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inhIvED FROM O-FLIJ~R~ASPARTATES 0~ (~-FLLJ~R~~XAL~ACETATE 

M.C. SALON, S. HAMMAN and C.G. BEGUIN* 

Universite de Grenoble I, CERMO, BP 68, F 38402 St Martin d'H&res (France) 

SUMMARY 

The introduction of fluorine at the B-position in aspartate and in oxalo- 

acetate, the typical amino acid-keto acid couple in transamination, induces 

large effects in their reaction with respectively pyridoxal 5'-phosphate 

(PLP) (1) and pyridoxamine 5'-phosphate (PMP) (4). The formation of imine in- 

termediates through reaction of 1 with erythro or G-@-fluoroaspartate (& - 

and 2J) and through reaction of 4 with b-fluorooxaloacetate 2 is highly fa- 

vored in comparison with that of non-fluoro compounds. The stereoisomers of 

the imines are unambiguously determined using a reduction reaction. The evolu- 

tion of these intermediates shows that no transamination is observed and that 

a dehydrofluorination occurs suggesting that the B-fluoro moiety in the inter- 

mediate turns into a good leaving group, changing the model reaction of trans- 

amination on ~1 carbon through the aldimine-ketimine tautomerization to an 

elimination on f3 carbon. 

INTRODUCTION 

Transaminases catalyse the conversion of amino acids to cc-keto acids, in- 

volving the aldehyde form of the coenzyme, pyridoxal 5'-phosphate (PLP) 1, and 

its amine form, pyridoxamine 5'-phosphate (PMP) 4 [2-41. One of the most 

studied amino acid-keto acid couple is aspartate-oxaloacetate. Model studies 

[2,4] have shown that the slow step in this reaction is the prototropic shift 

in the aldimine eketimine tautomerization 

+ Part II: reference [l]. 
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The use of fluorinated substrate analogues [5-61 as effecters (competi- 

tive inhibitors [6], suicide substrates [7-91 or physical probes [lo]) of 

transaminases or related enzymes has received considerable attention over the 

last few years. Introduction of fluorine into the two most important inter- 

converting substrates in transamination has been undertaken: B-fluoroaspart- 

ates (6-F Asp) 2 [with its two diastereoisomers (o,R*, bR*)-@-fluoroaspartate 

or erythro-@-fluoroaspartate 2e and (aR*, - @S*)-B-fluoroaspartate or threo-B- 

fluoroaspartate t] and B-fluorooxaloacetate 5. The "F NMR parameters of - 

these compounds and of the reaction products 1 with 2 and 4 with 2 and the - - - 

corresponding reduction products have already been published for unambiguous 

assignment of the stereoisomers [l]. 

The aim of this paper is to describe the effect of fluorine in aspartate 

and oxaloacetate on the reactivity of these substrates on PLP and PMP respec- 

tively. Specifically we sought to determine the influence of fluorine on 

(i) the formation of the imine intermediates and (ii) the evolution of these 

intermediates through reactions on cl-carbons (transamination, racemisation or 

decarboxylation) or on B-carbons (elimination). 

RESULTS 

The formation of imines (aldimine 3 by reaction of 2 with 1 and ketimines - - 

5 from 2 with 5) was studied in aqueous solution (in general, in D20 for easy 

locking on the deuterium signal in NMR experiments) over the pD range 1-12. 

For unambiguous identification of 3 and 5, - reduction by sodium borohydride was 

undertaken. The isolation of a unique dihydro-N-pyridoxylidene 5'-phosphate 

8-fluoroaspartate 1, from the two imines 2 and 6 was clear evidence of iso- 

merism of 3 and 6 - -. 

Figure 1 shows all the different reaction products taking account of the 

assignment of the stereoisomers [l] and of the preferential conformations 

around the Co-C6 bond. 
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Fig. 1. Reaction products. 
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Reaction (1) of fluoroasuartates with PLP 

2e was observed in solution over the entire pD range. 2t could not be - - 

observed at pD > 6.5. When 2e (2t) was mixed with _1, a rapid reaction occurred -- 

and gave 2 (3t). The observed aldimine has the same configuration as the - 

starting amino acid and the stereochemistry around the imine double bond (with 

the protonated imine nitrogen) is likely E [ll. The reaction was rapid on the 

NMR time scale. For very acidic media, the formation of 3 was negligible. The 

aldimine and its amino acid are equilibrated with 1 with a pD profile with a - 

maximum at pD = 5.5 for 2t. The apparent equilibrium constant for this pD is - 

about 20. This value is an approximate one since a drift occurs versus time. 

