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ABSTRACT

The kinetic study of the oxidation of L-a-amino-n-butyric acid by permanganate jons has
been carried out in buffered acid medium at pH = 1-3, using a spectrophotometric tech-
nique. An auto-catalytic effect has been observed in all cases due to Mn?* ions formed as a
product of the reaction. A first-order reaction with respect to the amino acid and the perman-
ganate ions in both processes, catalyzed and uncatalyzed was obtained. The influence of sev-
eral factors (pH, temperature, ionic strength, and reactants concentration} on the rate con-
stants has also been investigated. In this article we propose a reaction mechanism in
accordance with the experimental results obtained. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The study of the oxidation of amino acids has re-
ceived considerable attention in previous literature
due to the importance of the degradation of these
compounds in biological systems. Many Kkinetic
chemical studies have been reported on the oxidation
of amino acids using different oxidants [1-14]. The
kinetic study of amino acids and permanganate sys-
tems has been the subject of many articles, especially
during the last ten years. The acid medium has been
the determining factor of the kinetic behavior for per-
manganate oxidation and their final products.
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The permanganate oxidation of these compounds
has been widely studied in strong acid medium
[15-25], where no noticeable auto-catalytic effects
were found. However, in neutral medium or weakly
alkaline, the literature consulted agrees as to the ap-
pearance of the cited auto-catalytic effect [26-33].
The purpose of this article is to analyze the perman-
ganic oxidation of L-a-amino-n-butyric acid (L-abu)
in weak acid medium (1 < pH < 3), as no references
to such process has been found.

EXPERIMENTAL

All the reactants used were p. a. Merck or Sigma. The
solutions were prepared in buffered medium with
phosphoric acid and potassium dihydrogenphosphate
with tridistilled water deionized and boiled. In each
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case the phosphoric acid and potassium dihydrogen-
phosphate concentrations were those necessary for
fixing the pH and ionic strength required. The per-
manganate solutions were prepared and tested by the
Vogel method [34]. The pH of the solutions was mea-
sured with a pH-meter Crison micro pH 2002.

KINETIC MEASUREMENTS

The kinetic progress of the reaction was followed by
measuring the absorbance of the permanganate ions
at 525 nm. A Perkin-Elmer Mod. 552 spectropho-
tometer, supplied with a conventional thermostatic
bath (* 0.1 K), was used. For the absorption molar
coefficient, a value of 2300 dm® mol ! cm™' was ob-
tained.

RESULTS

Stoichiometry

The following reaction products were detected by
spot tests [35,36]: carbon dioxide, ammonium ions,
and the corresponding aldehyde. On the other hand,
it is well known [18,25,37] that in the reduction of
permanganate ions in acid medium and in excess
of reducing species, the Mn?* ion is the final prod-
uct.

Our experiments were performed in an excess of
aminoacid. Under these conditions, a previous study
of the stoichiometry of the reaction by conventional
methods, identifying the reaction products [36], al-

] I_n{[(k K !')+x]/[a-xl)

lowed us to deduce the following equation:

2MnO,~ + 5CH,CH,CH(N*H,)COO"
+ 11H* —> 5CH,CH,CHO + 5NH,* + 5CO,
+2Mn?* + 3H,0 (1)

Rate Equation

In all the experiments carried out, curves with a sig-
moid profile for the absorption-time plots have been
obtained. This characteristic suggests the existence of
an autocatalytic mechanism and supports the rate
law:

_ d[MnO,")

=k [MnO,]

+ k,[MnO,"][Mn**] (2)

where k| and &, are rate pseudo-constants. This equa-
tion has been integrated obtaining the expression:

kilk; + x a
In————

=k +kat—In—  (3)
(ki + ky a) Ik (

a — X

which means that there should be a linear dependence
between In[k//k, + x)/(a — x)] and the reaction time.
In this equation “a” represents the initial concentra-
tion of permanganate and “x” is the amount of
MnO,~ which has reacted up to time *“.”

