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Abstract

The autoxidation of gluconate (Gluc) and glucuronate (GlcA) catalyzed by copper(II) ions was studied in alkaline
medium (pH 13), at 30.090.1 °C, by monitoring the oxygen uptake and the oxidative degradation of the ligands.
Different complexes of copper with gluconate were obtained, and their reactivities were compared. The compound
[Cu(Gluc)2] is commercially available, while the compound Na[Cu(Gluc)(OH)] was isolated at pH 11.5. A third
complex, the dimeric Na2[Cu2(Gluc)2(OH)2], was obtained at pH 5.0. The most active complex was
Na[Cu(Gluc)(OH)], showing a first-order dependence on both complex and gluconate concentrations. A saturation
effect was observed when a large excess of gluconate was added to the reaction solution. Induction periods of ca. 90
min were also observed in the presence of excess gluconate. A second-order rate constant of k= (1.4490.09)×10−3

mol−1 dm3 s−1 was determined, based on manometric measurements of the consumed oxygen. Comparative studies
revealed a faster oxidation of glucuronate in the presence of copper(II) ions, with k= (2.590.3) mol−1 dm3 s−1.
Free radicals were detected as reactive intermediates in these catalyzed oxidations by EPR spectroscopy, using
DMPO or POBN as spin traps. Evidence of the degradative oxidation of both ligands was obtained by the formation
of formate, glycolate and carbonate ions, resulting from carbon–carbon bond cleavage, monitored by capillary
electrophoresis. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Selective oxidation reactions are usually cat-
alyzed by metal ions having more than one
oxidation state, which are easily accessible
with common oxidizing agents. Most of the

increasing interest in these reactions comes
from the search for new catalysts, which aim
at the preparation of more valuable oxidized
products [1], but there is also an interest in
elucidating mechanisms and catalytic cycles in
the metabolism of various biological sub-
strates [2–4].

Particularly, copper and iron ions have been
involved in a number of oxidative processes,
frequently with the generation of oxygen-reac-
tive species [5,6]. Among these species, hy-
droxyl radicals are thought to be capable of
causing damage to cellular membranes as well
as imparting structural modifications in many

Abbre6iations: Gluc, gluconate, C6H11O7
− or C6H10O7

2−;
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important biomolecules, such as DNA,
proteins and enzymes [7]. More recently, sim-
ple carbohydrates, such as glucose, have been
recognized as important agents of oxidative
stress, although the relative oxidative poten-
cies of other biologically relevant sugars have
not been adequately studied [8]. In the pres-
ence of copper ions, some of these substrates
are potent pro-oxidants, and some can have
antioxidant properties.

Earlier studies on the oxidation of reducing
sugars by copper(II) ions showed that the
process occurred in alkaline medium, exhibit-
ing a first-order dependence on the concentra-
tion of the alkali and the carbohydrate, but
was independent of copper concentration for
all the sugars studied [9]. An enediol–Cu(II)
intermediate was postulated to be formed,
which in a subsequent step gave the final
products, including cuprous oxide.

Gluconate ions, usually obtained by enzy-
matic oxidation of glucose, occur as metabolic
intermediates in plants, animals and microor-
ganisms. They are known to form coordina-
tion compounds with several metallic ions,
especially iron, copper and manganese, and
their efficiency as sequestering agents is
markedly enhanced in alkaline medium
[10,11]. Different binding modes have been
described in solid and in aqueous solution,
depending on the coordinated metal ion [12].
With copper, different stable compounds were
observed with interesting structural properties
determined by spectroscopic methods. Binu-
clear species coordinated by the carboxylate
and deprotonated alcoholic hydroxy groups
were prepared in alkaline solutions [13].

Glucuronate ions, derived from a uronic
acid, play an important role in the biosynthe-
sis of polysaccharides and in the metabolism
of carbohydrates [14] that undergo Amadori
rearrangements in the so-called Maillard reac-
tions, leading to brown products in food and
in some biological systems [15]. They are also
intermediates in the synthesis of ascorbic acid
[16], and similarly to gluconate, they can form
coordination compounds with many metal
ions [17,18].

