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ABSTRACT: The reduction of permanganate ion to MnO,-Mn,03 soluble colloidal mixed
oxide by L-phenylalanine in aqueous phosphate-buffered neutral solutions has been followed
by a spectrophotometric method, monitoring the decay of permanganate ion at 525 nm and the
formation of the colloidal oxide at 420 nm. The reaction is autocatalyzed by the manganese
product and three rate constants have been required to fit the experimental absorbance-time
kinetic data. The reaction shows base catalysis and the values of the activation parameters at
different pHs have been determined. A mechanism including both the non-autocatalytic and
the autocatalytic reaction pathways, and in agreement with the available experimental data,
has been proposed. Some key features of this mechanism are the following: (i) of the two
predominant forms of the amino acid, the anionic form exhibits a stronger reducing power
than the zwitterionic form; (ii) the non-autocatalytic reaction pathway starts with the transfer
of the hydrogen atom in the o position of the amino acid to permanganate ion; and (iii) the
autocatalytic reaction pathway involves the reduction of Mn(IV) to Mn(ll) by the amino acid

and the posterior re-oxidation of Mn(11) to Mn(1V) by permanganate ion.

KEYWORDS: Activation parameters; Amino acid; Manganese(Ill); Mechanism; Rate
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1. INTRODUCTION

Potassium permanganate is one of the most useful reactants in the chemistry laboratory, and it
is widely employed as a versatile oxidizing agent. On their part, a-amino acids are
important biological compounds, since they are the essential constituents utilized by nature in
the synthesis of proteins.* Oxidation of a-amino acids is a topic of some interest in relation to
cell metabolism. For instance, oxygen free radicals are known to initiate the oxidative

degradation of proteins.

The oxidation of a-amino acids by permanganate ion can be used as a simple chemical
model for other related reactions of biological importance. As a result, the scientific literature
concerning the permanganate-amino acid reactions is abundant. In particular, these redox
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reactions have been studied in both acidic®?* and neutral solutions.”>*! An important finding

of these kinetic studies is the autocatalysis observed in both media.

Autocatalysis is an interesting phenomenon at the theoretical level because of the relatively
scarce information existing on this topic. As happens with all catalytic reactions, in the
mechanism of autocatalytic processes at least two reaction pathways are involved, one
corresponding to the reaction taking place without involvement of the autocatalytic product
and the other corresponding to the autocatalytic process, the rate-determining step being
different for each reaction pathway. An integrated rate equation that allows the determination
of the two rate constants associated to the non-autocatalytic and autocatalytic reaction
pathways has been reported.*** However, some deviations from the proposed mathematical
model are evident from the experimental kinetic data published for the permanganate-glycine
reaction.”> Moreover, a case of delayed autocatalysis has been reported for the permanganate-
amino acid reactions under acidic conditions.**® Although delayed autocatalysis is not

interpretable by the two rate-constant model, it has also been observed in at least another



permanganate reaction.”® As a consequence, a new model has now been developed that allows
the determination of three rate constants for each kinetic experiment. This model takes into
account the change in the colloid surface composition occurring during the permanganate
reaction due to reduction of Mn(1V) by the excess amino acid, whereas the former two rate-
constant model did not. The simultaneous determination of three rate constants is scantily
represented in the literature of chemical kinetics, the chromium(V1) oxidation of thiols being

a notable exception.*™°

An outstanding feature of the permanganate-amino acid reactions is that autocatalysis has
been found in both acidic and neutral solutions, in spite of the fact that the manganese
reduction product is different in the two media, manganese(ll) ion under acidic conditions and
colloidal manganese dioxide (in the form of discrete nanoparticles>) at near-neutrality pH. As
a consequence, doubts have arisen on the identity of the species responsible for the
autocatalytic behavior, especially on whether the same autocatalyst is involved in both cases.
The present work will focus on the nature of the autocatalytic agent, and three possibilities
[manganese(ll), manganese(lll) and manganese(lV)] will be considered, checking the

consistency of each alternative against the available experimental data.

2. EXPERIMENTAL METHODS

2.1. Materials and Methods. The solvent used in all the experiments was water previously
purified by deionization followed by treatment with a Millipore Synergy UV system (milli-Q
quality, x« = 0.05 uS/cm at 25.0 °C). The oxidant was potassium permanganate (KMnOy,
Panreac, purity > 99.0%) and the reductant L-phenylalanine (CgHs-CH,-CH(NH;)-COOH,

Sigma-Aldrich, purity > 98.0%). The components of the buffer were potassium dihydrogen



phosphate (KH2PO4, Merck, purity > 99.5%) and potassium hydrogen phosphate trihydrate
(K2HPO4:3H20, Merck, purity > 99.0%). Potassium chloride (KCI, Merck, purity > 99.5%)

was used as inert electrolyte.

The pH measurements were done by means of a Metrohm 605 pH-meter, provided with a
digital presentation till the third decimal figure (x 0.001 pH) and a combination electrode,
calibrated with the aid of two commercial buffers at pH 4.00 = 0.02 (Merck) and 7.00 + 0.01
(Sigma-Aldrich). The temperature was kept constant by means of a Julabo thermostatic bath
provided with a digital reading (= 0.1 °C). The spectra were recorded and the absorbances

measured with a Shimadzu 160 A UV-Vis spectrophotometer (+ 0.001 A).

