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Kinetics and Equilibria for the Reversible Hydration
of the Aldehyde Group in Glyoxylic Acid
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The kinetics of the dehydration of the hydrated
aldehyde group in glyoxylic acid in aqueous
solution have been studied at 298 K by means
of a scavenger technique. In the pH-ranges
1-5.5 and 7—8.5 semicarbazide, followed by
spectrophotometry, and sulphite, followed by
pH-stat, were used as scavengers, respectively,
and for a single experiment at pH= 6 hydrox-
ylamine, followed by spectrophotometry, was
found most suitable. The dependence of the
first-order dehydration rate constant on pH
and scavenger concentration indicated general
acid-base catalysis and also showed that the
rates of dehydration of hydrated glyoxylic acid
and glyoxylate ion are different. The various
spontaneous and catalytic rate constants are
reported.

The equilibrium constants for the hydration
of the two protolytic forms of glyoxylic acid
were determined by combination of the present
kinetic data with polarographic literature val-
ues. Thus, K;=[R,R,C(OH),}/[R,R,CO] for
glyoxylic acid and glyoxylate ion are found
to be 3.0 x 102 and 15.1, respectively.

The mechanism of the hydration process is
discussed. The apparent existence of intra-
molecular catalysis by the carboxyl group may
be attributed to activation entropy effects,
caused by additional water molecules attached
to this group, rather than to intramolecular
general acid catalysis.

The study of intramolecular -catalysis 1n
simple molecules as models for more complicated
catalytic phenomena such as enzyme activity
has developed in recent years and has become
an important discipline within chemical kinet-
ics.! Thus, a very simple model for the function
of the biological enzyme carbonic anhydrase —
catalysing carbonyl group hydrations — might
be a carbonyl compound possessing some
catalytically active group, such as a carboxyl
or an amino group. Suitable amino carbonyl

compounds are not particularly well known
and will not be treated further in the present
paper, but several well defined carboxylic
carbonyl compounds are commercially available
and a few have already been studied with
respect to hydration of the carbonyl group,
for example, pyruvic acid *~»%(CH,COCOOH)
and glyoxylic acid 4%° (CHOCOOH). Both of
these compounds participate in metabolic
processes in living organisms and the degree and
rate of their hydration occupy a central position
in this respect as pointed out by Davis.?® The
kinetics and equilibria for the hydration of
pyruvic acid have now been extensively in-
vestigated, but this is not the case for glyoxylic
acid. In the polarographic work by Kuta,®
where the limiting current at the dropping
mercury cathode in certain pH-ranges is mainly
determined by the rate of dehydration of the
irreducible hydrated carbonyl group to the
reducible free form only the quantity
ky/Kyp=ks?[ky, [for definition see eqn. (1)]
could be determined.
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More recently Ahrens® has obtained data for
the rate of dehydration of hydrated glyoxylic
acid using a ¢-jump technique and for the degree
of hydration using UV spectrophotometry,
but the reliability of the rate constants seems
to be rather limited, probably because of the
many assumptions involved in explaining the
experimental behaviour of the system.

The present paper reports the results of a
more detailed study of the dehydration of
hydrated glyoxylic acid using a scavenger
technique. The same method was employed
for .the investigation of glycolaldehyde 1
(CHOCH,0H), but in the case of glyoxylic acid
the situation is somewhat more complicated by
the dependence of the rate and equilibrium
constants on the dissociation of the carboxylic

group.

EXPERIMENTAL

Glyoxylic acid, monohydrate, cryst. (Fluka,
purum) M=92.054 was kept over P,0, in a
desiccator. The mean of three determinations
of the molecular weight by titration with
standard alkali (phenolphthalein as indicator)
was M=92.6. The compound was used without
further purification. BDH Analar Na,SO,.7H,0,
Na,S8,0;, semicarbazide hydrochloride, and
hydroxylamine hydrochloride were used for
preparation of scavenger solutions. Analar
NaCl for adjusting the ionic strength and
doubly distilled water were used throughout.

In the pH-range 7—8.5 sulphite (pK,I=
=17.20) was used as a scavenger by a pH-stat
technique (Radiometer, Copenhagen), which has
been described in detail earlier.,12 The scaveng-
er solutions had total sulphite concentrations
in the range 1x10~2—5x 1072 mol dm™ and
ionic strengths (NaCl) 0.10—0.15. A 0.2 M
solution of bisulphite was used as titrant and
the initial concentration of glyoxylic acid in
the reaction solution was about 5 x 10-2 mol
dm=2? established by dilution of a 0.5 mol dm™3,
neutral, aqueous stock solution of glyoxylic
acid (glyoxylate ion).

