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Equilibrium constants of the glyoxylic acid hydration have been
defined more precisely taking into account the values of the DC po-
larographic limiting kinetic current and the dimerization effect.

For the correct calculation of the rate constants for the glyoxylic
acid dehydration and recombination reactions, the diffusion contri-
bution of the dehydrated anions into the limiting kinetic current of
the first and total DC polarographic waves was considered and the
concept of the preceding consecutive rate determining reactions of
the dehydration and recombination was used. The rate constants
from the DC polarographic data have been obtained that are close
to the ones from the pulse polarographic and spectrophotometric
data. On the basis of a comparison with the linear-sweep voltam-
metric data, intermolecular catalysis of the dehydration reaction
was noted. The recombination stage corresponds to protonation of
the carboxylate group. The fast intramolecular protonation of the
carbonyl group after the recombination stage has been considered.

INTRODUCTION

Kinetics and equilibrium for the glyoxylic acid (GA) dehydration-
hydration and recombination-dissociation reactions are important for bio-
chemistry (metabolic processes!), electrochemistry (reduction of carbon di-
oxide,?? theory of the antecedent electrode chemical reactions*'%) and other
fields. Electrochemical methods for the investigation of these reactions have
been used more often*' than nonelectrochemical methods.20-25
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These reactions in the bulk of aqueous solutions for monomer*22 and di-
mer'® forms of GA are described by Schemes (1) and (2), respectively.

1 + H+;k]12 2
A-C—— " HA
kyq1;—HT
+Hg0 k14 +Ho0| [T &32 1)
k14 ~Hy0 ko3 —-H,0
+ H k 54 +H + 5 k 4,3
A" H,0- T——A. HQO < HA-H,0
5 k45 -H* ]\23,4;—1‘[+ 3
6 H 4 +oH* 3 7
HA,2H,0” = 2A-H,0” <= —> 2HA-H,0 < H,A,-2H,0 (2)

where: 1 — HC(O)COO~; 2 - HC(O)COOH; 3 - HC(OH),COOH; 4 — HC(OH),
COO~; 5-HC(0O)(OH)COO~; 6 -HC(OH),COOH -HC(OH),COO~; 7-HC
(OH),COOH -HC(OH);COOH. The corresponding rate constants are indi-
cated in Scheme (1) as well. It should be noted that, unlike some other
a-keto acids,?® the keto-enol equilibrium is absent in the case of GA.

For the first time the dehydration rate constants (k4,1; Scheme (1)) and
the recombination rate constants (%, 5) were calculated by us®!° on the basis
of the DC polarographic data* and the linear—sweep voltammetry data.?
Subsequently, a lower (3—4 times) value of k4 ; has been obtained from pulse
polarographic!! and spectrophotometric (scavenger technique)??2% methods.
Our calculations of &, ; by the same technique®1° on the basis of DC polaro-
graphy data®13:14 gave discrepancy analogous to the data.l1:2223 All these
calculations were carried out for the same hydration equilibrium constant.?

In the present work, the reasons for the indicated discrepancy are re-
vealed and more correct rate constants of the GA dehydration and recombi-
nation as well as the equilibrium constants of the hydration are presented.

EQUILIBRIUM CONSTANTS

Dimerization-Dissociation of Glyoxylic Acid

Barceza and Mihalyi'® have determined the equilibrium constants of the
GA dimerization by the potentiometric (pH) titration at ionic strength 7 =1
and 25 °C:

K4’6=[HA2 . 2H20_] / [A . Hzo_]Z[H+] = 11 ° 103 (3)

‘K3,7 = [H2A2 . 2H20] / [HAH20]2 = ].2 (4)
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For designations of particles see Scheme (1).

Taking into acoount the K, ¢ value (Eq. (3)) at pH 4.5-11, when anions
A -H,O of GA dominate in solution, the GA dimerization is negligible at
Cia £0.2 M (C is the analytical concentration). At pH < 0.5, when molecules
HA -Hy0 of GA dominate in solution from the Kj; value (Eq.(4)), it follows
that at Cgy < 4-1072 M the GA dimerization is negligible. At the same time,
in these conditions (pH < 0.5) at Cy, = 0.9 M we obtain that the degree of
the GA dimerization equals 51%. From these calculations, we can see that,
in the conditions of Ref. 8 at pH 9.2 and Refs. 4, 5, 1-14, 22, the GA dimeri-
zation is negligible due to the low Cy,. However, in Ref. 8, the GA dimeriza-
tion must be taken into account in determination of the equilibrium constant
of the HA hydration at Cqy = 0.9 M (1 M H,SO,). Corresponding correction
to the data® will be introduced below.

