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Abstract: The @-elimination reaction of 0-phosphoserine and @-chloroalanine was investigated by proton N M R  in deuterium 
oxide media at  30 f 2 O C  in the presence of pyridoxal and zinc ions. The reaction rate constants and relevant equilibrium con- 
stants were obtained for these systems. Catalysis by pyridoxal alone showed an increase in rate as pH was increased with a rate 
maximum in the region of pH -9. Metal ion-pyridoxal catalysis was observed when zinc(I1) was added to the amino acid-pyr- 
idoxal system. The observed catalysis is dependent on @-substituent electronegativity, and the rate-determining steps involve 
a-proton abstraction as well as @-substitution dissociation from the amino acid moiety. A new intermediate in the P-elimina- 
tion reaction has been detected. 

0 elimination of electronegative substituents from CY- 
amino acids is an interesting example of pyridoxal and metal 
ion catalysis. Gregerman and Christensen] have reported /3 
elimination of chloride from 0-chloroalanine, and Longenecker 
and Snel12 have reported P elimination of phosphate from 
0-phosphothreonine and 0-phosphoserine. The nonenzymatic 

reactions promoted by metal ions have mechanistic similarities 
to the corresponding enzymatic reactions. The mechanism 
involves the initial labilization of the a-hydrogen atom of the 
a-amino acid moiety following the condensation of a-amino 
acid and pyridoxal to form an aldimine Schiff base, 1. P 
elimination then occurs when the /3 substituent is a reasonably 
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Table I. Proton Dissociation Constants 

Pyridoxal,a HzL+ 4.20 8.66 13.0 
0-Chloroalanine, HzL+ 1.95 8.18 
O-Phosphoserine,b H3L 2.07 5.62 9.71 
0-Chloroalanine Schiff base, H3L+ 6.3 9.2 
0-Phosphoserine Schiff base, H4L 6.1 9.0 

a D. E. Metzler and E. E. Snell, J .  Am. Chem. Soc., 77, 2431 
A. E. Martell and R. M. Smith, "Critical Stability Con- (1955). 

stants", Vol. I ,  Plenum Press, New York, N.Y. ,  1974, p 29. 

good leaving group. The resulting unsaturated aldimine 
complex subsequently undergoes hydrolysis to the keto acid, 
pyridoxal, and ammonia. The purpose of the present work is 
to undertake a detailed kinetic study of the reaction sequences 
of p elimination as an aid in determining the reaction mecha- 
nism and possibly contributing to the understanding of the 
nature of the corresponding enzymatic reactions. 

In general, previous w o r k e r ~ l - ~  have followed the nonen- 
zymic 0-elimination reactions by spectrophotometric mea- 
surement of recovered products, concurrent with product 
analysis and other physical methods. In this paper, the use of 
N MR measurements is employed for both kinetic and equi- 
librium determinations of p-chloroalanine and O-phospho- 
serine under p-elimination conditions in the presence of pyri- 
doxal and zinc(I1) ion. 

Experimental Section 
Pyridoxal hydrochloride was obtained from Mann Laboratories as 

Mann Analyzed grade and was used without further purification. The 
amino acids, P-chloroalanine and 0-phosphoserine, were obtained 
from Cyclo Chemical and Calbiochem, respectively. The NaOD and 
DzO were obtained from Diaprep Corporation. The purity of D20 was 
99.7% and NaOD was diluted to the appropriate concentration under 
dry nitrogen. A stock solution of the zinc(I1) ion was prepared from 
the nitrate salt. The zinc(l1) solution was standardized by conventional 
chelatometric titration.6 