This drift, relatively fast in basic media, is related with the appearance of 

fluoride ion in the medium, through dehydrofluorination. The addition of the 

cation A13+ (which increases the aldimine amount for non-fluorinated amino 

acids 112-131) only increases the rate of dehydrofluorination. 

The reduction of 2 with sodium borohydride gave the corresponding dihydro- 

N-pyridoxylidene 5'-phosphate 8-fluoroaspartate 7 with the same stereochemis- - 

try as the starting compound. This trapping of 2 with sodium borohydride 

shifted the equilibrium reaction of aldimine formation since no more fluoro- 

amino acid was observed whatever was the reaction time. 

Reaction (2 of monofluorooxaloacetate with PMP 

2 was observed in solution over the entire pD range. 2, alone in solution, 

underwent incorporation of deuterium at the b-position, with a rate depending 

on pD, in relation with its enolization (see experimental part). 

When 2 was mixed with 2, for pD > 8.5, a slow reaction occurred and gave 6 - 

(cl-pyridoximino-5'-phosphate B-fluoro-oxaloacetate) with two stereoisomers (E 

and Z around the imine double bond with the protonated nitrogen). An apparent 

equilibrium constant for reaction (2) could be obtained: K = [6E + 6Z1/[41[~1. -- 

Its variation as a function of pD and with initially containing 0.1:O.l M; 

0.1:0.2 M; 0.2:O.l M concentrations of 2 and 4 respectively is shown in Table : 

Table 1. Variation of apparent equilibrium constant in reaction (2) 

versus pD from solutions initially containing 1 and 4 

PD 9.0 9.5 10.0 10.4 11.0 11.5 11.75 

Ka 6.5 12 20 60 23 12 7 
a 

reference concentrations expressed in M. 
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The reversibility of this reaction was tested using wide pD variations. 

The apparent equilibrium constant value was reached after almost four hours, 

then this value was slightly drifting, as a slow decrease of the signals due 

to 6E and 6z was observed, - - accompanied by a slow increase of the fluorine 

anion signal. 

For initial solutions containing 0.1:0.2 M of 5 and 5, dehydrofluorina- - 

tion was no longer negligible and the apparent equilibrium constant was 

strongly drifting. Addition of aluminium cations (0.05 M) produced dehydro- 

fluorination (F- signal) at a rate from 62 larger than from 6E - _* 

6E was always more abundant than 6~ (relative molar ratio 0.66:0.33 at - - 

pD 10, for instance). 

The reduction of 5 with sodium borohydride gave the two diastereoisomers 

of dihydro-N-pyridoxylidene 5'-phosphate b-fluoroaspartate 7e and 7J, with - 

deuterium incorporated at B-position. For unambiguous comparison with the 

compounds obtained from 2, reaction (2) was undertaken in the mixture H20:D20 

(9O:lO): + and 7t with about 10% of the corresponding b-deuterated compounds - 

were obtained. The compounds 7e and 7t obtained from reduction of 3 or 6 tiere - - -- 

identical. As 6E and 62 were obtained in equilibrium with 2, the reduction - - 

of the equilibrated mixture by sodium borohydride gave not only 7e and &, - 

but also the two diastereoisomers of fluoromalate (R*R* or erythro 8e and - 

R*S* or threo 8t) [14-151. 

INTERPRETATION 

Stereochemistry of imine formation 

Imine formation occurs after dehydration of the corresponding carbinol- 

amine. The carbinolamines result from nucleophilic attack of the NH2 group of 

2 or 2 on the carbonyl group of 1 or 1 respectively. Examination of the pre- 

ferential conformations along the CN bond of carbinolamines and the disubsti- 

tuted or trisubstituted character of the three protonated imines 2, 6E and 62 - - 

PY PY 

"i,p- 1+_4-F \+,""" 

Y/ 
PY H Qoo- H H/N+ 

3 6E 62 

suggests that no isomerisation around the imine bond occurs in 2 and that the 

E isomer is more stable than Z in 6. H-Fluorine is a probe for easy distinc- 

tion by 
19 

FmR of the two stereoisomers of 6 (large chemical shift difference _ 

and occurrence of 
3 
JFN Or 

3 
JFD 

on the observed 
2JFD 

coupling constants) [ll. 
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Stereochemistry and relative rates of reduction of 2 and 6 - 

The stereoisomers of &, 7~, e and & were unambiguously assigned pre- 

viously [l]. For discussion of the asymmetric induction during reduction by 

sodium borohydride, we used Felkin's model [16] on the unsaturated carbon 

+/ >C=Z (Z = 0 for 5 and =N, for 5): the transition state during the approach 

of the reducing agent is stabilized if the incipient bond (between the nucleo- 

phile and the unsaturated carbon) is antiperiplanas to the largest group on 

CB (COO-). Figure 2 shows that the major attack, for both cases (=O and =i<) 

