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Avenue Escadrille Normandie-Niemen, 13397 Marseille Cedex 20, France

Received 20 January 2003; accepted 8 August 2003

Contents

Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
2. Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

2.1. Materials and methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
2.2. Syntheses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

2.2.1. 1,3-bisN,N-bis(2-[2-Pyridyl]ethyl)amino-2-hydroxypropane (L2OH). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2.2.2. 1,3-bisN,N-bis(2-[2-Pyridyl]ethyl)aminopropane (L1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2.2.3. [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2.2.4. [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

2.3. X-ray structure determination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2.4. Cyclic voltammetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2.5. Kinetics of 3,5-di-tert-butylcatechol oxidation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

3. Results and discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3.1. X-ray structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3.2. Electrochemistry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
3.3. Spectroscopic properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
3.4. Kinetic studies for catechol oxidase activity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

4. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Abstract

The catecholase activity of two dicopper(II) complexes [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) and [Cu2(L2O)](CF3SO3)](CF3SO3)2 (2)
containing the ligands 1,3-bis{N,N-bis(2-[2-pyridyl]ethyl)}aminopropane (L1) and 1,3-bis{N,N-bis(2-[2-pyridyl]ethyl)}amino-2-hydroxy-
propane (L2OH) was studied as functional as well as structural models for the type 3 copper enzyme, catechol oxidase. The X-ray structure of
1 in solid form shows a Cu–Cu distance of 7.840 Å, while in2 the Cu–Cu distance is only 3.699 Å. Complex1 can have flexible conformations
in solution while the other is being fixed by the bridging alkoxo group. The catalytic activity of the complexes1 and2 on the oxidation of
3,5-di-tert-butylcatechol was determined spectrophotometrically by monitoring the increase of the 3,5-di-tert-butyl-o-benzoquinone charac-
teristic absorption at 400 nm over time in methanol saturated with O2 at 25◦C. The complexes were able to oxidize 3,5-di-tert-butylcatechol
to the correspondingo-quinone and hydrogen peroxide. A kinetic treatment of the data based on steady-state treatment and Michaelis–Menten
approach was applied. Mechanisms for the catalytic reactions are proposed, which show that with complex1 copper(I) dioxygen chemistry
determines the kinetic scenario, while with complex2 the reaction follows a Michaelis–Menten type kinetics.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Copper has been known as an essential bioelement for
some time but its biological role(s) has been recognized
only in the last decades due to the rapid development
of bioinorganic chemistry, a successful interaction be-
tween model complexes and protein biochemistry[1–8].
Copper-containing proteins are involved in various pro-
cesses in living systems. Hemocyanin (O2 transport), ty-
rosinase (hydroxylation of monophenols and oxidation of
catechols), and catechol oxidase (oxidation of catechols)
are classified as type 3 copper proteins and have magnet-
ically coupled binuclear copper(II) centers at their active
sites. The structures of oxidized and reduced forms of
catechol oxidase from sweet potato were determined by
X-ray crystallography[9–11]. Both consist of a binuclear
copper center each coordinated by three hystidine nitrogen
atoms. In the oxidized form, the two copper(II) centers
with a bridging hydroxide group as the fourth ligand in the
four-coordinated trigonal pyramide, and the Cu(II)–Cu(II)
distance was found as 2.9 Å. In the reduced form, the
Cu(I)–Cu(I) length increases to 4.4 Å. A water molecule co-
ordinates to one copper (CuA) with a distorted trigonal pyra-
midal geometry. The other copper (CuB) possesses a square
planar geometry with one empty coordination site. Catechol
oxidase and tyrosinase are accessible to exogeneous lig-
ands[9]. Tyrosinase catalyzes the oxidation monophenols
to o-diphenols (cresolase activity) and the subsequent oxi-
dation of the catechols too-quinones (catecholase activity).
The enzyme plays an important role in the biosynthesis of
melanin pigments and other polyphenolic natural products.
Due to the mechanistic suggestions the substrate catechol
and the dioxygen (peroxide in a�-�2:�2 fashion) is si-
multaneously bonded to the reduced enzyme. The copper
center is believed to have a six-coordinated ligand arrange-
ment with the monodentate substrate in axial position in a
distorted octahedral coordination. Two electrons are trans-
ferred from the substrate to the peroxide in the ternary
enzyme–catechol–dioxygen complex. This is followed by
protonation of the peroxide group and cleavage of the O–O
bond accompanied by the loss of water and oxidation of
catechol too-quinone. Protonation of the bridging group
by the solvent ends up in the resting hydroxide-bridged
dicopper(II) state. The Cu(II)–OH–Cu(II) state can be
reduced by a further molecule of catechol back to the
dicopper(I) oxidation state just closing up the catalytic
cycle.

