  149-150 
;C; [cvp2; l21.6 '  ic 1.0, methanol). 

Anal. Calcd for C ~ I H A A N A O I , ~ :  C. 68.84: H.  7.01: N.  8.86. Found: C. .. . -"  . .  
,58.72; H, 7.04; N. 8.8j. 

The free acid 5a was obtained from the most highly purified fraction 

as  previously described: m p  87-89 'C; [CY]~'D -12.4' (c 1.1. meth- 
anol). 

Anal. Calcd for C22H31N08: C, 60.40; H, 7.14; N ,  3.20. Found: C, 
60.29; H,  7.17; N, 3.19. 

Hydrolysis of 150 mg of this material as described above yielded 
67.2 mg of glutamic acid hydrochloride, [Ol2OD +20.4' ( c  1.0, water), 
indicating on comparison with the appropriate standards an enan-  
tiomeric excess of 98.6%. T h e  absolute configuration of the material 
obtained from the tyrosine hydrazide salt is established as  L. 

Isolat ion of the L E n a n t i o m e r  of 5a by Crystal l izat ion.  T h e  
low-melting solid obtained from the  filtrates of the recrystallization 
of the quinine salt obtained from 144.0 g of 5a was partitioned between 
20% citric acid and  ether, and  the  combined organic fractions were 
washed with water and saturated brine. After the mixture was dried 
over magnesium sulfate, the solvent was removed in vacuo to  leave 
91.5 g of viscous oil (representing 66% of the  d , / -5a) .  Several recrys- 
tallizations of this material from a carbon tetrachloride and petroleum 
ether solvent pair yielded essentially two fractions: 38 g (1% from 
d,l-  l a )  of highly purified N-(benzyloxycarbonyl)-L-y,y-di-terl- 
butyl-y-carboxyglutamic acid [mp 85-86 'C. [0]20n -12.1' (c 1.1 
methanol)], and 40 g of oil (16% from d,/- la) from which no more L-5a 
could be crystallized. 

Compar ison  of t h e  Effect iveness  of L-Tyrosine Hydrazide,  
Quinine,  and (-)-Ephedrine i n  t h e  Pur i f ica t ion  of t h e  L Enan- 
t iomer  of 5a. T h e  rotation of 40 g of oil obtained from the mother 
liquor when purification of the L enantiomer of 5a  was accomplished 
by recrystallization of an L enriched sample of 5a, [ c Y ] ~ ' D  -2.7' (c 1.1, 
methanol), indicates an excess of 22% of the  I* enantiomer. In order 
to compare the separation effectiveness of L-tyrosine hydrazide and 
quinine with that  of (-)-ephedrine, the oil was divided into three 15-g 
portions and  transformed into salt with the appropriate bases as  in- 
dicated below. 

(i) Quinine. As might have been expected. quinine was essentially 
ineffective a t  separating a mixture with this level of enantiomeric 
excess. 

(ii) Tyrosine Hydrazide. The tyrosine hydrazide salt of a second 
aliquot (21.8 g) was recrystallized from methanol until no further solid 
could be obtained from the filtrate. Three fractions of crystals (a total 
of 10.5 g) and 7.83 g of oil were obtained from the filtrate. The  filtrate 
was converted as  before to 5.4 g of free acid, [ ( Y ] ~ ~ I )  +1 .O0 (c 1.0. 
methanol). T h e  collected 10.5 g of salt was recrystallized as  before 
from methanol, giving three fractions of crystals (a  total of 6.4 g) and 
2.69 g of filtrate. The filtrate was converted to 1.77 g of free acid, [flI2"D 
+0.15' (c 1.0, methanol). T h e  pooled salt fractions were converted 
to 4.59 g of oil, [~]': '0 -8.0" (c 1.0, methanol). T h e  oil was dissolved 
in 11.1 mL of warm carbon tetrachloride, and 35.6 mL of pentane was 
added. Slow cooling followed by filtration gave 2.86 g of solid Sa, [ctIgL31) 
-10.9O (c 1.0, methanol). The  filtrate yielded 1.20 g of oil as well, 
[(Y]'?,$) -1.8' ( c  1.0. methanol). 