We have been investigating oxidative pro-
cesses that use molecular oxygen or hydrogen
peroxide as the oxidizing agent and are cata-

lyzed by transition metal ions coordinated to
different ligands [19–21], including bio-
molecules [22]. In most of these reactions,
oxygen free radicals are formed, which lead to
damage of a coordinated substrate. In this
work, the autoxidation, catalyzed by cop-
per(II) ions, of the polyhydroxylated ligands,
gluconate and glucuronate, is described with
the aim of studying their antioxidant and/or
pro-oxidant properties. The formation of for-
mate, glycolate and carbonate ions was ver-
ified. These components probably formed by
chain steps involving free radicals that were
responsible for the oxidative cleavage of the
coordinated ligands. These reactive intermedi-
ates were detected in the studied systems by
spin-trapping EPR, while different anions
were monitored by capillary electrophoresis.

2. Results and discussion

The autoxidation of gluconate ions in the
presence of copper(II) ions was observed in
very alkaline solutions (at pH 13). Different
complexes copper–gluconate were then ob-
tained as described in Section 3, and their
reactivities were compared. The results of ele-
mental analyses obtained for the two cop-
per(II)–gluconate compounds prepared at
different pHs, as well as for the commercially
obtained compound, [Cu(Gluc)2], are shown
in Table 1. The dimeric Na2[Cu2(Gluc)2(OH)2]
species, where Gluc is a dianion, was found to
be too insoluble, even for catalytic studies.
The commercial compound exhibits a d–d
band at 782 nm, with o=26.3 mol−1 dm3

cm−1 at pH 4, while the monomeric species
Na[Cu(Gluc)(OH)] shows a similar band at
650 nm (o=63.8 mol−1 dm3 cm−1) at pH 9.
An analogous band at 662 nm was observed
in saturated solutions of the dimeric com-
pound at pH 7.

Different binding modes have been sug-
gested for carbohydrate complexes, depending
on the central metal ion [26,27]. The most
favorable arrangement for complex formation
is the axial–equatorial–axial sequence of hy-
droxyl groups, although the 1,3,5-triaxial ar-
rangement has also been described, and
evidence for the formation of tri- and tetra-
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Table 1
Elemental analyses and spectral parameters of copper(II)–gluconate complexes

Compoundsa % C % H lmax, nm
Exp. (calcd) (o, mol−1 dm3 cm−1)Exp. (calcd)

[CuII(Gluc)2] 4.85 (4.89)30.77 (31.76) 782 (26.3) at pH 4.0
4.18 (4.15)22.95 (22.83) 650 (63.8) at pH 9.0Na[CuII(Gluc)OH]·H2O

Na2[CuII
2 (Gluc)2(OH)2].H2O 3.46 (3.94)21.91 (23.50) 662b at pH 7.0

a Gluc, gluconate ion.
b In saturated aqueous solution.

dentate complexes was observed with suitable
polyols [27b] or functionalized carbohydrates
[26]. D-Glucuronate complexes seem to prefer
the a-pyranose form in the 4C1 conformation.
In acidic solutions, weak copper complexes
show coordination only at the carboxylate
group, but above pH 5 many bidentate com-
plexation sites are allowable [28]. Based on
differential line broadening analysis of 13C
NMR spectra, additional binding of copper
ion to the endocyclic oxygen O-5 of the sugar
ring or to O-3 and O-1 in a 1C4 conformation
was suggested [17a]. However, at pH\5
stronger species are formed exhibiting the
[Cu2(OH)2] moiety [26,27]. Those dimeric spe-
cies [Cu(OH)2Cu]2+ are believed to catalyze
the mutarotation of the glucuronate, enabling
subsequent ring opening. At higher pH the
complexation at O-3 increases in importance
and causes breakdown of the complex, a phe-
nomenon attributed to its redox behavior
[17a]. On the other hand, gluconate ions
prefer an open structure in which the copper
ions are coordinated by the carboxylate and a
hydroxyl group [11,13], although in solution
these undergo equilibration with the corre-
sponding g- and d-lactones [10].

Kinetics studies.—In Fig. 1, manometric
curves relative to the complexes
Na[Cu(Gluc)(OH)] and [Cu(Gluc)2] are com-
pared. The former were shown to be the most
catalytically active species that involved glu-
conate as a ligand.