There is a steady interest to investigate the catechol oxi-
dase activity of copper complexes using 3,5-di-tert-butylcat-
echol (DTBCH2) as a convenient model substrate. They
can serve as functional mimics for catechol oxidases or as
new biomimetic catalysts for oxidation reactions[12–30].
On the basis of structural information and the proposed
catalytic mechanisms available for catechol oxidase and ty-
rosinase, we set ourselves the goal of the synthesis of new
model compounds and their use as catalyst in the reaction of

3,5-di-tert-butylcatechol with molecular oxygen. There is a
view that a close proximity between the two copper centers
is a must in the enzyme as well as in model systems[31].
However, mononuclear copper complexes were also shown
to be active in model studies for this reaction[32,33]. In
this study, we prepared dicopper complexes with the ligands
1,3-bis{N,N-bis(2-[2-pyridyl]ethyl)}aminopropane (L1) and
1,3-bis{N,N-bis(2-[2-pyridyl]ethyl)}amino-2-hydroxyprop-
ane (L2OH). L1 allows the dicopper complex high flexi-
bility in terms of the Cu–Cu distance, where in the case
of the dicopper complex with the ligand L2OH the bridg-
ing alkoxo group behaves as a rigid spacer fixing the
Cu–Cu distance. We intended to see what the differences
in the interatomic Cu–Cu distances will be, and first of
all, what effect this would exert on the mechanism of the
aerobic oxidation of 3,5-di-tert-butylcatechol in solution
(Eq. (1)).

OH

OH

O

O

+  H2O2

O2

catalyst

(1)

2. Experimental

2.1. Materials and methods

Solvents used for the reactions were purified using
literature methods[34]. Commercial starting materials
were used without purification, except for 2-vinylpyridine
which was chromatographed on silica gel prior to use.
3,5-Di-tert-butylcatechol[35], 3,5-di-tert-butyl-1,2-benzo-
quinone [36] were prepared by literature methods. The
ligand L2OH was also prepared by a literature procedure
[37]. NMR spectra were recorded at 25◦C in CDCl3 on a
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Bruker AC-300 spectrometer. Chemical shifts are reported
in ppm asδ values downfield from an internal standard of
TMS. Infrared spectra were measured in neat film or KBr
pellets on a Specord M80 (Carl Zeiss Jena) and Avatar
330 FT-IR Thermo Nicolet instruments. UV-Vis absorption
spectra were recorded on a Shimadzu UV-120A spectrom-
eter. Voltametric analyses were carried out in a standard
three-electrode cell using a BAS CV-1B unit. The refer-
ence electrode was a AgCl/Ag electrode. The electrolyte
consisted of 0.1 MnBu4NClO4 solution in methanol. The
auxiliary electrode and the working electrode were plat-
inum. Elemental analyses were measured on C, H, N, S
Carlo Erba EA 1108 analyzer. Magnetic susceptibilities
were determined at room temperature with a Bruker B-E
10B8 magnetic balance.

2.2. Syntheses

2.2.1. 1,3-bis{N,N-bis(2-[2-Pyridyl]ethyl)}amino-2-
hydroxypropane (L2OH)

1,3-Diamino-2-hydroxypropane (900 mg, 10 mmol) and
2-vinylpyridine (16.8 g, 160 mmol) were heated under re-
flux in 50 ml of MeOH with acetic acid (3 g, 49 mmol) for
5 days. Methanol was evaporated under vacuum. The re-
sulting brown mixture was taken up in CH2Cl2, washed
2× 40 ml of 15% aqueous NaOH and extracted with 2×
30 ml of CH2Cl2. The organic layer was dried over Na2SO4.
The solvent was removed by rotary evaporation to give a
crude oil. This oil was dried under vacuum (∼0.01 mmHg)
at 40◦C to remove the excess 2-vinylpyridine. The residue
was chromatographed on silica gel (CH2Cl2/MeOH, 85/15)
to yield the pure ligand (yield 31%).1H NMR (CDCl3), δ

(ppm): 2.45 (m, 4H), 2.75–3.0 (m, 16H), 3.40 (s, 1H, OH),
3.60 (m, 1H), 6.90–7.10 (m, 8H), 7.50 (td,J = 7.5 Hz,
J = 1.7 Hz, 4H), 8.40 (dd,J = 4.0 Hz, J = 0.7 Hz,
4H). 13C NMR (CDCl3), δ (ppm): 35.8 (CH2), 54.5 (CH2),
59.0 (CH2), 66.5 (CH), 121.2 (py CH), 123.5 (py CH),
136.4 (py CH), 149.1 (py CH), 160.5 (py C). IR (neat
film), cm−1: 3400 (�O–H), 3070, 3010 (�C–H aromatic), 2940
(�as,C–H aliphatic), 2820 (�s,C–H aliphatic), 1640, 1600, 1485,
1440 (�C–C pyridine), 1050 (�C–OH), 770, 756 (�C–H aromatic,
�C–C). UV-Vis (MeOH),λmax (nm) (εmax (M−1 cm−1)): 230
(8500) sh, 262 (15,200).