Dehydration-Hydration of Glyoxylic Acid
Equilibrium constant of the GA anions hydration (Scheme (1)) is:

Ky, =[A-HyO1/[A] = ky4/ kan (5)

and for molecules

K2)3 = [HAHZO] / [HA] = k2,3 / k3’2. (6)

The reference data on these constants are shown in Table I. It should be
noted that the values of K; 4 and K, ; obtained in Refs. 20-22 are too low.
This conclusion follows from the calculation of the diffusion contribution of
the dehydrated A~ anions (K; 4) and dehydrated molecules HA (K, 3) into the
limiting kinetic current of the total wave of GA:2”

2-[A1 =49/ (1 + Ky (7

where y is Ilkovic’s constant; 3¢ is the average limiting diffusion current.
For the instantaneous limiting diffusion current, y and i are replaced by y
and 7%, respectively, in Eq. (7). In calculation of y -[HA] in Eq.(7), the K; 4
constant should be replaced by K3 The determination of y-[A”] and
x-[HA]or x -[A7] and y - [HA] using values K; 4, = 15.1- 32.2 and K5 3 = 1- 102
from Refs. 20-22 (Table I) showed that the diffusion contributions of A~ and
HA are close to, or larger than, the limiting current of the total wave®513.14
in the definite range of pH 4.5-7.0 for A~ and at pH ~ 0.5 for HA. This
contradicts its kinetic nature and indicates the low (mistaken) values of the
used K; 4 and Ky 5. At the same time, the values of K; 4 = 62.5 (linear-sweep
voltammetry)® and 72 (pulse polarography),'! K;3 = 1.7-10? (linear-sweep
voltammetry),® and 1-103 (spectrophotometry)?! are more correct since the
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TABLE I

Equilibrium constants of the glyoxylic acid hydration, 25 °C.

K, K,, Method” Ref.
- (~1-10% PJ 20
62.5” 1.7-10° LSV 8
- 8.3.10% LSV 8%
(16.5) ~1-10° S 21
(15.1-32.2) (3-10% S 22
- 1.4-10° - 22¢
72.0 + 1.7 - PP 11
(260)” - NMR 23
(163) - NMR 24

a) PJ = Pressure jump; LSV = Linear-sweep voltammetry; S = Spectrophotometry; PP = Pulse
polarography; NMR = Nuclear magnetic resonance; b) 22 °C; ¢) Corrected by us.

diffusion contributions of A~ and HA found on the basis of these constants
are considerably lower. This is in agreement with the kinetic nature of the
total wave. The reason for the lowered values of K; 4 = 15.1 — 32.2 calculated
in Ref. 22 from the ratio of k4 /K 4 value? is the high (mistaken) ky1/Ki 4
value.? In calculation of this value,* the diffusion contribution of A~ (see
below) to the limiting kinetic current of the total wave was not taken into
account. The values K; 4, = 260 and K; 4 = 163 (Table I) obtained from nuclear
magnetic resonance data23?* are not accurate since an internal standard
should be added to the solution for the determination of this constant. The
difference between K; 4 values obtained in Refs. 23 and 24 is most likely
caused by the different nature of the internal standards used. Moreover, the
value of k;4 determined from polarographic or pulse polarographic and
spectrophotometric methods would be different if the values of K; 4 = 260 or
163 were used in the calculation from polarogaraphic data. Constant K; 4
should not be used to estimate the value of ;4 from spectrophotometric
data.?22325 The K, 3 = 3 - 102 value?? obtained from the ratio k3 o/Ky 3 = 8.34 -
1075 s71 (1 M HyS0,)* was calculated inaccurately since the k3,20 value??
instead of the constant of k3 g = k3 520 + k3 ,H'[H*] was used. The catalysts
of the acid-base catalysis (e.g., H*, HyO) are indicated by the supperscript.
Using the k3,120 = 2510257, kg o = 7.6-102 M1 s7! values? and [H*] =
1.23 M for 1 M HyS0,2® we calculated the correct value of Ky3 = 1.4-10°
(Table I). The influence of the HA diffusion contribution can be neglected in
this case. We also corrected the Ky 3= 1.7 - 103 value® taking into account the
dimerization of GA! at Cgy = 0.9 M. As indicated above, the degree of
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dimerization in these conditions equals 51%. Hence, the correct value of K, 3
= 8.3-10%

Thus, it follows from Table I that the K, , = 62.5 value® and 72.0 value'!
(the average value from Table IV in Ref. 11) and (K, 4)ay is 67 = 5 and the
K, 3 8.3-10% value® (with our correction), 1-10% value?! and 1.4 - 10° value®?
(with our correction) and (KZ,S)AV is (1.1+0.2) - 103 are the most correct.

Recombination-Dissociation of Glyoxylic Acid

The overall-dissociation constant K, (Table II) is incompletely concen-
trated and can be calculated from the expression

K,'= ag*([A-Hy0] + [A-]) / ([HA - H,0] + [HA]). (8)

We recalculated it using the activity coefficients for the uni-valent ion??

(Table II) into the completely concentrated constant K, (Table II):

K, = [H*([A-H,0] + [A]) / (HA -H,0] + [HAJ. 9)

The K, values at I = 0.3; 0.5; 0.6 (Table II) were obtained from the de-
pendence of pK, on I.

Unfortunately, up to now K, value was used at I = 0 (K, = 5.0-107%)
though the investigated solutions had I > 0. An exception is Ref. 11, in
which the recalculation of K, (I = 0) into K, (I = 0.3) was made similarly to

TABLE II

Dissociation constants of the glyoxylic acid, 25 °C.

