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The reduction of a copper(ll) complex with the macrocyclic ligand tetrabenzolb,f,j,n]-[1,5,9,13]-
tetraazacyclohexadecine by glutathione in aqueous solution has been investigated spectro-
photometrically in both anaerobic and aerobic conditions. The reaction rate is first-order with
respect to the concentration of reactants. According to the values of activation parameters and
the course of spectral change during the reaction, an outer-sphere redox mechanism has been
suggested. The copper complex initiates the catalytic oxidation of glutathione by dioxygen. The
results are compared with the catalytic effect of Cu(TAAB)?* at the oxidation of ascorbic acid and

hydroxylamine.

In connection with modelling the natural redox pro-
cesses under the participation of copper-containing
proteins, a systematic attention is paid to the kinetic
study of the reduction of copper(ll) coordination com-
pounds by different reducing agents. Synthetic ma-
crocyclic complexes are widely used in the investi-
gations because of an excellent possibility of sys-
tematic changing the ligand structure and, conse-
quently, the physicochemical properties and chemi-
cal reactivity of the Cu(ll) redox centre.

The ligand TAAB (tetrabenzolb,f,j,n]-[1,5,9,13]-
tetraazacyclohexadecine, Fig. 1) is characterized by
rather flexible geometry around the copper atom and
a highly delocalized electronic structure which lead
to an easy and reversible Cu(ll) to Cu(l) reduction
[1]. In our previous studies the reduction of
Cu(TAAB)?" by ascorbic acid [2] and hydroxylamine
[3] was investigated. An influence of the substrate
concentration and pH on the reaction mechanism
was observed. This complex acts as a catalyst at
the radical oxidation of ascorbic acid by dioxygen in
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weak acidic medium [4]. However, in neutral and
weak alkaline solutions the catalytic effect is lowered
due to the deprotonation of Cu(TAAB)?* as well as
HO; radical [1].

Among reducing agents utilized in biomimetic stud-
ies the sulfur-containing bioreductant glutathione
(GSH) is commonly used. The formation of Cu(ll)—
SG adducts was shown at the reduction of copper(il)
tetrathia as well as diazadithia macrocyclic com-
plexes [5, 6]. Such intermediates might be very useful
for modelling the function of active centres of “blue”
copper proteins. We were, therefore, interested in
extending the previous investigations to the system
Cu(TAAB)** and GSH in order to determine the ki-
netic parameters of the redox reaction, to propose
the type of reagents interaction and to examine a
possibility of the catalytic effect of copper complex
on the autooxidation of GSH. The results are pre-
sented which allow us to describe in more detail the
reactivity of both the Cu(TAAB)** complex and glu-
tathione.
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Fig. 1. The macrocyclic ligand TAAB.

EXPERIMENTAL

Cu(TAAB)(NO;), was synthesized as described
previously [7]. Fresh solutions of glutathione (Sigma,
Aldrich) were prepared immediately prior to the ex-
periment. The Britton—Robinson buffer solutions we-
re prepared from anal. grade chemicals in deionized
water which was distilled from potassium perman-
ganate in an all-glass apparatus. Dioxygen was re-
moved from the solutions by bubbling argon for 15
min.

After solutions of Cu(TAAB)?* were placed in a 5
cm path length quartz cell, provided with openings
for filling and bubbling, they were deoxygenated as
described above. The solution was brought to the
constant temperature and finally, the deoxygenated
solution of glutathione was added by using a preci-
sion gastight syringe.

The reaction was monitored at the Cu(TAAB)" ma-
ximum absorption wavelength (4. = 660 nm, € =
5200 cm™ mol™ dm?® [8]) at which the Cu(TAAB)?*
absorption is only low and can be neglected. The
spectrometer Specord M 40 (Zeiss, Jena) was em-
ployed. The temperature was controlled by a stan-
dard water-jacketed cell holder in the spectrometer.

Changes in the concentration of dioxygen were
monitored voltammetrically at — 0.5 V vs. SCE. The
PA 4 polarographic analyzer (Laboratorni pfistroje,
Prague) was used with the electrochemical cell
closed from the atmosphere. A platinum electrode
served as the indicating electrode.

RESULTS

The addition of glutathione to the solution of
Cu(TAAB)* in the inert atmosphere causes a gra-
dual increase in the absorbance at A,., = 660 nm
which represents the characteristic absorption band
of the Cu(l) complex with the ligand TAAB. No shift
of this absorption band was detected. After 0.5—1.5
h the precipitate of Cu(TAAB)" was observed in the
reaction mixture. The reaction stoichiometry was
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determined by monitoring the spectrophotometric
titration of Cu(TAAB)?* with glutathione. It has been
found that 1 mol of GSH is consumed for the one-
electron reduction of 1 mol of Cu(ll) complex under
anaerobic conditions.

