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Abstract

1 1 2Eight oxy-bridged dinuclear copper(II) complexes with catecholase-like sites, [Cu(L )X] (HL 51-diethylaminopropan-2-ol, X5N 1,2 3
2 2 2 2 2 2 2 2 3NCO 2, and NO 3), [Cu(L )X] (HL 5N-ethylsalicylaldimine, X5NO 4, Cl 5, N 6, NCS 7), and [Cu(L )] (ClO ) 82 2 3 3 2 4 2

3(HL 5N-(salicylidene)-N9-(2-pyridylaldene)propanediamine) have been prepared and characterized. The single crystal X-ray analysis
show that the structures of complexes 6 and 8 are dimeric with two adjacent copper(II) atoms bridged by pairs of m-oxy atoms from the

2 3L and L ligands. Magnetic susceptibility measurements in the temperature range 4–300 K indicate significant antiferromagnetic
coupling for 4, 5 and 7 and ferromagnetic coupling for 6 between the copper(II) atoms. The catecholase activity of complexes for the
oxidation of 3,5-di-tert-butylcatechol by O was studied and it was found that the complexes with the bond distance of Cu(II)???Cu(II)2

˚located at 2.9–3.0 A show higher catecholase activity.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Recently, Krebs and co-workers [13–15] have reported the
crystal–structural and EXAFS studies on the deoxy, met,

Dinuclear copper active centers play an important role in and inhibitor-bound forms of catecholoxidase (COases)
biological metalloenzymes [1–10]. The best investigated from Ipomoea batatas (sweet potato), and revealed the
binuclear copper(II) proteins are hemocyanin [5], and binuclear copper active site of the O form has a Cu???Cu2

˚tyrosinase [6–10] or catechol oxidase [11,12]. Tyrosinase distance of 3.8 A.
catalyses the aerial oxidation of monophenols to o- The catecholase-like active model binuclear copper(II)
diphenols (cresolase activity) and the oxidation of o- complexes with different structural parameters have been
phenols (catechols) to o-quinones (catecholase or diphenol- investigated [6–10]. Nishida et al. [16] have found that
ase activity). The crystal structure of tyrosinase has not several oxy-bridged binuclear Cu(II) complexes show

˚been determined, but spectroscopic studies seem to reveal catalytic activity if the Cu???Cu distance is less than 5 A. A
that the active site is similar to that of hemocyanin [6–10]. steric match between substrate and complex is believed to
Extended X-ray absorption fine structure (EXAFS) mea- be important determined by the factors that two metal
surements for the met-tyrosinase give a Cu???Cu distance centres have to be located in proximity to facilitate binding

˚of 3.4 A. Spectroscopic studies on the native met form of of two hydroxyl oxygen atoms of catechol prior to the
catecholase from Lycopus europaeus and Ipomoea batatas electron transfer [17–21]. Krebs and co-workers [21,22]
have revealed that the active site consists of two copper reported structural correlations of catecholase activity in

˚atoms with the Cu???Cu distance of 2.9 A. Where the phenoxy- and alkoxy-bridged dinuclear Cu(II) complexes.
metals are coordinated by four N/O donor ligands [11,12]. Recently, Casella and co-workers [23,24] undertook a

detailed mechanistic and electrochemical investigation on
the catecholase activity of a group of model binuclear*Corresponding author. Tel.: 1886-2-2621-5656; fax: 1886-2-2620-
copper complexes.9924.
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N, 10.22%. Found: C, 43.54; H, 4.10; N, 5.45. Calc. for
[C H Cl Cu N O ] (5): C, 43.72; H, 4.05; N, 5.67%).18 20 2 2 2 2

The complexes 6 and 7 were prepared in the same
3manner as follows: To a methanolic solution (20 cm ) of

salicylaldehyde (2.0 mmol), ethylamine (2.0 mmol) and
copper(II) acetate monohydrate (400 mg, 2.04 mmol), a

3methanol solution of (10 cm ) sodium azide (132.8 mg,
2.04 mmol) or potassium thiocyanate (198.3 mg, 2.04
mmol) was added. The reaction mixture was allowed to