2.2. Kinetic Experiments. In most of the experiments the initial concentration of the
reducing agent (L-phenylalanine) was much higher than that of the oxidant (permanganate
ion) in order to attain an approximately constant concentration of the amino acid (isolation
method). In the experiments where the initial concentration of the latter was not large enough,
a special program was developed to take into account the decrease of its concentration as the

reaction progressed based on the permanganate/amino acid stoichiometric ratio.

The kinetic runs were followed at two different wavelengths (420 and 525 nm), measuring
the absorbances periodically at time intervals of 30-600 s. The wavelength of 525 nm
corresponds to the highest peak of the electronic visible spectrum of permanganate ion and
that of 420 nm to the wavelength at which permanganate ion is almost transparent; these
wavelengths allowed to monitor the decay of permanganate ion and the formation of the
manganese reaction product, respectively. All the kinetic experiments were duplicated in

order to ascertain the reproducibility of the rate constants.

2.3. Kinetic Calculations. Two computer programs were written in BASIC language, one
for the determination of two rate constants (k; and k»), and the other for the determination of

three rate constants (ki, ko and ks). In the first program k; and k, correspond to the non-



autocatalytic and autocatalytic reaction pathways, respectively. In the second program k; is
associated to the non-autocatalytic pathway, whereas both k, and ks are associated to the
autocatalytic one, allowing the introduction into the mathematical model of a long-lived, non
in steady-state intermediate. The corresponding calculations were implemented on a Sony

Vaio personal computer.

3. RESULTS

3.1. Visible Spectra. A periodical scanning of the reaction mixture revealed the existence

of two isosbestic points at 467 and 692 nm (Figure 1, top). The spectrum of the manganese

reduction product showed the typical upward-concave band covering the whole visible region
corresponding to absorption + dispersion by soluble colloidal MnO,,>" as well as a shoulder
corresponding to light absorption by Mn(111).°®*° On standing and at high L-phenylalanine
concentration, the peak at 462 nm corresponding to Mn(lll) became more definite as the
spectrum decayed because of the reduction of Mn(IV) by the amino acid (Figure 1, bottom).
The stability of this Mn(lll) species (detectable for one week after completion of the
permanganate/amino acid reaction) suggests that it was a colloidal oxide (Mn,O3) rather than
an aqueous species, either Mn®" (instable by dismutation) or a Mn(l11) complex with L-

phenylalanine (instable by internal redox reaction).

Figure 1



3.2. From the Experimental Absorbance-Time Data to the Reaction Rate. The
permanganate concentrations were obtained at different instants during the course of the

reaction from the experimental absorbance readings at two wavelengths by means of the

equation:
] 1
[MnO, T, = ——— [AG29), ~ xaop)* A420)] n

where A(420), and A(525), are the absorbances at 420 and 525 nm at time #, A(420), and
A(525),, the corresponding values at the end of the reaction, &gqs= 2420 £ 10 M cm™ the

molar absorption coefficient of the limiting reactant (permanganate ion) at 525 nm and / = 1
cm the optical path length. Equation 1 is useful to obtain correct values of the permanganate
concentration in the presence of a colloidal species formed as a reaction product because it
does not require that the values of the molar absorption coefficients of the colloidal product

(Epupo and &.g,5) be constant during the kinetic runs, but only their ratio at the two

wavelengths considered ( &pcy5 / Ep100 = A(525),, / A(420),,).

The values of the reaction rate were obtained from those of the permanganate
concentration by means of the finite difference method. This mathematical procedure of

approximate derivation allows the calculation of the rate at time t + At/2 from the

permanganate concentrations (c) at times t and t + At as:

_ d[MnO/] N c(t) — c(t + At)

dt At @



This method allows calculating the reaction rate with a very low systematic error provided

that the time interval chosen (At) is small enough.

The rate of the permanganate/L-phenylalanine reaction has been plotted as a function of
time. We can see that the rate versus time plots are bell-shaped and that the ratio between the
maximum value of the reaction rate and its initial value tended to decrease as the initial
permanganate concentration decreased. For instance, whereas at high initial permanganate

concentration (1.00 x 10° M) a ratio of 2.36 was found (Figure 2, top), at low initial

permanganate concentration (4.00 x 10 M) the ratio was only 1.53 (Figure 2, bottom).

Figure 2

3.3. Two Rate-Constant Kinetic Model for Autocatalysis. The simplest form of the
differential rate law for an autocatalytic reaction assumes that both reaction pathways are of
first order in the limiting reactant (permanganate ion) and that the autocatalytic pathway is

also of first order in the autocatalyst (colloidal manganese dioxide). Hence:

v = k [MnQ,] + k, [MnO,] [MnO,] (©)

where k; and k; (the pseudo-rate constants for the non-autocatalytic and autocatalytic reaction
pathways, respectively) are dependent on both the amino acid concentration (in large excess)
and the pH. Now, assuming that all the manganese intermediates are in steady state and, so, in

negligible concentration with respect to Mn(V1l) and Mn(IV), eq 3 can be rewritten as:

v = kc+k,c(,~-c) (4)



where ¢, is the initial permanganate concentration.

This two-rate constant kinetic model can explain the fact that the bell-shaped profile of the
reaction rate versus time plots tends to disappear as the initial concentration of the limiting
reactant decreases (Figure 2), since it is easy to demonstrate from eq 4 that those plots show a

maximum only when:
k
C, > —— 5
o K, (5)

Equation 4 can be rewritten in a linearized way as:

%=(h+kzco)—kzc (©6)

Equation 6 predicts a linear plot when the rate-permanganate concentration ratio is plotted
against the permanganate concentration at different instants during the course of the reaction.
A typical example can be seen in Figure 3. For a pseudo-first order kinetics (k, = 0) the v/c
ratio would be expected to remain constant (v/c = k;) as the reaction progresses. However, an
increase of that ratio can be observed in Figure 3, indicating again the existence of an
autocatalytic phenomenon. Although the first stretch is approximately linear, a definite
upward-concave curvature can be seen at high reaction times, indicating that the two rate-
constant kinetic model is insufficient to explain the behavior of the permanganate/L-

phenylalanine reaction.

