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The synthesis of new tetradentate Schiff-base containing N4 donors is described along with the
preparation of a series of copper complexes derived from this ligand. These complexes have the
form [CuLX]X', X=0H", X'=CIO; (1) or X=X'=CI" (2); and [CuL]H,O(ClO4), (3), in
addition to a copper(I) complex [Cu,L,](ClOy), (4). The synthesized compounds were
spectroscopically characterized, showing the N4 donor ligand. The single-crystal X-ray
structural analysis of 4 demonstrated the dimeric structure and univalent copper. This dimer
consists of [CuL]%*’, two uncoordinated ClO; , and one acetonitrile. Each ligand is tetradentate
via pyridyl and azomethine nitrogen atoms, providing a strongly distorted tetrahedron around
copper(I) despite the pseudo-macrocyclic skeleton of the ligand. These complexes have been
evaluated as functional model systems for catechol oxidase enzyme using 3,5-di-tert-
butylcatechol (3,5-DTBC) as the test substrate. The catalytic performance of the air oxidation
of 3,5-DTBC to the corresponding light absorbing 3,5-di-tert-butylquinone (3,5-DTBQ) at
ambient conditions was studied using UV-Vis absorption spectra. Complex 4 exhibits
the highest catalytic activity with turnover number of 33h~'. A kinetic treatment on the
basis of the Michaelis-Menten model was applied. Correlation among reactivity, binding
constants, electrochemical properties, and the geometry was determined. These correlations
showed that the rate of oxidation is linearly correlated with the binding constants for the five
coordinate 1 and 2. The catalytic investigations demonstrate that geometrical effects are only
one facet of the activity. The probable mechanistic implications of the catalyzed oxidation
reactions are discussed.

Keywords: Crystal structure; Complexes; Biomimetic; Catalytic activity; Mononuclear;
Catechol oxidase

1. Introduction

Binding and activation of small molecules like dioxygen under mild operating
conditions by enzymatic systems and biomimetic complexes is a very active research
field connecting the chemical synthesis and catalysis with technology [1-4]. In oxidative
catalysis, transition metal complexes with polydentate Schiff bases are often used
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featuring structural or functional properties of non-heme enzymes [5-7]. Copper is an
essential bioelement for some time but its biological role(s) has been recognized only
recently, a successful interaction between model complexes and protein biochemistry
[8—-10]. Copper-containing proteins are involved in various processes in living systems.
The importance of copper ions as catalysts in both enzymatic [5] and non-enzymatic [11]
systems is well known. Many copper proteins activate molecular oxygen, and the
functions of these proteins are varied, serving as oxygen carriers (hemocyanin) [12, 13]
or as catalysts in oxygenation (oxygenases) or oxidation (oxidases) reactions [14, 15].

Catechol oxidase, an enzyme ubiquitous in plants, insects, and crustaceans [16], is a
type III copper protein containing a binuclear active site specializing in two-electron
oxidation of a broad range of o-diphenols (catechols) to the highly reactive o-quinones
[13, 17, 18] that auto-polymerize to produce melanin, which in turn guards damaged
tissues against pathogens and insects among many of its protective functions [19].
Catechol melanin, the black pigment of plants (black banana and black sugar), is a
polymeric product formed by oxidative polymerization of catechol. Melanin plays a
role in the prevention of organism damage in vivo by absorption of ultraviolet light.
Formation of melanin does not always proceed rapidly with tyrosinase. This slow
formation accounts for sunburn of skin, which occurs when irradiation is faster than
melanin formation. Some attempts have been reported to develop catalysts which either
promote the formation of melanin or retard the multistage processes of oxidation [3].
The catechol oxidase enzyme thus plays an important role in disease resistance in
mammalian, bacteria, fungi, and higher plants.

Understanding of the structural and functional aspects of catechol oxidase has been
obtained through modeling studies [20]. Although several dinuclear copper complexes
emulate the enzyme [21-24] both structurally and functionally, a great number of
mononuclear copper complexes are known to exhibit significant catecholase activity
[25-27]. The Cu- - - Cu distance in dinuclear copper complexes needs to be less than 5 A
for effective electron transfer during the catalytic process to display catecholase activity
[28, 29] while a non-planar geometry around the metal center is necessary for
mononuclear complexes to be active for catechol oxidation [30]. The catalytic activity of
the mononuclear complexes can be tailored by varying the geometry and the steric
interactions around copper, thus providing opportunities to probe the structure—
activity relationship. Several mechanism and theoretical investigations have been
reported for binuclear catechol oxidase models [31-33] while for mononuclear
counterparts remain surprisingly rare [34a,b].