(iii) Ephedrine.  The  ephedrine salt of a third aliquot (20.7 g i  was 
recrystallized from ethyl acetate/petroleum ether until no further salt 
could he obtained from the filtrate, giving four fractions of crystals 
ia total of 11.9 g) and 6.5 g of oil from the filtrate. T h e  oil was con- 
verted as ahove to 4.69 g of5a as an oil, [ t ~ ] ' ) ~ g  +1.6' (c 1.0. methanol). 
T h e  collected 11.9 g of solid was recrystallized as before from ethyl 
acetate/petroleum ether, giving three fractions of salt ( a  total of 8.8 
g )  and 2.25 g of oil from the filtrate. The  filtrate was converted to 1.54 
g of free acid as an oil, [ c I ] ~ $ I  -2.0' ( c  1.0, methanol). The  pooled salt 
fractions were converted to 5.24 g of oil. [ ~ Y ] ' ) : ~ I )  - > . 2 O  (( 1.0, methanol). 
T h e  oil was dissolved in 12.5 mL of warm carbon tetrachloride, and 
41 mL ofpentane was added. Slow cooling followed by filtration gave 
1.37 g of solid 5a, [ c ~ ] ~ . ' ' ~ 1  -10.1' ( c  1.0, methanol). The filtrate yielded 
3.00 g of oil as  well. [(Y]'):$) -1.9' (c 1.0, methanol). 
N-(Benzyloxycarbonyl)-y,y-di- t e r t -buty l -D-y-carboxy-  

g lu tamic  Acid Hydrazide (D-4). The optically pure free acid 5a was 
obtained from 2.24 g of the quinine salt in the usual manner and dis- 
solved in 3 mL of anhydrous ether. An ether solution of diazo- 
methane" was added until the  yellow color persisted. After 10 min 
additional, the  reaction mixture was quenched with acetic acid in 
ether and extracted with saturated brine. The  dried ether layer was 
evaporated to yield 1.24 g ( l O O % i  of I1-3a as  a clear oil, [ ( Y ] ~ ~ I I  

IC  1.2, CHC1:j). The NMR spectrum and TLC mobility were identical 
with those of a sample of d , l -3a.  

T o  a solution of 1.62 g of 3a in 7.9 mL of methanol was added 0.52 
mL of hydrazine hydrate, and the reaction mixture was stirred at  room 
temperature for 4 . j  h.  Removal of'the solvent and drying over P2Os 
and 96% sulfuric acid provided 1.62 g of glassy solid. Crystallization 
from ether provided 1.05 g ( 6 5 9 )  of optically pure 4: m p  63.5-65 "C; 

Anal. Calcd for C2YH:j:jN:jO:: C ,  58.52; H ,  7 . : < i ;  N. 9.:31. Found: C.  
[ ( Y ] ' ) ' [ )  -6.2' (C 1.0, CHCI,]). 
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58.46; H, 7.38; N, 9.29. 
y,y-Di- tert-butyl-D-y-carboxyglutamic A c i d  (D-6a). T h e  free 

acid 5a  f rom 2.24 g of quinine salt was obtained by par t i t ion ing the 
salt between 20% citr ic acid and ether. T h e  ether layer was washed 
w i t h  water and saturated brine and dr ied over anhydrous magnesium 
sulfate. T h e  1.25 g o f  o i l  obtained on removal o f  the solvent in vacuo 
was dissolved in 20 mL o f  anhydrous methanol  and hydrogenated a t  
1 a t m  in the presence o f  200 m g  o f  10% pal lad ium o n  charcoal. Af ter  
1 h, the f low of  hydrogen was discontinued, the catalyst was removed 
b y  f i l t ra t ion through a Celite bed, and the methanol  was evaporated 
in vacuo t o  leave 808 m g  o f  white solid (98% based o n  start ing quinine 
salt): mp 163-lfi4 'C; [ c Y ] ~ ~ D  -5.7" (c 1.0, CH30H)  [literature values:7b 
mp 165-167.5 "C, [.]*OD -5.7 O (c 1, CH30H)I .  
N-(Benzyloxycarbonyl)-y,y-di-tert- b u t y l - D - y - c a r b o x y -  