Figure 3



3.4. Reduction of Colloidal manganese Dioxide. Some experiments suggest the type of
modification that must be introduced in the former simplified model to fit the experimental
data. As shown in Figure 4 (top), the absorbance at 420 nm increased uniformly from the
reaction start because of the accumulation of colloidal MnO, but, once permanganate ion was
absent from the reaction medium, it started to decline due to the reduction of colloidal MnO,
by the amino acid in excess. From a pseudo-first order plot corresponding to the stretch of
decay of A(420), the rate constant k = (5.29 + 0.10) x 10* s could be inferred for the
reduction of Mn(IV) at 25.0 °C (Figure 4, bottom). The existence of this reduction process is
consistent with the spectral changes recorded once permanganate ion disappeared completely
from the reaction medium (Figure 1, bottom). Actually, reduction of water-soluble colloidal
manganese dioxide by the amino acids L-cysteine,®’ L-tryptophan®® and L-tyrosine® in acidic
medium has been reported.

Figure 4

3.5. Three Rate-Constant Kinetic Model for Autocatalysis. Since the experimental
results indicate that Mn(1V) is reduced by the excess amino acid once the permanganate
reaction is over, it seems plausible to assume that the same reduction takes place during the
whole course of the permanganate-amino acid reaction, but its effects cannot be observed
whilst permanganate is present because of re-oxidation of the low oxidation-state manganese
species by permanganate. To take into account this situation, the simplified mechanism shown
in Scheme 1 has been developed, where the process of reduction of Mn(V1I) to Mn(1V) by L-
phenylalanine is governed by rate constant k;, the reduction of Mn(1V) to Mn(ll) by the
excess amino acid is governed by rate constant k;, and the re-oxidation of Mn(II) by Mn(VII)

yielding both of them Mn(IV) is is governed by rate constant ks.
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Scheme 1

The differential equations corresponding to this simplified mechanism are the following:

d[Mn(VI1)]

S = — k [MnvID] - k, [Mn(vI)] [Mn(11)] (7)
w = k, [MN(VID] = k, [Mn(V)] + 2 k, [Mn(vit] [Mn(in] )
W — Kk, [Mn(V)] — k, [Mn(VID)] [Mn(iD)] )

where kj, k, and k3 are pseudo-rate constants (L-phenylalanine assumed in large excess with
respect to permanganate ion). Equations 7-9 have been integrated for each kinetic experiment
by means of a numerical approximate procedure, the fourth order Runge-Kutta method.** In
this way, once known the initial concentration of Mn(VII) (c,), as well as those of Mn(IV)
and Mn(Il) (both equal to 0), the concentrations of the three species at different instants
during the course of the reaction could be obtained, using to that end short time intervals (Af =
30-600 s, depending on the experimental conditions). A BASIC computer program was
developed for the optimization of the values of the three rate constants (k;, &k, and k3) leading

to a minimum of the average error calculated as:

g‘,‘pﬁ,cal - A,exp
N

(10)
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where A, and A, are the calculated and experimental absorbances, respectively, and N is

the number of time-absorbance datum couples for each kinetic run. The values of E for 86
experiments were within the range 3.13 x 10%-1.03 x 10°. An example of the excellent
accordance between the calculated and experimental absorbances for a typical kinetic run is

shown in Figure 5.

Figure 5

3.6. Comparison between Models. The ratio of the calculated and experimental
absorbances at 525 nm has been represented as a function of time for a typical kinetic run.
When the two rate-constant model was used (Figure 6, bottom) the errors were larger than
when using the three rate-constant model (Figure 6, top). Moreover, whereas in the first case
zones of defect (A(525)cal/A(525)exp < 1) and excess (A(525)calA(525)exp > 1) systematic errors
followed one after another, in the second case the errors were essentially of accidental nature,
as shown by the continuous crossing of the A(525)ca/A(525)exp = 1 horizontal line. These
results confirmed that the three rate-constant kinetic model represents an improvement over

the former model.

Figure 6

3.7. Kinetic Results. Rate constants k; and k; decreased as the initial permanganate
concentration increased, whereas k;, increased (Table 1). Although true rate constants should
not depend on the initial concentration of the limiting reactant, the existence of such
dependence is a phenomenon rather generalized in Kkinetic studies of autocatalytic reactions
concerning not only the reduction of permanganate ion,® but also that of colloidal MnO,.%
This dependence can be partially explained by a change in the size and surface composition of

the colloidal species. Actually, an increase of the initial permanganate concentration is
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expected to result in an increase of the average colloidal particle size as well as in a decrease

of the level of reduction of surface Mn(1V) to the lower Mn(I11)/Mn(Il) oxidation sates.

Table 1

Rate constants 4, and k3 increased linearly as the L-phenylalanine concentration increased
(order 1), whereas &, remained almost unchanged (order 0), as can be seen in Figure 7. The
intercept for the &, versus [L-phenylalanine] plot (Figure 7, top) was clearly positive, (7.4 +
0.9) x 10 s™\. The intercept for the 43 versus [L-phenylalanine] plot (Figure 7, bottom) was
negligible within the experimental error, — 0.01 + 0.02 M s". Addition of the inert
electrolyte KCI to the solution resulted in a decrease of the pH, an increase of rate constant &,

and a decrease of k,, whereas k3 showed no appreciable effect (Table 2).