The pH was measured with a Beckman research pH meter fitted 
with a combination glass electrode, and pH values were adjusted with 
NaOD. The pH was calibrated before and after each kinetic run by 
the use of buffers in accordance with standard procedures. The pH 
values thus obtained were converted to hydrogen ion concentrations 
through the use of appropriate activity coefficients. In the case of D20 
solutions, the deuterium ion concentration was computed by adding 
0.40 to the observed reading of the meter. NMR spectra were obtained 
with a Varian HA-IO0 nuclear magnetic resonance spectrometer. The 
temperature of the reaction was maintained at 30 f 2 OC, the ambient 
temperature of the N M R  probe. The ionic strength was maintained 
at = 1.0 with potassium nitrate. I n  binary metal-free pyridoxal- 
amino acid systems the analytical concentrations of amino acid and 
pyridoxal were 0.20 M. In ternary metal-pyridoxal-amino acid sys- 
tems the concentrations of amino acid and pyridoxal were 0.20 M, and 
the concentrations of metal ions were set at 0.20 and 0.10 M for 
stoichiometric concentration ratios of 1: 1 : I  and 2:2: 1, respectively. 
The chemical shifts are reported in hertz with respect to the resonance 
of tetramethylsilane (Me&) in a coaxial tube. 

All kinetic runs were carried out in homogeneous systems. The 
fraction of Schiff base in the experimental solutions was determined 

by (the sum of)  the resonances of the 6-H, 4-CH, and 2-CH3 groups. 
The fractions of Schiff base used in equilibrium calculations were 
obtained from the initial N M R  measurements in the kinetic runs. 

Results and Discussion 
Equilibria, The proton dissociation constants, pKa, for 0- 

chloroalanine, pyridoxal, and Schiff base are listed in Table 
I .  The results correspond closely to the reported  constant^^-^ 
for similar pyridoxal-amino acid Schiff base systems. The 
equilibrium constants, Kf, employed for expressing Schiff base 
equilibria were those used by Leusing* and are defined as: 

pyridoxal- + amino acids- j H +  
Kfr Schiff base H,j-2 

[Schiff base Hf2]  
[pyridoxal-] [amino acid-] [H+]' 

Kfj = 

Conditional constants, Kcond, were calculated from the 
values of KG for comparison with those reported by Muraka- 
mi5 and MetzIer'O for similar Schiff bases. This comparison 
is given in Table 11. The conditional constants are defined 
as: 

[Schiff  base^] 
 pyridoxal^] [amino  acid^] Kcond = 

The agreement between the values listed in Table I1  is quite 
satisfactory considering the different conditions. The species 
distribution calculated from the formation constants in Tables 
I and I1  showed an increase in Schiff base formation with in- 
crease of pH, verifying the trend observed qualitatively in the 
NMR measurements. 

NMR Study of Reaction Products and Intermediates. Au- 
todechlorination and metal-catalyzed dechlorination of 0- 
chloroalanine in the absence of pyridoxal were investigated 
over a pH range of 4.5-9.5 at 25,30, and 37 "C by monitoring 
the free chloride anion through the use of an ion specific 
chloride electrode. Neither autodechlorination nor metal- 
catalyzed dechlorination was observed under these conditions. 
Higher temperatures were considered impractical and were 
not investigated in view of the fact that Gregerman and 
Christensen' reported rapid spontaneous degradation of /3- 
chloroalanine at 100 OC. In the present work, spontaneous 
dephosphorylation of 0-phosphoserine, as well as metal-cat- 
alyzed dephosphorylation, was also investigated at  30 OC in 
the pH 4.5-9.5 range, under which conditions no detectable 
reaction was observed. 

At pH values less than 4 in the presence of metal ions, and 
at pH values less than 6 in the absence of metal ions, the NMR 
spectrum of an equimolar solution of pyridoxal and 0-chlo- 
roalanine consists of resonances attributable entirely to the 
components, as shown in Figure 1 for pH 4.9 with no metal ions 
present. The pyridoxal resonances have been assigned, dis- 
cussed in detail, and are well known.' I The P-chloroalanine 
resonances consist of a triplet near 460 Hz (the CY proton) and 
a multiplet near 420 Hz (the /3 proton). The 0-phosphoserine 
resonances are assigned as a triplet near 460 Hz (the CY proton) 
and a multiplet near 440 Hz (the p proton). As the pD is raised 

