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STEREOSPECIFIC SYNTHESIS OF L-[l .4-13C2]ASPARTIC ACID, 

L-B-( ['3C]CYANO)ALANINE AND L-[4-13C]ASPARTIC ACID 

Klaus H. Rohm and Robert L. Van Etten 
Department of Chemistry, Purdue University, West Lafayette, 
Indiana 47907 

SUMMARY 

A convenient stereospecific synthesis o f  L-aspartic acid, 
l3C-labe1led in both carboxyls, i s  described. The crucial step 
of the procedure is the conversion of [1,4-13C2]fumaric acid to 
L-aspartic acid utilizing the enz e L-aspartase. In addition, 
an improved synthesis of L-B( [13C$yano)alanine was developed. 
This compound is easily converted to L-[4-13C]aspartic acid. 

13 Key Words: L- 4- C ]Aspartic acid, L-8([ C]Cyano)alanine, 
L- E 4-l3C?Aspartic l 3  acid, L-Aspartase, Acylase I 

INTRODUCTION 

For NMR studies on the mechanism of action of L-asparaginase, we needed L- 

aspartic acid that was l3C-labe1ed in both C1 and C4, and some labeled 

exclusively in the C4-position. 

the regiospecificity o f  the asparaginase-catalyzed oxygen exchange between 

aspartic acid and water by utilizing the '*O isotope shift on 13C-NMR (1). 

For kinetic studies of 18D exchange, singly-labelled [4-'3C]aspartic acid was 

preferable because it does not exhibit line-splitting due to long range 1,4- 

coupling (2). In addition, we were interested in obtaining L-B-([ Clcyano) 

alanine, an asparagine analog and also an asparaginase substrate. 

The 1,4-labeled material allowed us to study 

13 

A variety of synthetic routes to aspartic acid may be found in the liter- 

ature. 

the necessary 13C-labeled precursors were not available at a reasonable cost, 

or because too many steps were involved to afford the product in acceptable 

yields. 

However, none of them were well suited for our purposes, either because 

Furthermore, most published syntheses resulted in racemic D , L -  
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a s p a r t i c  ac id .  

t h e  enzyme acy lase I shows very weak a c t i v i t y  aga ins t  N-acylated a s p a r t i c  a c i d  

d e r i v a t i v e s .  For t h i s  reason, procedures y i e l d i n g  racemic a s p a r t i c  a c i d  were 

considered i m p r a c t i c a l .  

procedures and by i n c l u d i n g  a s t e r e o s p e c i f i c  enzyme-catalyzed reac t i on ,  we 

devised a r o u t e  p rov id ing  L-[1,4- C2]aspart ic a c i d  from Na13CN i n  o n l y  f o u r  

steps and w i t h  an o v e r a l l  y i e l d  o f  15-20%. 

This  i s  d i f f i c u l t  t o  reso lve  by t y p i c a l  procedures. For example, 

By combining favo rab le  approaches from publ ished 

13 

RESULTS AND DISCUSSION 

The synthes is  o f  l a b e l l e d  L -aspar t i c  a c i d  i s  o u t l i n e d  i n  Scheme I. The 

l a b e l  was in t roduced i n  a symmetric f ash ion  by r e a c t i o n  of dibromoethane w i t h  

Na CN, f o l l owed  by a c i d  hyd ro l ys i s  t o  g i v e  succ in i c  ac id .  This in termediate 

was converted t o  fumaric a c i d  by a two-step procedure i n v o l v i n g  brominat ion 

t o  me-d ib romosucc ina te  and e l i m i n a t i o n  o f  B r 2  v i a  the  d i i o d o - d e r i v a t i v e  (4,5). 

Fumaric a c i d  was transformed t o  L -aspar t i c  a c i d  by t h e  enzyme L-aspartase i n  

good y i e l d  (6) .  

a f fo rded  the  l abe led  amino a c i d  i n  h igh  enantiomeric p u r i t y .  

13 

P u r i f i c a t i o n  o f  t h e  product by i o n  exchange chromatography 

14 The synthes is  o f  L-B-([ C1cyano)alanine has been described by Giza and 

Ressler ( 7 ) .  