Toward our overall objective of obtaining a deeper understanding of chemical and
biological oxidation processes, we began small molecule modeling studies to obtain
insights about these reactions. We recently reported a series of cobalt(IIl) oxime
complexes as models for ascorbic acid oxidase [35], a series of mononuclear copper(Il)
complexes as functional mimics of catechol oxidase [36], copper(Il) complexes of
tetradentate Schiff bases as functional models of tyrosinase [37], and a copper(Il)
complex of a sterically demanding ligand as a functional model for vitamin C oxidase
[38]. Continuing this theme of research, we now design new functional mimics of
catechol oxidase.

Coordination chemistry of copper(Il) complexes with chelates incorporating pyridine
and amine donors have relevance to histidine coordinated copper proteins such as blue
copper proteins, hemocyanin, tyrosinase, and cytochrome C oxidase [39]. We describe
here the synthesis and crystal structure of a series of mononuclear copper complexes
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with a sterically demanding N4 donor that exhibit catecholase-like activity by efficiently
oxidizing 3,5-di-tert-butylcatehol (3,5-DTBC) to 3,5-di-tert-butylquinone (3,5-DTBQ)
under ambient conditions using air as an oxidant to further understand structure versus
reactivity correlation.

2. Experimental

2.1. Materials

6-Chloro-2-hydrazinepyridine was prepared according to the literature method [40]. All
chemicals used were of analytical grade.

2.2. Syntheses

2.2.1. Synthesis of the tetradentate Schiff base bis(6-chloro-2-hydrazinopyridine) (L). A
solution of 0.01 mole (870 uL) of diacetyl in 10 mL ethanol was added dropwise to
40mL ethanolic solution of 0.02mole (2.59 g) of 6-chloro-2-hydrazinepyridine. The
reaction mixture was refluxed for 2h and the contents cooled to room temperature.
Yellowish white precipitate separated by filtration was washed with hot ethanol and
dried in vacuum. This crude product was recrystallized from hot aqueous methanol
yielding pure white crystals. Yield: 74%. Anal. Calcd for C4H4N¢Cl, [L, 337.21] (%):
C,49.87; H, 4.18; N, 24.92; Cl, 21.03. Found (%): C, 48.95; H, 4.22; N, 24.99; CI, 20.92.
"H NMR (DMSO-dg): §=10.23 (s, 2H, -NH), 7.69-6.84 (m, 6H, —PyH), and 2.18 ppm
(s, 6H,~CH3;). 3*C-NMR (DMSO-de): 155.7, 149.1, 143.5, 117.2, and 107.9 (PyC), 151.3
(C = Naomethine), and 12.6 ppm (~CH3). FAB-Mass: M =337 (Supplementary mate-
rial, S3). The suggested chemical formula of L was proved via the spectroscopic
techniques including infrared (IR) spectra, 'H NMR, and '*C NMR {Supplementary
material (Sla,b) and (S2)}.

2.2.2. [LCu(OH)](C10y4) (1). A solution of L (337mg, 1.0mmol) in 10 mL absolute
MeOH was added dropwise (over 30 min) to a solution of Cu(ClOy),-6H,O (444 mg,
1.2mmol) in 10mL MeOH. The resulting solution was stirred for 1h at room
temperature. A solution of 68 mg (1.2mmol) of KOH in absolute MeOH (5mL) was
added with constant stirring. The reaction mixture was stirred for another 1 h at room
temperature to form red precipitate, then was filtered off, washed several times and
finally dried in vacuum over CaO. Yield: 0.48 g (77%).