Further kinetic studies indicated a first-or-
der dependence on the complex concentration
when using the compound Na[Cu(Gluc)(OH)]
as catalyst in the presence of an excess of the
ligand, as shown in Fig. 2(A). The influence of
the gluconate concentration on the initial re-
action rate was then verified by adding differ-

ent amounts of excess sodium D-gluconate to
the reacting solution (see Fig. 2(B)). A first-or-
der dependence was also observed, followed
by a saturation effect with [gluc]\8×10−3

mol dm−3. Based on these results, a second-
order rate constant was determined, k=
(1.4490.09)×10−3 mol−1 dm3 s−1. This
oxidation reaction was only observed in very
alkaline solutions that exhibit induction peri-
ods of ca. 90 min in the presence of excess
D-gluconate. At pHB12 the reaction rate was
negligible. These results are indicative of a
dimerization equilibrium where the monomer
is the catalytically most active species. Dimeric
complexes of iron(III)–gluconate have been
characterized by X-ray absorption studies
(EXAFS and XANES), wherein the metal
ions are coordinated by one deprotonated al-
coholic and one carboxylic oxygen atom and
bridged by two hydroxide ions [29]. Similar
complexes are formed with copper(II) ions
[13].

Fig. 1. Oxygen uptake curves of copper(II)–gluconate com-
plexes at 30.090.1 °C, pH 13, and I=0.10 mol dm−3

KNO3. (A) Na[Cu(Gluc)(OH)]=4.04×10−3 mol dm−3; (B)
Na[Cu(Gluc)(OH)]=2.02×10−3 mol dm−3; (C)
[Cu(Gluc)2]=4.00×10−3 mol dm−3.
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Fig. 2. Dependence of the initial oxidation rate of gluconate
on: (A) the concentration of the catalyst, [Cu(Gluc)(OH)−],
in the presence of excess ligand; [Gluc]T=10.1×10−2 mol
dm−3; (B) the gluconate concentration; [Cu(Gluc)(OH)−]=
4.04×10−3 mol dm−3. At 30.090.1 °C, pH 13 and I=0.10
mol dm−3 KNO3.

second-order rate constant was k= (2.590.3)
mol−1 dm3 s−1.

Additional experimental data obtained by
varying the temperature led to the Arrhenius
curves shown in Fig. 4. Both ligands provided
very similar values for the activation energy,
4.82 kcal mol−1 or 1.15 kJ mol−1, for glu-
curonate, and 5.17 kcal mol−1 or 1.24 kJ
mol−1, for gluconate, indicating little depen-
dence of the rate constants on the tempera-
ture, in the range 25–45 °C.

Reacti6e intermediates.—By using spin-trap
EPR spectroscopy, it was possible to detect
carbon- and oxygen-centered free radicals as
reactive intermediates in the catalyzed oxida-
tion of gluconate and glucuronate ions. Fig. 5
shows the spectra of the adducts observed
during the oxidation of gluconate in the pres-
ence of the spin-trap DMPO. At the very
beginning of the reaction (t=2 min), the char-

Fig. 3. Dependence of the initial rate of the oxidation of
glucuronate on: (A) the copper(II) ion concentration; [glu-
curonate]=6.00×10−3 mol dm−3, and (B) the glucuronate
concentration; [Cu(II)]T=2.40×10−5 mol dm−3. At 30.09
0.1 °C, pH 13 and I=0.10 mol dm−3 KNO3.

The isolation of analogous copper(II)–glu-
curonate complexes under the same experi-
mental conditions was not successful since the
ligand was very rapidly oxidized in alkaline
medium (pH\7) with concomitant reduction
of the copper ion [17a]. Therefore, in this case
comparative kinetic studies were performed by
adding copper(II) ions (as nitrate) to excess
sodium D-glucuronate in aqueous solution.
The corresponding kinetic curves showed
faster reaction rates, exhibiting a first-order
dependence on both glucuronate and cop-
per(II) concentrations, as shown in Fig. 3. In
contrast to the previous results with glu-
conate, an appreciable non-catalyzed step was
verified, with V0=2.73×10−7 mol dm−3 s−1

(Fig. 3(A)), and no saturation effect on sub-
strate concentration was observed (Fig. 3(B)).
The determined value for the corresponding
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Fig. 4. Influence of the temperature on the copper(II)-cata-
lyzed oxidation of (�) gluconate ([Cu(Gluc)OH−]=1.40×
10−3 mol dm−3; [gluconate]T=10.2×10−2 mol dm−3); and
(�) glucuronate ([Cu2+]=2.40×10−5 mol dm−3; [glu-
curonate]=6.46×10−3 mol dm−3). Reaction at pH 13 and
I=0.10 mol dm−3 KNO3.