2.2.2. 1,3-bis{N,N-bis(2-[2-Pyridyl]ethyl)}aminopropane
(L1)

A procedure identical to that described for L2OH
was followed for the preparation of this compound. The
obtained material was chromatographed on silica gel
(CH2Cl2/MeOH, 85/15) to yield the pure L1 (yield 51%).
1H NMR (CDCl3), δ (ppm): 1.55 (qv,J = 7.0 Hz, 2H),
2.50 (t,J = 7.0 Hz, 4H), 2.8–3.0 (m, 16H), 7.0–7.20 (m,
8H), 7.50 (td,J = 7.7 Hz, J = 1.8 Hz, 4H), 8.40 (dd,J =
4.0 Hz,J = 0.7 Hz, 4H).13C NMR (CDCl3), δ (ppm): 25.0
(CH2), 35.3 (CH2), 51.4 (CH2), 53.3 (CH2), 120.5 (py CH),
122.8 (py CH), 135.6 (py CH), 148.6 (py CH), 160.1 (py

C). IR (neat film), cm−1: 3070, 3010 (�C–H aromatic), 2950
(�as,C–H aliphatic), 2815 (�s,C–H aliphatic), 1640, 1590, 1475,
1440 (�C–C pyridine), 760, 745 (�C–H aromatic, �C–C). UV-Vis
(MeOH), λmax (nm) (εmax (M−1 cm−1)): 230 (8550) sh,
262 (15,700).

2.2.3. [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)
Ligand L2OH (510 mg, 1 mmol) solubilized in CH2Cl2

(5 ml) was dropwise added to a suspension of Cu(CF3SO3)2
(723.4 mg, 2 mmol) in CH2Cl2 (5 ml). After 2 h stirring
at room temperature, a green-blue solid was formed. This
copper(II) complex [Cu2(L2O)(CF3SO3)](CF3SO3)2 was
filtered, washed with Et2O and dried under vacuum. Yield:
1.12 g, 91%. IR (KBr), cm−1: 3080 (�C–H aromatic), 2980
(�as,C–H aliphatic), 2820 (�s,C–H aliphatic), 1660, 1610, 1490,
1455 (�C–C pyridine), 775, 760 (�C–H aromatic, �C–C), 1285,
1034, 641, 526 (νCF3SO3

− ). UV-Vis (MeOH), λmax (nm)
(εmax (M−1 cm−1)): 215 (9100), 260 (15800), 382 (1350),
685 (280). C34H37N6Cu2O10F9S3 (1083.08): calcd. C
37.67, N 7.75, H 3.41, Cu 11.73; found C 37.12, N 7.43, H
3.19, Cu 12.05.µeff = 1.35 BM/Cu.

2.2.4. [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1)
This copper(II) complex was prepared analogously to

[Cu2(L2O)(CF3SO3)](CF3SO3)2. Yield: 1.0 g, 82%. IR
(KBr), cm−1: 3100 (�C–H aromatic), 2980 (�as,C–H aliphatic),
2870 (�s,C–H aliphatic), 1660, 1620, 1500, 1450 (�C–C pyridine),
775, 740 (�C–H aromatic, �C–C) 1275, 1034, 630, 516
(νCF3SO3

− ). UV-Vis (MeOH),λmax(nm) (εmax(M−1 cm−1)):
215 (10400), 260 (16800), 370 (2400) sh, 670 (280).
C35H46N6O16F12S4Cu2 (1290.1): calcd. C 32.55, N 6.50,
H 3.56, Cu 9.85; found C 33.0, N 6.60, H 3.31, Cu 10.55.
µeff = 1.55 BM/Cu.

2.3. X-ray structure determination

Crystallographic and experimental details of the data
collection and refinement of the structure of [Cu2(L2O)-
(CF3SO3)](CF3SO3)2 (2) and [Cu2(L1)(CF3SO3)2(H2O)4]-
(CF3SO3)2 (1) are reported inTable 1. All measurements
were performed on a Bruker-Nonius Kappa CCD diffrac-
tometer using graphite monochromated Mo K� radiation
[38]. The cells determinations and data integrations were
performed using Denzo-Scalepak[39]. The structure solu-
tions were obtained using Sir92[40] and the refinements
were done by SHELXL-97[41].

2.4. Cyclic voltammetry

All experiments were run at room temperature under ar-
gon atmosphere. The complexes (0.5 mM) were dissolved in
MeOH containing (0.1 M) tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte. The cyclic voltam-
mograms were recorded at a platinum working electrode
(1.6 mm disk) with saturated AgCl/Ag reference electrode
and Pt wire as an auxiliary electrode.
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Table 1
Crystallographic data for the complexes [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) and [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)

[Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 [Cu2(L2O)(CF3SO3)](CF3SO3)2