I fiy K K" K,, K,,  Method” Ref.
0 1 50-10*% 5.0.10™ - - C 15
0 1 - - 1.3-1072 - - 9, 10
0 1 35.10* 3.5.10" - - Pot 18
0.1 081 66-10%Y 81.10™ - - Pot 16
0.3  0.81 - 88.-10* 21.102 88-10* - 11
0.3  0.81 - 1.1-10°  1.8-10% 1.1-107° - e)
05 084 10-10° 12.-10° 19.10% 12.10° Pot 17
0.6  0.87 - 1.3-10% 20-10% 13-10° - e)
1.0  0.99 - 14-107° - - Pot 19

a) agt; b) [H']; ¢) C = Conductometry; Pot = Potentiometry (pH); d) 20 °C; e) calculated by us.
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the recalculation of K, for pyruvic acid solutions.3° The K, values for differ-
ent ionic strength, based on experimental data for glyoxylic acid, are pre-
sented in Table II. These K, values, together with the average values of K, 4
and K} 5 selected or corrected by us, were used for the calculation of K, ; and
K; 4 (Scheme (1)).

Equation for K, ; is:
Ky, = [H*]-[A7]/ [HA] = kg1/ k19 (10)
and from Eqgs. (5), (6), (9) and (10), we obtain
KQ,]_ = Ka (1 + Kz,g) / (1 + K]-A)' (11)
For K3 4 (Scheme (1)), we have
K, =[H*]-[A-HyO7] / [HA-HgO] = k3 4/ kys (12)
and from Eqgs. (5), (6), (9) and (12), we have
K3’4 = KaK1,4 (1+K2’3) / K2’3 (1+K1y4). (13)

From Eq. (13) it follows that since K, 3>>1 and K, 4>>1 (Table I), K;, =
K, (Table II). The K, 5 and K3, values calculated by us (Eqs.(11) and (13))
are shown in Table II.

The eqilibrium constants K, 4, K, 3, K5 ; and K3 4 which will be used be-
low are presented in Table III.

RATE CONSTANTS

In further text, the determination of the rate constants of the GA dehy-
dration and recombination by the DC polarographic method will be consid-
ered in more detail. These determinations were based on the limiting ki-

TABLE III

Equilibrium Constants of the glyoxylic acid hydration and dissociation used in
this work, 25 °C.

I K1,4 K23 KZ,I K34
0.3 67 1.1-10° 1.8-1072 1.1-107
0.5 67 1.1-10° 1.9.1072 1.2.107

0.6 67 1.1-10° 2.1-1072 1.3-107




KINETICS AND EQUILIBRIUM OF THE REACTIONS OF GLYOXYLIC ACID 733

netic current measurement at the GA electroreduction at the mercury
dropping electrode. Both average*® and instantaneous!'®!* currents have
been investigated.

In order to simplify the kinetic task, we have been limited by the analy-
sis of the two pH ranges: pH < 0.5 when molecules HA - H,O dominate and
pH = 4.5 — 11 when anions A -Hy,O~ dominate. The dimerization of GA due
to low Cg, is negligible (see above).

Depending on pH, either only the total wave of GA (pH < 4.5; pH > 7.5)
or the total and first waves (pH 5.0-7.0)* 71314 were observed. The height of
the first wave was decreased with the pH increase from the height of the to-
tal wave (pH 4.5) to zero (pH 7.0).

Limiting Diffusion Current: This current for GA has not been experi-
mentally obtained to date. Kuta* calculated the diffusion coefficient (D) for
GA on the basis of the A - H,O~ equivalent conductance and he obtained D =
1.01-107% cm? s7L. Then, using Ilkovic’s equation,®! Kuta* calculated the lim-
iting average diffusion current of GA. These calculations were used in our
work as well.

Limiting Kinetic Current: The limiting kinetic current of the total wave
at pH < 0.5 corresponds to the scheme:*

—Hy0; k3 +2e”
HAH,0 &> HA —*— (14)
2,3; +Hg

and at pH 4.5-11 corresponds to the scheme*

__“HoOskan, +2€”
AHLO ——— A —— (15)
k145 +Hy0

The limiting kinetic current of the first wave (pH 5.0-7.0) corresponds to
the scheme.?10-14

—Hy0; kg, _ +H% Ry

+2e”
< HA — (16)
k1,4§ +Hy0 k2,1§ -H*

Kinetic analysis for Schemes (14) and (15), without determination of %4,
and k, ;, was carried out by Kuta? on the basis of Koutecky’s equation3233
for average currents. However, this equation cannot be applied to Scheme
(16) with the two consecutive rate determining stages. The solution of
Koutecky?* for similar schemes was inaccurate.?® Therefore, for analysis of
Scheme (16), we applied?1? the concept of two reaction layers.?® Later, after
the correction of Koutecky’s solution,?* we have obtained?® the kinetic equa-
tion for Scheme (16) (k1 4 >> ky1; kg1 >> kq o[H*]):

0.5 0.5
K K
“[H+]:113K1,{k 24} +113{ 1’4] [H*] (17)

f 1,261 41b1

sd ok
1

o~
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which practically coincided with the equation for the concept of two reaction
layers.?® In Eq. (17), i¥ is the average limiting kinetic current of the first
wave. In the case of GA electroreduction, a simpler equation for Scheme (16)

has been obtained®!? since ild >> ¥ and §9 >> Zj* from Eq. (17):
05
i —L ky1 K4 - K
Z [H*]= [ 41 K14 2,1] (18)
11 k12

where ;¥ is the average limiting kinetic current of the total wave in the pH
range (pH 5.0-7.0) at the first wave observation.