COO- 
major attack 

Fig. 2. Comparison of 

H- 

minor attack 

attack levels. 

gives the erythro compound, probably to a greater extent for 2 (as Z is larger 

in 6): indeed the 8e:8t molar ratio is about 0.79:0.21, and 7e:7t is 0.71:0.29 -- -- 

The significantly smaller molar ratio for reduction products 7:8 (0.62: -- 

0.38) in comparison with that of the starting compounds 6:5 (0.72:0.28) can be -- 

interpreted by a greater reactivity of the carbonyl group of 2 than that of 

the sterically larger imine group of 6. Another interpretation is that the - 

introduction of the reducing agent, sodium borohydride, rapidly increases the 

pD and therefore decreases the amount of 5 in reaction (2). 

Rate and equilibrium of imine formation 

Imine (3e or 3t) formation is fast on the NMR -- 

case of aspartate 1131. Nevertheless, at moderate 

is relatively more important than with aspartate. 

time scale, as it is in the 

PH, the formation of imine 

This can be related to the 

electron-withdrawing effect of fluorine on basicity of the NH2 groups of 2e or - 

2t: the pK&13 values of aspartate (Asp), - 2, and t are respectively: 9.7, 

7.4, and 6 < pK(2t) < 7.4. It has been established [13] that the equilibrium - 

constant of formation of imine from amino acid and 1 has a pH-profile with a 

maximum at pH = 1 (pKpl + pKDl) where pKpl is the pK of the last acidity of 1 - 
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(8.1) and pKDl is the pK of the last acidity of the amino acid. A decrease of 

pK from Asp to 2 leads to a decrease of the maximum of the pH profile. So at 

moderate pH, the apparent equilibrium constant of imine 3 seems higher than - 

for Asp. 

Imine formation is favorable for a pH profile with a maximum at pD = 10.4 

(pH = lo), probably related with the nitrogen pK of 5 (10.5) [17] and with 

the pK of imine nitrogen of a also in this area [13]. The apparent equili- 

brium constant of imine formation at its maximum is relatively high (60). No 

ketimine could be detected with oxaloacetate and 4 [13]. The maximum equili- 

brium constant of the reaction of pyruvate with pyridoxamine [18,19] or 2 

[ZO] has a maximum of about 5 at pD = 10. A maximum value of 15 at pD = 10 

was observed with para-fluorophenylpyruvate and 4 [21]. This relatively favor- - 

able imine formation can be related to the electron-withdrawing effect of 

fluorine on the carbonyl group. The higher reactivity of 5 in comparison with - 

oxaloacetate was also observed by one of us [22] when studying the hemiketal 

formation of these carbonyl groups with ethyl alcohol. With 1, the hemiketal 

is completely and rapidly obtained (two stereoisomers), whilst with oxalo- 

acetate under the same conditions an equilibrium is slowly established. 

Competition of dehydrofluorination and transamination 

Direct transamination of 2 to 5 (or the reverse reaction) with 1 (or 4) - - 

has not been observed. Dehydrofluorination always occurred, through 2 (com- 

pleted dehydrofluorination with 3t at pD - = 5.5 after 1.30 h) or through 5 

(slow dehydrofluorination after 4 h at pD = 10.4). The reaction products are 

fluoride anion, ammonia and oxaloacetate. This a-keto-acid arises from the 

rapid hydrolysis of the ketimine tautomer of the eneamino acid initially ob- 

tained through dehydrofluorination. The fluoride ion was easily detected by 
19 

F NMK. Addition of a cation such as Al 
3+ 

, a catalyst for transamination in 

the model reaction [4], increases sharply the rates of dehydrofluorination 

of 3 or 6. - - 

The prototropy from aldimine to ketimine is therefore an unfavorable pro- 

cess with these fluorinated substrates, competing with a more efficient pro- 

cess, dehydrofluorination. This last reaction was observed previously when 

2 was tested as an inhibitor of aspartate transdminase [23]: a very rapid 

dehydrofluorination occurred suggesting that 2 was unstable and could not be 

isolated. This competitive reaction o-B elimination, versus transamination 

has been observed before as a secondary activity of transaminases (for ex- 

ample dehydrochlorination of fi-chloroglutamate with aspartate transaminase 

[24] or dehydrase activity, dehydration of serine with serine dehydraseC251). 