Atk inson (8 ) .  

t h e  methoiodide i n te rmed ia te  employed by Atkinson was very d i f f i c u l t  t o  

p u r i f y  and gave poor y i e l d s  when reacted w i t h  NaCN. 

t h e  l a b e l  by condensing [l- C]bromoacetoni t r i le  w i t h  sodium acetarnidomalonic 

e s t e r  accord ing t o  He1 lmann and Folz  ( 9 ) .  

convenient ly  prepared from Na 

11). N-Acetyl-D,L-6-cyanoalanine was obta ined a f t e r  decarboxy lat ion and 

p a r t i a l  hyd ro l ys i s .  Th i s  in termediate was enzymat ica l ly  reso lved  t o  a f f o r d  L- 

cyanoalanine, which may be degraded t o  L-asparagine o r  L -aspar t i c  a c i d  ( 7 ) .  An 

advantage o f  us ing cyanoalanine as an in termediate i s  t h a t  l 8 0  may be in t roduced 

i n  h igh  y i e l d  i n t o  t h e  E-carboxyl group by c a r r y i n g  ou t  t h e  n i t r i l e  h y d r o l y s i s  

The i r  procedure i s  based i n  t u r n  on a method descr ibed by 

However, i n  agreement w i t h  o the r  authors ( 9 ) ,  we found t h a t  

We t h e r e f o r e  in t roduced 

13 

Labeled bromoacetoni tri l e  i s  

13 CN v i a  cyanomethyl p i p e r i d i n e  (10 , l l ;  see Scheme 
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Br2,  HBr, A KI, acetone ~ HOO*C-CHBr-CHBr-*COW 

2 - 

H NH40H,L-aspartase 
H00*C-CH=CH-*COOH + Hm*c - C- CH - *co~H 

Scheme I :  Syn the t i c  r o u t e  t o  L - [ l  ,4-13C2Jaspartic a c i d  

Q > Br-CH2-*CN + 

I CH2-*CN - 6 I N  
’ 0 BrCN 

1. HCHO, NaHS03 

2 .  NafCN 1 
H 

H 
i 

CH3-CO-NH- (COOEt)2  F C H ~ - C O - N H - C ( C O O E ~ ) ~  2. Br-CH2-*CN 
CH2-CN* 

7 
- H  

acylase I , H2N - E -COOH 
H2-*CN CH2-*CN 

9 - 

2 .  OH- 

8 - 

H 
H+ 

Scheme 11: Syn the t i c  rou tes  t o  D- and t o  L-6-cyanoalanines and L-[4-13C]aspartic 
ac id .  
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EXPERIMENTAL 

NMR spect ra were recorded w i t h  a Var ian CFT-20 o r  a Var ian XL-200 spectro- 

meter. Chemical s h i f t s  a r e  g iven r e l a t i v e  t o  TMS. Thin- layer  chromatograms 

were obtained us ing Merck s i l i c a  ge l  p l a t e s  and 1-butano1:acetic acid:water 

( 4 : l : l )  as so lvent .  

uncorrected. 

M e l t i n g  p o i n t s  were taken i n  open c a p i l l a r i e s  and a r e  

.- 
[l ,4-”C3]Succinic Ac id  (1 )  - Labeled s u c c i n i c  a c i d  (1) was synthesized accord ing 

t o  r e f .  3 v i a  the  d i n i t r i l e  w i thou t  i s o l a t i n g  t h a t  in termediate.  Y ie ld :  84%; 

m.p. 180°C; reported, 185°C (13); 13C-NMR (H20/D20): 178.0 ppm. 

[1,4- 
13 C,]2,3-Dibromosuccinic Ac id (2) ( c f .  r e f .  4) - Compound l ( 5 . 6  g, 47 m o l ) ,  

4 m l  H20, 1.2 m l  48% HBr and 5 m l  (15.5 g, 97 mmol) bromine were placed i n  a 

long-necked 5 x 20 cm Pyrex tube having a volume o f  260 m l .  

were f rozen i n  l i q u i d  n i t rogen ,  t h e  tube sealed and heated t o  105°C f o r  4.5 

days. (Caution, i n t e r n a l  pressure develops!) A f t e r  c o o l i n g  f i r s t  t o  room 

temperature, t h e  tube was cooled i n  l i q u i d  n i t r o g e n  and opened. 

t o  a vacuum l i n e  (1 mm Hg) and evacuated a t  room temperature u n t i l  t he  contents  

were d r y  and almost c o l o r l e s s  ( 3  h). 