2.2.3. [LCuCl|Cl (2). A solution of L (337mg, 1.0mmol) in 10 mL absolute MeOH
was added dropwise (over 30 min) to a solution of CuCl, (161 mg, 1.2mmol) in 10 mL
MeOH. The resulting reaction mixture was stirred for 1 h at room temperature. The
volume of the solution was reduced to 10 mL in vacuum and then allowed to stand at
room temperature. Black crystals of 2 were obtained after 2 days. Yield: 0.34 g (71%)
and the m/z [M]" of 2 is 617, (Supplementary material, S4).
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2.2.4. [LCu](ClO4),H,0O (3). A solution of L (337mg, 1.0 mmol) in 10mL absolute
MeOH was added dropwise (over 30 min) to a solution of Cu(ClOy),-6H,O (444 mg,
1.2mmol) in 10 mL MeOH. The resulting reaction mixture was stirred for 1 h at room
temperature. The volume of the solution was reduced to 10mL in vacuum and then
allowed to stand at room temperature. Yellow crystals of 3 were obtained after 2 days.
Yield: 0.48 g (77%) and M of 3 is 518 (Supplementary material, S4).

2.2.5. [LCu],(ClOy4), (4). A solution of L (337mg, 1.0mmol) in 10mL absolute
MeOH was added dropwise (over 30 min) to a solution of Cu(ClOy),-6H,O (444 mg,
1.2mmol) in 10mL MeOH. The resulting solution was stirred at 60°C for 2h. The
volume of the solution was reduced to 10 mL in vacuo, and then the produced collected
by filtration and dried. A single colorless crystal suitable for X-ray crystallography was
obtained by recrystallization in MeOH :MeCN (3:1) solution, followed by slow
evaporation of this solution. Yield: 0.56 g (52%).

2.3. Physical measurements

IR spectra were recorded using KBr discs from 4000 to 200 cm ™' on a Unicam SP200
spectrophotometer. Electronic absorption spectra were obtained in methanol solution
with a Shimadzu UV-240 spectrophotometer. Magnetic moments were measured by
Gouy’s method at room temperature. '"H NMR spectra in DMSO-dg were obtained on
a Jeol 200-MHz NMR spectrometer. ESR measurements of the polycrystalline samples
at room temperature were made on a Varian E9 X-band spectrometer using a quartz
Dewar vessel. All spectra were calibrated with DPPH (g=2.0027). The specific
conductance of the complexes was measured using freshly prepared 10> mol L™
solutions in electrochemically pure MeOH or DMF at room temperature using a YSI
Model 32 conductance meter. The thermogravimetric measurements were performed
using a Shimadzu TG 50-Thermogravimetric analyzer from 25°C to 800°C under N».
Elemental analyses (C, H, and N) were carried out at the Micro analytical Unit of Cairo
University.

2.4. Electrochemical measurements

Cyclic voltammetric (CV) measurements were performed in a single compartment cell
with a three electrode system on an EG & G PAR 250 potentiostat/galvanostat
equipped with an IBM computer and a Hewlett-Packard 7440 A X-Y recorder. The
working electrode was a platinum sphere (area 0.37 cm?) and Ag/AgCl electrode as the
reference. A platinum wire was used as the counter electrode. The supporting electrolyte
used was 0.1 mol L™! #-BuyNClO,. The solvents used were sufficiently pure and the
concentration of the complexes was 0.001 mol L™".

2.5. X-ray crystallography

X-ray measurements were made using a Bruker SMART APEX2 CCD/ Rigaku R-
AXIS Spider IP area-detector diffractometer with Mo-Kao radiation (A =0.71073).
Intensities were integrated from several series of exposures, each exposure covering
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5/0.5 in w, and the total data set being a hemisphere/sphere. Absorption corrections
were applied, based on multiple and symmetry-equivalent measurements [41]. The
structure was solved by direct methods/Patterson [42]. All non-hydrogen atoms were
assigned anisotropic displacement parameters and refined without positional con-
straints. Hydrogen atoms were located in the electron density difference map, assigned
isotropic displacement parameters, and refined without positional constraints or
constrained to ideal geometries and refined with fixed isotropic displacement
parameters. Refinement proceeded smoothly to give the residuals shown in table 1.
Complex neutral-atom scattering factors were used.

2.6. Determination of the binding constants

Kinetic investigations for the substitution of OH™ or CI™ as the fifth donor of 1 and 2,
respectively, by thiourea were performed in a 1 cm path length optical cell with UV-Vis
spectral changes recorded for reaction of 1 and 2 (0.0001 molL™") with thiourea
(0.003mol L") in methanol at 296 K. Thiourea was selected as entering nucleophile
since its high nucleophilicity prevents back reaction with coligands. The substitution
reaction was followed spectrophotometrically by monitoring absorption changes at 365
and 530 nm. The kinetic trace for this reaction was recorded at 365 and 530 nm and the
experimental points superimposed by best single-exponential fit according to equation
(1). These ligand substitution reactions were studied under pseudo-first-order condi-
tions by using at least a 10-fold excess of thiourea. All listed rate constants represent an
average value of at least three kinetic runs under each experimental condition.

