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The transformations of methylglyoxal, namely oxidation-reduction dispro-
portionation into lactic acid and aldolization reactions, were investigated in
alkaline medium (Na,CO,, NaOH) as a system of parallel reactions of the first
and second order. The rate and catalytic constants were determined by
a numerical calculation involving the method of least squares from polaro-
graphic and potentiometric investigations of the course of the transformation
reactions.

BbinM M3ydeHbl NpeBpaILEHHs! METHITJIHOKCANA, OKHCIIUTENILHO-BOCCTAHO-
BUTEJIbHAS JUCTIPOMIOPLHOHALMS B MOJIOYHYIO KHCJIOTY M PEAKLIMH allb0JIH3a-
uun B wwenoqHo# cpepe (Na,CO,, NaOH) B kauyecTBe CHCTEMBI MOGOYHBIX
peakuit I n II nopsinka. KoHCTaHTBI CKOPOCTH M KaTanu3a ObLIH ONpEReeHb
YMCJIUTENILHBIM METOAOM HA OCHOBAHMH NMOASAPOrpaMYECKOro U MOTEHLHO-
METPHYECKOrO UCCNIEfOBaHMs XOfa NpeBpallieHHH MPH NOMOIIM METOAA Hau-
MEHBIIINX KBaJ[PaTOB.

Methylglyoxal which frequently appears as a product of alkaline degradation of
sugars, is subject to further transformations [1]. It is relatively stable in acid
medium. However, it undergoes mainly two transformations in alkaline medium,
Le. oxidation-reduction disproportionation into lactic acid and aldolization reac-
tions.

The qualitative characteristics of these transformations [2, 3] were quantitatively
kinetically ascertained [4, 5] for two parallel reactions of the first and second order.
An intramolecular mechanism of the formation of lactic acid was confirmed by
measurements in D,O. Besides the reaction order and character of catalysis, we
have found that the primary product of aldolization enters into further consecutive
reactions. The enol character of the methylglyoxal anion or subsequent products of
aldolization has not been confirmed (mass, u.v. methods).
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The determination of the ratio of rate constants based on the solution of the
above system of parallel reactions by the manual method of slope in the origin [6)
did not give any satisfactory results. Therefore the ratio of constants was deter-
mined from the boundary concentration conditions for which only one type of
reactions was preferred [5]. As that was an approximative solution, we decided to
study this problem again by using the numerical methods based on the application
of the method of least squares. The measurements were performed in media with
constant pH. and the reaction components were analytically determined by
polarographic and potentiometric methods [5]. The numerical calculations were
carried out with a programming calculator.

Determination of rate constants

From the kinetic view-point, the transformations of methylglyoxal A, represent
a system of parallel reactions, namely oxidation-reduction disproportionation into
lactic acid A, (a first-order reaction) and aldolization into hexane-4-ol-2,5-di-
one-1-al A; (a second-order reaction). If we neglect the rate of dealdolization of
As, we may calculate the ratio of rate constants &,/ k of the parallel reactions of the
first and second order from the relationship [A.] = fi([Ai]o—[A.]) where

k;/k2+a

f1=k1/kz In m

[A1]o= a is the initial concentration of methylglyoxal, [A,] = a — x is the concentra-
tion of methylglyoxal at the time moment ¢ while [A;]=y and x stand for the
concentration of lactic acid and consumed methylglyoxal, respectively [6].

We shall seek the optimum numerical value b= ki/k; which fulfils the
condition of least squares. Thus it holds for the residual sum of squares AS;

n

. b,' +a 2 .
AS, —’Z:l (y,-— biIn Fr—— -x,-) =min
where n, is the number of selected measurements.