Rodriguez - Amaro et.al'* have analyzed the scheme close to Scheme
(16) for the first wave and instantaneous current but in a wider pH range. If
we are limited by Scheme (16) (pH 5.0-7.0), the solution!* is close to Eq.
a7).

At the same time, all the kinetic equations applied so far in DC polaro-
graphy for the GA investigation had a common drawback. These equations
did not take into account the diffusion contribution to the limiting kinetic
current of HA in the case of the total wave (Scheme (14)) and A~ in the case
of the total wave (Scheme (15)) and the first wave (Scheme (16)). This con-
tribution was caused by the relatively low hydration equilibrium constant
particularly for A~ (Table III) and the relatively low dehydration rate con-
stants. It should be noted that Fond et. al.!! took into account the indicated
contribution of A~ in the case of the pulse polarographic study of process
(15).

We used the Kuta* DC polarographic data obtained from Koutecky’s
equation®??®3 for Scheme (14) (pH < 0.5), k3 o/Ky 5 = 4.32-107 571 (0.5 M
H,S0y), k3 o/K; 3 = 8.34-107° s7! (1.0 M H,SO,). Considering the large K, 3
value (Table III), the diffusion contribution of HA to the limiting kinetic cur-
rent was neglected in the k; , calculation. Using, together with data* for pH
< 0.5 (Scheme (14)), the pulse polarographic data obtained by Fonds et.al.:
k3 o/Ky 3 = 2.1-107 (0.3 M HCI) the K, 5 value (Table III) and from Ref. 28
[H+] = 0.60 M for 0.5 M H,SO, and [H*] = 1.23 M for 1 M H,SO,, we ob-
tained the linear dependence of k3, on [H*] for the acid-base catalysis at pH
<0.5

kyo=k3o™20 + kg ot [H]. (19)

The values of the rate constants in the catalysis by H,O and H* ions
(Eq. (19)) are shown in Table IV.

The technique of the &, ; determination from the total wave at pH 4.5-6.5
(Scheme (15)) should be changed because the diffusion contribution of the A~

anions to the limiting kinetic current of the total wave should be considered.
The neglect of this effect is the reason why the &, ; value*#-1% (Table IV) is
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TABLE IV

735

Rate constants of the glyoxylic acid dehydration and recombination, 25 °C.

k3,2H20 k3,2H k4,1H k4,1H20 k4,1OH k4,1Bufi ki o Method® Ref
st Mgl Mgt s Mgl M-l Mgl erho e
1
- - - 23.107 - _ 23,10 P 4,810
1
_ _ _ 5.9.10°° _ _ 2.0(-)10 P 4P
- - — 44.107%° - - - P 5
- - 29 - - — 48107 P 14
- - - 6.3-10° - - 20-10° P 14"
40.10° 70,100 _ - - - - P; PP 4, 11"
- - - - 1.3-10*  3.7¢ - P 4>
1
- - - 178.10° - _ 1410 PP 11
1
3 _ _ _ _ _ 11010 PP 11b)
95.102 16,100 55100 9.10° - - S 22
- - 25.10° <6-10* 2.6-10° - - TJ 21
B _ B 7.10% (©05-11-10 ~ 5 93
- - - 11-10% 25.10* 0.38° - S 25
- - - - - 0.117 - S 25

a) P = Direct current polarography; PP = Pulse polarography; S = Spectrophotometry (scaven-
ger technique); TJ = Temperature-jump; b) Calculated by us; ¢) 20 °C; d) Buf; is H2BO3™; e) Buf;

is HPO4>"; f) Buf; is HoPOy4 .

larger than the ones obtained from the pulse polarographic and spectro-
photometric?>23.25 data (Table IV).

The diffusion contribution of the dehydrated anions A~ to the limiting
kinetic current of the total wave can be calculated by Eq. (7). Hence, the
purely kinetic part of the total limiting kinetic current or the corrected lim-

iting kinetic current is:2”

(CiR)eorr = ZiF — 48 / (1 + Ky ).

(20)
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Similarly, for the corrected limiting diffusion current, we obtain Eq. (21):
(1 corr = Z0d — it / (1 + Ky ). (21)

For instantaneous currents, Egs. (20) and (21) are the same.