For the simultaneous calculation of pseudo-con-
stants k| and k, an iterative method has been used,
which is described in a precedent work [38]. This
method has been previously applied successfully in

other auto-catalytic reactions [26—28]. Figure 1 is an
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Figure 1 Representative plots of the rate law. [L-abu} = 0.10 mol dm~% I = 0.20 mol dm™%; pH
= 2.16; and T = 318 K. [KMnQ,]: (l) 5.0 X 10~* mol dm~%; (+) 7.0 X 10~* mol dm™%; and (*)

9.0 X 10~* mol dm~3.
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Figure 2 Effect of the amino acid concentration on the rate pseudo-constants. [MnO,”] = 5.0 X
107* moldm 31 = 0.20 mol dm % pH = 2.16; T = 318 K; (M) &,; and (+) &,.

example representing the rate law after convergence.
This linear behavior is in good agreement with the
proposed rate equation.

Dependence of the Kinetic Parameters

The determination of the rate pseudo-constants for
experiments carried out in different concentrations of
amino acid shows first-order in such species, for both
catalyzed and uncatalyzed pathways (Fig. 2).

The variation of the initial concentration of per-
manganate shows a negative effect on the values of
both k| and &; (Table I).

Likewise, in order to analyze the effect of the ionic
strength of the medium on the pseudo-constants,
plots of Bronsted-—Bjerrum’s equation have been car-
ried out (Fig. 3). It can be noticed that both plots are
straight lines with negative slopes. The effect of pH
has been investigated by means of a series of experi-

Table 1 Rate Pseudo-Constants at Several
Permanganate Concentrations [L-abu] = 0.10 mol
dm % 1=020moldm~3pH = 216.and T = 318K

[MnO," J* kl'b kzrc
5.0 5.03 10.48
6.0 4.77 9.22
7.0 4.50 6.90
8.0 4.32 6.04
9.0 4.22 5.07

* Concentration in mol dm~> X 10%
" Rate constants ins~' X 105,
¢ Rate constants in dm® mol~!s~!.

ments carried out for different values of pH. Figure 4
shows that the profiles of both pseudo-constants
reach a maximum close to pH = 2.

It has been verified that both k| and &, obey the
Arrhenius equation, which corroborates the validity
of the iterative method used. The thermodynamic ac-
tivation parameters obtained, energy, enthalpy, and
entropy, are shown in Table II.

In order to demonstrate that the Mn** is the re-
sponsible agent in the autocatalytic process and to
show the validity of the kinetic calculation employed,
kinetic runs were performed in presence of the Mn?*
species at the beginning of the reaction. As the initial
concentration of Mn’* ions increased, a tendency of
the sigmoid form of the absorbance-time plot to dis-
appear was observed. Simultaneously, a notable in-
crease in the reaction rate was seen (Fig. 5).

When the initial concentration of the Mn>* is suf-
ficiently low, k| and k, can be calculated simultane-
ously, whereas for high initial concentrations of the
mentioned species, the contribution of the uncat-
alyzed process is negligible with respect to the cat-
alyzed one. Therefore in these conditions, only this
last process will be considered. The constancy ob-
tained in the values of | and &, corroborates the va-
lidity of the applied kinetic method.

DISCUSSION

In agreement with the experimental behavior and tak-
ing into account the bibliographic references, two
mechanisms are proposed to interpret the reaction
pathways, catalyzed and uncatalyzed, separately.
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Figure 3 Effect of the ionic strength on the rate pseudo-constants. [L-abu] = 0.10 mol dm™%;
[MnO,"] = 5.0 X 104 mol dm~3; pH = 2.16; T = 318 K; (M) log k;; and (+) log &;.

Reaction Mechanism of the Uncatalyzed
Process

All the experiments were carried out in acid medium.
Therefore, we can take the following equilibrium into
account.