The rate constant of the first reaction order k; was calculated from the temporal
relationship [A;]o — [A.] =x =f(¢) which was governed by the following equation

t——l-(ln a__n k,/k2+a)
Tk a—x ki/ka+a—x

If we insert box = ki/ k2, we obtain for the residual sum of squares AS,

AS=S [t,-— 1 (1n—2—-1n bopt a )]2 (1)

klop( — Xi bop‘+a—x,~

i=1
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where n, is the number of selected measurements. On squaring and rearrangement,
we obtain

2B C
ASZ-A—'kl"P"“k?“p( (2)
iy
where A=2 P

<& a_ bop+a
B=> 1 (ln - In b.,,,.+a—x.->

C=§(In e —In bo + 4 )2
a—x; bop+a—x;

If we put kL=Z, eqn (2) assumes the form
1opt

AS;=A-2BZ+CZ" 3

According to the theory of least squares AS,=min, because it holds dAS,/dZ =0.
It results from eqns (2) and (3) that Z= B/C, i.e. ky o= C/ B. The value of k; is to
be calculated from ko« and the optimum ratio of the constants k,/k,.

Experimental
Instruments

The transformation reactions were carried out in a universal titration vessel EA 880
equipped with a glass electrode EA 109 H and calomel electrode EA 404 (Metrohm,
Herisau). This equipment was connected with an automatic titrator of the type TTT2 serving
for pH control (Radiometer, Copenhagen). A burette controlled through a magnetic valve
by the titrator was used for potentiometric determinations. The polarographic analyses were
performed with a polarograph of the type Polariter PO4 (Radiometer, Copenhagen). The
temperature of the polarographic and titration vessel was held constant accurate to +0.02°C
with a thermostat U10 (Priifgerite Medingen, Dresden). The kinetic parameters were
calculated by means of a programmable calculator TI-59 equipped with a printer PC-100 B
(Texas Instruments, Dallas).

Chemicals

Methylglyoxal, a 30—35% solution in H,O, of technical purity (Fluka, Buchs) was
adapted to nominal concentration on the basis of polarographic determination.
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Isobutylamine purum employed for preparation of the isobutylamine buffer and
1,2-phenylenediamine purissimum (Fluka) were redistilled before use. Sodium hydroxide,
sodium carbonate, and hydrochloric acid used for adjusting alkalinity of the reaction
medium and potentiometric determinations were prepared from standard solutions ““Tit-
risol” (Merck, Darmstadt). The ionic strength was adjusted by adding KCI of anal. grade
purity (Lachema, Brno).

Procedures

The kinetic measurements were performed in a pH- and temperature-controlled reaction
vessel in nitrogen atmosphere by using the instrumental technique and procedure described
in the preceding paper [5]. The preparation of carbonate-free solutions of sodium hydroxide
was described in [5]. The concentration of methylglyoxal was polarographically determined
as 2-methylquinoxaline in the isobutylamine buffer after condensation with
1,2-phenylenediamine [7]. Lactic acid was determined by potentiometric titration carried
out directly in the reaction vessel by reading the values of the carbonate-free NaOH
consumed for pH-statting. Except the temperature dependences, the kinetic measurements
were performed at 25°C while the analytical polarographic determinations were made at
20°C. The ionic strength was held constant and was 0.3 in sodium carbonate and 0.1 in
sodium hydroxide.

The methods of calculation for determining the optimum values of the ratio of the rate
constants of both transformation reactions and the rate constant of disproportionation are
represented by algorithms in Fig. 1.*

Results and discussion

The values of the rate and catalytic constants determined for the catalysis of the
transformation reactions of methylglyoxal by the OH™ ions measured at constant
ionic strength I=0.3 and constant concentration of methylglyoxal
(0.001 mol dm™?) in the Na,COs concentration interval 0.001—0.1 mol dm™ at
25°C are given in Table 1. The values of the constants found under equal basic
conditions at the constant 0.001 mol dm™ concentration of Na,CO; and varying
concentration of methylglyoxal in the interval 0.001—0.1 mol dm™ are presented
in the lower part of this table.