From the ratio of the corrected kinetic and diffusion current, applying
Koutecky-Weber’s Table,333 we calculated the correct &, ; value close to the
pulse polarographic!®’ and spectrophotometric??2325 data (Table IV). In
these calculations, the DC polarographic data (total wave) for the average
limiting current*5 and instantaneous current!* were used. In the latter
case, the limiting kinetic current of the total wave was leveled to the limit-
ing kinetic current of the first wave at pH 4.2—4.5. Besides, the limiting dif-
fusion current,* using Ilkovic’s equation and D = 1.01- 105 cm? s™!, was cor-
rected and the value of 118 pA was obtained.

In the pH 4.5-6.5 range, the equation of the general acid-base catalysis
has the form:

k4’1 = k4,1H20 + k4’1H [H+] + k4y10H[OH_] + ZkiBufi [Bufl] (22)

where Buf; is the catalytic component of a buffer. The term with OH~ con-
centration at pH < 6.5 is negligible taking into account the rate constant in
OH™ catalysis (Table IV). As it was shown in Ref. 4 and 5 for the pH 4.5-6.5
range* and pH 4.5-5.5 range,® the limiting kinetic current of the total wave
does not depend on pH and the buffer nature. It corresponds to the
spectrophotometric data??2? (pH 5.0-6.5). Hence, from Eq. (22) for pH
4.5-6.5 range, we obtain

kyy = kypH20 (23)

and the k4 ; values in Table IV are shown as k4 729,

Similar correction in the diffusion contribution of A~ anions was also
carried out by us for the calculation of k4 ,°" and &, ; 1289 values (Table IV)
obtained by Kuta* (pH 8.27-9.97; borate buffer) without the indicated cor-
rection and as the ratio of &, /K 4.

For determination of the rate constant recombination, it is necessary to
consider the limiting kinetic current of the first wave depending on pH for
both average* and instantaneous!4 currents. Eqs. (17) or (18) are not suit-
able for this purpose because they were obtained®!? without considering the
diffusion contribution of dehydrated anions.

Correction of the limiting kinetic and diffusion currents of the first wave
on the basis of Egs. (20) and (21) is not possible because anions A~ are not
reduced at the potentials of the first wave. Therefore, to obtain the kinetic
equation corresponding to Scheme (16), we have used the concept of two re-
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action layers®1936 but, in contrast to Refs. 9, 10, 36, the diffusion contribu-
tion of A~ anions was taken into account. In this solution, the condition
u>>121036 should be kept (u; is the thickness of the reaction layer for the
dehydration stage; 5 is the thickness of the reaction layer for the recombina-
tion stage). Initial equations for obtaining the final kinetic equation are:3%

ik =44 — ¥ [A-Hy0 ] ([A-Hy0 ], >> [A]) (24)

ik = aprkyy [A-HoO s — aprkq 4 [A]s + 1 ([A7] — [AT]0) (25)

i = augky o[ Al [H*] (26)

1 = (D/ky 4)05 (27)

pg = (D/kg )5 (28)

a/x = 0.886 (t1/D)%5 (29)

(i - 7 [AT]D / G = i) = aprkay/ 1. (30)

From Eqgs. (5), (7), (10), (24)~(30), taking into account i¢ >> i* and 74
>> i¥, we obtain Eq. (31):

(Zak — iO[H*] / ik = (kyy Ky 4 Ko/ k19)05 + 1.13 (Ky 1/ kyg-t)%5. (31)

Eq. (31) is confirmed by the experimental data? for the first wave: the
linear dependence lg [(Zi* — 7¥) / %] on pH with the slope equals to one. For
[H*]y (first wave) when i = X i%/2 from Eq. (31) we can write Eq. (32):

k19 = (K1 / [H*119?) - [(ky - K1 4)5 + 1.13 t1705]2, (32)

From Eq. (32), on the basis of the above found value of &, ; = k, ;"2° (Ta-
ble IV) from the total wave, the [H*],,, value for the first wave (activity co-
efficients for the [H*] calculation from pH are shown in Table II) and the
K, and K, 4 values (Table III), we have calculated the rate constant of re-
combination k; , (Table IV).

For the equation of the instantaneous limiting kinetic current for the
first wave, the initial equations are analogous to Egs. (5), (7), (10), (24)—(26),
(30). However, instead of equations (27)—(29), equations obtained by Smith
et al.3” for instantaneous limiting kinetic current should be used in the fol-
lowing form:
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a,u1k4,1 / X = 1.386 (k4,1_ -t /K1,4)0'545 (33)

a,uzkm[H*] /){ = 1.386 (k1,2 t/ K2’1)0‘545 [H+]1'091. (34)

On the basis of Egs. (5), (7), (10), (24)—(26), (30), (33), (34), we found

(Zgf — i) [H*L091 / ik =

= Ky4(kyq-Ko1/ k1o Ky 4054 + 0.722 (Ko 1/ kyg-1)0-54° (35)

and analogously to Eq. (32) we obtain Eq. (36):

ko= (Ky1/ [H*119?) [Ky4 (ks / Kq4)02%5 + 0.722t7054511835 (36)

In accordance with Eq. (35), the linear dependence of lg[(Zz1 -1 ky / le] on
pH for the first wave with the slope slightly larger than one (1.04) is con-
firmed by data.!* From Eq. (36) by using &, ; = k4,720 (Table IV) from the
total wave, the [H*];, value from the first wave!* and K, , and K, , (Table
III), we have calculated the value of k&, 4 for instantaneous currents (Table
V).