( 4  x 50 m l ) ,  and t h e  e the r  e x t r a c t  was evaporated t o  a f f o r d  2 as a s l i g h t l y  

y e l l o w  s o l i d .  

-, 255°C (sealed tube) D,L, 171°C (13) . 13C-NMR (H20/D20): 172.2 ppm 

(=-form, ~ 7 5 % ) ;  167.9 ppm (D,L-form, -25%). 

[1,4- 

D, L) i n  60 m l  acetone and 8.3 g (50 mnol) KI i n  40 m l  acetone were mixed 

together  and r e f l u x e d  f o r  2 h. 

reduced by t i t r a t i o n  wi th 1 M Na2S203 u n t i l  t he  s o l u t i o n  became co lo r l ess .  

(180 m l )  and 20 m l  g l a c i a l  a c e t i c  a c i d  were added, and t h e  m ix tu re  was 

cont inuously  ex t rac ted  w i t h  e the r  f o r  36 h. 

dryness, and ?was c r y s t a l l i z e d  from a few m l  o f  b o i l i n g  1 N HC1. Yie ld :  0.93 g 

(51%); m.p. 287-290°C (sealed c a p i l l a r y ) ;  repor ted,  286-287°C (sealed c a p i l l a r y )  

(5,13). 13C-NMR (H20/D20): 170.2 ppm. 

The tube contents  

It was connected 

The d r y  res idue  was e x t r a c t e d  w i t h  e t h e r  

Y ie ld :  10.3 g (79%); m.p. > 250°C (sealed c a p i l l a r y ) ;  repo r ted  

13 C2]Fumaric Ac id  (3)  ( c f .  r e f .  5) - Compound - 2 (4.3 g, 16 m o l ;  9 plus  
- 

A f t e r  cool ing,  t h e  i o d i n e  t h a t  was formed was 

Water 

The e x t r a c t  was evaporated t o  
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13 L-[1,4- C21Aspartic Acid (4) (cf. ref. 6) - Compound 2 (580 mg) was suspended 
in 2.5 ml H20 and 0.1 ml 10 mM EDTA and 0.25 ml 50 mM MgS04 were added. After 

adjusting the pH to 8.5 with 58% NH40H, the solution was placed in a 4OoC water 

bath and 10 mg L-aspartase from rrafhia uZuei (Sigma Chem. Co.) in 0.5 ml 10 mM 

phosphate buffer, pH 7, was added. 

3 h. 

diluted to 30 ml, and the pH adjusted to 1.5 with conc. HC1. 

solution was applied to a 3.5 x 15 cm column of Dowex 5OWX2 (200-400 mesh), 

equilibrated with HC1 at pH 1.5. The column was washed with 50 ml HCl, pH 1.5, 

before eluting the product with 3 N HC1. 

pressure afforded crude aspartic acid hydrochloride. 

achieved by rechromatography on a 1 x 30 cm column of Dowex 5OW-XZ equilibrated 

with pH 1.5 formic acid. 

volume of formic acid, pH 1.5, applied to the column, eluted with a linear 

gradient from 0.2 M pyridinium formate, pH 3.0 to 1 M pyridinium formate, pH 5.0. 

Ninhydrin-positive fractions were pooled, evaporated at reduced pressure, taken 

up in H20, and evaporated again. 

to give 4. Yield: 290 mg (44%). 

aspartic acid. 13C-NMR (H20/D20, pH 7): doublets due to long-range 1,4 coupling 

(J14=3.3 Hz) C4: 178.3 ppm; C1: 175.0 ppm. 

