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ABSTRACT

The kinetics of oxidation of D-glucose with 0.01-10mMm 2-anthraquinonesul-
fonic acid in 0.001-1M sodium hydroxide in ethanol-water of up to 61% (w/w) con-
centration of ethanol were studied over a temperature range of 25-45°. At high
concentrations of the quinone, the rate of oxidation of D-glucose was determined
by its rate of enolization, which was higher in ethanol-water solutions than in
water. The oxidation of the enolized D-glucose was first-order with respect to the
quinone, and it competed with isomerization to D-fructose. The ratio of the rates
of oxidation and isomerization was increased with decreasing ethanol concentra-
tion and increasing hydroxyl-ion concentration. D-Glucosone was proved to be the
only primary oxidation product of D-glucose.

INTRODUCTION

From the early 1970’s, when the beneficial effect of quinonoid compounds in
the alkaline pulping of wood was first reported’, studies on the oxidation of mo-
no-?, di->"*, and poly-saccharides*® with anthraquinone and its derivatives have
been conducted. Most of these experiments have been concentrated on analysis of
the reaction products, and search for possible reaction-mechanisms, whereas less
attention has been paid to the reaction kinetics. The oxidation of D-glucose with
sodium 2-anthraquinonesulfonate (AMS) is here discussed from the point of view
of the kinetics, with special emphasis on the primary oxidation-step. The effect of
solvent has been included, as it has been discussed in earlier publications dealing

with other alkali-catalyzed reactions of reducing carbohydrates®™®.

RESULTS AND DISCUSSION

Rate of disappearance of p-glucose. — It would be expected that the rate of
oxidation of D-glucose would be determined by its rate of enolization. To verify this
assumption, the effects of hydroxyl-ion concentration, ethanol concentration, and

temperature on the rate of disappearance of D-glucose was studied. The oxidations
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Fig. 1 Dwappearance of D-glucose m 10mM AMS solution at 35°, [ The hydroxyl-ion concentrations cor-
responding to the lines are 0.003.0 01,0 03,0 1. and 0 3m, reading down |
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Fig 2. Disappearance of D-glucose n (.1M sodium hydroxide m the presence of AMS (HmM) in o).
16(.1).33(@).and 617 (W) (ww) ethanol at 25, 35 and 457

were conducted under a nitrogen atmosphere, and an excess of AMS was used (to
prevent isomerization).

The disappearance of D-glucose (G) followed pseudo-first-order kinetics, in-
dependent of the reaction conditions, according to Eq. 7.

[n([Glot]/[(]luL]o) = —kdpp . [* (1)
where [G,.,] denotes the overall (ionized and un-ionized) D-glucose concentration.
Experiments conducted at different hydroxyl-ion concentrations (see Fig. 1) indi-
cated existence of a rate-determining intermediate having an ionization constant of
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Fig. 3. The ratio of the hydroxyl-ion-independent isomerization’ (D) and oxidation (0) rate-constants
of D-glucose in ethanol-water solutions to the corresponding values in water.
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Fig. 4. The hydroxylion-independent disappearance rate-constant of D-glucose in 0 (0}, 16 (2), 33 (@),
and 61% (®) (w/w) cthanol between 25 and 45°.

~30. This value corresponds reasonably well ‘to the ionization constant of D-glu-
cose’. At high concentrations of sodium hydroxide (>0.5M), part of the AMS and,
possibly, also of the D-glucose, was precipitated; this resulted in erroneously low
reaction-rates (lower than in 0.3M sodium hydroxide).

In ethanol-water solutions, the rate of disappearance of D-glucose was in-
creased significantly (see Fig. 2). The relative increase in the hydroxyl-ion-inde-
pendent rate-constant (Eq. 2) was equal to that reported earlier for the isomeriza-
tion of D-glucose’ (see Fig. 3).

k = kopp(l + Kg[HO )/KG[HO™], %)

where K is the ionization constant of D-glucose.
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The activation energy for the hydroxyl-ion-independent rate-constant was
118 kJ.mol !, and ethanol concentration had no influence on it (see Fig. 4). In ear-
lier work’, almost the same activation energy (122 kJ.mol™ ') was obtained for the
isomerization of D-glucose.

As the effect of hydroxyl-ion concentration, ethanol concentration. and
temperature is similar for both the isomerization and the oxidation of D-glucose, it
seems plausible that enolization is also the rate-determining step in the latter reac-
tion. The absolute values of oxidation rate-constant are somewhat higher than the
corresponding values of isomerization rate-constant. because. in the absence of
oxidant, part of the enolate ion is reconverted into D-glucose.

Oxidation and isomerization as competing reactions. — The overall reaction-
rate of D-glucose is determined by its rate of enolization. The enolate ion yields D-
fructose (F) and D-glucose in a certain ratio at the following rate:

d([Fuo] + [Gu)dr = a x d[FJidr = kJE ]dt, (3)

where a is a constant.
The rate of oxidation is determined by Eq. 4 if the oxidation reaction is first-
order with respect to AMS.

d[A)dt = k. JE JJAMS]d:, (4)

where [A] denotes the concentration of oxidation products. On the other hand, the
oxidation rate is

d[A}dt = a(d[F,,J/d), — a d[F,,}dr, (5)

where the subscript is used for conditions without AMS. By combining Egs. 3, 4,
and 5, the following expressions are obtained for the relationship between the rates
of oxidation and isomerization.