K
MnO,~ + H* == HMnO, ()

Bailey and Carrington [39] have determined the equi-
librium constant K, = 2.99 X 10> dm® mol~'. As

S 10 s

we have worked on an interval of 1 < pH < 3, the
permanganic acid concentration is negligible with re-
spect to the permanganate ions concentration.

On the other hand, it is well-known that in aque-
ous solutions the following equilibria between the
cationic, zwitterionic, and anionic forms of L-amino-
butyric acid take place:

KX

CH,CH,CH(NH,)CO0- + H* =
CH,CH,CH(N*H,)CO0~  (5)

s 3 -1 -1
k,/ dm mol s
16

- {11
4t 18
2 1 L 1 1
1 1.5 2 25 3

pH
Figure 4 Effect of the pH on the rate pseudo-constants. [MnO,”] = 5.0 X 10~* mol dm™3
[L-abu] = 0.10 mol dm~% [ = 0.20 mol dm~% pH = 2.16; 7 = 318 K; (M) k/; and (+) &,.



Table Il Activation Parameters [KMnO,] = 5.0 X 10~*

moldm * |L-abu] = 0.10 mol dm~% 1 = 0.20 mol
dm % pH =216;and T = 313-333K

AS* AH™ Ea®
Uncatalyzed process -210.0 374 40.1
Catalyzed process —18.6 66.3 69.1

“ Entropy of activation in ] mol~' K~
® Enthalpy of activation in kJ mol ™\
* Energy of activation in kJ mol~'.

K
CH,CH,CH(N*H,)COO~ + H* =
CH,CH,CH(N*H,)COOH  (6)

Provided that pK, = 9.66 and pK, = 2.30 [40] we
can conclude that, in the pH range used (1 < pH <
3), the anionic species concentration is negligible as
opposed to the zwitterion concentration, so that,
cationic species and zwitterionic species co-exist in
the reactive medium. None of them should be re-
Jected when considering our rate equation.

Hence, it can be supported that the observed reac-
tion is due to the oxidation of the zwitterionic and
cationic forms by permanganate ion.

Likewise, the formation of an addition complex
between the permanganate ion and the zwitterion is
proposed.

k,
MnO, + CH,CH,CH(N*H,)COO" k‘:"‘xl- )

-4
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In the same way, the formation of another addition
complex between the permanganate ion and the
cationic form of the amino acid is admitted.

ki
MnO, - + CH,CH,CH(N*H,)JCOOH ==X, (8)

-5

Similar complexes have been proposed by other au-
thors [15,16] about amino acid oxidation processes.

We can also admit the inter-conversion between
both complexes by means of the corresponding proto-
nation and deprotonation step.

k6
X~ +H —“k—Xz 9)

-6

These complexes could experiment an irreversible
rupture.

k
X,~ —— CH,CH,CH=N*H, + CO,
+ HMnO,> (10)

k
X, — CH,CH,CH=N*H, + CO,
+ HMnO/2~ + H* (11)
Given that the species Mn(V}) is very unstable in acid
medium, it is converted into Mn(II) and Mn(VII) by

means of a rapid step.

5HMnO>2 + 11 H- %
3MnO,” + 2Mn? + 8 H,0 (12)
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Figure 5 Effect of the added initial of Mn?* ions on the absorbance time plots. [KMnQ,] = 5.0
X 107* mol dm~% [L-abu] = 0.10 mol dm 3 I = 0.20 mol dm~% pH = 2.16; T = 318 K; [Mn?*]:
(M) 0.0 mol dm~3; (+) 5.0 X 107> mol dm~3; and (*) 1.25 X 10~* mol dm™*.
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Finally, by hydrolysis of the iminic cation, the corre-
spondent aldehyde is obtained [20,21,24,26,27].

CH,CH,CH=N-H, + H,0 2%
CH,CH,CHO + NH,* (13)

In agreement with this mechanism, and admitting the
steady-state approximation for the X,” and X,
species, the rate equation obtained for the uncat-
alyzed process is:

d[Mn(VID)]
- dt
@ + o[H"] + ap[H*]?
Bo + Bi[H*] + B,[H']?