Figure 7

Table 2

The three experimental rate constants increased with increasing pH (base catalysis), and
this effect was studied at five different temperatures in the range 20.0—40.0 °C. Their plots
versus the reciprocal of the hydrogen ion concentration showed a certain downward-concave
curvature in the cases of both k; (Figure 8, top) and ks (Figure 8, bottom) and an upward-
concave curvature in the case of k, (Figure 8, middle). However, for simplicity reasons, the

experimental data were approximately fitted to rate constant versus [H*]™ linear plots.

Figure 8
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Application of both the Arrhenius and Eyring equations allowed the determination of the
apparent (pH-dependent) activation parameters associated to the rate constants k; (Table 3), k;
(Table 4) and ks (Table 5). The apparent activation energy obtained for k; was roughly
independent of pH, whereas that of k, increased strongly with increasing pH and that of k3
decreased slightly. The apparent values of the standard activation enthalpy at different pHs
were strongly correlated with those of the standard activation entropy for rate constants k, and
ks, but weakly correlated in the case of k; (Figure 9). The corresponding slopes for the linear
enthalpy-entropy plots yielded the values of the isokinetic temperatures Ty = 229 + 99 (for
k1), 277 + 6 (for k) and 350 + 29 (for k3) K. It thus seems that stronger pH dependence of the
apparent activation energy correlates with higher coupling of the apparent activation enthalpy-

entropy values.
Table 3
Table 4
Table 5

Figure 9

The intercepts and slopes of both the k; versus [H*]™ and ks versus [H]™ linear plots, as
well as the slopes of the k, versus [H*]™" linear plots (the corresponding intercepts were
negligible), at different temperatures were in excellent agreement with the Arrhenius equation
(Figure 10). Moreover, they also fulfilled the Eyring equation, yielding the pH-independent

activation parameters listed in Table 6.

Figure 10

Table 6
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4. DISCUSSION

4.1. Stoichiometric Equations. According to the information reported in the literature
concerning the reaction products,®’ the stoichiometries of the permanganate oxidation of a-

amino acids to yield Mn(1V) and Mn(l11) can be written, respectively, as:

2Mn0O, + 3NH;" CHRCO, +5H* 2MnO; + 3NH;" + 3RCHO + 3CO, + H,0 (11)

2Mn0O, + 4NH3" CHRCO, + 6H" Mn,03 + 4NH;" + 4RCHO + 4CO, + H,0 (12)

where in the case of the present study R = CgHsCH, (phenylmethyl). Given that aldehydes are

readily oxidized by permanganate ion in neutral solution,?® further oxidation of RCHO to the

carboxylate ion RCOO is expected unless a large excess of the a-amino acid is used.

4.2. Mechanism Associated to Rate Constant k;. The mechanism proposed for the non-

autocatalytic part of the permanganate/L-phenylalanine reaction consists of the following

steps:
- K -

*HsNCHRCO, «—— H,NCHRCO, +H" (13)
-, - k . _ . .

MnOs + "HsNCHRCO, —gdl— HMnO, +H,NC'RCO, +H (14)
- - k - _ -

MnOs +H,NCHRCO, —lli— HMnO, +H,NC'RCO; (15)

H,NC'RCO, + H,0 —— H,NC HR + CO, + HO (16)
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MnO, +H,NCHR —— HMnO, + HN=CHR (17)

HN=CHR + H3;0" —— NH;" + RCHO (18)
HMnO, == MnO/ + H* (19)
HMnO, + MnOZZ ——— HMnO,” + MnO4 (20)
HMnO,* + H,NCHRCO, —— MnO; + H,NC'RCO; + 2HO" (21)
nMnO, —— (MnOy), (22)

Two reaction pathways can be distinguished in this part of the reaction, the corresponding
rate-determining steps being the oxidations of the zwitterionic (eq 14) and anionic (eq 15)
forms of the amino acid, leading to the formation of an organic free radical. Involvement of
free radicals in the permanganate oxidation of amino acids is consistent with the finding that
the permanganate/L-serine reaction initiates the polymerization of acrylamide.®” Formation of
an imine as an intermediate (eq 17) is a widespread assumption in the chemical literature
concerning the permanganate oxidation of both amines’® and amino acids,* and it is based on
experimental stoichiometric results.”’ This part of the mechanism finishes with the formation
of colloidal MnO, particles as a temporarily dissolved species from the individual molecules

(eq 22).

By application of both the quasi-equilibrium and steady-state approximations, the

following mathematical expression is obtained for the first experimental rate constant:

(ku [H+] + KI km) [I—'Phe]T
2 (K, +[H])

k, = (23)

16



where [L-Phe]+ is the total L-phenylalanine concentration (both the zwitterionic and anionic
forms included). Equation 23 is consistent with the linearity of the k; wversus [L-
phenylalanine] plot (Figure 7, top). The finding that the corresponding intercept was positive
suggests the existence of a slow thermal decomposition of permanganate ion in the absence of

amino acid.”

Addition of KCI to the solution resulted in both a decrease of pH (because an increase of

the ionic strength led to a decrease of the pK, of H,PO,) and an increase of k;. Since the

reaction had base catalysis, it follows that an increase of the ionic strength alone (without pH
change) would have resulted in an increase of k; even stronger than that experimentally
observed. This is consistent with the fact that the theoretical rate constant k;;; corresponds to
the elementary reaction of two anions (eq 15), since the presence of inert ions (K™ and CI") in
the solution weakened the electrostatic repulsion between the two reactants (permanganate ion

and the anionic form of the amino acid), thus increasing the frequency of their collisions.