Scheme 1. Scheme for oxy-bridged binuclear copper(II) complexes. stand at 258C for several days. Dark black single crystals
formed, and were filtered off and dried in vacuum. (Found:
C, 42.47; H, 3.98; N, 21.94. Calc. for C H Cu N O18 20 2 8 2

catecholase-like alkoxy-bridged dinuclear copper(II) com- (6): C, 42.52; H, 3.94; N, 22.05%. Found: C, 44.43; H,
1 1plexes, [Cu(L )X] (HL 51-diethylaminopropan-2-ol, X5 3.58; N, 10.29. Calc. for C H Cu S N O (7): C, 44.44;2 20 20 2 2 4 2

2 2 2N , NCO , and NO ) [25]. The results revealed the trend H, 3.70; N, 10.37%).3 2

of catecholase-like activity correlated to the sort of anion
2

3X and the Cu???Cu distance in these complexes. In this 2.1.3. [Cu(L )] (ClO ) 82 4 2contribution, we have been particularly interested in sys- A mixture of salicylaldehyde (610 mg, 5 mmol) and
3tematic investigations on the binuclear copper(II) complex- propanediamine (370 mg, 5 mmol) in CH Cl 25 cm was2 2es as structural and functional models for catecholase. Here stirred for 24 h. During this time the solution turned a

we report an investigation of the structural correlation yellow. The solution was evaporated to dryness. Then the
3between catecholase-like activity and the Cu–Cu distance residue was dissolved in 15 cm of CH OH. To this3of a series of oxy-bridged binuclear copper(II) complexes yellow solution, a solution of 2-pyridinecarboxaldehyde1

3(see Scheme 1) with HL (51-diethylaminopropan-2-ol), (535 mg, 5 mmol) in 15 cm of CH OH was added. The32 3HL (5N-ethyl-2-hydroxybenzylidenimine), and HL mixture was stirred at 508C for 1 h and a solution of
(5N-(salicylidene)-N9-(2-pyridylaldene)propanediamine). Cu(ClO ) ?6H O (3.70 g, 10 mmol) (caution: perchlorates4 2 2

3In general, a way to get a short metal–metal distance in a may explode violently) in 15 cm CH OH was slowly3model dicopper(II) complex, which is close to the Cu–Cu added. The combined solution was stirred at room tem-
˚ 3distance of 2.9 A in native catecholase and enables strong perature for 2 h, and was reduced in volume to 15 cm . On

magnetic coupling, is by using dimeric ligands with a allowing the solution to stand for several days, dark brown
bridging alcoholate or phenolate oxygen atoms. crystals of complex 8 suitable for X-ray analysis were

obtained. (Found: C, 44.91; H, 3.82; N, 9.72. Calc. for
C H Cl Cu N O (8): C, 44.76; H, 3.73; N, 9.79%).32 32 2 2 6 10

2. Experimental
2.2. Physical measurements

2.1. Syntheses
The temperature dependence of the magnetic suscep-

tibility of polycrystalline samples of 6–8 was measured1 2 2 22.1.1. [Cu(L )X] , X5N 1, NCO 2, NO 32 3 2 between 5 and 300 K at a field of 1 T using a Quantum
The preparations and characterizations of complexes Design model MPMS computer-controlled SQUID mag-

1–3 have been described elsewhere [25]. netometer. Diamagnetic corrections were made using
Pascal’s constants [28]. X-band ESR spectra at 300 K for

2 2 2 2 2 the complexes in the form of solid state and in methanol2.1.2. [Cu(L )X] , X5NO 4, Cl 5, N 6, and NCS2 3 3
solution were examined on a Brucker ESC-106 spectrome-7
ter. Electronic spectra were recorded on a Cintra 20 UV-The complexes 4 and 5 are prepared in the same manner
Visible spectrometer.using modification of a literature method [26,27]. To a

solution of salicylaldehyde (610 mg, 5 mmol) and ethyl-
3amine (225 mg, 5 mmol) in warm methanol (20 cm ) was 2.3. Crystallography

added a solution of anhydrous copper(II) nitrate (10
mmol) or copper(II) chloride (10 mmol) in methanol (20 The molecular structures of complexes 1–5 determined