Semicarbazide (pK,=3.65) was used as a
scavenger in the pH-range 1-—5.5, where a
UV spectrophotometer (Beckman DB GT)
recorded the appearance of the semicarbazone
at its maximum absorbance, 255 nm. No other
species present in the solution absorbed to an
appreciable extent at this wavelength. At the
higher pH-values (>ca. 2.6) a scavenger solu-
tion of known pH and total scavenger con-
centration (10-2— 10! mol dm=3, I=0.1) was
thermostated in a 1 cm silica cell and the reac-
tion was initiated by adding 1—5 nm? of a
0.1 mol dm aqueous stock solution of glyoxylic
acid. The same procedure was applied at the
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lower pH-values ( <ca. 2.6) but because of the
risk of reduced scavenger capacity (discussed
later) higher total scavenger concentrations
were used (5x1072—2.5x 10" mol dm3, I=
=0.25).

A single series of similar experiments with
hydroxylamine (pK = 5.97) as a scavenger was
carried out at pH=6.0 (concentration range
1x1072—6x 10-2 mol dm™3, I =0.1). The maxi-
mum of absorbance of the reaction product
in this case was at 220 nm and there was no
appreciably interference from other species in
the solution at this wavelength.

All experiments in the present paper were
carried out at 298.2+0.2 K.

RESULTS AND DISCUSSIONS

The application of the scavenger principle,
illustrated by the consecutive reaction scheme
A=B (I) and B+ C-D (II), where the process
(I) is to be studied and C is the scavenger,
requires that B reacts with C much faster than
it is converted to A. If this is so, the conversion
of A to B will be the rate determining step and
the velocity will be independent of the con-
centration of C (if this is not too small) apart
from possible catalytic effects.

The kinetic curves for the dehydration of
hydrated glyoxylic acid (A) were found to be
of first order and there was no sign of incomplete
scavenging in the concentration ranges used,
but at the lower pH-values it was necessary to
increase the total concentration of semicarba-
zide because of ‘“‘deactivation’ of this species
due to conversion into the protonated form.?
The observed rate constants (kg,s) could be
obtained as —slope/0.4343 from plots of
log ja;—aw| versus time, where a represents
an arbitrary scale. The main results of the kinet-
ic measurements are collected in Table 1. Table
2 contains results which can be used for calcula-
tion of catalytic constants of the scavengers
in question except for hydroxylamine, which
was not examined in detail. The values for the
two protolytic forms of semicarbazide can easily
be determined to a good approximation as the
slopes of ky,s versus total scavenger concen-
tration, which showed good linearity. This is
so because semicarbazide at the extreme pH-
values (2.00 and 5.20) exists mainly in its acidic
and basic forms, respectively. The catalytic
constants are given in Table 3 and it is worth
noticing that kryy,t and kgyyg, apply to
the catalysis of dehydration of the acidic and
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basic forms of glyoxylic acid, respectively
(pK 4 =3.3, see later).

For sulphite, the situation is less simple, but
it can easily be shown 1! that the slope of the
line ks versus total sulphite concentrations is

FsosSulH 1 Tons0, +fus0.K akso,
SsooJulH1]1+ K4 fuso,

where f denotes activity coefficients (fygo, and
Jso, taken as 0.78 and 0.37, respectively ¢)
and K, is the thermodynamic dissociation
constant for the bisulphite ion, 10-7* mol
dm=? at 298.2 K.* Thus, kygo, and kgo, can be
determined by combining the slopes at two
different pH-values. From the combinations
at pH 7.20/7.40, 7.20/7.60, and 7.40/7.60,
respectively, the following values were found
for kggo./kgos: —0.050/0.187, —0.007/0.167, and
0.061/0.154. Therefore, kygo, and kgo, can be
taken as = 0 and 0.17 dm?3 mol~ s~1, respective-
ly. These can be compared with the values of
~0 and 0.30 and =0 and 0.22 dm® mol?
s™! for glycol-and formaldehyde, respectively.11,12

After correction for catalysis by the
scavenger, t.e. after extrapolation to zero
scavenger concentration, the rate of dehydra-
tion can be expressed in the following way for
glyoxylic acid:**

Rate = (k' + kg [H*] + kon’ [OH ) [HA] +
(ko + kg [HT] + kou[OH])[AT]

slope = (2)*

where HA and A~ represent the acidic and the
basic forms of hydrated glyoxylic acid, respec-
tively, k, and %,” are the “spontaneous’ rate
constants, ¢.e. the rate constants for catalysis
by the solvent (H,0), and ky, ky', kou, kox’ are
catalytic constants for catalysis by H* and
OH".