(d[FoJ/dn)e — d[FoJidr _ xg,

k‘ll
d[leVd[ T v k,‘ [AMS], (6)

where x,,, denotes the molar proportion of oxidized D-glucose,

The initial rates of formation of D-fructose obey Eq. 6 very well (see Fig. 5).
which means that the oxidation reaction is first-order with respect to AMS. The
oxidation efficiency of AMS is lower in ethanol-water solutions than in water solu-
tion. The relative rate of oxidation is increased constantly with increasing hvdroxyl-
ion concentration (sce Fig 6). When the hydroxvl-ion concentration is <0, 1M. the
increase is moderate. whereas, above 0. 1M hydroxyl-ion concentration, the rela-
tive oxidation-rate increases radically. being roughly proportional to the square of
the hydroxyl-ion concentration.
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Fig. 5. Effects of AMS concentration on the relative oxidation rate of D-glucose in 0 (0), 16 (1), 24 (A),
33 (@), and 61% (W) (w/w) cthanol at 25° On the left, the concentrations of AMS corresponding to the
curves are 0, 0.015, 0.038, 0.076, and 0.15mM, reading clockwise.
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Fig. 6. Effect of AMS concentration on the relative oxidation rate of D-glucose at 25°. The hydroxyl ion
concentrations corresponding to the lines are 1, 0.3, 0.1, 0.01, 0.003, and 0.001M, reading clockwise.

In preliminary experiments, it has also been shown that the oxidation effi-
ciency of AMS is significantly decreased, especially in ethanol-water solutions, if
9,10-anthradiol-2-sulfonate is added to the reaction mixture. In theory, this
phenomenon can be explained by deactivation of AMS through formation of a
semiquinone anion-radical®.

Primary oxidation product. — It had earlier been supposed that the primary
oxidation product of an aldohexose with a quinone would be the corresponding
hexulose?*>:!%, This assumption was based mainly on the fact that an epimeric pair
of hexonic acids is obtained from an aldohexose, but it is difficult to draw conclu-
sions from the quantity of the primary reaction products, as hexonic acids form
only a minor proportion of the reaction products.



66 T VUORINEN

P i

c/u‘l
~
o

20

Hexonic acids

{
i

i

§

|

d

T i
1 1 1 1 |-

0,02 0,04 0,06 0,08 01
MY (M)
Fig 7 Effect of calerum (¢)and barium (@) ion concentrations on the tormation of hexonie acids (ex
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Fig. 8. Effect of hydrogen peroxide on the tormation of arabinonic acid from oxidized D-glucose n
0 IM sodium hydroxide at 357

In the present experiments in sodium hydroxide, ~5 and 3¢/ of D-mannonic
and D-gluconic acid, respectively, were formed from D-glucose. When the hy-
droxyl-ion concentration was maintained constant, and calcium chloride was added
to the reaction mixture, up to 60 of hexonic acids was formed (sce Fig. 7). The
hexonic acids consisted mainly, or to >90¢ . of D-mannonic acid According to
Lindberg and Theander''. D-glucosone yields hexonic acids in almost the same
proportion and yield. With addition of barium chloride. a somewhat less-pro-
nounced effect was observed: this might partly result from the low solubility of the
barium salt of AMS.

Both arabinonic and ribonic acid were formed to the extent of 10 to 207 of
the D-glucose. depending on the reaction conditions. The vield of arabinonic acid
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was increased up to 95% when a small proportion of hydrogen peroxide was in-
cluded in the reaction mixture (see Fig. 8). Hydrogen peroxide alone caused no ap-
preciable oxidation under similar conditions. Because formation of arabinonic acid
is a well known result of the reaction of D-glucosone with hydrogen peroxide, it
seems plausible that D-glucosone is practically the only primary oxidation product
of D-glucose 2.

Formation of arabinonic acid from D-glucosone competes with other reac-
tions, and the corresponding reaction-rates are determined by Eqs. 7 and &, pro-
vided that the AMS and hydroxyl-ion concentrations are constants.

d[Ar)/dt = ka[GO][H,0;] (7)
d[A)/dr = kA[GO], (8)

where GO denotes D-glucosone; Ar, arabinonic acid; and A, other reaction-prod-
ucts. As the sum of concentrations of arabinonic acid and other reaction products
is equal to the concentration of reacted D-glucosone (or D-glucose), the following
expression (9) is obtained for the dependence of the yield of arabinonic acid on the
concentration of hydrogen peroxide.

xald/(1 = xa:) = kadka X [HO,], 9

where x 4, is the molar yield of arabinonic acid from one mole of reacted D-glucose.
The experimental data fit this equation very well (cf., Fig. 8).