3cm ). The solution was heated to boiling with stirring and by X-ray single crystal analyses are known. Here the X-ray
stood at room temperature for several days. A black data for complexes 7 and 8 were collected on a Siemens
precipitate was obtained and single crystal of 4 or 5 was P4 and an Enraf–Nonius CAD4 X-ray diffractometer,
grown in DMF solution. (Found: C, 39.30; H, 3.68; N, respectively, with graphite-monochromatized Mo Ka

10.09. Calc. for [C H Cu N O ] (4): C, 39.42; H, 3.70; radiation at 258C. The unit cell parameters were deter-18 20 2 4 8
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Table 1 oxidation of 3,5-di-tert-butylcatechol (H dtbc) with O in2 2
Crystallographic data for the complexes methanol monitored on a UV-Visible spectrometer. The

7 8 reaction with H dtbc was studied at 258C by adding2

equivalent catechol solutions to the same amounts of theEmpirical formula C H Cu N O S C H Cu N O Cl20 20 2 4 2 2 32 32 2 6 10

M 639.60 858.62 complexes and by recording the spectra at different time
Crystal system Monoclinic Monoclinic intervals. The yield of quinone formed in the oxidation in
Space group C2/c P2 /n1 methanol was determined from the measured absorbances˚a (A) 18.788(3) 12.381(3)

at about 400 nm of the resulting solutions [16,25].˚b (A) 9.4607(7) 7.0417(14)
˚c (A) 15.429(3) 19.494(4)

b (8) 125.741(10) 90.50(3)
3˚V (A ) 2226.0(6) 1699.5(6) 3. Results and discussion

Z 4 4
23D (g cm ) 1.610 1.678c 3.1. Description of the crystal structuresF(000) 1096 876

˚l (A) 0.7107 0.7107
No. measured reflections 2025 2985 The crystal structures of 1–3 [25], 4 [30], and 5 [31]
No. observed reflections 1963 2985 have been reported previously. Here crystal structures of

aR 0.0336a 0.0414f complexes 7 and 8 were determined. In general, all consistbR 0.0827 0.0953w of dinuclear complexes in which the copper centres are
a R 5O(uF u 2 uF u) /OuF u.f o c o bridged by the alkoxy (for complexes 1–3) and phenoxy
b 2 2 2 4 1 / 2R 5 hw(F 2 F ) /O[w(F ) ]j .w o c o (for complexes 4–5, and 7–8) groups of the ligands. The

structures of complexes 7 and 8 are shown in Figs. 1 and
mined from 2.538,u ,258 for 7, and 11.94,u ,24.978 for 2, and selected bond distances and angles are given in
8. The details of data collection, crystallographic data, and Table 2.
reduction are summarized in Table 1. The structures of 7

2and 8 were solved by standard direct methods and refined 3.2. [CuL (NCS)] 72
2by full-matrix least-squares based on F using the SHELX-

93 computer program package [29]. All non-hydrogen The overall structural characteristic for complex 7 is
atoms were refined anisotropically. Selected bond dis- substantially similar to those reported for complexes 4 [30]
tances and angles of 7 and 8 are listed in Table 2. and 5 [31]. The coordination geometry around the copper

atom is distorted square planar, and is formed by two
2.4. Catecholase-like activity measurements phenoxy oxygen atoms, an imino nitrogen atom, and a

nitrate nitrogen atom for 4, a chloro atom for 5, and
Electronic spectra at 258C were recorded for complexes thiocyanate nitrogen atom for 7. Although the structure of

1–8 in methanol and their catalytic activity for the 7 consists essentially of phenoxy bridged centrosymmetric

Table 2
˚Selected bond distances (A) and angles (8) for complexes 7 and 8

Compound 7

Cu(1)? ? ?Cu(1a) 3.0575(8) Cu(1)–O(1) 1.932(2)
Cu(1a)–O(1a) 1.994(2) Cu(1)–N(1) 1.987(3)
Cu(1)–N(2) 1.934(3) C(1)–O(1) 1.334(4)
Cu(1)? ? ?Cu(1a) 3.0575(8) Cu(1)? ? ?S(1) 2.7191(10)