Equation 23 is consistent with the increase of the experimental rate constant k; with
increasing pH (base catalysis) provided that ky,, > k. Fulfillment of this condition is indeed
plausible because the anionic form of the amino acid has a higher electronic density (and so a

higher reducing power) than the zwitterionic form.

The value of the equilibrium constant associated to eq 13 has been reported (K, = 5.16
x 100 M, pKa = 9.29, at zero ionic strength and 25.0 °C).” This means that for the near-
neutrality solutions of the present work (pH 6.66 —7.47) the condition K, << [H"] is fulfilled,
given that the zwitterionic form of the amino acid was predominant. According to this new

approximation, eq 23 yields:
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1 K, k
k _ k + [ 1]
1 ( 1 [H+]

= ) [L-Phe], (24)

in agreement with the existence of k; versus [H*]™ linear plots (Figure 8, top), the intercepts
corresponding to the reaction of permanganate ion with the zwitterionic form of the amino
acid in the solution and the slopes to the reaction with the anionic form. Hence, according to
eq 24 and the activation parameters given in Table 6, we can conclude that the pH

independence of the apparent activation energy associated to rate constant k; experimentally

observed (Table 3) can be explained because the temperature dependence of rate constant Ay
(E,y =70=2k] mol™) is quite similar to that of the product K; kiy (AH? + E.ip =68+2
kJ mol™).

Application of eq 24 to the pH-temperature crossed experimental data, along with the

73

thermodynamic parameters reported for equilibrium constant K,;,"* allowed the determination

of rate constants 4y and ki as well as their associated activation parameters (Table 7). The
value obtained for the ratio of those two rate constants was ki / ki = 248 + 96, and the
activation energy associated to Ay (23 + 2 kJ mol™) was much lower than that associated to

ku (70 £ 2 kJ mol™). These findings are again consistent with the higher electronic density of

the amino acid anionic form (strong reducing agent) with respect to the zwitterionic form

(weak reducing agent).

Table 7

The Kinetics of the reaction of permanganate ion with L-phenylalanine in neutral aqueous

solutions resembles those of its reactions with other a-amino acids. For instance, besides

18



being all of them autocatalyzed by colloidal MnO,, the activation energy for the non-
autocatalytic reaction pathway in the oxidation of L-alanine is 74.0 kJ mol™,? quite close to
the values found in Table 3 for the same reaction pathway in the oxidation of L-
phenylalanine. This suggests that the permanganate/a-amino acid reactions follow a common

mechanism, the side group R not being directly attacked by the oxidant.

4.3. Mechanism Associated to Rate Constant k,. The following steps are proposed for

this part of the reaction, corresponding to the beginning of the autocatalytic reaction pathway:

- K -
(MnO,), + "HsNCHRCO, —2= (MnO,), — *HsNCHRCO, (25)
- K -
(MnO,), — "HsNCHRCO, ——=—= (MnO,), — H,NCHRCO, + H* (26)

(MnO,), — H,NCHRCO, —|—>kV' (MnO2)p-1 — MnO + HN=CHR + CO, + HO (27)
Siow

leading, by application of the quasi-equilibrium approximation, to the law:

k = KIV Kv kV| [L'Phe]T
© (1+K [L-Phe],) (K, + [H'])

(28)

Equation 27 is consistent with the independence of rate constant k, of the amino acid
concentration provided that K, [L-Phe]r >> 1. This condition corresponds to saturation of the
colloid surface by the amino acid. Actually, kinetic laws of zero order in the substrate are very
frequent in surface reactions.” Moreover, it is also consistent with the existence of k, versus

[H'T™ linear plots (Figure 8, middle) provided that Ky << [H*], condition requiring that most
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of the amino acid fixed on the colloid surface being in the zwitterionic form. According to

these approximations, eq 28 can be written as:

k, = 2o (29)

Phosphate ions, used to buffer the solutions, are known to fix at the colloidal MnO,
surface, thus allowing that the negatively charged colloid particles be stable in solution for a
long period.”” In the case of the permanganate/glycine reaction, an inhibition of the
autocatalytic pathway with increasing phosphate concentration was found,” thus suggesting
that the MnO,-bound phosphate ions hinder the approach of the amino acid to the colloid
surface.

The increase of the apparent activation energy associated to the experimental rate constant
k, with increasing pH (Table 4) suggests that the composition of the colloid surface is strongly
dependent on pH, the basic form of the buffer (HPO4Y) being a stronger inhibitor of the
Mn(IV) reduction by L-phenylalanine than the acidic form (H,POy4’). The corresponding
increase of the activation entropy with increasing pH seems a consequence of the well-known
compensation effect in chemical kinetics, since an increase in the activation enthalpy usually
is correlated with an increase in the activation entropy.’®

4.4. Mechanism Associated to Rate Constant ks. The mechanism proposed for the last

part of the autocatalytic reaction pathway is:

- K -
(MNOy)n-1— MnO + *HzNCHRCO, ——2—= (MnO,)n.1— MNnO—*H;NCHRCO,  (30)

- K -
(MNOy)n.1— MNO—"HsNCHRCO, ——2= (MnO,)n.1—MnO —H,NCHRCO, + H* (31)
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MnO; + (MnO2)n.1 —MnO —+H3NCHRCOZ'—Sk('hXT> (MnO2)n+1 + HoNC'RCO; + H,0 (32)