Table 11. Formation Constants of Schiff Bases 

Amino acid Log Kcond Log Kro Log K f ,  Log K f ,  

0-Phosphothreonine 1 .70n 
Threonine 1 .48a 
Alanine 1.6Ib 1.53c 12.3OC f 0.01 18.63c f 0.08 

16.0 f 0.2 0-Chloroalanine 1.66 0.54 9.7 f 0.1 
0-Phosphoserine 1.21 0.52 9.6 f 0.1 15.6 f 0.2 

Reference 5 .  Reference 12. Reference IO.  
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Figure 1. The 100-MHz N MR spectrum of 0.20 M pyridoxal and 0.20 M 
@-chloroalanine at pD 4.9: frequencies are reported in hertz wi th  respect 
to MedSi. 
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Figure 2. The 100-MH7 N M R  spectrum of0.20 M pyridoxal and 0.20 M 
/3-chloroalanine at pD 8.7 showing the forinntion of pyridoxylidcne- 
chloroalanine; frequencies are reported i n  h u t 7  with respect to Mc4Si. 

above 6 ,  resonances of the Schiff base, 1, became apparent. 
These are labeled SB in Figure 2. The 5-CH2 resonances of 
these Schiff bases are obscured by the intense resonance of 
HOD. All resonances shift to higher field with increasing ba- 
sicity. The 4-CH resonance of the Schiff base species initially 
formed is located near 900 Hz. 

At high pD values a new peak near 820 Hz appears after the 
reaction has proceeded for some time (Figure 3), and this 
phenomenon is observed for both amino acid systems. Ap- 
pearance of this new peak correlates with the parallel disap- 
pearance of the 4-CH Schiff base resonance near -900 Hz. 
With no noticeable change in 6-H resonances of pyridoxal, this 
new peak is assigned as the 4-CH resonance of a new Schiff 
base intermediate which seems to be stable for a considerable 
length of time, as shown in Figure 3. 

The probable structure of this intermediate is discussed 
below. The products of 0 elimination resulting from the hy- 
drolysis of the Schiff base intermediate were identified at low 
and neutral pH by detection of resonances near 250 Hz for the 
keto form and at  160 Hz for the diol form of pyruvic acid, as 
well as the familiar resonances of pyridoxal. 

Thus, it is seen that NMR data are in agreement with and 
generally support the @-elimination mechanism outlined in 
Scheme I, through the observation of the disappearance of 
reactants, formation of the intermediate Schiff base 1, and the 
appearance of reaction products. Formulas 1 and 2 are the 
familiar tautomeric forms of the monoprotonated Schiff base 
suggested by Snell and coworkers3~'* as a general intermediate 
in several vitamin B6 catalyzed reactions. Intermediates 3 and 
4 were not formed in sufficient quantities to be detected by 
NMR, but are required for the essential steps in the elimination 
of a proton (in 3) from the a position, followed by loss of the 
electronegative substituent (in 4), to give the final intermediate 
that may yield reaction products on hydrolysis. 

The new intermediate has a spectrum illustrated by Figure 
3, and is characterized by a 4-CH resonance that is consider- 
ably upfield (-75 Hz) from that observed for the 4-CH reso- 
nance of the pyridoxal Schiff base, which is usually observed 

;L* 5-CH2.I jL 
I . . . . I  . . .  I . , .  I I . . .  I . . .  I . .  I . I 

e 00 600 400 200 

Figure 3. The 100-MHz NMR spectrum of 0.20 M pyridoxal and 0.20 M 
0-chloroalanine at pD 8.7 after 24 h showing the resonance of the new 
intermediate at 835; frequencies are reported i n  hertz with respect to 
Me&. 