Formula C35H46Cu2F12N6O16S4 C34H37Cu2F9N6O10S3

Crystal system Monoclinic Orthorhombic
Space group P21/m Pnma
a (Å) 7.9636(3) 16.9950(2)
b (Å) 28.442(1) 23.2200(2)
c (Å) 11.7137(7) 11.0680(4)
β (◦) 103.850(3)
V (Å) 2576.2(2) 4367.7(2)
Z 2 4
dcalcd. (g cm−3) 1.581 1.815
Crystal color/size (mm3) Blue/0.4× 0.2 × 0.2 Green/0.4× 0.4 × 0.2
µ(Mo K�) (cm−1) 1.090 1.5
F(0 0 0) 1248 2496
T (K) 293 293
Scan mode � scan � scan
Data collected 4840 6800
Parameters 368 349
R 0.0869 0.0682
wR 0.2344 0.1691
S 1.045 1.042
�ρmax (eÅ3) 1.137 0.608
�ρmin (eÅ3) −0.940 −0.961

(1) R: F2 > 4σF2; wR: w = 1/[σ2(F2
o ) + (0.1483P)2 + 5.6669P ], whereP = (F2

o + 2F2
c )/3. (2) R: F2 > 4σF2; wR: w = 1/[σ2(F2

o ) + (0.0879P)2 +
7.2258P ], whereP = (F2

o + 2F2
c )/3.

2.5. Kinetics of 3,5-di-tert-butylcatechol oxidation

The oxidation of 3,5-di-tert-butylcatechol was performed
under pseudo-first-order conditions in a thermostatically
controlled reaction vessel connected to a mercury manome-
ter to maintain a constant pressure. The temperature during
the measurement was kept constant at 25± 0.1◦C and was
varied from 20 to 38◦C for determination of the activation
parameters. The solvent employed was methanol saturated
with dioxygen or with mixture dioxygen–argon (0–80%
of O2) in different ratios. The dioxygen concentration in
methanol at 25◦C as 1.02× 10−2 M was applied and was
varied from 0.35 to 1.03× 10−2 M in the 20–38◦C temper-
ature range according to literature data[42]. The concentra-
tion of the copper complexes was varied from 0.6 × 10−4

to 5.0 × 10−4 M while that of substrate from 1.25× 10−3

to 18.7 × 10−3 M. The absorption atλmax = 400 nm
(ε = 1560 M−1 cm−1) characteristic of the formed quinone
was measured as a function of time. The hydrogen peroxide
formation during the catalytic reaction was determined by
iodometric titration[43].

3. Results and discussion

3.1. X-ray structures

Single crystals of [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2
(1) suitable for X-ray structure determination were grown
from MeOH. It crystallized in a monoclinic space group
P21/m and crystallographic data are compiled inTable 1.

The structure of1 (Fig. 1) consists of a discrete binuclear
complex with two trigonal bipyramidally coordinated Cu(II)
ions. The two copper atoms are related by a crystallographic
mirror plane containing C17, S1, S2, C18 of the two triflate
groups as well as C16 of the connecting methylene chain
in L1. The coordination geometry around the copper atoms
is slightly distorted trigonal bipyramidal with aτ value of
0.96. Addison et al. definedτ = 1 for a regular trigonal
bipyramide, whileτ = 0 denotes a regular square pyramide

Fig. 1. The molecular structure of [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2

(1).
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[44]. The values ofτ between these limits denote the de-
gree of bipyramidicy. The two pyridine nitrogen atoms
occupy axial positions with the bond distances Cu1–N1
1.993(5) Å and Cu1–N3 1.984(5) Å and a N1–Cu1–N3 an-
gle of 167.3(2)◦. These bond lengths are somewhat shorter
than those found for the dicopper(I) carbonyl complex
Cu2(L1)(CO)2(ClO4)2 (2.023(8) and 2.040(10) Å)[37]. The
equatorial positions are occupied by the aliphatic N atom
of the ligand L1 with a Cu1–N2 distance of 2.023(4) Å and
two O atoms from coordinated water molecules. One of the
water molecules is hydrogen bonded to the oxygen atoms
of two CF3SO3

− molecules with a O3–O5 and O3–O2
bond distances of 2.848 and 2.700 Å, respectively. The
copper–oxygen distance (Cu1–O3) with the in H-bonding
involved H2O molecule is 2.226(4) Å, while that of the other
water molecule is shorter (Cu1–O10 2.076(4) Å). The equa-
torial Cu1–N2 distance (2.023(4) Å) is somewhat longer
than those of the axial copper–nitrogen distances (Cu1–N1
1.993(5) Å, Cu1–N3 1.984(5) Å). The copper–copper dis-
tance (7.840 Å) is rather large in the solid state. This may
be fixed through the hydrogen bridged entities of the two
equatorial water molecules and the two CF3SO3

− anions
involved. However, it must be kept in mind that different
situations can probably be considered in solution, since in
solution the H-bridged system may be broken down, the
CF3SO3

− anions may be dissociated and then the dicopper
complex can have various conformations due to the flex-
ibility of the methylene bridge between the two aliphatic
N-atoms. The most important interatomic bond distances
and angles are compiled inTable 2.

From the complex [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)
suitable crystals were obtained by slow diffusion of ether

Fig. 2. The molecular structure of [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2).