2.7. Catechol oxidase biomimetic catalytic activity

A mixture of 1.0mL of 3,5-DTBC solution (3.0 x 107>molL™") in methanol and
1.0mL of copper complex solution (3.0 x 10~*mol L™") in methanol was placed in a
I cm path length optical cell containing 1.0 mL of methanol in a spectrophotometer.
The final concentration of reaction mixture is catechol (1.0 x 107>molL™") and
complex (1.0 x 10~*mol L™"). The formation of 3,5-DTBQ was followed by observing
the increase of quinone absorption at 400 nm. For each set of observations, a curve of
concentration of 3,5-DTBQ formed (calculated by using corresponding ¢ value) versus
time was plotted and initial rates were calculated by drawing a tangent to curve at t=0
and finding its slope. After this initial fast phase, the average rate of reaction was

Table 1. Molecular formulae, elemental analyses, and physical properties of 1-4.

A (27 'em?mol™!) Found (%) (Calcd)
Complex  Color DMF MeOH C H N M
1 Red 75.33 90.76 32.77(32.36)  3.13(3.27)  16.22(16.19)  12.82(12.24)
2 Black 83.16 98.77 35.33(35.47)  3.67(3.37)  17.44(17.74)  13.93(13.41)
3 Yellow 167.96 196.47 27.21(27.11)  2.45(2.90)  13.65(13.56)  10.32(10.25)
4 Colorless 150.07 187.31 33.97(33.45)  3.37(3.18)  16.61(16.74)  12.23(12.65)
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also calculated. The experiment was repeated under two sets: (i) in the reaction mixture
the concentration of catalyst was varied (2.5, 5, 10, 20, 30, and 40 x 10~*mol L™!) and
concentration of DTBC was kept constant at 1.0 x 107>mol L™". (ii) Concentration of
DTBC was varied (2.5, 5, 10, 20, 30, and 40 x 10~>mol L™") and concentration of
catalyst was kept fixed at 1.0 x 10~*mol L™". For each set of data initial rates were
calculated and graphs of rate versus concentration of catalyst and rate versus
concentration of catechol were plotted.

3. Results and discussion

3.1. General

Interaction of copper(Il) with the tetradentate Schiff base yielded a series of copper(II)
complexes. The stoichiometry of the complexes has been established from analytical
investigations as 1:1 and shows that the complexes can be represented as [CuLX]X’,
where X=0OH", X'=CIO, (1), X=X'=CI" (2), [CuL](ClOy4),-H,O (3), and
[Cu,L,](ClOy4), (4). Complex 4 is obtained as colorless crystals suitable for X-ray
crystallography, while the other complexes are colored microcrystals, 1 red, 2 black,
and 3 yellow. Several attempts to obtain a single crystal of 1-3 suitable for X-ray
crystallography failed. However, the analytical, spectroscopic, and magnetic data
enable us to predict structures (scheme 1).

3.2. Molar conductance

Molar conductance of 0.001 mol L™" solutions of 1-4 in DMF and MeOH are given in
table 1. The hydrated complex (3) and [Cu,L,](ClOy4), (4) are 1: 2 electrolytes [43] with
molar conductance values of 150.37-167.96 and 185.42-196.47 ' cm? mol~' in DMF
and MeOH, respectively. The molar conductance values of 1 and 2 were 73.33-83.75 in
DMF and 90.75-97.77 ' ¢cm? mol™! in methanol, suggesting 1: 1 electrolytes [43].

3.3. IR spectra

A comparison between the main vibrational bands of L in its free and coordinated form
(Supplementary material, Sla) leads to the following observations: (i) for all the
complexes the azomethine v(C =N) undergoes a shift to lower wavenumbers as a
consequence of coordination of nitrogen [44, 45]. (ii)) The in-plane ring deformation
band, 8(py) at 585-624cm ™! in free ligand, shifts to higher energy upon complexation
due to bonding through pyridyl nitrogen [44, 46]. The out-of-plane ring deformation
band y(py) at 40lcm™' is difficult to assign in spectra of the complexes because
V(M—Nscnife) 1s present. (iii) The far-IR spectra of the complexes exhibit new bands at
412-440cm™", characteristic of metal-nitrogen stretching vibration [47]. For 2 the
coordinated chloride exhibits an absorption in the region associated with terminal
chloride ligand [48].