Using the relation [Ht][AT]/[HA]=K,,
where K, now denotes the concentration acid
dissociation constant for hydrated glyoxylic
acid, eqn. (3) can be rearranged to

Rate = (b’ + kK s + kg [H+])[HA] +
(Fo+ & oK y1,0/ K 4 + o[ OH])[AT] (4)

* As a simplification the ion charges of Ht, OH-,
HSO0,™, 804*~ and A~ are omitted when these ions
are used as indices.

** Intermolecular catalysis by glyoxylic acid and
glyoxylate ion is neglected which was shown ex-
perimentally to be reasonable because of the low
concentrations (<<5x 1072 mol dm™3).

By applying the relations [HA]=[Ht]x
((HA]+[AT))/(K,+[HY)] and [A]=K,x
((HA]+[AT])/(K4+[H*]) to eqn. (4) and tak-
ing into account that the rate constants k,
and ky K, cannot be separated experimen-
tally (ky +kyKy=kga?) — the same applies
to k, and kopKy,o/Ka (ky+kou Kuo/Ka=
=k, —eqn. (4) becomes:

Rate = kyyo((HA] +[A7]) (5)
where

’ + '_
by = ks’ +ka'THT] | kp’+kou[OHT] (6)

1+K,[HY]  1+[H)K,

which can also be written as
kgza® ky’10-PH

Fobs = -pH S0
1+ Ky fu/10PH fy+ K, fry?/107P
ka° ko 10°PH-PKH0
A 0H e

1+10PH/K s fir  fom+ 107PHf /K, fir

or

kHAo + kHI
1+ 10PH~3.38  ](QPH-0.10 4 ]()2pH-3,50
kp°

+
1+ 10%.3¢-PH

kops=

k
OH (8)
1018.88-pH ] 017.26-2pH

where fy is taken as 0.83 and 0.79 at I=0.1
and 0.25, respectively, and foy as 0.76.!* The
value of K, was determined by Kuta ® to be
10-2-% (0.1 M citrate, 298 K).

The four rate constants in eqn. (8) were
chosen so that the resulting values of kg~ as
a function of pH ~fitted the experimental
data in Table 1. This is shown graphically in
Fig. 1, where the solid curve was calculated
from the rate constants given in Table 3. The
good agreement implies that the four rate con-
stants are determined with fair accuracy and
that the value 3.30 used for pK, of hydrated
glyoxylic acid is reasonable.

These values can now be compared with
the results obtained by Kuta ® and Ahrens.?
For the dehydration Kuta found ky,° K, HA=
8.3x10°%s71, k,\°/K;A=3.65x10"*s7, and
bop/kp®=2.8%x10* dm® mol-! s, K,HA and
K2 being the hydration equilibrium constants
of glyoxylic acid and its anion, respectively,
which combined with the results of the present
paper give K;HA=3.0x10%, K,;A=15.1, and

Acta Chem. Scand. A 28 (1974) No. 2



Hydration of Glyoxylic Acid 165

N /
T P2 P TN N BPS, G B
2 4 6 8 pH
Fig. 1. Dependence of ky,s on pH. Experimental points are indicated with standard deviations.
calculated curve. — — — single terms of eqn. (8): a=ky’-term, b =/Fky,-term, ¢ =k,°-term,
d=kgy-term.

Ky A=32.2. These values are again comparable
with K HA =10° and K;A=16.5 given by Ahrens,
who used & spectrophotometric technique for
this purpose. It would seem that the most
acceptable of these four values are K, HA=
3.0x10? and K,A=15.1 (16.5). The acid
dissociation constant for dehydrated glyoxy-
lic acid can now be determined as K, x
K FAKyA=1%x10"% mol dm=* which is in
fair agreement with the value 1.3 x 10~ mol
dm-* reported by Turjan.'

The agreement of equilibrium constants is
within reasonable limits. However, this is not
the case for the dehydration rate constants
obtained by Ahrens and the present authors.
Ahrens ® found £,°<6x107%~1 [(5.5+0.2) %
10731, kg a®= (125 4+ 75) x 10-2 s [(25 + 1) x 107%],
and kop=(2.6+2)x 10° dm?® mol-1s~[(9+ 1) x
10?], where the figures in square brackets are
results from the present paper. It is clear that
the many assumptions and approximations
involved in reducing the experimental ¢-
jump’’-results by Ahrens to single rate constants
tend to increase the uncertainty of these. We
therefore believe that our results, which have
been obtained in a much more direct way, are
the more reliable.