Table 2
Selected interatomic distances (Å) and angles (◦) of the complexes
[Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) and [Cu2(L2O)(CF3SO3)]-
(CF3SO3)2 (2)

Distances (Å) Angles (◦)

[Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1)
Cu1–N1 1.993(5) N3–Cu1–N1 167.3(2)
Cu1–N2 2.023(4) N3–Cu1–N2 95.8(2)
Cu1–N3 1.984(5) N1–Cu1–N2 95.5(2)
Cu1–O3 2.226(4) N2–Cu1–O3 109.95(16)
Cu1–O10 2.076(4) N2–Cu1–O10 130.77(17)
Cu1–Cu2 7.840(4) O10–Cu1–O3 119.28(17)

N1–Cu1–O10 87.84(18)
N3–Cu1–O10 89.04(18)
N1–Cu1–O3 86.79(19)
N3–Cu1–O3 84.04(19)

[Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)
Cu1–N1 2.032(3) N1–Cu1–N3 98.93(14)
Cu1–N2 2.009(3) N2–Cu1–N3 95.40(10)
Cu1–N3 2.179(4) O1–Cu1–N3 104.69(11)
Cu1–O1 1.969(12) O2–Cu1–N3 95.71(16)
Cu1–O2 2.047(3) N2–Cu1–O2 83.10(13)
Cu1–Cu2 3.699(3) N2–Cu1–N1 94.17(12)

O1–Cu1–N1 87.04(12)
O1–Cu1–O2 90.54(12)
N1–Cu1–O2 165.31(15)
O1–Cu1–N2 159.45(14)
Cu1–O1–Cu2 139.82(18)

into the CH2Cl2 solution of 2. It crystallized in the or-
thorhombic space groupPnma and crystallographic data
can be found inTable 1. The molecular structure of
[Cu2(L2O)(CF3SO3)](CF3SO3)2 (2), as shown inFig. 2,
also consists of a discrete binuclear complex with two
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tetragonally coordinated Cu(II) ions bridged in the equa-
torial positions by the alkoxide and triflate ligands. Theτ

value of 0.11 of the complex also expresses slight distortion
of a regular square pyramid[44]. The two copper atoms
are related by a crystallographic mirror plane containing
the O1, C1, S1, and C17 atoms of the ligand L2O and the
triflate. The Cu–Cu distance was found to be 3.699(3) Å.
This is somewhat shorter than that found, e.g. in the sim-
ilar [Cu2(L2O)(OMe)](PF6)2 (2.995(2) Å) [45]. The two
positions in the basal plane of the copper ions are taken
by one of the pyridine nitrogen ligands and the aliphatic
nitrogen of the ligand L2OH. The other two equatorial po-
sitions are occupied by the oxygen atoms O1 of the ligand
L2OH and O2 of the triflate anion. In the distorted square
pyramidal dicopper complex, the out of plane distance of
the basal plane atoms O1, O2, N1, N2 is 0.045 Å while
that involving Cu1 as well is 0.127 Å. The axial pyridine
N3 donor which is bonded to the Cu(II) atom at a distance
of 2.179(4) Å, is a bit longer than the equatorial pyridine
donor N2 (Cu1–N2 2.009(3) Å). The whole feature of bond
distances, bond angles of2 (Table 2) show similarities
to other dicopper complexes with ligands derived from
2-hydroxy-1,3-diaminopropane[45–47].

3.2. Electrochemistry

The electrochemistry of the complexes was investigated,
as the redox potential is an important parameter in electron
transfer processes in general and also in our catalytic sys-
tems. The redox potentials of the catalysts and species in-
volved in the redox cycles have to match some criteria. The
reduction of Cu(II) by the substrate DTBCH2 and the re-
oxidation of Cu(I) by dioxygen are significant steps in the
catalytic cycle. The reduction potentials for the complexes
1 and 2 were measured by cyclic voltammetry (CV) at a
working platinum electrode in methanol solution containing
0.1 M TBAP as the supporting electrolyte in the range of
−1.0 to 1.2 V versus AgCl/Ag. The cyclic voltammograms
of 1 and2, as shown inFig. 3, do not show reversible peaks.

The reduction potentials of1 at 380 and−60 mV ver-
sus the AgCl/Ag (the redox potential of AgCl/Ag was taken
as 45 mV more negative than the SCE[48]), which can be
assigned to CuII CuII → CuII CuI and CuII CuI → CuICuI

processes. In the case of2, only one reduction peak at
60 mV versus AgCl/Ag could be seen. In both cases the com-
plexes exhibit a sharp anodic oxidation peak in the range
of 400–440 mV versus AgCl/Ag, probably corresponding to
a process involving Cu0 at the electrode surface. These re-
duction potentials, however, do differ the reported value of
+360 mV versus SCE for the enzyme tyrosinase isolated
from mushrooms[49].

