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1. Introduction

ABSTRACT

The anionic [Cu™(LH_4)]~ complex (L=8,17-dioxa-1,2,5,6,10,11,14,15-octaaza-tricyclo[13.3.1] eicosane-
3,4,12,13-tetrone) is one of the rare copper(Ill) compounds, which exhibits high stability in basic
aqueous solution. This copper(Ill) compound catalyses the reduction of molecular oxygen by L-
ascorbic acid at pH 7.97, in Tris-HCl buffer solution at the ionic strength of 0.1M (NaCl).
Stoichiometry of the reaction (2:1.07 for L-ascorbic acid:dioxygen) indicates formation of water
and dehydroascorbic acid as primary products. Based on detailed kinetic measurements, the
rate equation-d[AscH™]/dt = kops[AscH™]%>[Cu(LH_4)][02]%> was obtained. The proposed mechanism
includes a fast redox pre-equilibrium between the copper(Ill) centre and its reduced, copper(Il) form,
induced by the presence of L-ascorbate. The equilibrium constant K;’ at pH 8 (8.78 +3.11 x 10~3) and k val-
ues for the forward and backward reactions (1.18 + 0.68 x 10% and 1.46 + 0.82 x 103 M2 s, respectively)
were determined by stopped-flow technique, following the decrease in absorbance of the copper(Ill) form
at 550 nm. In the presence of molecular oxygen, re-oxidation of the copper(Il) form of the catalyst takes
place, based on cyclic voltammetry (CV) measurements. The decrease of the Cu(Il) — Cu(Ill) oxidation
and the subsequent increase of the Cu(IIl) — Cu(Il) reduction current peaks in the CV spectrum, when
argon is exchanged to dioxygen atmosphere, indicate a relatively fast oxidation rate for [Cu"(LH_4)]>~.
The determined AS' (—41+2]Jmol~! K1) for the catalytic reaction indicate an associative mechanism
for the formation of the catalytically active copper-oxygen species that will react with the L-ascorbate
to yield dehydroascorbate as product.

© 2010 Elsevier B.V. All rights reserved.

oxygen-activating iron enzymes, it is well established that the cat-
alytic cycle proceeds via iron(IV) transient species. Also, for the

Direct reaction between a closed electron shell bearing organic
substrate and the triplet ground state of dioxygen is normally
spin-forbidden. Therefore, electron flow from the substrate to the
dioxygen molecule is often assisted by the active site of metalloen-
zymes, which lower the activation energy need of the oxidation.
When dioxygen is used by the enzyme as the ultimate electron
acceptor molecule, reactive oxo-, peroxo-, or oxyl-intermediates
may form, which then will decompose to hydrogen peroxide, or
water as side products by gaining electrons from the substrate
molecule which itself will degrade to the oxidized product and
restore the reduced form of the enzymatic active site. In case of iron-
containing enzymes, like the diiron-containing soluble methane
monooxygenase (sSMMO) [1] or the heme- [2], or nonheme [3]
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copper-containing peptidylglycine a-amidating monooxygenase
(PHM) [4] and dopamine (3-monooxygenase (DBM) [5], interme-
diates formulated as Cu(II)-OOH and Cu(II)-O°*~/Cu(Ill)=0 have
been proposed. Hamilton et al. suggested the possible role of cop-
per(Ill) in monocopper enzymes, such as galactose oxidase [6],
however, this oxidation state is generally considered to be inacces-
sible in biological systems. Trivalent complexes of copper, on the
other hand, with bis(biureth)- [7], bis(oxamide)- [7], peptide- [8],
dithiocarbamate- [9], are well characterized, and extensive stud-
ies on electron transfer reactions of copper(lll) peptide complexes
[10] and copper(Ill) imine-oxime complexes [11] have been carried
out. High-valent copper complexes occur in biomimetic chemistry
[12], and oxidizing ability of copper(Il)-OOH and dicopper(I1)-OOH
[13] species is widely studied. Other macrocyclic [14] and digly-
cylethylenediamine copper(Ill) complexes [15] have been reported
to oxidize ascorbic acid. No example can be found, where copper(III)
shows catalytic activity in oxidation reactions against a substrate,
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Scheme 1. Structure of the catalyst [Cu"(LH_4)]~.

although the presence of copper(lll) ion is assumed in some cases
[16]. It can be presumed, that a stable copper(Ill) complex with the
appropriate ligand environment can possibly act as a catalyst that
cycles between the copper(Ill)/copper(Il) states.