X H  
I I /e 

- I ,e- 
H2C-C-C< 

\ / N \  
Y'3H2C&- c' i;i 

N CH3 

I 

X 

around 900 Hz. Since this shift indicates a change in the 
chemical environment of the 4-CH position in the direction 
that would result from addition to and saturation of the azo- 
methine linkage, it would seem that the intermediate is formed 
by addition of water or the adjacent hydroxyl group across the 
conjugated double bond system of 4. Such addition reactions 
could take place to form 1,2 or 1,4 adducts, as indicated by 
formulas 5-8. 

- 5 '1.2 adeilc: 
__ am no -- acetal analog 

- 7 1 4  adduct - 8 1 4  a c d u c t  
c a r b i n o l a m n  a n n o  - aceral -~ analog _ _  

There is considerable evidence in favor of 1,4 addition and 
the elimination of 1,2 addition as a possibility for this inter- 
mediate. The azomethine proton of the 4-CH group is in the 
deshielding region of the conjugated aromatic system in 1, 
while the proton of the corresponding saturated species is not, 
so that an upfield shift of 200-300 Hz would be expected for 
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Figure 4. The 100-MHz NMR spectrum of 0.20 M pyridoxal and 0.20 M 
/3-chloroalanine at pD 6.8 showing the formation of pyruvic acid: 
frequencies are reported in hertz with respect to Me4S.i. 

the 1,2 adduct, 5. Matsushima and HinoI3 have assigned a 
resonance at about 600 Hz to the proton on the carbinol car- 
bon, and Abbott and MartellI4 have assigned a resonance at 
about 600 Hz to the 4-CH group of the cyclic (saturated) 
thiazolidine formed by addition of a sulfhydroxyl group across 
the azomethine linkage, to form a 1,2 adduct. Thus, for 1,2 
addition one would expect a chemical shift to much higher field 
than the observed value of 75 Hz. Also, the 1,2-adducts 5 and 
6 should exhibit ethylenic resonances at about 600 and 650 Hz, 
but these resonances were completely absent in the observed 
spectra. Thus, on the basis of the NMR data, it is possible to 
rule out 5 or 6 for the observed intermediate. 

In the 1,4 adducts (7 and 8) conjugation of the azomethine 
double bond with the carboxyl carbonyl would be expected to 
have a deshielding effect on the 4-CH proton, in agreement 
with the observed resonance at -820 Hz. The choice between 
the aminoacetal adduct, 7, and the carbinolimine, 8, can be 
made on the basis of the observed 5-CH2 resonance. Cycliza- 
tion would have coupling effects on both the 4-CH and 5-CH2 
resonances, resulting in multiplets for each group. Since singlet 
peaks were obtained for both groups, it is clear that the new 
intermediate corresponds to formula 8. 

Kinetic Treatment. The rate measurements were based on 
the disappearance of the amino acids, 6-chloroalanine and 
0-phosphoserine, as well as the appearance of products: mainly 
pyruvic acid in the keto and hydrate forms. The latter was 
detected only in acidic media. For the metal-free systems the 
rate equations are based on the following reaction scheme: 

PAL + X -Ala +SB -Pyr + PAL t NH3 
k i  k2 

k - i  
(1) 

For the metal-Schiff base (1 : 1) systems: 

PAL t X . A l a + Z n 2 + & S B d P y r  
k i  k2 

k - i  

t PAL + NH3 + Zn2+ (2) 
where Pyr = pyruvic acid; PAL = pyridoxal; SB = Schiff base; 
and X-Ala = amino acid with electronegative leaving group 
X, either chloride or phosphate. The following rate equation 
is obtained for the metal-free system in the absence of an ap- 
preciable amount of Schiff base: 

d 'X 'A1al  = [PAL][X-Ala] ( k k - l k l  - k l )  
dt - I  + k 2  

-5- 4 00 

500 400 400 
- ,bo ' 

Figure 5. The 100-MHz NMR spectrum of 0.20 M pyridoxal and 0.20 M 
/3-chloroalanine at pD 6.8 showing the disappearance of $-chloroalanine; 
frequencies are reported in hertz with respect to MelSi. 