3.3. Spectroscopic properties

The electronic spectra of the complexes1 and2 recorded
in MeOH solution exhibit, besides the intense UV absorp-

Fig. 3. The cyclic voltammograms of the complexes [Cu2(L1)-
(CF3SO3)2(H2O)4](CF3SO3)2 (1) (a) and [Cu2(L2O)(CF3SO3)](CF3-
SO3)2 (2) (b) in MeOH. Concentration of1 and 2: 5 × 10−3 M in
MeOH (0.1 M Bu4NClO4); sweep rate= 100 mV s−1; AgCl/Ag reference
electrode.

tions below 300 nm, due to pyridine�–�∗ transitions, poorly
defined adsorptions of moderate intensities between 300 and
400 nm, which can be attributed to�(amino)→ Cu(II) [50]
and�(pyridine)→ Cu(II) [51,52]LMCT transitions. In ad-
dition, two weaker and partially resolved bands can be found
in the visible region near 685 and 670 nm. The presence of
the d–d bands in this region is consistent with coordination
geometries close to trigonal bipyramidal for the Cu(II) cen-
ter bound to three nitrogen and two oxygen donors and to
square pyramidal for the Cu(II) center bound three nitrogen
donors and the bridging alkoxide and triflate oxygen atoms
[53]. The absorptions at 382 and 370 nm in the visible re-
gion are much lower in energy than those found in other
RO-bridged dicopper complexes[54–57]. However, in many
cases alkoxo bridged dicopper complexes do not exhibit any
absorptions due to CT bands having either imidazole, pyra-
zolate or pyridine ligands.

The EPR spectra recorded in MeOH solution at room tem-
perature showed that in the complex [Cu2(L2O)(CF3SO3)]-
(CF3SO3)2 (2) no signal could be seen due to strong antifer-
romagnetic spin coupling of the two Cu(II) centers. The solid
state magnetic susceptibility of this compound (µeff = 1.35
BM/Cu) supports this behavior. Compound1 also showed
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Fig. 4. The oxidation of DTBCH2 catalyzed by [Cu2(L1)(CF3SO3)2-
(H2O)4](CF3SO3)2 (1). Conditions: [[Cu2(L1)(CF3SO3)2(H2O)4]-
(CF3SO3)2] = 0.125 mM, [DTBCH2] = 4.16 mM, [O2] = 10.2 mM at
25◦C in MeOH.

some slight magnetic interaction between the two copper(II)
centers (µeff = 1.55 BM/Cu) but it was EPR-active at room
temperature giving a broad signal with the parametersgxx =
2.252, gyy = 2.081, andgzz = 2.050. In CH2Cl2, due to
decomposition and precipitation of solid copper complexes,
no useful solution spectra could be obtained.

3.4. Kinetic studies for catechol oxidase activity

Compounds1 and2 are stable under ambient conditions
in air. The catechol oxidase activity of the enzyme is carried
out by the met form of the enzyme (Cu(II)–Cu(II)) through
a two electron-transfer reaction. The catechol oxidase ac-
tivity of copper complexes, as model systems, has been
determined mainly by the catalytic oxidation of DTBCH2
[31,58]. The kinetic studies of the oxidation of DTBCH2
catalyzed by the complexes1 and2 were carried out by the
initial rate method monitoring the increase of the concen-
tration of 3,5-di-tert-butyl-o-benzoquinone (DTBQ) at the
characteristic band at 400 nm and the amount of hydrogen
peroxide formed by iodometric titration over the time. It
was found that in the absence of dioxygen no catalytic ox-
idation of the substrate occurs, however, DTBCH2 is oxi-
dized to DTBQ by Cu(II) in a fast reaction. The ability of
Cu(II) to oxidize a large number of organic compounds has
already been demonstrated[59]. Dioxygen is necessary in
the catalytic reaction and its role is the reoxidation of cop-
per(I) species formed during the catalytic cycle. The time
course of the reactions catalyzed by the complexes1 and
2 is shown inFigs. 4 and 5, and from them it can be seen
that under the ambient conditions described, the reactions
are ∼50% completed in ca. 30 min. No decomposition of
the H2O2 formed could be observed and the reaction be-
tween the quinone DTBQ and hydrogen peroxide is negligi-
ble. Furthermore, no other products such as those of a cleav-
age reaction could be detected. The kinetic experiments of
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Fig. 5. The oxidation of DTBCH2 catalyzed by [Cu2(L2O)(CF3SO3)]-
(CF3SO3)2 (2). Conditions: [[Cu2(L2O)(CF3SO3)](CF3SO3)2] =
0.125 mM, [DTBCH2] = 4.16 mM, [O2] = 10.2 mM at 25◦C in MeOH.

the reactions were conducted under pseudo-first-order con-
ditions (the concentration of dioxygen was kept constant)
and at 25◦C in methanol. The absorbance at 400 nm of the
DTBQ increases and the Beer–Lambert rule was valid for
the various concentrations. Carrying out the kinetic exper-
iments with1 by varying the concentration of one of the
reaction partners and keeping the other two constant, the
reaction rate was found to be independent of the DTBCH2
concentration. A first-order dependence was found for the
catalyst [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) concen-
tration and the dependence on the dioxygen concentration
was found to give a saturation curve as shown inFig. 6. The
kinetic data are compiled in the supplementary material.