increasing signals of two other adducts were
observed. First, the broad lines of a carbon-
centered radical (aN=15.96; aH=23.13 G)
were detected at t=5 min, followed by the
formation of another adduct, with thinner
lines (aN=15.70; aH=18.77 G) at t=15 min.
The first adduct is probably due to radicals
derived from the original ligand after suffering
hydrogen atom abstractions. By comparison,
the hyperfine constants of this adduct were
found to be very similar to that of hydroxy-
lated radicals, such as �CH2OH (aN=16.00;
aH=22.70 G) [30]; the glycerol radical (aN=
15.9; aH=22.4 G) [31], or sorbitol radical
(aN=15.90; aH=22.50 G) [32]. The second
adduct, observed after 15 min of reaction, was
attributed to the formation of CO2

�− radical
anions that showed corresponding adduct hy-
perfine constants aN=15.60 and aH=18.70 G
[33]. Therefore, the degradation of the ligand
that leads to C�C bond cleavage occurs only
after some time of reaction. After 30 min of
reaction, the three adducts were simulta-
neously observed (Fig. 5).

When POBN was used as scavenger, two
radical species were observed (data not
shown): one adduct exhibiting six lines, with
aN=15.78 and aH=2.20 G, which can be
identified as the POBN-OH adduct (aN=
15.60; aH=2.60 G) [34], and another one
showing only three lines, with aN=17.25 G.
This latter species is probably formed by the
degradative oxidation of the scavenger itself.

In the case of glucuronate, the oxidation
also leads to oxygen- and carbon-centered
radicals similar to those observed in gluconate
oxidation. As shown in Fig. 6, after 2 min of
reaction, three adducts with DMPO were al-
ready formed: (�) DMPO-OH, with aN=
aH=15.59 G; (�) a derivative of a
carbon-centered radical, with aN=16.04 and
aH=23.38 G; and (× ) DMPO-CO2, with
aN=15.70 and aH=18.77 G. After 15 min of
reaction, this latter adduct was shown to pre-
dominate in solution.

Products of reaction.—In order to verify
which products are formed in these oxida-
tions, reacting solutions were monitored by
capillary electrophoresis as described in Sec-
tion 3. By comparison with standard solutions
of inorganic and organic anions, carbonate

acteristic spectrum of the adduct DMPO-OH
was identified, with aN=aH=15.47 G. Then,
with further development of the reaction, the

Fig. 5. EPR spectra of the adducts formed in the presence of
DMPO (0.25 mol dm−3) during the catalyzed oxidation of
gluconate, at 25 °C. [Cu(Gluc)OH−]=4.43×10−3 mol
dm−3. (�) DMPO-OH, with aN=aH=15.47 G; (�) DMPO-
R, with aN=15.96 and aH=23.13 G; and (× ) DMPO-CO2,
with aN=15.70 and aH=18.77 G. Spectra registered with
modulation amplitude=1 G; receiver gain=2.00×106; 16
scans.
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Fig. 6. EPR spectra of the adducts formed in the presence of
DMPO (0.25 mol dm−3) during the catalyzed oxidation of
glucuronate, at 25 °C. [Cu2+]=1.00×10−4 mol dm−3; [glu-
curonate]=5.75×10−3 mol dm−3. (�) DMPO-OH, with
aN=aH=15.59 G; (�) DMPO-R, with aN=16.04 and aH=
23.38 G; and (× ) DMPO-CO2, with aN=15.70 and aH=
18.77 G. Spectra registered with modulation amplitude=1 G;
receiver gain=2.00×106; 16 scans.

tion times under the same experimental condi-
tions (peak 6 in the control electro-
pherogram). Fig. 8 shows the relative amounts
of the products obtained in this catalyzed
oxidation, with the predominance of

Fig. 7. Electropherograms obtained during the autoxidation
of the complex Na[Cu(Gluc)(OH), total concentration=
1.15×10−3 mol dm−3, at (A) initial time, (B) after 30 min,
(C) after 60 min; and the autoxidation of glucuronate ions, in
the presence of copper(II) ions (added as Cu(NO3)2), at (A%)
initial time; (B%) after 60 min; (C%) after 120 min. [Cu(II)]=
5.10×10−3 mol dm−3; [glucuronate]T=5.78×10−3 mol
dm−3. (S) Control electropherogram (1.00×10−3 mol
dm−3): 1, oxalate; 2, formate; 3, tartrate; 4, carbonate; 5,
glycolate; 6, gluconate or glucuronate. Reactions at 30.09
0.1 °C, and pH 13. All samples were diluted 100-fold in water,
immediately before analysis.