Similarly, for the metal-Schiff base (1:l) systems: 

k - l k l  - k l )  
k-1 + k2 

d[X = [Zn2+][PAL][X - Ala] ( 
dt 

= k,b,d[PAL] [ x  - Ala] [Zn2+] (4) 
All the observed Schiff base complexes reported in this re- 
search involved 1:1:1 molar ratios of metal ion, pyridoxal, and 
amino acid. When the steady-state assumption is not applicable 
to Schiff base formation (Le., when the accumulation of Schiff 
base in solution is appreciable), the following equation is ob- 
ta i ned: 

Thus, the kinetics of reaction are related directly to the con- 
centration of Schiff base in solution. The reaction stoichiom- 
etry, assuming no by-products, gives the following relation- 
ship: 

[Pyr] = [X - Ala01 - [X Ala] - [SB] ( 6 )  
where [X-Ala01 is the concentration of initial amino acid. The 
value of the first-order rate k'obsd is then found by a plot of 
d[Pyr]/dt vs. [SB]. Since [XeAla] and [SB] are both found 
directly from NMR integrations, the slope of [Pyr] vs. time 
and the corresponding k',bsd values are readily obtained. 

I n  acidic media, the pyruvic acid resonance was observed 
as the keto or diol form up to about 1 half-life of the elimination 
reaction. It was possible to use the pyruvic acid resonances as 
a measure of the progress of the elimination reaction since 
H-D exchange of Pyr was relatively slow in neutral and weakly 
acid solution. At high pH, H-D exchange was too rapid, and 
the pyruvic acid resonance was therefore not used as the main 
indicator of reaction rate. This was also the case for the metal 
ion catalysis runs. No diol resonance was observed when the 
new intermediate peak appeared. The CHzD resonance of the 
amino acid moiety, corresponding to formula 8, appeared when 
expected at about 250 Hz, near the CH3 resonance of pyruvic 
acid. This peak then disappeared with time as the result of 
further H-D exchange. 

Reaction Kinetics of Metal-Free Systems. Figure 4 presents 
100-MHz NMR spectra showing the variation with time of 
the resonances of the Schiff base of p-chloroalanine and of the 
keto form of pyruvic acid. Figure 5 is a 100-MHz NMR 
spectrum showing the decrease of intensity with time of p- 
chloroalanine resonances used for determination of rate con- 
stants for p elimination. Figure 6 is an example of a plot of 
species vs. time for the P-chloroalanine-pyridoxal system. The 
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Figure 6. Plot of spccics vs. t i i i ic  ol‘ the cliloroal:ininc-pyridox~il h)sicii1 
i l lustrating variation of intcrmcdiatc Schil‘l‘ base conccniraiion. 

results are summarized in Table 111. The rate constants de- 
termined in the lower pD range are second order, as expected, 
in  accordance with eq 3. At higher pD the concentration of 
Schiff base becomes appreciable so that eq 5 applies, and 
first-order rate constants for the Schiff base elimination re- 
action are obtained. The rate constants thus determined show 
considerable pH dependence. Due to precipitation during the 
kinetic run for pD 6.0, the concentration of initial reactants 
was recalculated from the normalized integration of NMR 
spectra. Although precipitation also occurred for pD 6.8, the 
correction necessary for the rate determination was minimal 
due to the smaller extent of precipitation. The high reaction 
rate and the broadening of the resonances that occur at  high 
pD made quantitative integration of the NMR resonances 
somewhat more difficult. In  spite of these problems, however, 
the rate constant obtained at pD 9.3 is still considered accurate 
to two significant figures. 

The kinetic results for the 0-phosphoserine-pyridoxal sys- 
tem are summarized in Table IV. Because of the precipitation 
during the kinetic run, the rate constant for pD 6.3 was de- 
termined with the use of a correction similar to that used for 
P-chloroalanine at pD 6.0. For high pD (8.95 and 10.05) the 
considerations that apply are similar to those expressed above 
for 6-chloroalaniine at pD 9.3. 