Template synthesis of remarkably stable square-planar cop-
per(Ill) complexes based on hydrazide and hydrazide/oxime
ligands have been reported [17]. Here we present one of these com-
plexes, [Cul'(LH_4)]~(L=8,17-dioxa-1,2,5,6,10,11,14,15-0octaaza-
tricyclo[13.3.1]eicosane-3,4,12,13-tetrone, Scheme 1) [17a] as a
catalyst in the oxidation reaction of L-ascorbate anion by molecular
oxygen.

2. Experimental

Materials. L-Ascorbic acid and the salts that were used for buffer
preparation and for cyclic voltammetry were commercial products
of reagent grade and were used without any further purification.
Double distilled water was used as solvent. The K[Cu(LH_4)]
catalyst has been synthesized as it was reported earlier for
LiK[Cu(LH_4)]>-10H,0 [17a] except that instead of LiOH-H,0 and
KOH, only KOH was used during the synthesis.

Instruments. Electronic absorption spectra were recorded on a
Beckman DU 650 spectrophotometer connected to a temperature
controller (£0.1°C accuracy). The pH of solutions was measured
with a digital pH meter (Schott). Cyclic voltammograms (CVs) of
the complex and L-ascorbate solutions were obtained in water con-
taining 0.1 M NaClOy4 as supporting electrolyte at 298 K. Hanging
mercury drop electrode (HMDE) was used as a working electrode,
3 M calomel electrode (CE) and a platinum wire used as a reference
and counter electrode, respectively. Scan rates ranging from 100
to 800mV s~! and a potential range from +0.200 to —1.250V were
applied.

Kinetic measurements. Reactions were performed in 1 cm path-
length quartz cuvettes, in 3 mL solutions. The partial orders for
the reactants and the catalyst were determined under pseudo-
first-order conditions, with systematically varying the initial
concentrations of AscH—, [Cu(LH_4)]~, or dioxygen at 298K,
while the initial concentration of the other two reactants and the
pH were maintained constant. Stirring rate had no effect on the
reaction rates. The concentration of [Cu(LH_4)]-was essentially
unchanged before and after the reactions, based on its 550 nm
absorption band intensity. Air-saturated and buffered (50 mM
Tris—-HCI) aqueous solutions were used, the pH was set to 7.97 and
the ionic strength was fixed at 100 mM with NaCl. The reactionrates
and ks values were calculated by integration method (up to 75%
conv.). For the determination of the activation parameters, temper-
ature was varied between 288 and 308 K. Dioxygen concentration
was calculated based on empirical formula [18] using Eq. (1), for
t<30°Cand Eq. (2) for 30°C<t<50°C, respectively.

_ 0.678(P - p)

Do = 35+t )
_ 0.827(P - p)

DO=""5t @)

where P is the barometric pressure, p is the water vapour pres-
sure, t is the temperature in°C and DO is the concentration of
dissolved dioxygen in mgL~1. Concentration of the molecular oxy-
gen in solution was changed by mixing different volumes of air-
and nitrogen-saturated buffer solutions in a sealed cuvette. Thus
only the initial rates (up to 10-15% conversion) could be used for
further calculations to determine the partial order for dioxygen.

3. Results and discussion

Reaction of L-ascorbic acid with dioxygen in the presence of
[Cul(LH_4)]-. Catalytic reactions were carried out in buffered
aqueous solutions at an optimum pH 8 for the following reasons. At
pH < 7 the catalyst decomposes within a few cycles, whereas above
pH 8, the ascorbic acid (pK, values are 4.17 and 11.6) is present
both in the monoanionic (AscH™) and in some extent, the dian-
ionic (Asc?~) form, that may alter the observed mechanism. At pH
8, on the other hand, these complications do not occur, and we can
assume a dominant reaction mechanism between the copper(IIl)
catalyst and the AscH™ anion.

In order to determine the stoichiometry of the catalytic reaction,
dioxygen uptake has been measured gas-volumetrically. During
the oxidation of L-ascorbic acid to dehydroascorbic acid (Asc) half
equivalent of dioxygen was consumed compared to the trans-
formed L-ascorbic acid (see Fig. S1). Based on this, the two-electron
oxidation of an ascorbate molecule results in the four-electron
reduction of a dioxygen molecule according to Eq. (3) similarly to
the native L-ascorbate oxidase, a blue multicopper oxidase enzyme
[19].

