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Abstract—The oxidation of D-galactose by Cu" has been studied in acetate buffers within
the pH range 4-4.75 at 110°C. The observed pseudo-first-order rate constant is given
by kops = {ka+ky/[H*]+k/[H**}gall/{1 + (ks + k./[H*])[gal]} where k, =2.77x10}
M-t sl k= (1.224£0.11) x 1077 57", k.= (1.12+0.16) x 1072 M s, k, = 2.08 M,
ke = (2.75£0.33) x 10~°. This rate law corresponds to the formation of galactonic acid and
Cu' when a 10 fold or higher excess of D-galactose over Cu" is employed. The results are
discussed in terms of a possible mechanism of oxidation of the enodiol of galactose by

CuOAc™, present in solution.

After Ca" binding, Cu" binding to carboxylates has
been the most studied. This is in part due to several
observations of biologically significant interactions
between Cu" and sugars. Cu" carbohydrate com-
plexes have been extensively studied because of
their potential efficacy in the treatment of rheu-
matoid arthritis."> However, the possibility of
redox reactions between sugars and Cu" may lead
to the production of free radicals involved in car-
cinogenic and ageing cellular processes.®* We have
therefore studied the oxidation of sugars by Cu'.*
In this work we have investigated the kinetics of
oxidation of D-galactose (Scheme 1) at low pH in
the absence of oxygen.

EXPERIMENTAL

Kinetics

The reaction mixture was prepared by mixing
Cu(ClO,), in appropriate solutions of NaQAc—
AcOH and variable amounts of D-galactose (gal)

* Author to whom correspondence should be addressed.

(Sigma grade) (Scheme 1) in order to obtain the
desired ratio of oxidant/reductant. Ionic strength
was maintained at / = 0.59 M throughout all exper-
iment employing sodium perchlorate (Fluka
grade). Oxygen was purged from the solutions by
bubbling nitrogen through the solutions protected
by serum caps. Residual dioxygen in the nitrogen
was removed by passing the nitrogen through
scrubbers containing pyrogallol. All solutions were
prepared with deionized water which had been dis-
tilled from alkaline permanganate in glass appar-
atus. The sealed solutions were brought to the
desired temperature within 15 s using an electrically
regulated thermostat. A set of 20 ampoules for each
gal/Cu" ratio was prepared. The reaction was quen-
ched by quickly cooling the solutions. The Cu,O
produced in the reaction was filtered off and 50%
NH, was added to the filtrate. Unreacted Cu"
was determined spectrophotometrically as the
[Cu(NH,),]** complex (Ap, = 620 nm, & = 42 M~!
cm~') on a Shimadzu UV-140 double beam spec-
trophotometer. The nature of the precipitate was
confirmed by treating it with hydrochloric acid in
the presence of glycerine to stabilize Cu!, thereby
avoiding its dismutation to Cu" and Cu®. The com-
plete dissolution of the precipitate confirms the for-
mation of Cu,0O and the absence of Cu’. A large
excess of gal (10-100 fold) was used for all the
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kinetic measurements. Pseudo-first-order rate con-
stants were determined from the slope of In [Cu']
vs time plots. All the rate constants are the average
of three determinations at each set of conditions.

The pH was checked with a chemcadet pH meter
calibrated against standard NBS buffer solution
provided by the Cole~Palmer Instruments Co., at
temperatures between 70 and 95°C, pH values at
110°C were obtained by extrapolation.

Product analysis

Qualitative identification of carbohydrates oxi-
dation products was carried out by paper chro-
matography using a mixture of 4:1:5 n-butanol-
AcOH-H,0 as eluent. Paper chromatograms were
developed by two reagents, silver nitrate/
NaOH/Na,S,0,’ and f-naphthol-sulphanilamide,’
specific for the detection of aldonic acids. In this
way, D-galactonic acid (gala) (Scheme 1) was ident-
ified, by comparison with an authentic sample, as
the only oxidation product, either when an excess
of oxidant or organic substrate was employed.

The stoichiometry of the oxidation of gal by Cu"
was determined by mixing gal and Cu" solutions to
final concentrations of 0.1 and 0.01 M respectively,
at pH = 4.75, T = 110°C, for 40 min. The amount
of reacted Cu" per mole of sugar was determined
by indirect iodometry and it was found to be 2+ 0.2
mol Cu" per mol of gal.

Detection of free radicals

A solution of Cu(ClQy), (5 ml, 0.01 M) was
added to a mixture of gal (0.05 mmol) and acry-
lonitrile (0.03 mol) to a final volume of 7 cm?®. The
reaction was allowed to go to completion at 110°C
(judged by the change in colour of the solution). A
white gel appeared slowly. Blanks experiments in
the absence of gal or Cu" did not show gel forma-
tion.