The factors that influence the rates in the absence of metal 
ion are ( 1 )  the amount of the Schiff base formation and the 
degree of protonation of the Schiff base, (2) the ability to la- 
bilize the a proton of the amino acid moiety, and (3) the elec- 
tronegativity of the substrate. Calculations based on formation 
constants determined in this study and reported by 
demonstrate that the fraction of Schiff base in these systems 
never exceeds 10% of the total substrate below pH 6 ,  and in- 
creases at higher pH. This low degree of formation of the Schiff 
base must be partly responsible for the observed low reaction 
rate of acidic media for 0-phosphoserine as well as P-chlo- 
roalanine. Also, this low reaction rate for pH values below 6 
may be related to the fact that under these conditions the 
pyridine ring of the Schiff base is protonated. 

The labilization of the a proton of the amino acid moiety is 
promoted by the ability of Schiff base to accommodate the 
resulting lone pair through the extended conjugated ?r-bond 
system. In addition this dissociation is promoted by both the 
metal ion and the inductive effect of the heterocyclic nitrogen 
atom. The latter effect is greatly amplified upon protonation 

Table 111. Observed Rate Constants for p Elimination from the 
8-Chloroalanine Schiff Base (Pyridoxal-Amino Acid, I : ] )  

4.9 2.1 x 10-4 
6.0 2.7 x 10-4 
6.8 1.6 x 10-3 
8.0 3.0 x 10-3 
8.7 2.8 x 10-3 
9.3 2.3 x 10-3 

Table IV. Observed Rate Constant for 0 Elimination from the 0- 
Phosphoserine Schiff Base (Pyridoxal-Amino Acid, 1 : l )  

PD kobsd, S-I M-’ k’obsd, S-I 

4.08 1.3 x 10-5 
5.28 1 . 4  x 10-5 
6.3 3.1 x 10-5 

8.95 2.0 x 10-3 
10.05 9.2 x 10-4 

8.2 1.6 X 

of the pyridine ring. These inductive effects favoring a-proton 
dissociation are counterbalanced in part through the formation 
of the dihydropyridine intermediate 2, which would render the 
generated lone pair of electrons in the CY position less available 
for the withdrawal of the electronegative leaving group. It 
seems possible that these two opposing effects may very well 
largely cancel each other, and that the low rate below pH 6 
would be due mainly to the lower degree of Schiff base for- 
mation. The testing of this hypothesis would require exami- 
nation of the first-order elimination rates below pH 6 as a 
function of pH. Such experiments are not possible with the 
amino acids being studied in this investigation. 

In the intermediate pH range, it is seen that the first-order 
rate constants increase with pH, probably because of a change 
in the nature of the reactive Schiff base species. The observed 
rate may be considered the summation of the rates of the in-  
dividual species differing in degree of protonation. Thus: 

k’,,bs,j[SB~] = k2’[HSB+] + k2”[SB] + k2”’[SB-] 

The concentrations of the three Schiff base species will vary 
with pH, in accordance with the protonation constants listed 
in Table I. As the pH increases from 6.8 to 8.0, the proportion 
of SB/HSB increases, indicating that elimination takes place 
more rapidly in the neutral Schiff base species than in the more 
protonated form in which the pyridine ring is protonated (i.e., 
k2” > k2’). Since the latter species is a much stronger promoter 
of a-proton dissociation of the a-amino acid moiety of the 
Schiff base, the observed increase in the rate seems to support 
the above hypothesis. 

The decrease in the first-order rate constant at still higher 
pH may be accounted for by the deprotonation of the Schiff 
base at the azomethine nitrogen, resulting in the formation of 
a much higher proportion of the SB- species. In the latter form, 
the catalytic effect on a-proton dissociation of the a-amino acid 
moiety is minimal. Thus, it seems that the initial deprotonation 
step (1 + 2 --+ 3) is also rate determining in the /3-elimination 
reaction. 