[Cu™(LH_4)]”

2AscH™ +0, — " 2Asc+20H~ 3)

To be noted, that the observed excess of O, consumption (apart
from the ~5% error of the measurement) can be ascribed to the
oxidation of ascorbate catalysed by some unidentified impurity in
the solutions (vide infra). Since the stoichiometry of the L-ascorbic
acid oxidation catalysed by various metal ions is 1:1 with respect to
L-ascorbic acid and dioxygen [20], such reactions will cause some
increase in the observed dioxygen consumption.

Kinetic measurements. The decrease in AscH™ concentration was
followed by UV-vis spectroscopy measuring the intensity of the
band ascribed to AscH™ at 265 nm (¢=14,360M~! cm~!). Among
the applied conditions that are summarized in Table 1, the L-
ascorbic acid is present predominantly as AscH™ [21]. During
calculations, only the monoanionic form has been considered to
interact with the catalyst. Fig. 1 illustrates the spectral changes
during a typical oxidation reaction.

The initial catalyst concentration can be determined from its
absorption band at 550 nm (£=7480M~! cm~1), before the addi-
tion of AscH™ (Fig. 1, solid line). This absorption can be assigned
as an N— Cu3* charge-transfer band as it was reported earlier
[17a]. (Note, that in contrast with a typical kinetic experiment,
concentration of the catalyst was increased to illustrate the spec-
tral changes at 550 nm in Fig. 1. This way, the catalyst/dioxygen
ratio is higher, than in a normal kinetic assay, where the dioxygen
concentration is at least two orders of magnitude higher, than the
catalyst concentration that is enough to sustain the pseudo first-
order conditions.) Upon addition of the substrate (Fig. 1, dotted
line) the 550 nm band slightly decreases and a new band at 265 nm
from the AscH™ can be seen. After more than 90% of the AscH™ is
transformed, the original spectrum is almost completely restored
(Fig. 1, dashed line). These spectral changes are attributed to the
partial reduction of copper(Ill) to copper(Il) by the added ascor-
bate. We obtained more information about this first equilibrium
step using stopped-flow technique with the exclusion of dioxygen,
as it will be presented later. Electrochemical experiments (CV) also



Table 1

Kinetic data for the copper(Ill)-catalysed reaction of L-ascorbate and dioxygen at pH 8.
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Exp. Temp. (°C) [AscH-]1 (105 M) [Cu™(LH.4)~] (10-6 M) [02] (1074 M) —d[AscH~]/dt (10~ Ms~1) Vo (109 Ms1) Kops (M~1s71)
1 25 342 2.39 2.60 9.02 +£ 0.10 40.02 + 0.44
2 25 4.86 2.39 2.60 10.93 + 0.08 40.68 + 0.31
3 25 7.92 2.39 2.60 15.06 + 0.17 4391 + 0.50
4 25 9.30 2.39 2.60 15.53 + 0.08 17.03 + 047 41.79 + 0.20
5 25 10.56 2.39 2.60 17.31 £ 0.15 43.71 + 0.39
6 25 13.18 2.39 2.60 18.78 £ 0.20 42.45 + 0.46
7 25 16.78 2.39 2.60 20.40 £+ 0.22 40.86 + 0.44
8 25 21.27 2.39 2.60 22.99 + 0.21 40.90 + 0.37
9 25 11.22 144 2.60 11.38 + 0.14 46.27 + 0.57

10 25 10.77 2.39 2.60 17.31 £ 0.15 43.28 + 0.39

11 25 10.89 3.82 2.60 27.76 £ 0.49 43.18 + 0.76

12 25 10.95 478 2.60 33.24 + 0.64 41.21 + 0.79

13 25 10.84 5.74 2.60 40.97 + 0.69 42.52 + 0.71

14 25 10.65 6.69 2.60 4547 +0.76 40.86 + 0.68

42.26 + 1.64?2

15 25 8.36 2.39 0.33 5.86 + 0.12

16 25 8.54 2.39 0.43 7.92 +£ 0.32

17 25 8.45 2.39 0.61 8.34 + 0.21

18 25 8.69 2.39 0.90 11.90 + 0.36

19 25 9.34 2.39 1.30 13.25 + 0.53

20 25 9.64 2.39 1.45 13.99 + 0.28

21 25 9.78 2.39 2.00 15.45 + 0.32

22 15 11.67 4.78 3.19 18.54 + 0.30 20.10 £ 0.33

23 20 10.70 4.78 2.86 26.70 £+ 0.41 31.93 £ 0.50

24 30 10.97 478 2.37 50.49 + 1.01 65.51 + 1.36

25 35 10.31 4.78 2.21 62.74 £ 1.13 86.95 + 1.57

2Mean value of the kinetic constant k,ps and its standard deviation o/(k,ps ) were calculated as kops = ( Ziwki| Ziw;) and o (kops ) = Ziw;i(ki — kops )2 [(n — 1) Zjw;) 12, where w; = l/zrl?.

support a fast reduction of copper(lll) to copper(ll) by ascorbate

(vide infra).