RESULTS AND DISCUSSION

The possibility of gal isomerization after heating
at 110°C in the pH range used in this work was

evaluated. Paper chromatography of heated gal
solutions did not show any isomer formation as
compared with authentic samples. The UV-vis
spectra of gal over the whole pH range used in this
work shows an absorbance band at 284 nm, either
at 25°C or after heating at 110°C. A minor band
appears at 325 nm after heating in the pH range
4-6 and in basic medium (pH = 10, T = 110°C,
[gal] = 0.0555 M). This means that aldehyde’ as
well as enediol® (Scheme 2) are present in the reac-
tion mixture and the last may be responsible of
the particular kinetic behaviour of galactose, as
discussed below.

Within the range of concentrations of this study,
no precipitate of cupric hydroxide was produced by
mixing the reactants at pH 4-5, and the reaction
mixture was perfectly homogeneous before the
reactions started. However, it did not remain homo-
geneous throughout because of the formation of
cupric oxide as a heterogeneous reaction product
during the kinetic runs. No autocatalysis by
cuprous oxide was observed. This was confirmed
by adding Cu,O to the mixture without any change
in the experimental data.

When the oxygen was not removed from the solu-
tion, oxidation started after a slight induction
period, which was essentially eliminated when N,
was bubbled through before the reaction was
initiated.

The pseudo-first-order oxidation rate (k) was
studied as a function of the concentration of gal
(0.1-0.8 M) and pH (4-4.75) at 110°C (Table 1).

H-C=0 H-C-OH
H—CI—OH g—OH
HO—CI—H HO—Cl—H
HO—C,—H = HO—C’—H
H—Cl—OH H—C|—0H
H-CI—OH H—Cl—OH
H ﬁ
Aldose Enediol

Scheme 2.



Oxidation of D-galactose by Cu'"

Table 1. Values of k and K at different pH

pH 400 425 450 460 475
kx 10° (s~ 142 250 253 302 3.59
KM 256 222 326 301 3.67

Curves of k., vs gal concentration show saturation
at high [gal], typical of an intermediate complex
formation (Fig. 1). Plots of k. vs [gal] ! are given
in Fig. 2.

The effect of the [gal] on k&, can be written as:

kops = kK[gal]/(1+ K[gall). (1)

Values of k£ and K for different pH are given in
Table 1 and it is easily observed that either k or K
decay with acidity. Plots of k and K vs [H*]~! give
straight lines with positive intercepts (Figs 3 and
4).

k = a+b/[H*]
K=c+d/[H"]

@)
€)
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Kops x 104 (s

[D-galactose] (M)

Fig. 1. Effect of [Dp-galactose] on k., T = 110°C;
I=10.59 M; [NaOAc] =0.056 M; Bl pH 4.75; @ pH
4.60; A pH 4.50; ¥ pH 4.25; @ pH 4.00.
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Fig. 2. Plots of k5! vs [gal]™!. T=110°C; I = 0.59 M;
[NaOAc] = 0.056 M; B pH 4.75; @ pH 4.60; A pH
4.50; w pH 4.25; ¢ pH 4.00.
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Fig. 3. Effect of acidity on k. 7= 110°C; I = 0.59 M;
[NaOAc] = 0.056 M.

KMY

H+1!x 104 M)

Fig. 4. Effect of acidity on K. T=110°C; I = 0.59 M;
[NaOAc] = 0.056 M.

where a=13x10" s7' b= (4.09+0.35)x
107 8Ms !, ¢c=2.08 M~ and d = (2.75+0.33) x
10-3,

The complete rate law for the reaction thus is
given by :

—d[Cu")/ds = kops[Cu'"]
= (a+b/[H"])(c+d/[H"]gal]

X [Cu"le {14 (c+d/[H Dlgall} ' (4)

or
kobs[CUH]T = {ka +kb/[H+] +kc/[H+]2}
x [gal][Cu"}r {1+ (ks +k./[H*])[gal]}

where [Cu"]; represents the total Cu" concentra-
tion and k,=276x10"° M~' s, Kk, =
(1.224011) x 1077 s7', k.= (1.1240.16) x 10~ "2
Ms Lk, =2.08M'andk, = (2.75+0.33) x 10>
These values of &, k., k., k; and k, were used to
find k., in Table 2, which are in good agreement
with experimental data over the concentration
range studied.
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Table 2. Observed and calculated pseudo-first-order rate constants for different acidities
kobs(kcalc) X 104 (sil)

[gal] M) 0.1 0.2 0.3 0.5 0.7 0.8
pH
4.00 2.94(3.31) 4.90(5.57) 5.89(7.20) 7.92(9.40) — 10.0(11.3)
425 4.55(4.21) 7.99(6.98) 10.0(8.95) 13.1(11.6) 14.6(13.2) —
4.50 6.29(5.98) 9.41(9.73) 12.6(12.3) 16.1(15.6) 18.0(17.8) —
4.60 7.01(7.13) - 14.1(14.4) 18.0(18.1) 21.0(20.4) —
4.75 9.60(9.66) 15.2(15.3) 19.8(18.9) 22.8(23.4) 25.8(26.0) —

T = 110°C ; [NaOAc] = 0.056 M ; I = 0.59.