Cu(1)–O(1)–Cu(1a) 102.32(9) O(1)–Cu(1)–N(2) 170.71(11)
O(1)–Cu(1)–N(1) 89.32(10) N(2)–Cu(1)–N(1) 97.32(12)
O(1)–Cu(1)–O(1a) 75.66(10) N(2)–Cu(1)–O(1a) 95.57(11)
N(1)–Cu(1)–O(1a) 151.32(11) O(1)–Cu(1)–S(1) 89.08(7)
N(2)–Cu(1)–S(1) 96.02(9) N(1)–Cu(1)–S(1) 100.70(9)
C(10)–N(2)–Cu(1a) 166.6(3) N(2)–C(10)–S(1) 179.4(3)

Compound 8

Cu(1)? ? ?Cu(1a) 3.3784(12) Cu(1)–O(1) 1.894(3)
Cu(1)–O(1a) 2.695(5) Cu(1)–N(1) 2.013(3)
Cu(1)–N(2) 1.991(4) Cu(1)–N(3) 1.952(3)

Cu(1)–O(1)–Cu(1) 93.22(14) O(1)–Cu(1)–N(2) 169.61(13)
N(1)–Cu(1)–N(3) 169.7(2) O(1)–Cu(1)–N(1) 89.31(13)
N(2)–Cu(1)–N(3) 96.3 (2) O(1)–Cu(1)–N(3) 94.07(13)
O(1)–Cu(1)–O(1a) 86.78(12)
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binuclear units, nevertheless, the binuclear units are further
associated by bridging thiocyanate groups to yield a one-
dimensional chain (see Fig. 3). The resulting Cu???Cu bond

˚distance, 3.0575(8) A and the Cu–O–Cu bond angle,
˚102.32(9)8 of 7 are slightly larger than those of 3.008(1) A

˚and 101.1(1)8 for 4 [30], 3.051(1) A and 103.38 for 5 [31],
respectively.

33.3. [Cu(L )] (ClO ) 82 4 2

The structure of complex 8 illustrated in Fig. 2 consists
of oxygen-bridged dimers with a distorted square-pyrami-
dal geometry at the copper atoms and an out-of plane

˚Cu–O distance of 2.695(3) A. The presence of an axial
oxygen atom leads to an intradimer Cu???Cu distance of

˚3.378 A, longer than in 1 (2.807), 2 (2.869), 3 (2.928), 4
˚(3.008), 5 (3.051), or 7 (3.058 A).

3.4. Magnetic properties
Fig. 1. Molecular structure and atomic numbering scheme for 7.

The solid state temperature dependence of magnetic data

2Fig. 2. Molecular structure and atomic numbering scheme for 8. The ClO is omitted for clarity.4

2Fig. 3. Quasi-polymer chain structure of 7 with NCS self-assembly.
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for complexes 1–5 were reported previously [25,30]. Here tradimer coupling constant and the mean Cu–O–Cu bridge
solid state magnetic susceptibility measurements on poly- angle within the Cu O subunits. According to this2 2

2crystalline samples of 6–8 were made in the temperature relationship, complex 6 (X5N ) has the positive 2J value3
21range between 5 and 300 K. For complexes 6 and 7 the of 40.2 cm so its mean Cu–O–Cu angle would be

obtained values and curves of x T versus temperature are expected to be smaller than that of complex 4. Unfor-m

typical for weak ferromagnetic and strong antiferromagnet- tunately no X-ray crystallographic data of 6 is available to
ic coupling between two S51/2 copper(II) ions in dinu- examine this relationship.
clear complexes. Whereas for complex 8 the obtained
values and curve of x T versus temperature is typical for 3.5. Electronic spectra and catalytic activity for them

very weak magnetic coupling between two Cu(II) ions oxidation of H dtbc2

which obey the Curie–Weiss law with u520.4 K. The
23representative x T and x versus T data for 6 are shown The UV-Vis spectra of the 2310 M solutions of them m

in Fig. 4. The room temperature values for x T are 0.71 complexes 1–8 in methanol before addition of 3,5-dtbcm
23 21 23 21cm K mol for 6 and 0.21 cm K mol for 7, were recorded in the range 200–800 nm. The electronic

respectively. The x T values for 6 increase at 12 K to ca. spectra for complexes 1–3 have been reported previouslym
23 211.35 cm K mol , and for 7 decrease at 5 K to ca. 0.02 [25]. The representative spectra for complexes 4–7 of