The final condition for /3 elimination is that the leaving group 
be highly electronegative; otherwise other pyridoxal-catalyzed 
reactions such as C-C cleavage for t h r e ~ n i n e ’ ~ . ’ ~  would take 
place. This condition (high electronegativity) is met by the 
chloride and phosphate ions formed from the substrates em- 
ployed. The difference in the rate between P-chloroalanine and 
0-phosphoserine elimination is therefore probably due to the 
above difference in the electronegativities of the chloride and 
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phosphate leaving groups. This difference in rate for different 
leaving groups indicates that the second step in the elimination 
process, reaction 3 -, 4, is also rate determining. 

Zinc(I1) Catalysis. The proposed reaction mechanism for 0 
elimination in the presence of zinc(I1) ion is illustrated in 
Scheme 11. A 1:1:1 stoichiometric ratio of pyridoxal, amino 
acid, and metal ion was investigated under conditions similar 
to those given above for the metal-free systems. The observed 
extent of keto-enol tautomerism of the pyruvic acid formed, 
as well as the degree of hydration of the keto form to the 

were greatly enhanced by the presence of the metal 
ions, as indicated in  Figure 7. The @elimination rates were 
calculated entirely on the basis of the disappearance of the 
a-amino acid moieties of the chelate Schiff bases. As expected, 
the observed rates of 0 elimination were much greater for the 
metal-catalyzed systems than for the metal-free systems. 

When no Schiff base was observed, or when the proportion 
of Schiff base was less than 5%, the kinetic data were inter- 
preted with the aid of eq 4, which was based on reaction scheme 
2, and third-order rate constants were determined. When the 
accumulation of the Schiff base was greater than 5%, the 
concentrations were sufficiently accurately known to base the 
reaction kinetics on the disappearance of Schiff base, and 
first-order rate constants were therefore reported. 

The results obtained for Zn(I1) catalysis of 0 elimination 
are summarized in Table V. A larger rate increase is observed 
for 0-phosphoserine at  pD -4.1. Under these conditions the 

I ,  A 

\ 

H 

Figure 8. Structural formula showing possible tctrndentnte coordination 
o f  octahedral metal ion by phosphoserine Schiff base. 

Table V. Observed Rate Constants for Zinc(l1)-Catalyzed 0 
Elimination (Pyridoxal-Amino Acid-Zinc( I I ) ,  1 : 1 : 1) 

P-Chloroalanine 4.2 1.2 x 10-3 
5.0 2.0 x 10-3 
5.4 1 .4  x 10-3 

0- Phosphoseri ne 3.44 1.1 x 10-3 
4.06 2.2 x 10-3 
4.34 4.0 x 10-3 
4.56 4 . 1  x 10-3 

rate for the metal-free Schiff system is 1.3 X M-' s - I  

while at pD 4.06 the metal-catalyzed rate constant is 4.3 X 
M-' s-I. This considerable rate enhancement is also due 

in part to the electron-withdrawing effect of the metal ion, and 
its labilizing effect on the a proton of the amino acid moi- 
ety. 

It is possible to bind a metal ion to the phenolate oxygen, 
carboxylate oxygen, and the azomethine nitrogen, and still 
bring the phosphate group over to the vicinity of the metal ion. 
Although the resulting phosphate-metal ion distance is 
somewhat longer than normal (Figure 8), the resulting elec- 
trostatic energy would serve to stabilize the bond. The metal 
ion, having an electron-withdrawing effect, enhances the 
electron shift toward the phosphate, thus increasing the ten- 
dency toward 0 elimination. Although the additional coordi- 
nation may weaken slightly the labilization of the a hydrogen 
of the amino acid moiety, the electron withdrawal effect on the 
phosphate group would greatly outweigh the slight loss of a- 
proton labilization. 