On the basis of the kinetic data a mechanism route A as de-
picted inScheme 1is proposed. We believe that the catalyst
weighted in as [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1)
oxidizes DTBCH2 in a fast reaction step (k1) to the quinone
DTBQ and 2H+ forming the dicopper(I) species (CuI)2 (3).
This dinuclear copper(I) complex then reacts in a reversible
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Fig. 6. The dependence of the oxidation rate of DTBCH2 catalyzed by
[Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1) on the dioxygen concentra-
tion. Conditions: [[Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2] = 0.125 mM,
[DTBCH2] = 4.16 mM at 25◦C in MeOH.
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Scheme 1.

reaction with dioxygen in a slow, rate-determining step (k2)
to the copper dioxygen complex (CuII )2(O2) (4). (CuII )2(O2)
reacts then with DTBCH2 in a fast reaction step (k3) to give
the products DTBQ and H2O2 and the (CuII )2(O2) (4) is re-
duced to (CuI)2 (3) in closing up the catalytic cycle (route
A). In the scheme, we also indicated other possible reaction
pathways like that where the dioxygen complex (CuII )2(O2)
(4) reacts with DTBCH2 (k4) leading to the ternary complex
5 and its reaction (k5) leads to3, DTBQ, and H2O2 (route
C). Route B would also satisfy the kinetic data if the re-
action of (CuI)2(DTBCH2) (6) with O2 (k7) is rate-limiting
andk6 is large. However, we think that these reactions are
not significant and their proportion on the whole mechanism
does not influence the main kinetic pathway.

Applying steady-state treatment for the reaction assum-
ing that the concentration of (CuII )2(O2) (4) remains con-
stant during the whole reaction time the rate law (2) can
be deduced provided that thek3 value is of similar order
of magnitude ask−2. The corresponding rate constants and
activation parameters for the oxidation of DTBCH2 by O2
catalyzed by1 are compiled inTable 3.

reaction rate= k2[O2]k3[DTBCH2][1]

k−2 + k3[DTBCH2] + k2[O2]
(2)

The parameters calculated from the rate equation (2) show
that the rate-determining reaction step (k2) is the formation
of the dioxygen complex (CuII )2(O2) (4) from the reduced
(CuI)2 complex (3). The large negative entropy of activa-
tion also confirms a bimolecular elementary step. The rate
equation describes well the kinetic parameters and especially
the saturation curve in terms of the dioxygen concentration.
However, when (CuI)2(O2) reacts with DTBCH2 in a fast

Table 3
The rate constants and activation parameters for the oxidation of DTBCH2

catalyzed by the complexes1 and 2

Kinetic parameters 1 2

k2 (M−1 s−1) 7.6 3.1
k−2 (s−1) 0.05 1.0× 10−4

k3 (M−1 s−1) 5.3
EA (kJ mol−1) 50.2 59.5

�H‡ (kJ mol−1) 47.6 57.0

�S‡ (J mol−1) −76.0 −6.9

�G‡ (kJ mol−1) 70.3 59.0

step (k3), the deoxygenation process (k−2) has no opportu-
nity to occur (a first-order dependence with regard to the
dioxygen concentration would result), so at low dioxygen
concentration the rate equation simplifies toEq. (3).

reaction rate= k2[1][O2] (3)

At higher dioxygen concentration the interplay of the two
forms gives the saturation curve and the non-dependence on
dioxygen after a certain value of dioxygen concentration.

The catalytic reaction is determined and can be interpreted
by, single copper(I) dioxygen chemistry, where the reaction
of the dicopper(I) complex with dioxygen is rate-limiting.

The oxidation of DTBCH2 catalyzed by the complex
[CuII

2(L2O)(CF3SO3)](CF3SO3)2 (2) resulted in the prod-
ucts DTBQ and hydrogen peroxide as well. For the kinetic
measurements the initial rate method was chosen under
pseudo-first-order conditions (the dioxygen concentration
being held constant). A variation of the catalyst concentra-
tion by constant dioxygen pressure and substrate concen-
tration gave initial reaction rates which were linear with
the catalyst concentration with anR2 value of 99.6%. A
variation of the substrate concentration by constant dioxy-
gen pressure and catalyst concentration showed a saturation
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Fig. 7. The dependence of the reaction rate of the aerobic oxi-
dation of DTBCH2 catalyzed by [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)
on the substrate concentration. Conditions: [[Cu2(L2O)(CF3SO3)]-
(CF3SO3)2] = 0.125 mM, [O2] = 10.2 mM at 25◦C.
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Fig. 8. The dependence of the reaction rate of the aerobic oxi-
dation of DTBCH2 catalyzed by [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2)
on the dioxygen concentration. Conditions: [[Cu2(L2O)(CF3SO3)]-
(CF3SO3)2] = 0.125 M, [DTBCH2] = 4.16 mM at 25◦C.

curve as shown inFig. 7. The effect of the dioxygen con-
centration on the reaction rate again showed a saturation
curve as can be seen inFig. 8.