23 21 2cm K mol , respectively. The values for 7 could be [Cu(L )X] are shown in Fig. 5. The high-energy region of2

fitted on the basis of an isotropic Heisenberg model, the spectra is characterized by the occurrence of an intense
H522JS S [32], and for 6 could be fitted on the basis of band around 360 nm, which may be assigned to the ligand1 2

2anisotropic interactions in copper(II) binuclear moiety (L p)-to-metal charge-transfer (LMCT) bands. As shown
which take the form H 5 2 2JS S 1 S DS [33]. The best1 2 1 2

parameters obtained were as follows: for 7, g52.05, 2J5
21

2320(10) cm and x (impurity of paramagnetism)5p
210.2%, and for 6, g52.1, 2J540.2 (2) cm , and D5

212.85(5) cm . It is of interest to compare the structure and
magnetism of the phenoxy-bridged complexes 4–7 series

2of [FeL X] for which decreasing the strength of the2,

antiferromagnetic interaction was found to coincide with
increasing the Cu–O–Cu bond angle. The fitted 2J values

2 2for the complexes 4 (X5NO ), 5 (X5Cl ), and 7 (X53
2 21NCS ) are 2166, 2480, and 2320 cm , respectively,

and their corresponding mean Cu–O–Cu angles are
101.10, 103.30, and 102.328, respectively. It has been
found that there is a good correlation between the in-

23Fig. 4. Plots of x (s) and x T (^) versus T for complex 6. The solid Fig. 5. The UV/Vis absorption spectra of 2310 M solutions (inm m

line is the fit provided by theoretical method (see text). methanol) of complexes 4–7.
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in Fig. 6, 30 min after addition of 3,5-di-tert-butylcatechol
25(3,5-dtbc) (5 mM) to solutions (5310 M) of the

complex 4, the main peak of the LMCT band at 360 nm
vanishes. Simultaneously, the product 3,5-di-tert-butyl-o-
quinone (3,5-dtbq) absorption at |400 nm appears. Overall
the time dependence of the quinone absorption under the
studied conditions for complexes 1–3 and 4–7 series is
linear as shown in Figs. 7 and 8, respectively. In addition,
although the time dependence of the o-quinone absorption
under the same conditions for complex 8 is linear, it shows
little catecholase-like activity compared with the others in
the present system. These results reveal a catecholase
activity order of 3$4.5.2.6.1.7.8. This trend
correlates to the Cu? ? ?Cu distances in complexes 1–8,
with the exception of 6, as depicted in Fig. 9. The
complexes 3 and 4,with Cu–Cu distances of 2.928 and

˚3.008 A, respectively, show the comparatively highest
catecholase-like activity for all complexes in this study.
Complex 8 has the lowest catecholase activity in all
complexes. This may be due to either its large Cu? ? ?Cu

Fig. 7. The increase in quinone absorption at 400 nm with reaction time
25for the addition of H dtbc (5 mM) to 5310 M solutions of complexes2

1–3.

Fig. 6. Increase of the quinone band at 400 nm after addition of H dtbc Fig. 8. The increase in quinone absorption at 400 nm with reaction time2
25 25(5 mM) to a solution of complex 4 (5310 M) in methanol. The spectra for the addition of H dtbc (5 mM) to 5310 M solutions of complexes2

were recorded every 30 min. 4–7.
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catecholase-like reaction. In addition, the detailed mech-
anistic studies on the present system are currently in
progress in our laboratory, which will give us to under-
stand more details about the structure–function correlation
of the catecholase-like reaction.
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