In Table IV, the rate constants of dehydration and recombination are
shown. Using the corresponding equilibrium constants (Table III), the rate
constants of hydration and dissociation can be easily calculated.

DISSCUSION

The k3, values calculated by us using DC polarographic* and pulse po-
larographic data in the wide range of [H*] (0.30-1.23 M) are close to the
spectrophotometric data?? (Table IV) that show their reliability. However,
k3520 calculated by us from these data*!! is lower than that obtained in
Ref. 22 (Table IV). At the same time, the value of k35 =0.11 s7! calculated by
us using DC polarographic data'® at pH = 0 leads to the k3 ,2° value closer
to the data.?? Thus we can at present speak only about the reliability of the

constant kg, = (7-8)- 10‘2 M- s (Table IV).

The values of k4 1 calculated by us using DC polarographic data
are close to the correspondlng kg H O values obtained from the pulse pola-
rographic!! and spectrophotometrlc22 23 data (Table IV). The &, ;"20 value
calculated from the data® at 20 °C is a little lower than cons1dered above be-
cause the latter ones were obtained at 25 °C. High k, ;720 value in Refs. 9,
10 (Table IV) is caused by the absence of correction of the diffusion contribu-
tion of anions A~ to the limiting kinetic current. Thus, the reliable values of
ky 1120 are (6-8) 1073 s7! (Table IV). For these rate constants, the thickness

4,14
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of the reaction layer p; (Eq. (27)) is close to the thickness of the diffusion
layer. However, due to high concentration Cg, (3¢ >> 3% and i/9 >> %i|¥), the
violation of the stationary condition of the diffusion and chemical reaction is
negligible. Calculated by Eqgs. (27) and (28), u; and u, values support the
correlation of u; >> p, that was used in drawing Eqgs. (31) and (35).

The k4’1OH value calculated by us using the DC polarographic data? cor-
responds to the spectrophotometric data?? (Table IV) and allows the hope
that the value k, ;%% = (0.9-1.3)-10* M~! s7! is reliable.

It was interesting to compare the k,; value obtained by Eggins et a
using the linear-sweep voltammetry with the k4, value calculated on the
basis of k1520, k, ;OH and k,,72B% (Table IV) from the DC polarographic
data.* The kyy = 1.14 st Value was found!?38 for 0. 2 M H;BO, + 0.1 M
(CH3),NOH (up to pH 9.0). The value of ky; = 0.83 s7! was obtained by us
from linear-sweep voltammetric datal? takmg into account the diffusion
contribution of A~ (Egs. (20) and (21)) and K, 4 = 67 (Table III). The evalua-
tion of k, ; from the Eq. (37) of the acid-base catalysis at pH = 9.0 ([HyBO37]
= 0.05 M):

112

kyy = ky1120 + kg OM [OH] + kg 2B [HyBO37] (37)

gave ky; = 0.32 sl It can be believed that the higher k,; value
corresponding to datal? is caused by higher concentration Cgy = 0.2 M (salt)
while Cgp = 4 - 1073 M was used in Ref. 4. Hence, in the conditions of Ref. 12,
the intermolecular acid-base catalysis is observed together with the HyO,
OH~, HyBOg3™ catalysis.

Table IV supports the conclusion of Sorensen et al.?? on the unreliability
of the &, ; 20 and k, ;° values obtained in Ref. 21 by the temperature jump
method.

The %, 5 constant calculated by us using DC polarographic data* corre-
sponds to the value obtained from pulse polarographic data'! (Table IV). For
comparison with other data, the results'! were recalculated by us on the
[H*] concentration and all the proton donors of the buffer were considered
(Table VI in Ref.11). This led to an increase of the rate constant of the re-
combination in comparison with H;O*-donor!! only by ~20%.

It should be noted that the close value of k; , obtained from Refs. 9 and
10 to the correct by calculated %, 4 value in this work (Table IV) is a random
coincidence because in Refs. 9 and 10 the not correct high kyy (kypH29)
value (Table IV) and Eq. (18) without consideration of the diffusion contri-
bution of the A~ anions have been used.

The &, 5 value obtained in Ref. 14 is by about three orders lower than
the %, 5 value!! and the k, 5 value calculated by us from the data* (Table IV).
This is probably caused by the following reasons: i) use of low values K =
15.1 and K, 3 = 3102 (see above) in Ref. 14; ii) neglect in this Ref of the dif-
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fusion contribution of the anions A~ iii) neglect of the &, ; #20 value; taking
into account that k4" = 29 M-1s U from Ref. 14 at pH > 5 the k, ;20 >>
ky {H[H*]. On the basis of our recalculation of the DC polarographlc datal4
using Eq. (36), the &4, 120 value from the total wave (pH 4.2—4.5)!* and the
more correct K 4 value (Table III), the k, 5 value from data'* was found close
to that from data®!! (Table IV).