368 

Model reactions of this @-elimination (dehydration) competing with dealdo- 

lisation on B-hydroxyamino acid as substrates (threonine [26] or with phenyl- 

serine [27]) with A13+ as a catalyst were also studied. The influence of 

stereochemistry is quite important as shown by the greater sensitivity of 2t - 

compared with 2e. Unambiguous methods for stereochemical assignments of all - 

the assumed intermediates are therefore necessary [l]. 

EXPERIMENTAL 

Pyridoxal 5'-phosphate (1) and pyridoxamine 5'-phosphate (k) were pur- - 

chased from Merck and used without further purification. B-Fluoroaspartate 

(1) was prepared according to known procedures: 2t from diethyl threo-b- - 

hydroxyaspartate with sulfur tetrafluoride in liquid HF [28] and 3e from - 

erythro-8-hydroxyaspartate by the same procedure or by diazotization of meso- 

diamino succinic acid in liquid hydrogen fluoride [29]. 

The stereochemistry is unambiguous [11,30]. B-Fluorooxaloacetate (5) was - 

obtained by hydrolysis of diethyl fluorooxaloacetate, prepared by condensa- 

tion of diethyl oxalate with ethyl fluoroacetate in ethanol and sodium etho- 

xide 1311. The hydrolysis was carried out in a mixture 2:l (v/v) of acetic 

acid and 6N hydrochloric acid at room temperature over 3 days. Recrystalli- 

zation from light petroleum gave white crystals (m.p. 86") [I]. 

The solutions in D20 were usually 0.1 M and were adjusted with NaOD or 

DC1 in D20 and measured on an Orion digital pH meter with an Ingold electrode 

(405/M3). The pD was obtained from the pH meter readings under standard con- 

ditions by adding 0.40 units [32]. For comparison of pK in H20 and in D20, 

the equation pKD 
2O 

= 1.018 pKH o + 0.43 was used [33]. 

The reduction by sodium bo?ohydride was carried out by adding a slight 

excess of solid sodium borohydride [34]. 

The 1H noise decoupled 
19 

F NMR spectra were obtained on a Bruker WPlOO 

spectrometer at 94.18 M Hz in the Fourier transform mode with the conditions 

already described [l]. 
19 
F chemical shift titration curve analysis gives two 

pH jumps for 2e (2.7 and 7.4) and also for 2t (1.1 and about 6.5). The high - - 

rate of dedhydrofluorination for 2t can be related with the large population - 

of the conformer where F and H are antiperiplanar [ll], a favoured conforma- 

tion for trans-dehydrofluorination. 
19 

F chemical shift titration curve shows for 2 a high pH jump (11.2 ppm) 

corresponding to a pK value of 2.3 (for the two carboxylic acid functions). 

2, even alone in solution, underwent incorporation of deuterium at this & 

position, with a rate depending on pD, in relation with its enolization. 
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Without PMP, at pD < 3 no deuteration was observed; after a long time (15 h for 

instance at pD 31, decarboxylation occurred (fluoropyruvate signal); in the 

pD range 3-6.5, a non-deuterated and a slowly obtained deuterated fluorine 

NMR signal were observed (in a mixture H20:D20 90:10, at pH = 4, after two 

hours, 10% of the deuterated 5 was observed). In the pD range 6.4-8.5, most - 

of 2 was deuterated. With 4,even at concentrations much less than the equi- 

molecularity, whole deuteration occurred and the rate was higher than pre- 

viously; at pD 1.3, t l/2 for deuteration was two hours, at pD 5 t l/2 was 

19 mn. 

Wide pD variations, to test the reversibility of reaction (Z), were under- 

taken as follows: the equilibrium was reached at pD 9.8 for initial concen- 

trations 0.2 M of 4 and 0.1 M of 2 (three signals E, 1, g with relative 

molar ratio 0.48, 0.28, 0.24). The pD rapidly decreased to 3.4. The signal 

due to 1 was only observed with all the intensity. Then the pD was returned 

to 9.8 and the three signals reappeared. 

The molar ratios for the products obtained from reduction of 2 alone or 

of the mixture 5 + 6 were obtained from the signal area as follows: the molar' - - 

ratios for the four products &, 2, c and fi were respectively 0.31, 0.44, 

0.18, 0.07; from the mixture 2, 5, g (0.48, 0.28, 0.24). The relative ratios 

of 7e:7t (0.71:0.29) and of 6E:62 (0.66:0.34) are both larger than one. As -- -- 

expected, 8e:8t (79:21) when reduction occurs on 5 only is almost the same as -- - 

when it occurs (81:19) on 5 in the mixture 5 + 6. The molar ratio for 6:5 - -- -- 

(0.72:0.28) is significantly different from that for 7:8 (0.62:0.38), sugges- -- 

ting that the rate of reduction of 2 is longer than that of 5. 
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