Intramolecular catalysis of carbonyl hydra-
tion and keto-enol tautomerism by the carboxyl
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group of a-keto acids has often been discussed.
Thus, the considerably higher rates of spon-
taneous hydration and dehydration of pyruvic
acid than, e.g., acetaldehyde (see Table 4),
although the extent of hydration is approxi-
mately the same, has been attributed to intra-
molecular general acid catalysis by the carboxyl-
group.®' Similarly, the higher rates of iodina-
tion of «-keto-acids compared with these for
“normal” carbonyl compounds have been ex-
plained by such an effect.’®-* As can be seen
from Table 4 pyruvic acid is not unique in
this respect; glyoxylic acid can be convenient-
ly compared with formaldehyde and shows
higher rates of spontaneous reaction if the
difference in the degree of hydration of the two
substances is taken into account.

However, in a recent paper by Pocker ez al.2
strong arguments against this theory are put
forward. Investigation of the hydration kinetics
of the methyl and ethyl esters of pyruvic acid,
where no intramolecular acid catalysis is pos-
sible, showed that the rate constants for spon-
taneous hydration (273 K) were similar to that
for the acid itself. Similarly, it was shown by
Bell and Ridgewell,* Meany,? and by Fischer
and Schellenberger 2* that the rates of keto-enol
tautomerism of the methyl and ethyl esters of
pyruvic acid were close to that of the free acid.
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Table 1. Collected dehydration rate constants
(s7!) corrected for scavenger catalysis. The
maximum standard deviation is +0.02 for
pH and +5 9, for k., apart from the last two
values, where it is estimated to +10 %, for k.

pH kops X 10° Scavenger

1.00 34.7

1.15 32.0

1.35 29.7

1.50 27.0 semicarb-

2.00 25.5 azide

2.65 23.6

3.00 20.3

3.40 16.3

3.75 10.9

4.10 9.0

4.46 6.7

5.20 5.4 4
hydroxyl-

6.00 5.4 amine

6.90 8.0

7.00 7.7

7.20 7.9

7.40 8.5 sulphite

7.60 9.6

7.80 12.0

8.00 15.8

8.15 25.9

8.30 36.7

We therefore believe that the pronounced
catalytic effect of the carboxylic group in the
hydration of «-keto-acids may be attributed
to additional water molecules attached to the
carboxylic group in the hydrated compound.
It has been postulated and shown by various
authors %%,%,% that the hydration equilibrium
constant for pyruvic acid shows a third-power
dependence on water concentration, which
means that two molecules of water, in excess
of the one used for hydration, are attached to
the hydrated substance. A similar behaviour
has been shown by Jen and Knoche # for the
hydration of «-keto-glutaric acid and it may be
reasonable to believe that it also applies to
glyoxylic acid.

Bell and coworkers *3-2 have clearly demon-
strated that the transition state for the spon-

< H\“H" /H |.\| W
\c"lo ; (9) c"’uﬂ"?"?o (10)
R/ \b--H--(:J\ W \(}_Hf)\“\p

Y .

Table 2. Catalysis by scavenger substances.

Cior x 102 kops x 103 keare x 108
(mol dm™3) (s71) (s71)
Semicarbazide; pH 2.00

5 26.2 —
10 28.5 -
15 29.2 -
20 31.0 -
25 32.8

Semicarbazide; pH 5.20

5 5.9 -
10 6.0 -
15 6.2 -
20 6.7 -
25 7.1 -
Sulphite; pH 7.20

10 9.1 9.1
20 10.1 10.0
30 10.9 10.9
40 11.5 11.8
50 13.6 12.9
Sulphite; pH 7.40

10 10.4 10.1
20 10.7 11.0
30 12.6 12.2
40 12.7 13.0
50 14.3 14.2
Sulphite; pH 7.60

10 10.6 11.5
20 12.2 12.6
30 13.4 13.6
40 13.8 14.8
50 15.6 15.9

taneous hydration of simple carbonyl com-
pounds undoubtly consists of the carbonyl
compound and at least three water molecules
probably in a ring structure such as (9).