According to all experimental data, we propose
the mechanism in Scheme 3:

K, K,
gal-pyranose == gal-aldehyde — gal-enodiol
(galpy) (galal) (galen)
(5)

Kl
CuOAc™ + galen—CuOAcgalen”
(A")

(6)

K,
A+t —CuOAcgalen+H"* (7)
(A)
k"
At —— gal®+ CuAcO (8)
k4
A —— gal®+ CuAcO 9)

kS
A+OH™ —— gal°+CuAcO (10)

k(’
gal°+ Cu" — gala + Cu' (1)

Scheme 3.

Other studies made in basic solution have showed
that enediols have higher ability to coordinate
Cu"'*2 previous to redox steps. Thus, in this mech-
anism we propose the enediol as the reactive form of
gal, which forms a kinetically rather stable complex
A~. A little inspection of structural characterictics
of gal favours this supposition. Even when the
pyranose form is the major one in solution, the
conformation and disposition of hydroxyl groups
in the cyclic form of gal are not the best arrange-
ment to bind Cu" to give a detectable intermediate
complex where C,OH should be implied.">"
However, if the open chain form is considered,
coordination ability towards Cu" should be
enhanced through a 1,2-enediol cis configuration
which is able to give a five-membered ring inter-
mediate complex.!* On the other hand, we consider

CuOAc*t as the reactive species. It has been
reported that, under our experimental conditions,
dissolved copper exists mainly as CuOAc™* '*'" and
binuclear complexes, which are formed at higher
pH than those used here,'®' may be disregarded.
Further, in acetate buffer, CuOAc* has already
been reported to be an active species in oxidation
reactions.”

Complex A* is in equilibrium with A which may
be formulated as an enediol-Cu" complex from
which a proton has been removed, presumably from
Cu" bound water or from a hydroxyl group on
galactose enediol. Complexes A* and A lead to the
dissociation of a galactose radical from Cu' through
an intramolecular electron-transfer process (eqs (8)
and (9)) or a base catalysed path (eq. (10)). If it
assumed that egs (5)—(7) involve rapidly stablished
equilibria, then the pseudo-first order rate constant
in Scheme 3 is given by :

v = {k,K[gal]+ k; K, K[gal]/[H]
+ksK KK, [gall/[H"]*}[Cu"]
where K = K, K K,

(12)

[Cu"]r = [Cu"}(1+ K[gal] + K, K[gal]/[H™]).

(13)
Then replacing Cu" in eq. (12)
v = {k,K[gal] + k; K, K[gal]/[H"]
+ks K, KK, [gall/[H"]*}[gall[Cu"];
x {1+ K[gal]+ K, K[gal)/[H*]} ~'. (14)

In a previous work we have studied oxidation of D-
glucose (glc) (Scheme 4) by CuOAc* under the
same experimental conditions, and the effect of glc
concentration on k,,, did not show saturation at
high (glc).* This different kinetic behaviour between
the oxidation of glc and gal by Cu" requires some
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comments. In aqueous solution, the aldehyde free
form proportion is 0.02% for gal and 0.002% for
glc.” In the pH range under study glc does not show
the enediol band, even after heating. However, this
band (i, = 312 nm®') appears when heating at
pH > 7 and in kinetic studies on oxidation of glc
by Cu" in basic media an enediol-Cu" intermediate
species has been proposed.®'? The higher pro-
portion of aldehyde for gal and the presence of
the enediol in the pH range used here support our
hypothesis of enediol as responsible for the for-
mation of intermediate A and, consequently, for
the saturation of k., vs [gal] curves, not observed
for glc.

Polymerization after addition of acrylonitrile
supports the formation of gal®. These radicals are
formed in the slow steps and may rapidly react with
Cu" to yield Cu' and gala as final products (eq.
(11)), which is in accordance with stoichiometry of
2 mol of Cu" per mol of gal.

The proposed mechanism enables us to think
that, at higher pH, the equilibrium (7)
(K, =1.3x107°) will be displaced towards the
right and A will be the major species ; thus, most of
the intramolecular one-electron transfer will occur
rapidly through the base catalysed step (10). On the
contrary, at higher proton concentrations than used
here, the oxidation will take place from A* and
through step (8). Examining experimental values of
parameters it may be noted that k, = k; « k5. So,
the extremely slow reaction at pH <4 may be
explained by a pathway consisting of eqs (5), (6),
(8) and (11) of the general mechanism in Scheme 3.
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