MnO, + (MnO2)n.1 —MnO —H;NCHRCO, —sllf)XT’ (MnO2)n+1 + HoNC'RCO; +HO' (33)

(MnOZ)n_l—MnO — > (MnOZ)n_z — Mny0O3 (34)

Application of the quasi-equilibrium approximation leads to the law:

KV|| (kIX [H+] + Kvm kx) [L'Phe]T
KV||| + [H+]

k, = (35)

which is consistent with base catalysis provided that kx > ki, and with the existence of k3

versus [H*]™ linear plots (Figure 8, bottom) if Ky,, << [H*], yielding:

I<VIII kX

[H+] ) KV|| [L'Phe]T (36)

k3 = (kIX +

Thus, the intercepts of those plots are associated to the reaction on the colloid surface
involving the zwitterionic form of the amino acid and the slopes to the reaction involving the
anionic form.

Hence, according to eq 36 and the activation parameters given in Table 6, we can conclude
that the slight decrease of the apparent activation energy associated to rate constant ks with

increasing pH (Table 5) can be explained because the temperature dependence of rate constant

kix (Eqx =79 =2 kJ mol™) is little higher than that of the product Kvi kx (AHY,, + E,x =

70 + 1 kJ mol™). The corresponding decrease of the activation entropy with increasing pH is

again consistent with the kinetic enthalpy-entropy compensation effect. It should be noticed
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that the finding of negative values for the activation entropy associated to rate constant k;
(Table 3) and of positive values for that associated to rate constant k3 (Table 5) should not be
interpreted in terms of a different degree of disorder in the structures of the corresponding
transition states, since it has to be kept in mind that the activation entropies associated to rate
constants with different units have a different dependence on the arbitrary choice of standard
state.”’

Given that Mn(II) at low concentrations is transparent to the visible radiation, no direct
experimental evidence of its formation has been found. Under the conditions of this work, it is
expected to disappear by two competing reactions: oxidation by permanganate ion (eqs 32 and
33) and comproportionation with Mn(IV) to yield Mn(III) (eq 34).

4.5. Hydrolysis of the Organic Free Radical. It has been assumed in the proposed
mechanism that a hydrogen atom is transferred from the o position of the amino acid to
permanganate ion, leading to a resonance-stabilized organic free radical (eqs 14 and 15). This
process is energetically favored over the transfer of an electron from either the carboxylate
(zwitterionic/anionic forms) or the amino (anionic form) groups, as well as over the transfer
of a hydrogen atom from either the ammonium (zwitterionic form) or the amino (anionic
form) groups of L-phenylalanine. This is so because the organic radical formed in egs 14 and
15 has its unpaired electron delocalized over a wider region than the other free radicals that
could be potentially formed in the permanganate/amino acid reaction. The problem with this
proposal, however, is that the hydrogen atom in the a position of the organic substrate is
required for the formation of the aldehyde experimentally observed. This has been resolved
with the hydrolysis of the organic free radical proposed in eq 16, in which a hydrogen atom in
the required position is recuperated from the solvent as illustrated in the concerted electron-
jump process shown in Scheme 2.

Scheme 2
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4.6. Dismutation of Manganese Species. One-electron redox processes have been favored
over two-electron redox processes to initiate the reaction (eqs 14 and 15) because it is known
that the permanganate oxidations of organic compounds in alkaline media yield Mn(V1).”®

This seems to suggest as a general rule that most of those reactions start with the reduction

Mn(VII) — Mn(VI), and that lower oxidation states are formed from dismutation of Mn(V1)

(eq 20) if the pH is low enough. The dismutation of Mn(VI) to yield Mn(VI1I) and Mn(V) (eq

20) has been assumed to involve hydrogenmanganate ion (HMnOy ) as the oxidizing species
and manganate ion (MnO4?) as the reducing one. This is coherent with the known fact that

Mn(V1) is stable at high pH (because the concentration of HMnO, is too low) but dismutates

at lower pH. It is also coherent with the evidence that a low electronic density species as

HMnO, is a good candidate to act as oxidant whereas a high electronic density species as

MnO,* is expected to be a good candidate to act as reductant. For instance, in the non-

enzymatic dismutation of superoxide radicals the rate constant for the HO, /O, reaction is
much higher than those for the HO, /HO, and O, /O, reactions,” since the low

electronic density species HO," acts as oxidant and the high electronic density species O, ~

as reductant. Additional support can be found in the known fact that Mn(III) is stable at low
pH and (in the absence of stabilizing ligands as fluoride or pyrophosphate ions) dismutates at
high pH,*¥ just the opposite of the behavior of Mn(VI). It seems that the dismutation of
Mn(IIT) might involve preferentially a Mn®"/[Mn(OH)]*" reaction, the low electronic density
species Mn’" acting as oxidant and the high electronic density species [Mn(OH)]*" as
reductant. This different pH behavior of the dismutations of Mn(VI) and Mn(III) might thus

have its origin in the anionic nature of the former and the cationic nature of the latter.
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Scheme 1. Simplified Mechanism Showing the Role of the Three Experimental Rate

Constants
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Scheme 2. Concerted Two-Electron-Jump Process Proposed for the Hydrolysis of the

Organic Free Radical
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Table 1. Experimental Rate Constants at Different Initial Permanganate

Concentrations“”