ions were identified as the main anionic
product formed in the autoxidation of glu-
conate, as well as that of glucuronate. Those
ions showed a migration time of 2.16–2.32
min, under the experimental conditions, while
the initial gluconate ions exhibit a migration
time of 2.75–2.88 min, as observed in Fig. 6.
No evidence for substantial formation of
other anionic species was obtained in the case
of gluconate complex during 2 h of reaction.
Control experiments were done and showed
neglecting absorption of CO2 by the alkaline
reacting solution under the experimental con-
ditions. Oxalate ions that co-eluted with inor-
ganic ions, such as nitrate or hydroxide (peak
1 in the control electropherogram), proved
impossible to detect unequivocally.

When the oxidation of glucuronate in the
presence of copper(II) ions was studied, evi-
dence for considerable formation of formate
and glycolate, in addition to carbonate anions,
was obtained. The respective electrophero-
grams are also shown in Fig. 7. Glucuronate
and gluconate ions exhibit very similar migra-
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Fig. 8. Comparative curves of product formation during the
degradative oxidation of glucuronate ions catalyzed by cop-
per(II). Experimental conditions as in Fig. 6.

lites, is also initiated by the abstraction of a
hydrogen atom from ribose or deoxyribose to
produce a carbon-based sugar radical that can
rearrange and lead to the scission of the nu-
cleic acid strand. If unrepaired, this type of
lesion may contribute to mutagenesis, carcino-
genesis, aging, inherited disease or cell death
[39].

Our results showed that, when reacting with
molecular oxygen in the presence of copper
ions and in very alkaline medium, gluconate
and glucuronate ions also generated free radi-
cal species that were responsible for the degra-
dative oxidation of both anions. While
gluconate was mainly converted into carbon-
ate ions, glucuronate was rapidly degraded to
formate and glycolate ions, in addition to
carbonate ions.

These experimental data support a mecha-
nism analogous to that suggested for the oxi-
dation of simple monosaccharides shown in
Scheme 1. In very alkaline medium glu-
curonate ions can undergo tautomeric change,
forming initially an enediol [36] that is stabi-
lized by coordination to the copper(II) ions.
In our studies the oxidation process is first
order, dependent on both copper(II) and sub-
strate concentrations. Conversely, in the oxi-
dation of hexoses by copper(II) ions [9], the
enediol formation was considered as the rate-
determining step for all the sugars studied,
and the kinetic law thus determined was inde-
pendent of copper concentration. However, in
these studies the catalyst concentrations used

carbonate ions, which is in agreement with the
reported EPR results.

Additionally, the precipitation of cuprous
oxide as a fine orange powder was observed
after many hours of reaction in the oxidation
of both ligands. In these reactions, as well as
that which has been observed in monosaccha-
ride autoxidation [35], the oxygen molecule is
reduced predominantly to hydrogen peroxide,
which by interaction with the copper ions
gives hydroxyl radicals that are responsible for
the oxidative degradation of the ligands.

Mechanism of reaction.—Hydroxylated
substrates as antioxidant compounds can act
as scavengers of oxygen free radicals. Manni-
tol, ethanol and sorbitol, all of which react
very quickly with hydroxyl radicals, are exam-
ples of such substrates and have been used for
this purpose in biological studies [36]. On the
other hand, non-reducing carbohydrates can
react with an alkaline solution of hydrogen
peroxide and iron(II) ions known as Fenton’s
reagent. Aldonic acids, such as D-gluconic and
D-xylonic acid, gave formate, oxalate and car-
bonate ions, which were identified by conven-
tional chemical methods [37]. Studies of
disaccharides reacting with the same reagent
under aerobic physiological conditions indi-
cated that the reaction of the hydroxyl radi-
cals generated with sugars is initiated by
hydrogen abstraction, followed by oxidative
C�C cleavage [38]. In addition, DNA damage
caused by oxidants with free radical character,
such as metal complexes and oxygen metabo- Scheme 1.
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were higher (\2.5 mmol dm−3). As previ-
ously postulated in the mechanism for the
oxidation of alduronic anions by alkaline hy-
drogen peroxide [40], a further nucleophilic
addition of the dioxygen molecule or the hy-
droperoxide anion to the enolized form of the
ligand can also be proposed.