Solutions containing 2:2: 1 molar ratios of pyridoxal-amino 
acid-metal ion were also studied under conditions similar to 
those employed for the 1 : l : l  systems. Measurement of the 
NMR spectra of the 2:2:1 systems failed to show the formation 
of the isomeric species characteristic of bis-Schiff base com- 
plexes,I9 indicating that, at the low pH values of these system, 
no 2:2: 1 complexes were formed. Therefore, the rate constants 
were calculated on the basis of the formation of only 1:l:l 
complexes of the type indicated by formula 9. The results are 
listed in Table VI for zinc catalysis of 0 elimination. As with 
the metal-free systems, the observed increase in the rate con- 
stants may be accounted for by decreasing protonation with 
increasing pH of the metal-Schiff base complexes. The in- 
creased observed rate of the 2:2: 1 mixtures relative to the 1 :1:1 
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Table VI. Observed Rate Constants for Zinc(I1)-Catalyzed 0 
Elimination (Pyridoxal-Amino Acid-Zn(lI), 2:2: 1) 

Amino acid PD kobrdl M-'S-' k'obsd. S-' 
~ ~ ~~~ 

@-Chloroalanine 4.35 1.0 x 10-2 

0-Phosphoserine 4.1 1 2.1 x 10-3 

5.52 2.5 x 10-3 
5.9 2.7 x 10-3 

5.23 2.0 x 10-3 

systems is ascribed to a higher equilibrium concentration of 
the intermediate Schiff base. 

Conditions favorable to B elimination are met by the elec- 
tronegative leaving groups for @-chloroalanine and by the 
metal-coordinated phosphate anion in 0-phosphoserine. Pre- 
cipitation at higher pH regions prevented quantitative rate 
measurements for P-chloroalanine and 0-phosphoserine at  
neutral and high pH; the latter had an extensive precipitation 
range beginning as low as pH 5 .  Although Schiff base solutions 
redissolved as the pH was increased beyond pH 8-8 .5 ,  NMR 
measurement of these solutions was rendered very difficult 
because of turbidity and/or possibly an increase in viscosity. 
Thus, rate constants were not determined at higher pH. 

@ elimination proceeds very rapidly in the presence of the 
zinc(I1) ion above pH 8. On the basis of the behavior of both 
metal-free and metal complex systems, it may be concluded 
that the pyridyl-deprotonated Schiff base is the more reactive 
species in the @-elimination reaction. As indicated in Scheme 
I I ,  labilization of the a proton of the amino acid moiety is a 
necessary step, but the electronegativity of the leaving groups 
seems to be the rate-determining factor for the &elimination 
reaction of vitamin B6 catalyzed systems. 

The experimental results described above are in general 
agreement with the general concepts of Gregerman and 
Christensen' and of Longenecker and and have con- 
siderably extended our knowledge of the @-elimination reaction 
in model systems. The reaction rates obtained in the present 
work are independent of the use of buffers'v2 that have affected 
previous work, and all possible solution species are accounted 
for. The choice of leaving group is apparently very critical in  
determining whether @ elimination will predominate over other 
vitamin B6 catalyzed reactions such as transamination and 
racemization. 

The strong metal catalysis of 0 elimination raises some in- 
teresting questions about the nature of this reaction, since the 
electron shift for the breaking of the bond between the @ carbon 
atom and the electronegative leaving substituent is opposed 
to the electronic effect of the metal ion. Thus, the relative ef- 
fects of Al(II1) and Zn(I1) catalysis are interesting. As shown 
in other studies now in progress,20 Al(II1) is more effective than 
Zn(I1) for chloroalanine, but less effective than Zn(I1) for 
elimination of phosphate from phosphoserine. This observation 
brings up questions of the relative influences of the metal ion 
on a-proton dissociation and electronegative group removal. 
An important consideration is the probable binding of the 
phosphate moiety by Al(III), as indicated by Figure 8. 

Further investigations of this reaction with related amino 
acids and different metal ions are currently underway to de- 
termine their relative catalytic effects, and their importance 
in achieving reaction selectivity. A greater variety of leaving 
groups will also be employed. 
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