[KMnO,] /103 M ki /105 51 ky /104571 ks / M-1 571
0.200 4.59+0.21 0.71+0.14 1.289 +0.048
0.400 3.31 +£0.05 3.61+0.12 0.439 £ 0.009
0.600 2.87+0.13 5.37+1.04 0.296 £0.011
0.800 243 £0.04 10.02 +1.00 0.218 £0.004
1.000 2.22 £0.05 10.59 +0.27 0.200 £+ 0.003

% [L-Phenylalanine] = 5.00 x 10° M, [KH,PO,] = 0.120 M, [K,HPO,] = 0.150 M, pH 6.826 +

0.004, 25.0 °oC. b Errors associated to the rate constants were calculated as one half of the

range (2 determinations).
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Table 2. Experimental Constants Different Potassium Chloride

Concentrations“”

[KCI]/M pH ki /1075 571 ky /104571 ks I M-1 571
0.000 6.826 +0.004 3.31+£0.05 3.61+£0.12 0.439 £+ 0.009
0.120 6.786 £ 0.002 3.89+0.12 1.58 £0.24 0.586 £ 0.063
0.240 6.745 £ 0.002 4.03+0.01 1.40+£0.12 0.522 £0.040
0.360 6.718 £ 0.001 4.10 £ 0.06 1.36 £0.21 0.510 £0.069
0.480 6.689 +0.001 429 £ 0.04 1.00 £ 0.04 0.535 £ 0.005

“ [KMnO,], = 4.00 x 104 M, [L-Phenylalanine] = 5.00 x 10° M, [KH,PO,] = 0.120 M,

[K,HPO4] = 0.150 M, 25.0 °C. ’Errors associated to the pH and to the rate constants were

calculated as one half of the range (2 determinations).
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Table 3. Apparent Activation Parameters Associated to Rate Constant k; at Different

pH Values“>*

pH E, / kJ mol-! AH? /kJ mol-! AS? /T K" mol-!
6.655 + 0.009 68.7+1.3 66.2+1.3 -68+4
6.826 % 0.004 70.9+0.8 68.4+0.8 -57+3
7.021 £ 0.004 659+1.5 63.4+1.5 “T71+5
7.229 + 0.006 70.1+0.5 67.6+0.5 -55+2
7.471 £ 0.007 67.8+1.3 653 +1.3 -60+ 4

“ [KMnO,], = 4.00 x 104+ M, [L-Phenylalanine] = 5.00 x 10° M, [KH,PO4] = 4.80 x 10"

2-0.144 M, [KxHPO4] = 0.120—0.240 M, 20.0—40.0 °C. ’Errors associated to the pH values
are standard deviations (10 determinations). “ Errors associated to the activation parameters
were calculated from the standard deviations for the intercept and slope of the Arrhenius and

Eyring plots.
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Table 4. Apparent Activation Parameters Associated to Rate Constant k, at Different

pH Values“>*

pH E, / kJ mol-! AH? /kJ mol-! AS? /T K" mol-!
6.655 + 0.009 54+5 51+5 - 140+ 16
6.826 = 0.004 56 +2 54+2 -129+6
7.021 £ 0.004 82+7 79+7 - 42 +23
7.229 + 0.006 82+3 79+3 -37+11
7.471 +0.007 106 £ 9 104+9 52429

“ [KMnO,], = 4.00 x 10-* M, [L-Phenylalanine] = 5.00 x 10° M, [KH,PO4] = 4.80 x 10"

2-0.144 M, [KxHPO4] = 0.120—0.240 M, 20.0—40.0 °C. ’Errors associated to the pH values
are standard deviations (10 determinations). “ Errors associated to the activation parameters
were calculated from the standard deviations for the intercept and slope of the Arrhenius and

Eyring plots.
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Table 5. Apparent Activation Parameters Associated to Rate Constant k3 at Different

pH Values“>*

pH E./kJ mol-! AH? /kJ mol-! AS? /T K" mol-!
6.655 + 0.009 84 +1 81+1 59 + 4
6.826 + 0.004 78 +2 76 +2 44 +7
7.021 £ 0.004 69 + 3 66+ 3 15+9
7.229 + 0.006 74 +2 7142 32+5
7.471 + 0.007 74+ 1 71+1 35+ 4

“ [KMnO,], = 4.00 x 10-* M, [L-Phenylalanine] = 5.00 x 10° M, [KH,PO4] = 4.80 x 10"

2-0.144 M, [KxHPO4] = 0.120—0.240 M, 20.0—40.0 °C. ’Errors associated to the pH values
are standard deviations (10 determinations). “ Errors associated to the activation parameters
were calculated from the standard deviations for the intercept and slope of the Arrhenius and

Eyring plots.
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Table 6. pH-Independent Activation Parameters Associated to the Experimental Rate

Constants®>*

magnitude E,/kJ mol! AH? /kJ mol-! AS? /T K" mol-!
intercept (k) 70£2 68 £2 -65+5
slope (k1) 68 £2 65+2 -205+6
slope (k) 114+ 10 111 +£10 - 66 + 34
intercept (k3) 79+ 2 76+ 2 42+5
slope (k3) 701 68 £1 -122+5

“ [KMnO,], = 4.00 x 104+ M, [L-Phenylalanine] = 5.00 x 10° M, [KH,PO4] = 4.80 x 10"