Comparison of the obtained k, 5 values with the rate constants of recom-
bination of other acids using Bronsted equations®® shows that: 1) kio =
(1-2)- 1019 M1 s7! is reliable and 2) the adsorption effect of GA on the rate
recombination is negligible unlike in the case of phenylglyoxylic acid.??-4!
The recombination corresponds to protonation of the carboxylate group.
This stage, along with the preceding dehydration stage, causes the observa-
tion of the limiting kinetic current of the first wave at GA electroreduction
(pH 5.0-7.0). Fleury et al.*? noted for other a-keto acids that the recombina-
tion stage connected with the kinetic current is caused by the protonation of
the carbonyl group. However, this is contrary to the above indicated Bron-
sted correlation with the dissociation constants for the carboxyl groups.?? At
the same time, for explanation of the data*? on the correlation of the half-
wave potential and Taft’s polar substituent constants in the conditions of
the initial protonation of the carboxylate group, it is necessary to assume
the following chemical and electrochemical stages of the electrode process
(Eqgs. (38—41)):

HC(OH),C00™ —*™_5 HC(0)COO™ + H,0 (38)
HC(0)COO™ + H —X2 5 HC(0)COOH (39)
HC(0)COOH ———— HC(O*H)COO0™ (40)
HC(O*H)COO™ + 26~ + H* &——— H,C(OH)COO" (41)

In Schemes (38)—(41), the protonation of the carbonyl group is absent in
the stage of recombination (39), as mentioned by Fleury et al.#? Protonation
of the carbonyl group is the result of the following fast equilibrium stage
(40) of the intramolecular protonation. The limiting kinetic current is
caused by only slow stages (38) and (39) because in the conditions of the
limiting current, the stage (41) is also fast. However, at the current lower
than the limiting current (when the half-wave potential is measured in the
case of the GA irreversible wave), stage (41) becomes slow similarly to
stages (38) and (39). Hence, the half-wave potential should be dependent on
the nature of the polar substituents, including carboxylate-anion, that were
observed by Fleury et al.*?
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CONCLUSIONS

1. Values of the limiting kinetic current and the dimerization effect were
taken into account for calculation and selection of the correct values of equi-
librium constants of the glyoxylic acid hydration reactions.

2. Methods of determination of the rate constants were developed for
conditions of the preceding electrode chemical reaction (including consecu-
tive ones) and of the diffusion contribution of a reaction product into the
limiting kinetic current.

3. Correction of the rate constants of the glyoxylic acid dehydration and
recombination reaction, investigated by the DC polarographic method, was
performed. The corrected values are close to the ones obtained by the pulse
polarographic!! and spectrophotometric?223 methods for different acid-base
catalysts.

4. On the basis of the linear-sweep voltammetric data'? at high concen-
tration of glyoxylic acid, the intermolecular acid-base catalysis of the dehy-
dration reaction was noted together with the H,0O, OH-, H,BO4~ catalysis.

5. The recombination reaction corresponds to protonation of the carboxy-
late group. The fast intramolecular protonation of the carbonyl group after
the recombination stage has been considered.

Acknowledgments. — The author expresses his gratitude to Dr. I.Kuselman for
the interest in the present work and valuable advice and to Dr. I. Turyan for assis-
tance in the preparation of the manuscript.

REFERENCES

=

. R. P. Davis, Enzymes 5 (1961) 545-562.

. E. A. Bennett, B. R. Eggins, E. A. McMullan, and J. McNeill, Anal. Proc. 17 (1980)
356-359.

3. B. R. Eggins, E.M. Brown, E. A. O'Neill, and J. Grimshaw, Tetrahedron Lett. 29
(1988) 945-948.

. J. Kuta, Coll. Czech. Chem. Commun. 24 (1959) 2532-2543.

V. D. Bezuglii, V .N. Dmitrieva, T. S. Tarasuk, and N. A. Izmailov, Zh. Obsch.

Khim. 30 (1960) 2415-2421.

. M. Becker and H. Strehlow, Z. Elektrochem. 64 (1960) 129-130, 813-817.

. M. Takagi, S. Ono, and T. Wasa, Rev. Polarography (Japan) 11 (1963) 210-216.

. J. Kuta and P. Valenta, Coll. Czech. Chem. Commun. 28 (1963) 1593—-1597.

. Ya. I. Tur’yan, Elektrochimiya (USSR) 1 (1965) 491-494.

. Ya. I. Tur’yan, Z. Phys. Chem. 229 (1965) 305-310.

A. W. Fonds, J. L. Molenaar, and J. M. Los, J. Electroanal. Chem. 22 (1969)

229-241.