The rate of the reaction was studied as a function
of the concentration (c(Cu(TAAB)?*) = 3.6 x 10°—5
x 10~ mol dm=, ¢(GSH) = 5 x 10°—4.5 x 10~ mol
dm™) and pH (4.65—6.15). The ionic strength was
kept constant at 0.1 mol dm™ by the addition of
KNOs;. First order of the reaction with respect to both
Cu(TAAB)* and GSH concentrations has been
proved using the method of initial reaction rate. The
reaction kinetics can be expressed by the rate equa-
tion

do(Cu(TAAB)")

dt

The kinetic curves ¢(Cu(TAAB)") vs. time linearized
according to the usual equation for the second-or-
der reaction were linear up to at least 70 % comple-
tion, thus confirming the first-order dependence on
both reagents. This makes it possible to determine
the observed rate constants which are given in Ta-
ble 1.

In the region of high GSH concentration (¢ > 5 x
107 mol dm™) the saturation effect was observed.
For the reaction rate, v, the following expression has
been obtained

obs

= ks¢(CU(TAAB)™") o(GSH) (1)

_ kKc(GSH)
1+ Kc(GSH)

where k= (2.0 0.3) x 10° s and K = (1.0 £ 0.2)
x 10* mol™ dm?® at pH = 5.65 and 6 = 25.0 °C.

The second-order rate constant, k., increases
with the decreasing acidity of the solution (Table 1).
For the region of pH from 4.65 to 6.15 the plot of
Kobs vS. 1/c(H") is a straight line with the intercept

¢(Cu(TAAB)*") @

1

k =ka+kb;(-H—+5 3)

obs

where k, = (0.4 = 0.2) mol™ dm® s and k, =
(5.4+0.4) x 10°s™" (r = 0.9992).

The temperature study of the reaction (Table 1)
at pH 4.65 where the acid-independent path (k,) is
predominant, yielded the activation parameters AH* =
(42 + 4) kJ mol™ and AS* = (- 110 + 10) J (K mol)™.
At the evaluation of the pH and temperature depen-
dences of k., the constant error of the ks values
has been considered as the experimental error of
kqs for pH 4.65 and 8 = 25.0 °C which was signifi-
cantly lower than that of other k., values and, there-
fore, at the small number of data the result was de-
termined by this error value.
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Table 1. Dependences of the Second-Order Rate Constant for the Reduction of Cu(TAAB)?* by Glutathione on pH (at 25.0 °C) and
on the Temperature (at pH = 4.65 ). / = 0.1 mol dm™ (with KNO,)

pH 4.65
kops/(mol™ dm® s7) 0.50 + 0.03
6/°C 25.0

Kops/(mol™ dm® s7) 0.50 + 0.03

5.156 5.65 6.15
1.2+0.3 3.0+05 8.0+17
30.0 38.0 50.0
0.7 £ 01 1.1+£02 20+ 05

Under the aerobic conditions the formation of Cu(l)
complex exhibits an induction period. The length of
this period is proportional to the initial concentrations
of Cu(TAAB)*" and dioxygen and indirectly propor-
tional to the concentrations of H* and GSH. Bubbling
through the solution by argon during the experiment
leads to shortening of the induction period. After
dioxygen has been spent, the Cu(TAAB)?* reduction
follows a course similar to that in anaerobic media.
However, the rate constant of the Cu(TAAB)* forma-
tion is decreased (according to the initial O, concen-
tration) when compared to the k., value obtained in
anaerobic conditions.

The amperometric measurement of the O, concen-
tration in the course of the reaction in aerobic me-
dium showed a consumption of dioxygen. The initial
concentration of O, did not change in the absence
of Cu(TAAB)* or GSH in the reaction mixture. The
reduced form of the copper complex, Cu(TAAB)",
was irreversibly produced already after about 30—
50 % of dioxygen present initially in the solution has
reacted on.

The rate of the consumption of dioxygen was a
pseudofirst-order with respect to O, concentration.
The observed rate constant, kq,s4, Was calculated
as the slope of the In {(i —i.,)} dependence vs. time,
where i is the diffusion current of the first step of O,
reduction and i, is the current measured in the so-
lution saturated by argon. The linearity of this de-
pendence was characterized by the correlation co-
efficient values from — 0.97 to — 0.99. The effect of
the concentration of GSH (5 x 10~ mol dm™ to 9 x
10~ mol dm™) on the rate constant may be expres-
sed as

Kobs,a = ke(GSH) “)

where k = (2.6 = 0.5) x 1072 mol™ dm® s™ (for
c(Cu(TAAB)?") = 3.6 x 10° mol dm™, pH = 4.65,
6 = 25.0 °C and the initial O, concentration of 2.4 x
10~ mol dm™).