The time sequence of a typical catalytic reaction can be seen

in Fig. 2. Plots of 2[AscH~]%5 vs. time can be fitted with a straight
line under pseudo first-order conditions (see Fig. 2 for example)
in agreement with a half-order dependence with respect to the
substrate. The pseudo first-order rate constant, k' can be calculated
from the slopes of these fitted lines for the individual experiments
performed at various initial substrate concentrations. The reaction
rate can be given according to Eq. (4) for each individual experiment
(Table 1, experiments 1-8):

—dIASCHT] _ 1 jascH 1% (4)
dt
where k' =k, [Cu"(LH_4)~ ™[O, ]".
L2l | — (" wH )y
‘ ------ [Cum(LHA)]'and AscH
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Fig. 1. Changes in copper(lll) concentration in the presence of L-

ascorbate and dioxygen in water (pH 7.97, w=0.1M with NaCl, 298K,
[Cu™(LH_4)"];=2.65 x 10~> M, [AscH~];=8.92 x 10> M and [02]=2.6 x 10~* M).

Further evidence on the half-order for the substrate is seen
in Fig. 3, where the reaction rates of the individual experiments
(Table 1, experiments 1-8) calculated according to Eq. (4) are
plotted against the square root of the initial concentrations of L-
ascorbate. The linear dependence clearly indicates a partial order
of one half in the substrate.

Runs were performed at various initial catalyst concentra-
tions (Table 1, experiments 9-14). Reaction rates show a linear
dependence on copper(lll) concentration as can be seen in Fig. 4,
indicating first-order in the catalyst (m=1). Linear fit to data points
crosses the ordinate axis above zero that can be interpreted as a
contribution from the autoxidation reaction of the L-ascorbate to
the overall reaction rate. Addition of EDTA efficiently inhibits the
oxidation of AscH™ in the absence of [Cul(LH_4)]~, as it was found
earlier for similar systems [22]. In fact, this “background” reaction

2.0

[AscH] / 10°M

0+ T T r N
0 20 40 60 80

time / min

0.4
100

Fig. 2. Plot of L-ascorbate concentration and its square root as a function of time
(pH 7.97, =0.1M, 298K, [Cu"(LH_4)"]=239 x 105 M, [AscH"];=7.92 x 10° M
and [02]=2.6 x 10~4 M, see Table 1, exp. 3).
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Fig. 3. Reaction rate as a function of square root of the initial L-ascorbate concen-
tration (pH 7.97, u=0.1M, 298K, [AscH™] is varied between 3.42-21.27 x 107> M,
[Cu™(LH_4)~]=2.39 x 107 M and [0,]=2.6 x 10~* M, see Table 1, exp. 1-8).

is a catalytic oxidation caused by the metal ion content of the water
used.

Performing the catalytic reactions at different dioxygen pres-
sures (Table 1, experiments 15-21) the initial reaction rates show
linear dependence on the square root of the initial dioxygen con-
centrations (Fig. S2). This strongly indicates half-order dependence
with respect to dioxygen (n=0.5). Based on our results, the over-
all rate law can be written at constant pH, temperature and ionic
strength according to Eq. (5):

—d[AscH™]
dt
Temperature dependence of the kinetic constant k,,; was mea-
sured in order to determine the activation parameters. The AH!
calculated from Eyring’s equation is 50.3 + 2.2 k] mol~1,and the AS?
is —41+2]Jmol-1 K-! at 298 K. Summary of the rate constants and
other parameters for the individual assays are given in Table 1.
Stopped-flow (SF) kinetics. In nitrogen-saturated, buffered solu-
tions the copper(Ill)/copper(ll) equilibrium according to Eq. (6) can
be measured in the presence of different concentrations of AscH™.