Formation of aspartic acid was complete after 

The reaction mixture was boiled for a few minutes to inactivate the enzyme, 

The resulting 

Evaporation of the solution at reduced 

Final purification was 

The crude hydrochloride was dissolved in the minimum 

The residue was crystallized from water/ethanol 

TLC: Rf 0.19, homogeneous, identical with 

No fumaric acid was present. 

Enzymatic determination with a stereospecific test employing glutamic- 

oxalacetic transaminase and malate dehydrogenase (12) showed the product to be 

> 90% pure L-aspartic acid. 

1([13C]Cyanomethyl)piperidine (5) - Compound 5 was synthesized according to ref. 
10, using Na13CN (91.5 atom % 13C, MSD Isotopes). 

100-105°C/20 mn Hg was collected; reported b.p. 99-100°C/16 mn Hg (10). 

81%; colorless oil. 

[1-13C]Bromacetonitrile (cf. 1 1 1  (6) - Compound 5 (4.8 g, 38 mnol) and 4.5 g 

(42 mnol) of cyanogen bromide were placed in a small Teflon-lined autoclave and 

heated to llO°C for 4 h. After cooling, the liquid formed was taken up in ether. 

The fraction distilling between 

Yield: 
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The ether phase was thoroughly washed with water, dried over MgS04 and 

evaporated. 

Compound 5 was obtained as the fraction distilling at 50-95°C; reported b.p. 
46"C/13 mm Hg (11). 

Diethyl Acetamido [[' 3C]cyanomethyl )malonate (7) - Diethyl acetamidomalonate 
(4.35 g, 20 mmol) was converted to the Na-salt as described in ref. 9. To a 

solution of the compound in 50 ml boiling benzene 2.25 g of 5 (10 mnol) in 5 ml 

benzene was added dropwise. 

cool. NaBr was filtered off, the reaction mixture concentrated to about 10 ml 

and the title compound 1. was crystallized by careful addition of petroleum ether. 
It was recrystallized from 2-propanollhexane. 

reported m.p. 85°C (9); 13C-NMR (CDC13): 115.7 ppm. 

L-~-([~~C]cyano)alanine (9) - Compound l(800 mg, 4.4 mmol) was dissolved in 

10 ml absolute ethanol containing a trace of sodium metal. The solution was 

refluxed for 30 min and evaporated at reduced pressure. 

up in 10 ml water and titrated to pH 10.0 with NaOH. 

at 10.0 by automatic titration with NaOH until base consumption ceased. 

solid NaH2P04 was added to bring pH to 7.0 and the reaction mixture was incubated 

with 5 mg porcine kidney acylase I (Sigma, grade 111) for 5 h at room 

temperature. 

o f  Dowex 5OW-X2 (200-400 mesh). 

under these conditions, while unreacted N-acetyl-D-cyanoalanine passes through 

the column. 

D-[4-13C]aspartic acid.) 

gradient and purified as described for aspartic acid (4). 
m.p. 214OC (dec.); reported m.p. 215-218OC (dec) (7). 

to an authentic standard), homogeneous, characteristic green color with ninhydrin. 

13C-NMR (H20/D20 pH 7): 118.7 ppm. 

L-[4-13C]As~artic acid (10) - Hydrolysis of 9 in 6 N HC1 (llO"C, 16 h) afforded 
- 10 in quantitative yield. 

The remaining yellow oil was fractionally distilled at 16 mm Hg. 

Yield: 3.0 g (65%); slightly yellow oil. 

The mixture was refluxed for 2 h and allowed to 

Yield: 2.9 g (60%); m.p. 83-84°C; 

The residue was taken 

Subsequently, pH was kept 

Enough 

It was acidified to pH 1.5 with formic acid and applied to a column 

The title compound 9 is bound to the resin 

(Hydrolysis of this N-acetyl-D-cyanoalanine in 6 N HC1 yields 

Compound 9 was eluted with a pyridinium formate 
Yield: 130 mg (72%) 

TLC: Rf 0.27 (identical 

Enzymatic assay as for 5 established that lo was 
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> 90% pure L -aspar t i c  ac id .  

no racemizat ion occurs d u r i n g  t h e  h y d r o l y s i s  o f  2. 
This  i s  a l s o  cons is ten t  w i t h  t h e  conclus ion t h a t  
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