DISCUSSION

The stoichiometry determined for the reaction of
Cu(TAAB)?* with glutathione in the anaerobic medium
confirmed the usual course of redox changes of the
reactants under the action of weak redox agents. The
entire reaction can be described as follows
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2Cu(TAAB)** + 2GSH — 2Cu(TAAB)" +

+ GSSG + 2H" (A)
This reaction may proceed by two different ways —
an inner-sphere or an outer-sphere mechanism.
From the spectral behaviour of the Cu(TAAB)*" and
GSH mixture we can conclude that no adduct of the
{Cu(I)L(GSH)}*" type is formed. Such adducts were
detected in the reactions of complexes with the
chromophores CuSZ"* [5] and CuN,S2" [6] where the
addition of GSH to the Cu(ll) complex solution leads
immediately to the shift of the characteristic CulL?*
absorption band to longer wavelengths and the in-
crease in absorbance. Then, the intramolecular elec-
tron transfer S(glutathione) — Cu(ll) in the
{CuL(SG)}*" intermediate occurs and the absorb-
ance slowly decreases [5, 6].

In the case of the reduction of Cu(TAAB)?* by GSH
the slow increase in absorbance up to the value
given by the total Cu(TAAB)" concentration was ob-
served. The outer-sphere electron-transfer mecha-
nism is, therefore, more probable. The activation
parameters lie also in the region typical for the outer-
sphere redox process [9]. For the reaction of
Cu(TAAB)*" with ascorbate anion the second-order
cross-rate constant, ky,, is characterized by the simi-
lar values AH* = 25.7 kJ mol™" and AS* = — 141 J (K
mol)™ [2]. Experiments with the high GSH concen-
tration have provided a kinetic evidence of a preced-
ing complexation equilibrium.

According to the H*-dependence of the ks values,
two pathways may be considered for the reaction of
Cu(TAAB)?*" with GSH. In acidic media the reaction
rate does not depend on the H* concentration and
the original particles of Cu(TAAB)*" and GSH evi-
dently interact at the electron-transfer step (k). This
acid-independent path was not observed at the re-
duction of Cu(TAAB)?* by other reducing agents (as-
corbic acid [4] and hydroxylammonium chloride [3])
which are stronger acids than GSH (pK, = 8.75 [10]).
The dissociation of GSH is so low that it does not
contribute even to the acid-dependent path (k) in
the weak acidic media. We assume that the
Cu(TAAB)?* deprotonized form (K, = 1.4 x 107 at
25.0 °C [3]) takes place in the reaction within the pH
region 5.15 up to 6.15. Thus, the acid-dependent path
can be explained by the deprotonation of the com-
plex particle similarly as it was in the case of its re-
duction by ascorbic acid and hydroxylamine in weak
acidic and neutral media (Table 2).
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Table 2. Rate Constants for the Acid-Independent (k,) and Acid-Dependent (k,) Paths of the Reduction of Cu(TAAB)?* by Different
Agents in Anaerobic Conditions and for the Consumption of Dioxygen in Aerobic Conditions at pH 4.65 (kgpsg). / = 0.1

mol dm™ (with KNO,); 6 = 25.0 °C

ka kb kobsd
—_— —_— —_— Ref.
Agent mol™ dm?® s~ s s™ ©
Glutathione 0.4 5.4 x10°® 0.03 This paper
Ascorbic acid 0 5.3 x 107 27 [4]
Hydroxylamine 0 1.0 x 107 - [3]
In the aerobic conditions the Cu(TAAB)?" complex REFERENCES

initiates the oxidation of GSH by dioxygen. In weak

acidic medium and at high concentration of GSH, the 1.

Cu(ll) is completely reduced relatively rapidly (10 to

30 min), whereas the O, concentration decreases §
slowly (1 to 3 h). Similar concentration profiles of the 4
reactants were observed at the redox reaction with

hydroxylamine [3]. However, at low pH values a cata- 5.
Iytic-like reaction occurs and its course indicates .

some peculiarities of the macrocyclic complex. As it
was shown previously [1, 4], the Cu(TAAB)" com- 7
plex cannot be reoxidized by air dioxygen directly

and its expressive catalytic effect at the oxidation of 8.

ascorbic acid by dioxygen (the kinetic parameters
obtained are compared in Table 2) is conditioned by
the formation of the protonated superoxide radical, 1o
*HO, (pK, = 4.69 [11]). The presence of such radi-

cal or the effect of traces of soluble Cu(TAAB)?" and/  11.

or Cu(TAAB)" complexes might lead to the catalytic
oxidation of thiol group.
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