The reaction followed a Michaelis–Menten type kinet-
ics. The Lineweaver–Burk plot can be seen inFig. 9. The
calculated values for theKM = 2.92 × 10−3 M, kcat =
3.28× 10−2 s−1, andKM/kcat = 89.02× 10−3 M s were in
the same order of magnitude as found by other dicopper
model systems[31,24,60].

An interpretation of the kinetic data can be done on the
possible reaction sequences as shown inScheme 1. There are
three reaction pathways which satisfy the kinetics found for
the oxidation reaction. Route A assumes the fast irreversible
reduction of2 by DTBCH2 to 3 followed by the formation of
the dicopper dioxygen complex4 in a fast pre-equilibrium,
which reacts then with DTBCH2 in the rate-determining step
(k3) to the starting dicopper(I) species3 and the products

0

0,5

1

1,5

2

2,5

0 0,5 1 1,5 2 2,5 3

1 / [DTBCH2] [M
-1

] / 10
-3

1
 /

 R
e
a
c
ti

o
n
 r

a
te

 [
sM

-1
] 

/ 
1

0
-6

Fig. 9. The Lineweaver–Burk plot for the oxidation of DTBCH2 with
dioxygen catalyzed by [Cu2(L2O)(CF3SO3)](CF3SO3)2 (2). Conditions:
[[Cu2(L2O)(CF3SO3)](CF3SO3)2] = 0.125 mM, [O2] = 10.2 mM at
25◦C.

DTBQ and H2O2, respectively. A steady-state treatment for
this route assuming d[CuII (O2)CuII ]/dt = 0 the similar rate
law (4) can be deduced. This rate law clearly describes the
scenario of the reaction.

reaction rate= k2[O2]k3[DTBCH2][2]

k−2 + k3[DTBCH2] + k2[O2]
(4)

In that case the rate of the reaction is influenced byk2 and
k3 as well. By curve fitting the following values for the rate
constants could be calculated:k2 = 2.8 M−1 s−1, k−2 =
0.0001 s−1, andk3 = 5.3 M−1 s−1, however, we do not be-
lieve that this represents the only true situation. Route B in
Scheme 1seems to be also plausible, where the reduced di-
copper(I) complex3 undergoes a fast pre-equilibrium with
the substrate DTBCH2 (k6) to give (CuI)(DTBCH2)(CuI)
(6). This complex reacts then in the rate-limiting step with
dioxygen to give the products DTBQ and H2O2 (k7). In
route C in two consecutive pre-equilibria (k2 and k4) the
ternary complex of (CuI)(O2)(DTBCH2)(CuI) (5) is formed
from 3 in fast reactions and small equilibrium constants.
This is converted then in the rate-determining reaction step
(k5) to the complex3 and the products DTBQ and H2O2, re-
spectively. Route B can be ruled out since it disagrees with
the observed substrate saturation behavior. Furthermore, ad-
dition of DTBCH2 to the oxygenated solution of3 shows
a sudden color change from blue to yellow/brown indicat-
ing the reduction of Cu(II) to Cu(I) and the formation of
DTBQ. The kinetic and activation parameters are compiled
in Table 3. The negative activation of entropy suggests also
an associative mechanism for the rate-limiting step.

4. Conclusions

We have synthesized two dicopper complexes with
N-ligands. The one with a spacer OH-group and the other
without. The X-ray structures of the complexes show that
the complex [Cu2(L1)(CF3SO3)2(H2O)4](CF3SO3)2 (1)
has a flexible structure and a long Cu–Cu distance while
that in [Cu2(L2O)(CF3SO3)](CF3SO3)2 with the alkoxo
group (2) is rather short. In the former, the copper ion
has trigonal bipyramidal environment, while in2, a square
pyramidal geometry around the Cu(II) ions could be found.
In complex 1, there is only a slight magnetic interaction
between the two magnetic Cu(II) centers. In2, however, an
antiferromagnetic interaction between the copper(II) cen-
ters decreases the magnetic moment and the complex is
EPR-silent. Both complexes are stable under ambient condi-
tions and catalyze the oxidation of 3,5-di-tert-butylcatechol
to 3,5-di-tert-butyl-o-benzoquinone and hydrogen peroxide
by dioxygen at room temperature and atmospheric dioxygen
pressure. Practically no other products are formed in the
catalytic reactions and also no catalase activity of the com-
plexes could be established. Kinetic measurements revealed
that the catalytic oxidation of 3,5-di-tert-butylcatechol cat-
alyzed by1 shows copper dioxygen chemistry. The forma-
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tion of the dicopper dioxygen complex is rate-determining.
In the similar reaction catalyzed by2, a Michaelis–Menten
type kinetics could be observed assuming the formation of
a ternary complex. The data show clearly that flexibility
and rigidity of the coordinated ligands and the different
Cu–Cu interatomic distances exert influence on the reaction
rates. Where sterically possible the formation of the dicop-
per dioxygen is rate-limiting. Further work is in progress in
order to disclose the effect of dinuclear complexes on the
mechanistic feature of catechol oxidase model systems.
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