The values of analogous constants ascertained for disproportionation and
aldolization of methylglyoxal at 25°C for constant ionic strength I=0.1,
0.01 moldm™ NaOH, and 0.005moldm™ methylglyoxal as well as
0.01 mol dm™ methylglyoxal and 0.002 and 0.001 mol dm~> NaOH are given in

* The authors supply the program of calculation in AOS and directions for use on request.
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Table 2.

In both tables, there are also the optimum values of the ratio of the rate constants
of disproportionation and aldolization serving for calculating the optimum values
of the rate constants of the oxidation-reduction disproportionation of methylglyox-
al the importance of which considerably increased by introducing the numerical
methods of calculation. The pH values are quoted because they significantly
influence the determination of the catalytic constants. A fluctuation of the
determined kinetic data is observable in the first part of Table 1 because the
pH-statting in the initial stage of reaction makes inconvenience at low concentra-
tions of Na,COs.

CE)

store subroutine ;
e, 4 cycle i=1=n,
values calculate f(x)

[(Alg, xy,t n calculate

1 b,"a 2
-b; n—~————
Iz<yl ! nbi’a"x’-)

bopf*a
— n————— :R_
a-x; bopt‘ a-x; !

b1-Ab=boptH print Hstop)
and print
no 1
calculate
b,~4b=b =
[ b-ab=bg kg = kyopt/ Bopt
and print

Fig. 1. Algorithms for the calculation of the optimum values b, = (ki/k;)o and the values of the rate
constants of parallel reactions of the first (4, ..) and second (k) order.
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Rate constants ki, k; and catalytic constants k", k$**" for the oxidation-reduction disproportionation and aldolization of methylglyoxal catalyzed by

Table 2

the OH™ ions in NaOH solutions at /=(.1 and 25°C

CH,COCOH
resp. pH k- 10* k, - 10° ka/ ki k- kS
NaOH_, s~ dm® mol™'s™' dm® mol™ dm’ mol™'s™* dm® mol2s™"
mol dm
0.005 115 2.9 5.7 596 1.03 60.2
0.01 mol dm™ CH,COCOH
0.002 10.9 8.3 4.7 571 1.05 60.2
0.001 10.87 7.3 4.2 581 0.98 57.2

TVXOATYTAHLAN 30 NOLLVARIOASNVAEL
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The mean values of the catalytic constants determined for both transformations
catalyzed by the OH™ ions under given reaction conditions are AP =
0.104+11.1% dm® mol ™' s™" for the oxidation-reduction disproportionation and
kM =61.1+6.4% dm® mol > s™' for the aldolization of methylglyoxal. The per-
cents express the corresponding mean relative errors. The values of activation
energies determined from the temperature dependences in the temperature
interval 15—35°C divided into sections of 5°C for the reactions of 0.01 mol dm™
methylglyoxal in the medium of 0.01 mol dm™ Na,CO; at I=0.3 are Ea =
56.6 kJ mol™" for the oxidation-reduction disproportionation and Ea,=
117.7 kJ mol™ for the aldolization of methylglyoxal.

A comparison of the data numerically determined by the use of the method of
least squares with those obtained by the approximate method shows that the kinetic
data obtained by both methods are consistent for disproportionation but the data
obtained by the first method for aldolization are higher. This fact may be caused
just by the approximative determination of the value of the ratio of rate constants
in the preceding study [5]. The determined constant of aldolization is lower because
even a higher concentration of methylglyoxal starts to decrease during the reaction
and the disproportionation proceeds to get the upper hand. If we use the numerical
method for determination of k,/k,, we avoid approximation and both transforma-
tion reactions continue to be weighed. The identification of products of the
consecutive aldolization reactions is the topic of further study.

The procedure of numerical calculations based on the method of least squares [8]
may be divided into two fragment determinations, i.e. (ki/kz)ope and kyop deter-
mination, and used according to the extent of usable memory of the programmable
calculator. In general, it is suited to analogous use for kinetic systems of parallel
reactions of the first and second order.
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