— kyps[AscH % [Cul(LH_4)"1[05]% 5)

_ K _
2[Cu™(LH_4)]” + AscH™ + OH-=2[Cu'(LH_4)]*” + Asc + H,0 (6)

56

) B P
[ (=} (o)
1 1 1

-d[AscH)/ds / 107° Ms™!
)
=

o+-——
o 1 2 3 4 5 6 7 8

[Cu™(LH )]/ 10°M

Fig. 4. Plot of the reaction rate as a function of the initial catalyst con-
centration (at pH 7.97, w=0.1M, 298K, [AscH ]=10.65-11.22x10°M,
[Cu™(LH_4)"]=1.44-6.69 x 10-°M and [0,]=2.6x10"*M, see Table 1, exp.
9-14).

Rapid mixing of various amounts of ascorbate solutions to a
solution of the catalyst and concomitantly following the decrease
in the 550 nm absorption band allows us to determine the equilib-
rium constant. The K; can be transformed to K;’ according to Eq.
(7) among the applied reaction conditions.

K =K [H;0]
[OH7]

The rate constant for the forward reaction (k;’) can be obtained
directly from the initial rate for copper(Ill) decay in the presence of
1-50 equivalent of AscH™. Typical SF curves are shown in Fig. S3.
The values for the apparent rate constants and equilibrium con-
stants are summarized in Table S1. The extent of the reduction of
copper(Ill) to copper(Il) is small as it can be seen from the value of
the equilibrium constant at pH 8 (8.78 £3.11 x 1073).

Cyclic voltammetry measurements. It was previously reported
[17a] that the complex undergoes a reversible one-electron reduc-
tion according to Eq. (8) in aqueous solution.

(7

[Cu(LH_4)]” + e 22 [Cu(LH_)* (8)

In our system the Eq, was —0.09V vs. a 3M calomel electrode
at a 200mVs~! scan rate (Fig. 5, solid line spectrum). The peak
currents (|ia|=0.855 A and i. =0.866 A, respectively) show the
full reversibility of this redox couple among the experimental con-
ditions. When the solution is exposed to air, the picture changes
significantly (Fig. 5, dashed line spectrum).

The current peak for the reduction step increases, due to the
compensational enhancement of the anodic current resulting from
the fast re-oxidation of copper(Il) by dioxygen. The oxidation peak
almost totally disappears due to the same effect, and another oxi-
dation peak appears at higher potentials (0.18 V, see Fig. 5, dashed
line), possibly originating from a copper(Ill)-dioxygen adduct, that
can be proposed as an intermediate in the catalytic process (vide
infra). Addition of AscH™ to the solution in a 1:10 ratio restores
the original peaks (Fig. 5, dotted line), whereas the peak at ~0.18 V
is missing, indicating that the copper(Ill)-dioxygen adduct rapidly
reacts with the added AscH~.

Proposed mechanism. A reaction mechanism that fits the kinetic,
SF kinetic, UV-vis spectroscopic and CV data is shown in Scheme 2.

As it was shown in Fig. 1, the initial concentration of copper(IIIl)
is decreased by the added ascorbate. The Ky’ constant of the cop-

2.0x10"°

1.0x10°1

0.04

I1A

-1.0x10™

-2.0x10™

-3.0x10™

12 -10 08 -0.6 -04 -02 00 02
E/V

Fig. 5. CV spectra of [Cu"(LH_4)]~ under argon (solid line), in the presence of
air (dashed line) and in the presence of 10 equivalents of L-ascorbate and air
(dotted line), in 0.1 M NaClO4 solution against 3M KCI calomel electrode with
200mVs~! scan rate, T=298K, [AscH"]=10 x 103 M, [Cu(LH_4)~]=10"3 M, and
[02]=2.6 x 104 M).
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kq 1 2-
~ . 2[Cu"(LH_4)]* + Asc + H,0
-1

2[CU"(LH_4)]" + AscH™ + OH"

ko

2[Cu'(LH_4)1% + O, [(LH_4)CuM(Oz)Cu™(LH_)1*

[(LH,)Cu"(Oz)Cu"(LH)1* %’ 2[(LH4)Cu"(O)>

2[(LH..)Cu™(O)> + AscH™ + HyO ——> 2[Cu"(LH_4)]" + Asc + 30H"

Scheme 2. Suggested mechanism for the copper(lll)-catalysed reaction of L-
ascorbate and dioxygen at pH 8.

per(lll)/copper(Il) equilibrium in the presence of various amounts
of ascorbate was calculated from the SF results under nitrogen
atmosphere. When the solution is exposed to air, the absorption
band at 550 nm grows quickly, i.e. copper(ll) is oxidized to cop-
per(Ill) and after all the ascorbate has reacted the absorbance
approaches to its original value. Re-oxidation of copper(Il) to cop-
per(Ill) is supported by the results from the cyclic voltammetry
experiments, too.