In the presence of molecular oxygen as the
oxidant, an intramolecular redox reaction can
occur with reduction of the copper(II) ion and
oxidation of the hydroxylated ligand to an
enediol radical anion, which is similar to that
proposed in the glucose autoxidation [41], or
more recently in the copper(II)-catalyzed au-
toxidation of d-aminolevulinic acid [42]. Sub-
sequently, the radical anion reacts by faster
steps with the dioxygen species to give perox-
ide derivatives, which are degraded stepwise to
formate and carbon dioxide. The reoxidation
of the metal ion occurs with reduction of
dioxygen to the superoxide radical or hydro-
gen peroxide. In the case of glucuronate lig-
ands, the production of glycolate ions can be
indicative of the intermediary formation of a
2-ketose [35].

According to Scheme 1, the rate of oxygen
uptake is given by the expression below, con-
sidering the intramolecular redox reaction,
preceded by the enolization step, as the rate-
determining step:

−d[O2]/dt=k2[Cu(enediol)][O2]

=k2K1[OH−][O2]K [Cu2+][ligand]

or

−d[O2]/dt=k [Cu2+][ligand]

where [ligand]= total gluconate or glu-
curonate concentration, and k is the deter-
mined second-order rate constant: 1.44×10−3

mol−1 dm3 s−1 (for Gluc), and 2.5 mol−1 dm3

s−1 (for GlcA).
The verified small dependence of both rate

constants on the temperature, which exhibit
very similar activation energies (1.2 kJ
mol−1), reinforced the proposed mechanism.
Further deprotonation of the ligands, which is
carried out only at very high pH and favored
in the presence of copper ions, is essential for
the initiation of the process.

With gluconate, however, the enolization of
the ligand demands two oxidation equivalents.

Scheme 2.

In this case, a concerted mechanism can be
proposed in which one electron from the lig-
and is transferred to the copper(II) ion, and
simultaneously another one to the oxygen
molecule:

[CuII(gluconate)OH]− +O2

�CuI+O2
�− +enediol+H2O

ki (initiation)

CuII+enediol X CuII(enediol)

This previous initiation step could explain
the slower rate of the reaction compared with
glucuronate, as well as the observed induction
period. Once the enediol complex is formed,
the other steps are analogous to those in the
glucuronate oxidation.

The detected oxygen reactive intermediates
are produced by the interaction of the copper
ions with the formed hydrogen peroxide, gen-
erating hydroxyl radicals in a Fenton-like
scheme of reactions (Scheme 2). Carbon-cen-
tered radicals are formed from H abstraction
of the ligands by the hydroxyl radicals, while
CO2

�− radicals can be formed by the attack of
these radicals on the formate ions that are
produced. Both enediol–oxy radicals and su-
peroxide anions were not observed by spin-
trapping, since this technique of detection
shows relatively low sensitivities for these rad-
icals [23b].

Faster oxidation of glucuronate compared
with gluconate can be indicative of an in-
tramolecular redox reaction (step 2 in Scheme
1) thermodynamically more favorable in the
case of the copper(II)–glucuronate complex.
The catalysis of the glucuronate mutarotation
by copper ions makes easier the pyranose ring
opening, and the subsequent degradation of
the complexes in alkaline solution, as previ-
ously reported [17a]. The intermediary
Cu(II)–enediol species can be less stabilized in
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this case. Additionally, in the subsequent re-
dox steps with hydrogen peroxide (Scheme 2),
the reduction of copper(II) can be easier when
the ligand is glucuronate, a reducing sugar
that undergoes Fehling-type oxidation. In the
catalytic cycle the reaction rate is significantly
influenced by the relative stabilization of the
oxidized form compared with the reduced one.

In conclusion, our comparative kinetic re-
sults revealed that glucuronate ions, which
exhibited rate constants at least 103 faster in
the presence of copper(II), are much more
susceptible to autoxidation than gluconate.
Also, those ions were oxidized to different
products by concomitant steps, including gly-
colate ions, which comes from a keto-interme-
diate (step 6 in Scheme 1). This type of
compound, in particular, can cause protein
damage by interaction with amino groups. In
contrast, gluconate ions were predominantly
degraded to carbonate ions, which are less
harmful in oxidative steps. Therefore, these
results suggest that the pro-oxidant properties
of glucuronate and gluconate ions are respon-
sible for the dioxygen reduction observed in
the presence of cupric ions. For both ligands
the process is more remarkable than that of
simple monosaccharides. For comparison, the
value determined for D-glucose oxidation was
k=2.1×10−6 mol−1 dm3 s−1, at 35 °C [9].