As a conclusion a plausible transition state
for the hydration of «-keto-acids may be illus-
trated as (10), where the process proceeds via a
transition state of ring structure as (9), but
where this transition state is stabilized by hy-
drogen bondings to the carboxyl group as
shown. As can be seen this mechanism does not
necessarily imply acid-base activity of the
carboxyl group and the catalytic effect would
seem to be an entropy effect. This is shown
experimentally by a comparison of activation
entropy values for the hydration of pyruvic
acid and acetaldehyde (Table 4). That for pyru-
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Table 3. Collected catalytic constants, k, and
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kg, for the dehydration reaction. k, and kg are

catalytic constants for the acidic and basic catalytic species, respectively. Temperature 298.0 K.

Compound Catalyst(aci- K, kpx 108 kg x 10®
dic species) (mol dm-3) (mol-! dms3 s-?) (mol—! dms3 s-1)
H,0* 55.5 76+ 5(ky’) (26+1)/55.5
Glyoxylic acid HSO,- 6.2 x 10~ - -
N+H,NHCONH, 2.24 x 104 30+5 -
H,0 1.8 x 10-1¢ (25 + 1)/55.5) -
(kgr2%/55.5)
H,0t 55.5 - (5.5 +0.2)/55.5
Glyoxylate ion HSO,;~ 6.2 x 108 =0 170+ 10
N+H,NHCONH, 2.24 x 104 - 6+1
H,0 1.8x 10-1¢ (5.5+0.2)/55.5 (9+1)x 10°
(k4"/55.5) (kom)

Table 4. Kinetic values and activation parameters for the hydration of various carbonyl compounds

in aqueous solution of 298.2 K.

Carbonyl Spontaneous Hydration 4H *hyd,_ 48 *h dr. Ref.
compound rate constants equil.const.  (kJ) J K1 mol-?)

Rnyar Kgenyar.”

(s7) (s7%)
Acetaldehyde 9.0 x10 6.1x 103 1.49 37.2 — 159 27, 28
Formaldehyde 10.2 5.1x10°3 2 x 103 - - 32
Glycolaldehyde 8.6 x102 9.6x10°° 9 — - 11
Pyruvic acid 1.56 x 10-1¢ 9.6x 102 1.63 39.3 —100 7, 25
Ethyl pyruvate 9.0 x10-2 3.9x10-? 2.33 31.8 — 89.5 22
Methyl pyruvate 1.156x10-* 4.0x 102 2.85 31.4 - 89.0 22
Glyoxylic acid 7.5 2.5x10-2  3.0x10? - - b
Glyoxylate ion 8.3 x102 55x10® 15.1 - - b
«-Keto-glutaric 1.75x 10t 1.3 x 10~ 1.35 - — 29

acid

¢ Extrapolation from 273 K. ® This paper.

vic acid is considerably less negative than that
for acetaldehyde while the enthalpy of activa-
tion is actually slightly higher for pyruvie acid.

Furthermore, the apparent intramolecular
catalysis in the methyl and ethyl esters of
pyruvic acid may be explained in a similar
way. Pocker et al.?? have reported that the
hydration of the two esters shows a second-
power dependence on water concentration so
that at least one water molecule is attached to
the ester group in the hydrated compound.
The transition state for this reaction may be
very similar to that for the pure acid [(10)]
but less hydrogen bonded due to the replace-
ment of —OH with — OR. Activation enthalpy
and entropy considerations for the two esters
(Table 4) also support this explanation as they
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do for the free acid, although it is difficult to
see why the esters should have less negative
activation entropy values than pyruvic acid.
This explanation of intramolecular catalysis
in a-keto-acids may also explain the lower de-
grees of hydration of the basic forms of these
acids, e.g. glyoxylic acid/glyoxylate ion in
Table 4, the carboxylate group having reduced
hydrogen bonding capability and so is unlikely
to bind the extra water molecules needed to
facilitate the hydration of the carbonyl group.
This also implies that the carboxylate ions do
not show intramolecular catalysis and indeed
the rate constants of hydration and dehydration
of the glyoxylate ion are very similar to those
of glycolaldehyde which shows no sign of
intramolecular catalysis (Table 4).
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Intramolecular catalysis of carbonyl hydra-
tion by carboxyl groups is not yet clear. The
homologous series CO,H —(CH,),,—CO—CH,
studied by Bell and Fluendy '® with respect to
iodination does not hydrate sufficiently for
easy study. The only member of the series
CO,H - (CH,),—CO—-CO,H, where carbonyl
hydration is ‘“activated” by the neighbouring
carboxyl group in the manner already described,
that has been studied, is «-keto-glutaric acid
(n=2).2° This compound shows higher rates of
hydration and dehydration (Table 4) than
pyruvic acid though not as high as might be
expected if intramolecular catalysis also by the
remote carboxyl group was important.
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