Based on the observed rate law, among catalytic conditions,
one molecule of substrate and dioxygen contributes to the for-
mation of two catalytically active species, each of which contains
one copper. This species then can react with the substrate in a
fast step to produce Asc and thus closing the catalytic cycle. We
believe that the catalytic cycle starts with two pre-equilibria in
which formally a peroxodicopper(lll) intermediate is formed which
then can dissociate to mononuclear copper(lll)-oxyl radical anions
in the rate-limiting step (k3). These species are proposed on the
analogy of peroxodicopper(ll) complexes that are well known in
the literature [12] and the negative activation entropy for the
reaction (—41+2Jmol~1K-! at 298K) is in accordance with an
associative mechanism for the dioxygen activation. Since cop-
per(Ill) intermediates like the ones proposed in this mechanism
have never been experimentally described, their presence is hypo-
thetic. Applying steady-state treatment for this mechanism, where
d[(LH_4)Cull'(0,)Cul(LH_4)*~]/dt =0, Eq. (9) will describe the rate
of product formation and the following rate equation (10) can be
obtained:

—d[AscH™]
dt

= {k3[(LH74)CuIII(02)CUIII(LH74)4,]}O.5 ©)

—d[AscH™]
dt

ki [Cu(LH_4)" J*[AscH™ ][OH"]

keks 1o +k_2[(LH_4)Cu™(0,)Cu(LH_4)*"]
= —_— X X
3 2 k_1[Asc][H,0] + k[0 ]

(10)

When  kq[Cu™(LH_4)~12[AscH~][OH~| > k_>[(LH_4)Culll(0,)
Cu(LH_4)*-] and k_;[Asc][H20] > k»[0] (this can be presumed
based on the SF kinetic results, as K; is small, but k; and k_; are
large), at constant pH and [Asc], Eq. (10) simplifies to Eq. (11),
where C=[OH~]%3/{[Asc][H,0]}°>:

—d[ASCH_] . k2k3
a VR

—40.5 1 - 0.5
- +k3C><[AscH |77 [Cu™(LH_4)"][02]

(11)

Eq. (11) satisfies the kinetic data and the deduced kinetic
rate law (Eq. (5)), if kops = (K1 kak3 )0 |(k_ + k3)0->C0->, UV-vis spec-
troscopic results indicates that the [Asc] is constant, since its
characteristic absorption band around 300 nm is very low in inten-

sity and does not change significantly over the course of the
reaction. This is due to transformation of dehydroascorbic acid to
other products that are described in the literature [23]. The rel-
atively high activation enthalpy (50.3 +2.2 k] mol~! at 298 K) can
originate from the repulsion between the negatively charged react-
ing intermediates.

4. Conclusions

Mechanism of the 2e~ oxidation of AscH™ to Asc and the
concomitant 4e~ reduction of dioxygen to water catalysed by
[Cu(LH_4)]~ (Scheme 1) consists of three general stages: (1) acti-
vation (reduction) of the metal site by the substrate, (2) reduction
of dioxygen by the metal centre to give a reactive copper-oxygen
intermediate and (3) quenching the intermediate by the substrate.
Although the stoichiometry of the reaction is the same as it was
established for the native ascorbate oxidases, our catalytic system
cycles through a completely different mechanism compared to the
tricopper active site of the native enzymes. In the enzyme the cop-
per(Il)/copper(I) redox couple is involved, whereas in our system
copper(Ill) and copper(Il) species occur in the catalytic process, due
to the ability of the ligand to stabilise copper(Ill). The O, is reduced
to water, similarly to several monooxygenase enzymes. A unique
feature of the [Cu(LH_4)]~ catalyst is that upon its reduction, the
square planar ligand environment is no longer favoured, thus bind-
ing an additional ligand at the apical position and the formation
of a square pyramidal coordination sphere is likely to take place.
This is represented in the suggested mechanism based on differ-
ent kinetic and spectroscopic methods. Difference in the preferred
coordination geometry of the reduced and oxidized metal ion may
be a useful activation/de-activation switch in catalytic reactions
with copper(Ill) complexes.
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