Recent studies showed that copper-cata-
lyzed oxidation reactions can play a major
role in promoting in vitro the formation of
advanced glycation end products [43] from
long half-life proteins, such as collagen, a
process that is implicated in the pathogenesis
of diabetes mellitus.

3. Experimental

Materials.—The sodium salts of the D-glu-
conic acid and D-glucuronic acid were pur-
chased from Aldrich Chemical Co.
(Milwaukee, WI) and Sigma (St Louis, MO),
respectively. The reagent DMPO (5,5-
dimethyl-1-pyrroline-N-oxide, from Aldrich)
was previously purified by either distillation or
filtration on charcoal as recommended [23].
Other chemicals used were analytical grade
from various sources. All the solutions were

prepared with nanopure water from a Barn-
sted apparatus.

The copper complexes with the ligand glu-
conate (Gluc), a monomer Na[CuII(Gluc)
(OH)], and a dimer Na2[CuII

2 (Gluc)2(OH)2],
were prepared in aqueous solution at pH 11.5
and 5.0, respectively, according to previously
reported procedures in the literature [13], with
minor modifications. Stoichiometric amounts
(4 mmol) of Cu(ClO4)2·6H2O and sodium D-
gluconate (from Aldrich) were dissolved in a
minimum amount of water (15 mL), and the
pH of the solution, monitored with a pH
meter, was carefully adjusted by addition of
sodium hydroxide solution. Then, ethanol up
to 80% (v/v) was added under stirring to the
final solution, which led to the precipitation of
fine blue crystals of the corresponding
product. The crystals were collected by filtra-
tion under reduced pressure and dried in a
desiccator under vacuum for 2 days. After
that time period, these products were purified
by recrystallization, adjusting again the cor-
rect final pH in each case. The final products
were then collected and dried over phosphorus
pentoxide (P4O10). The commercial complex
[CuII(gluconate)2] was purchased from Aldrich
and used as received. The results of elemental
analyses for these compounds are shown in
Table 1.

Methods.—Electronic spectra were
recorded in a Beckman DU-70 spectrophoto-
meter (Fullerton, CA) equipped with a tem-
perature-controlled cell compartment.
Elemental analyses were performed at the Nú-
cleo de Instrumentação de Análises Quı́micas
do IQ-USP using a Perkin–Elmer model 2400
CHN instrument (Norwalk, CT).

Kinetic measurements of the oxygen uptake
were performed by manometric technique in a
Warburg apparatus from B. Braun (Melsun-
gen, Germany), model V-85, at 30.090.1 °C,
adjusted to pH 13 by addition of NaOH solu-
tion, and with an ionic strength of 0.10 mol
dm−3 KNO3.

The final products obtained in the oxidation
of gluconate, or glucuronate ions, were ana-
lyzed in a capillary electrophoresis system
[24,25], model 270-HT (Perkin–Elmer, Ap-
plied Biosystem Div., Foster City, CA), at
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−30 kV and 25 °C, in a 50 mm×72 cm
capillary, with hydrodynamic injection of 5
inchHg and 2.5 s, using indirect photometric
detection at 254 nm. The instrument was
equipped with a data acquisition and treat-
ment software (Turbochrom™, PE–Nelson,
Norwalk, CT). Different compounds were
tested as electrolytes, including phthalate, ben-
zoate and chromate, but the best results for
organic anions were obtained when a solution
of 3,5-dinitrobenzoic acid (5×10−3 mol
dm−3) containing the surfactant agent CTAB
(cetyltrimethylammomium bromide, 1×10−4

mol dm−3) was used at pH 6.0. Samples of
the oxidized solution were collected at differ-
ent times and diluted 100-fold immediately
before analysis.

EPR spectra were obtained using a Bruker
EMX instrument with DMPO or POBN as
the spin trap in standard flat quartz cells.
Different samples were collected at different
times of reaction, performed at 25 °C in the
presence of 0.25 mol dm−3 spin trap, and
their spectra were immediately recorded.
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