12. B. R. Eggins and E. A. McMullan, Coll. Czech. Chem. Commun. 54 (1989) 2631—

-2637.

o \V]

-

=
= O ©®maom



742 YAKOV I. TURYAN

13. R. Rodriguez-Amaro, M. Gimenez, L. Camacho, and J. J. Ruiz, Port. Electrochim.
Acta 9 (1991) 237-240.

14. R. Rodriguez-Amaro, E. Munoz, J. J. Ruiz, J. L. Avila, and L. Camacho, Electro-
chim. Acta 39 (1994) 107-113.

15. W. Ostwald, Z. Phys. Chem. 3 (1891) 170, 241, 369; Landolt-Bornstein, Bd.2, 7
Teil (1960) 847.

16. J. E. Powell and Y. Suzuki, Inorg. Chem. 3 (1964) 690-692.

17. D. L. Leussing and E. M. Hanna, J. Am. Chem. Soc. 88 (1966) 696—699.

18. G. Ojelund and I. Wadso, Acta Chem. Scand. 21 (1967) 1408-1414.

19. L. Barcza and K. Mihalyi, Z. Phys. Chem. N. F. 104 (1977) 199-212; 213-218.

20. H. Strehlow, Z. Elektrochem. 66 (1962) 392-396.

21. M.-L. Ahrens, Ber. Bunsenges. Phys. Chem. 72 (1968) 691-696.

22. P. E. Sorensen, K. Bruhn, and F. Lindelov, Acta Chem. Scand. A28 (1974) 162—168.

23. A. R. Rendina, J. D. Hermes, and W. W. Cleland, Biochemistry 23 (1984) 5148-
-5156.

24. S. Gunshore, E. J. Brush, and G. H. Hamilton, Bioorganic Chem. 13 (1985) 1-13.

25. J. E. Meany and Y. Pocker, J. Am. Chem. Soc. 113 (1991) 6155-6161.

26. S. Ono, M. Takagi, and T. Wasa, Coll. Czech. Chem. Commun. 26 (1961) 141-155.

27. Ya. I. Tur’yan, Elektrokhimiya (USSR) 21 (1985) 231-236.

28. K. S. Pitzer, R. N. Roy, and L. F. Silvester, J. Am. Chem. Soc. 99 (1977) 4930-4936.

29. Yu. Yu. Lur’e, Reference Book on Analytical Chemistry, Khimiya, Moscow, 1989,
p- 87.

30. K. J. Pedersen, Acta Chem. Scand. 6 (1952) 243-256.

31. J. Heyrovsky and J. Kuta, Fundamentals of Polarography, Mir, Moscow, 1965, p.
72.

32. J. Koutecky, Coll. Czech. Chem. Commun. 18 (1953) 597-610.

33. J. Weber and J. Koutecky, Coll. Czech. Chem. Commun. 20 (1955) 980-983.

34. J. Koutecky, Coll. Czech. Chem. Commun. 19 (1954) 1093—-1098.

35. Ya. I. Tur’yan, A. A. Kakosyan, and C. A. Martem’yanov, Elektrokhimiya (USSR)
11 (1983) 1482-1490.

36. Ya. I. Tur’yan, Chemical Reactions in Polarography, Khimiya, Moscow, 1980, pp.
22,73.

37. D. E. Smith, T. G. McCords, and H. L. Hung, Anal. Chem. 39 (1967) 1149-1152.

38. R. S. Nicholson and I. Shain, Anal. Chem. 39 (1964) 706-723.

39. Ya. I. Tur’yan, Coll. Czech. Chem. Commun. 30 (1965) 4150-4167.

40. B. N. Afanas’ev, Elektrokhimiya (USSR) 4 (1968) 1089-1093; 1385-1390.

41. B. N. Afanas’ev, Coll. Czech. Chem. Commun. 33 (1968) 1186-1194.

42. M. B. Fleury, J. Moiroux, D. Fleury, and J.-C. Dufresne, J. Electroanal. Chem. 81
(1977) 365-376.



KINETICS AND EQUILIBRIUM OF THE REACTIONS OF GLYOXYLIC ACID 743

SAZETAK

Kinetika i ravnotezZe reakcija hidriranja-dehidriranja
i rekombinacije-disocijacije glioksilne kiseline istrazene
elektrokemijskim metodama

Yakov I. Tur’yan

Konstante ravnoteze hidratacije glioksilne kiseline preciznije su definirane uzevsi
u obzir vrijednosti grani¢nih kineti¢kih struja dc polarograma te uéinak dimerizacije.

Za tofno racunanje konstanti brzina reakcija dehidriranja i rekombinacija glio-
ksilne kiseline uzet je u obzir doprinos difuzije dehidratiziranih aniona grani¢nim
kineti¢kim strujama prvoga i ukupnog dc polarografskog vala. Pri tome je koristen
koncept uzastopnih koraka koji prethode reakcijama dehidratacije i rekombinacije i
odreduju im brzinu. Iz dc polarografskih podataka odredene su konstante brzina re-
akcija koje su sliéne vrijednostima izra¢unanima na osnovi pulsno-polarografskih i spektro-
fotometrijskih podataka. Usporedbom s voltammetrijskim podatcima s linearnim
posmikom uoena je intermolekulska kataliza reakcije dehidratacije. Stupanj re-
kombinacije odgovara protonaciji karboksilatne skupine. Uzeta je u obzir brza inter-
molekulska protonacija karbonilne skupine poslije rekombinacijskog stupnja.