2-0.144 M, [K,HPO,] = 0.120-0.240 M, pH 6.66—7.47, 20.0—40.0 oC. "Activation
parameters associated to the intercepts and slopes of the experimental rate constant versus
[H']" plots. “Errors associated to the activation parameters were calculated from the standard

deviations for the intercept and slope of the Arrhenius and Eyring plots.
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Table 7. Thermodynamic and Kinetic Parameters Associated to Some Elementary Steps

of the Non-Autocatalytic Reaction Pathway®”

magnitude value unit source
Ki 5.16 x 10™° M ref. (73)
ku (7+2)x10° M this work
km 1.8+0.2 M's! this work
AH? 44.6 kJ mol-! ref. (73)
E.. 70 +2 kJ mol-! this work
E.u 23+2 kJ mol-! this work
AH2, 68 +2 kJ mol-! this work
AH2 21+2 kJ mol-! this work
AS -28.0 J K" mol-! ref. (73)
AS?, -60+5 J K" mol-! this work
AS? -171+6 J K" mol! this work

#ll1

“The equilibrium and rate constants are given at 25.0 °C. The experimental errors associated

to E, ), AH2, and AS?  are to be considered as lower limits.
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Figure 1. Visible spectra for the reduction of KMnO, (4.00 x 107 M) at [KH,PO4] = 0.120

M, [K;HPO4] = 0.150 M, pH 6.826 + 0.004 and 25.0 °C. Top: Periodical scanning at 50-min

intervals with [L-phenylalanine] = 5.00 x 10” M. Bottom: Spectra recorded at times 62 (a)

and 134 (b) min with [L-phenylalanine] = 5.00 x 10 M.
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Figure 2. Reaction rate as a function of time at two different initial concentrations of

KMnO,: 4.00 x 10 (bottom) and 1.00 x 10 (top) M. [L-phenylalanine] = 5.00 x 10~ M,

[KH,PO4] = 0.120 M, [K,HPO4] = 0.150 M, pH 6.826 + 0.004, 25.0 °C.
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Figure 3. Reaction rate / permanganate concentration ratio as a function of the permanganate

concentration calculated at 4-min intervals during the reduction of KMnO, (4.00 x 10 M) by

L-phenylalanine (5.00 x 107 M) in the presence of KH,PO4 (0.120 M)—-K,HPO4 (0.150 M)

buffer at pH 6.83 and 25.0 °C. The direction corresponding to the reaction progress is from
right to left.
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Figure 4. Reduction of KMnO, (4.00 x 10* M) by L-phenylalanine (5.00 x 10 M) in the

presence of KH,PO4 (0.120 M)—-K,HPO,4 (0.150 M) buffer at pH 6.83 and 25.0 °C. Top:

Absorbance at 420 nm as a function of time. Bottom: Pseudo-first order plot for the reduction

of Mn(IV) by the amino acid.
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Figure 5. Absorbance at 525 nm as a function of time for the reduction of KMnO,

(4.00 x 10* M) by L-phenylalanine (5.00 x 10® M) in the presence of KH,PO4 (0.120

M)-K,HPO, (0.150 M) buffer at pH 6.83 and 25.0 °C. The circles correspond to the

experimental absorbances and the continuous line to their simulated counterparts with k;

336 x10° s kb =3.49%x 10* s and k3 = 0.449 M 71,
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Figure 6. Ratio of the calculated and experimental absorbances at 525 nm as a function of

time for the reduction of KMnO, (4.00 x 10 M) by L-phenylalanine (5.00 x 10° M) in the

presence of KH,PO4 (0.120 M)—-K,HPO,4 (0.150 M) buffer at pH 6.83 and 25.0 °C. Top:

Three rate-constant mode (average error E = 4.19 x 10™). Bottom: Two rate-constant model

(average error £ =9.14 x 10™),
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Figure 7. Experimental rate constants k; (top), k» (middle) and k3 (bottom) as a function of

the amino acid concentration for the reduction of KMnO, (4.00 x 10* M) in the presence of

KH,PO, (0.120 M)—K,HPO, (0.150 M) buffer at pH pH 6.826 + 0.004 and 25.0 °C.
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Figure 8. Experimental rate constants k; (top), k» (middle) and k3 (bottom) as a function of

the reciprocal of the hydrogen ion concentration for the reduction of KMnO, (4.00 x 10* M)

by L-phenylalanine (5.00 x 10 M) in the presence of KH,PO4 (4.80 x 102 -0.144 M) —
K,HPO, (0.120-0.240 M) buffer at pH 6.66 —7.47 and temperatures of 20.0 (empty circles),

25.0 (filled circles), 30.0 (empty triangles), 35.0 (filled triangles) and 40.0 (squares) °C.
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Figure 9. Attempted linear correlations between the apparent values of the activation
parameters associated to the experimental rate constants & (top, Tik = 229 = 99 K, r = 0.8003),
ky (middle, Ty =277 + 6 K, r = 0.9994) and k3 (bottom, Tj = 350 £ 29 K, » = 0.9896) for the

reduction of KMnO,, (4.00 x 10* M) by L-phenylalanine (5.00 x 10> M) in the presence of

KH,PO, (4.80 x 107 -0.144 M) — K,HPO, (0.120—0.240 M) buffer at 5 different pH values

in the range 6.66 —7.47 and temperatures in the range 20.0 —40.0 °C.
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Figure 10. Arrhenius plots for the intercepts (empty circles) and slopes (filled circles) of the
rate constant versus [H']" linear correlations associated to the experimental rate constants &,

(top), k> (middle) and k; (bottom) for the reduction of KMnO, (4.00 x 10* M) by L-

phenylalanine (5.00 x 102 M) in the presence of KH,PO, (4.80 x 102-0.144 M) — K,;HPO,

(0.120-0.240 M) bufter at pH 6.66—7.47 and 20.0 —40.0 °C.
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