+ [MnO,~ {7 + 7[H*] + m[H*]?}

y =

= [MnO, ]J[L - abu],

(14)

where [L-abu];, represents the total concentration of
amino acid, [Mn(VII)] the total concentration of
Mn(VII) and where:

a, = (k_5 + k78 + kfﬁ) k4k7
a, = Kikk ok + Kkky (k_, + k) + kkk,
a, = Kikskeky

By = (k_, + k) (ks + kg + k)

B, = Kyk_, + k) (kg + k) + kylks + k)
+ Kpky(k_y + k;)

B, = Kiky(ks + ky)

Ty, =k (ks + k_6 + k)
1= Kkgk  + Kk, + k) + kjk,
T, = Kikskg

The rate law corresponding to that mechanism ex-
plains the experimental behavior observed: the first-
order reaction with respect to amino acid and per-
manganate ions; the decreasing in k| values when the
permanganate concentration increases (Table I) and a
qualitative interpretation for the k; vs. pH plot ob-
served (Fig. 4).

Reaction Mechanism of the Catalyzed
Process

To interpret the catalyzed pathway of oxidation, a
possible reaction mechanism is proposed. In such
mechanism, the formation of addition complexes be-
tween the Mn?* ions and the zwitterionic and cationic
forms are postulated [26—28].

ky

CH,CH,CH(N"H,)COO™ + Mn®* ==X.>* (15)

-9

k

10

CH,CH,CH(N*H,)COOH + Mn?* X2t (16)

—10

As rate-determining steps, the attack of the perman-
ganate ion on the complexes formed [26-28] is ac-
cepted.

k
MnO,~ + X,2* —> CH,CH,CH=N"*H, + CO,
+ HMnO,>~ + Mn?**  (17)

k
MnO,” + X,** —> CH,CH,CH=N*H, + CO,
+ HMnO,>~ + Mn?* + H* (18)

Like in the uncatalyzed process, the dismutation of
Mn(V) into Mn(VII) and Mn(Il) [eq. (12)] and the
hydrolysis of iminic cation [eq. (13)], give rise to the
products.

If the steady-state approximation for the X,>* and
Xt species is admitted, the mechanism proposed
leads to the following rate equation:

_ d[Mn(VID]
= - ==
[MnO, " ]IMn**][L. ~ Abu]{8, + 8[H*]}
{MnO, (e + &[H"]) + mo + m[H*]}
{ag + en[H'] + ap[H*]? + [MnO, " 1(By
+ Bi[H*] + B,[H*P)}{6 + 6,(MnO,"]
+ 6,[MnO, "1} (19)

where the adopted notation of eq. (14) is conserved
and in addition:

Oy =k gtk +k gk ,+ k)

O, = ky(k_s + ky)

&y = kgk ko

g, = Kk ok .k s

My = Kok _ygkyy

M, = Kik_gk,ok 5

O, = k_gk_,,

6, =k _gki3 + k_ .k,
0, = k. .k,

This rate law, together with the one obtained for the
uncatalyzed process, is in agreement with all experi-



mental results presented in this article: the first-order
reaction in the permanganate ions, Mn?* ions, and
with respect to amino acid; the qualitative depen-
dence for the k; vs. pH found (Fig. 4) and the de-
creasing in k, values with the permanganate concen-
tration increases (Table I).

Unfortunately, it has not been possible to evaluate
the values of the rate constants corresponding to the
reaction determining steps, given the complexity of
the mechanisms proposed for both processes. There-
fore, the activation parameters summarized in Table
11, are associated with the apparent rate constants |
and &}, and their values can not be attributed to none
of the specific reaction steps. Taking this into account
and, in spite of the correct agreement of the Arrhe-
nius equation experimentally observed, it does not
seem suitable to carry out a particular interpretation
of the cited experimental results.
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