glutamyl-y,y-di- tert- butyl-D-y-carboxyglutamic A c i d  (19). A 
solut ion containing 1.0 g o f  the optical ly pure hydrazide D-4 in 4 mL 
o f  dimethylformamide (freshly dist i l led f rom calcium hydride) was 
cooled t o  -23 'C. T h e  solut ion was treated w i t h  0.58 mL of n - b u t y l  
n i t r i te  fol lowed by the dropwise addi t ion of  1.0 mL o f  a saturated 
solut ion o f  hydrogen chloride in tetrahydrofuran. Af ter  the mixture 
was stirred for 10 min, the pH was adjusted to  9-10 wi th  triethylamine 
and the temperature was raised t o  0 'C. A slurry of  0.70 g of  optically 
pure D-6a in 2 mL of  dimethylformamide was added, and the mixture 
was st irred for 4 h a t  0 "C. Workup in the usual manner provided 1.42 
g of oil, which when chromatographed on silica gel using a chloro- 
form/methanol gradient (1009 chloroform t o  10% methanol  in chlo- 
ro form) prov ided 0.59 g (37%) o f  19 as an oil: 11.6' (c 1.0, 
CHsOH); NMR (CDC13) 6 1.45 (s, 36,O-t-Bu), 2.28 (m, 4, P-CHz), 3.43 
(m, 2, y - C H ) ,  4.40 (m, 2, cu-CH), 5.13 ( b r d  s, 2, ArCHz), 6.05 (m, 1, 
N H ) ,  7.36 (b rd  s, 6, N H  t A r H ) .  

Anal. Calcd for C36H54N201a: C, 59.82: H ,  7.53; N, 3.89. Found: C, 
59.90; H, 7.57; rq. 3.96. 

R e g i s t r y  No.-la, 21142-81-4; Ib, 69941-99-7; L - l c ,  56926-94-4; 
DL- lc ,  69961-11 -1; Id, 69980-66-1; 3a, 56877-40-8; D-3a, 66513-60-8; 
3b, 59479-77-5; 3c, 56991-25-4; 3d, 56926-90-0; 3e, 56926-89-7; 3f, 
69942-00-3; 4, 56926-92-2; D-4, 66513-61-9; D-sa, 60686-52-4; L-sa, 
60686-50-2; L-5a ephedrine salt, 62965-13-3; 5b, 59524-08-2; D-5c, 

56926-93-3; 6a. 56877-44-2; D-6a, 60686-53-5; 7, 66438-55-9; 8, 
62965-11-1; L-5c, 66438-58-2; D-5d, 69942-01-4; L-5d, 69942-02-5; 6, 

66438-56-0; 9, 69942-03-6; 10, 69942-04-7; 11, 56991-24-3; 12, 
69942-05-8; 13, 56926-91-1; 14, 69942-06-9; 15, 69942-07-0; 16, 
69942-08-1; 17, 69942-09-2; 18, 69942-10-5; 19, 66438-60-6; 20, 
69942-11-6; N-(benzyloxycarbonyl)-L-serine, 1145-80-8; N - ( t e r t -  
butoxycarbonyl)serine, methy l  ester, 69942-12-7; N-(benzyloxycar- 
bony1)glycine. 1138-80-3; ethy l  glycinate, 459-73-4; y ,y -d i - te r t -  
butyl-DL-y-carboxyglutamylglycine ethy l  ester, 69942-13-8; A'- 
(benzyloxycarbonyl)-di-tert- b u t y l - D L - y  -carboxyglutamylazide, 
69942-14-9; y ,y -d i - te r t -  butyl-DL-y-carboxyglutamic acid cu-methyl 
ester, 59479-80-0; N-benzyloxcarbonyl-L-leucine, 2018-66-8; L-proline 
benzyl ester, 41324-66-7; I.-tyrosine hydrazide, 7662-51-3. 
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