In separate experiments, it was shown that the oxidation rate of 2-deoxy-D-
arabino-hexose is only one thousandth to one hundredth of the oxidation rate of D-
glucose, as determined by appearance of the brownish-red color of the reduced
species of AMS. This observation confirms the conclusion that D-glucosone is prac-
tically the only primary oxidation product of D-glucose.

Concurrent with the formation of D-glucosone, AMS is reduced, probably to
9,10-anthradiol-2-sulfonate (the reaction is first-order with respect to AMS, and it
involves transfer of two electrons), although the semiquinone anion-radical is also
formed as an equilibrium product®'3. When AMS was first reduced with a large ex-
cess of D-xylose and then, under vigorous stirring, D-glucosone was added drop-
wise, neither D-glucose, nor D-mannose, nor D-fructose was formed. Accordingly,
the oxidation of D-glucose may be regarded as an irreversible reaction.

EXPERIMENTAL

Materials. — All materials used were commercial products, except for D-
glucosone, which was prepared from D-arabino-hexose phenylosazone'* according
to Bayne'®. The purity of the D-glucosone was checked by allowing it to react with
hydrogen peroxide in alkaline solution under vigorous stirring. The yield of D-
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arabinonic acid was 95% (corresponding to the minimum purity of the D-
glucosone).

Rate of disappearance of o-glucose. — Reaction solutions lacking D-glucose
were prepared in vials sealed with septa. Air was removed by evacuation, and re-
placed by nitrogen. After thermostating. a solution of D-glucose m a small amount
of water was added. The initial concentrations of AMS and D-glucose were 10 and
ImM, respectively. The concentration of D-glucose was monitored by colorimetry.
The rate of disappearance of D-glucose was calculated from Eg 2 lonization con-
stants of D-glucose were obtained from the results of earlier work .

Relative oxidation rute of D-glucose. — The reaction was conducted as be-
fore. The initial concentrations ot AMS, D-glucose. and xylitol {internal standard)
were equal. The sugars were separated from the reaction mixture by jon-exchange
chromatography, and analyzed as their per(trimethylsilyhated oximes by g.lc.”.
The relative oxidation-rates were calculated from the initial rates of formation of
D-fructose according to Eq. 6.

Oxidation of D-glucose in the presence of calcium and barivem 1ons. — The
reactions were conducted in sealed vials under a nitrogen atmosphere. The initial
concentrations of AMS and D-glucose were 2 and (0.5M, respectively. The concent-
ration of sodium hydroxide was 0.01M {experiments with calctum) or .16 (experi-
ments with barium). The calcium and barium ions wete added as their chlorides
Part of the AMS was precipitated, even at 4mM concentration of barium chlonde.
After 3 h at 30°, the carboxylic acids were separated from the reaction imxture by
ion-exchange chromat..graphy, and analyzed by g.1.c.'®

Oxidation of D-glucose in the presence of hvdrogen peroarde. - The reactions
were conducted in a polvethylenc reactor under a nitrogen atmosphere. A peristal-
tic pump fitted with Tygon tubing was used to circulate the liquor, as well as to add
and remove samples. The initial concentrations of AMS and D-glucose were 2 and
ImM, respectively. The concentration of hydrogen peroxide was monitored by
iodometric titration'”, and maintained roughly constant throughout the reaction
After 3 h at 35° the amounts of D-arabinonic acid and unreacted D-glucose were re-
spectively determined by g.1.c.'" and colorimetry.

Colorimetric determination of n-glucose. — The concentration of D-glucose
was determined by a slightly modified, anthrone method'™. A sample (400 w1 of
reaction solution containing D-glucose (<ImM) was injected into @ test tube con-
taining 5 mL of cold. 0.1 solution of anthrone in 80¢¢ sulfuric acid The stop-
pered tube was shaken, and kept in a refrigerator until alf of the samples within the
series had been taken. The tubes were thermostated for 17 5 min at 90 (under
these conditions. the absorptivitics of D-glucose and D-fructose were equal). cooled
in a water bath at ambient temperature. and reshaken. The absorbances of the so-
lutions in a I-cm cuvet were measured at 625 nm with a Zeiss {Opton) PMO 11
spectrophotometer. The Lambert-Beer law was obeyed throughout the measuring
region (A <0.7). and the measurements were not interfered with by AMS.

Separation of reaction products. -—— Samples of reaction mixture were made
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neutral in a column of Dowex 50-W (H™) cation-exchange resin, and the eluate was
passed directly into another column containing Dowex-1 X-8 (Ac™ )anion-ex-
change resin, to remove carboxylic acids and AMS. The sugars were eluted with
water. The carboxylic acids were eluted from the lower column with M acetic acid.
The eluate was evaporated to dryness, and the residue was dissolved in a small
amount of 0.1M sodium hydroxide to open up lactone rings. Sodium ions were
again removed with Dowex 50-W (H') cation-exchange resin, the resin was
washed with water, and the eluate was immediately made neutral with 0.1M am-
monia to pH 7, to prevent lactonization.
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