The presence of coordinated hydroxide and crystalline water in 1 and 3, respectively,
is inferred from the broad band at 3597 and 3462cm™', respectively, characteristic
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Bis(pyridylhydrazone) L
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/

/g,{f /%’ (CI04)2
X=0H & Y=Clofy (1) N
X=CF & Y=Cr () OC' “\O
X=0 & Y= H,0+2ClOg (3) \ /" 9/

Copper(ll) complexes 1-3

Copper(l) complex 4

Scheme 1. The ligand L and its Cu(II) and C(I) complexes.

of v(OH). The expected v; and v4 IR bands of ClO, with Td-symmetry are observed
with splitting at 1100 and 657cm™" for 1, 1100 and 625cm™" for 3, and 1089 and
627cm ™" for 4, clearly revealing that ClO; does not coordinate. Sharp and strong
bands at 657 and 625cm ™" indicate ionic ClO; in all of these complexes [49, 50].

3.4. '"H-NMR spectra

The dimeric copper(I) complex, 4, shows resolved 'H-NMR spectrum in DMSO-d; at
400 MHz (Supplementary material, S5) confirming the diamagnetic character of
copper(I) and supporting the reduction of copper(Il) to copper(I) upon formation of
the dimeric structure, confirming the dimeric formulation of 4. '"H-NMR data are
consistent with, at least in solution, tetrahedral geometry of 4.

3.5. Electronic absorption spectra

Electronic absorption spectra of the ligand and its copper(Il) complexes 1-4 were
measured at room temperature in DMF and methanol and the corresponding data are
given in table 2. The spectrum of the free ligand has high energy absorption below
300nm, due to pyridine 7—n* transition [51] and a strong absorption at 310 nm
assignable to the n—n* transition originating from the azomethine of the Schiff
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Table 2. Electronic absorption spectra (cm™') of 1-4.

Complex 7 — 7% (py) n— 7% C=N d-d

L 39.215 32,258

1 35,037 27,571 12,658 14,705(sh)

2 35,735 27,411 13,333 16,393(sh)

3 36,461 28,850 By — "By 2Biy— Ay, 2B — 2E,
4 35,739 27,996 14,919 17,456 19,632

Complex details are as listed in table 1.

base [52]. The absorption spectral data in table 2 show that there is a significant change
in the energy of m—n* and n—n* bands on complexation. The band maximum in
spectra of chelates shifts to lower frequencies relative to those in the free ligands. This
bathochromic shift results from extended conjugation in the ligand forced by the
chelated metal ion [53].

Electronic absorption spectra of five-coordinate copper(Il) complexes fall into two
general categories [54]. Square-pyramidal complexes typically show a high-energy
absorption in the visible region with a low-energy shoulder. In contrast, trigonal-
bipyramidal complexes have a low-energy absorption band with a high-energy shoulder
in the visible region. As shown in table 2, the results are consistent with these criteria
and the electronic spectra show visible absorption band maximum at 8§00 and 820 nm
with a high energy shoulder at 610 and 650 nm for 1 and 2, respectively. These spectral
features of the d—d bands are consistent with coordination geometry close to trigonal
bipyramidal [55] for copper(Il) bound to four nitrogen atoms in addition to OH™ and
CI™ for 1 and 2, respectively. This is further confirmed from results of ESR spectra.
In contrast, the electronic spectrum of the hydrated four-coordinate 3 shows three d—d
transitions at 790, 680, and 590 nm, unambiguously assigned to the three spin allowed
transitions *Bj, — *Bag, *Big — “Aig and *B), — E|, respectively [54, 56]. The band
positions for 3 are comparable to those values reported for analogous complexes
containing four-coordinate copper(I) in a square-planar structure [38, 57]. The
spectrum of 4 in DMF exhibits intense UV absorption bands (table 2) due to the 7—7*
and n—7* transitions arising from pyridine and azomethine, respectively, but there is
no absorption in the visible region, consistent with Cu(I).

3.6. Magnetic studies

The effective magnetic moments (BM) of the reported copper(Il) complexes were
measured at room temperature (table 3), which demonstrate that the copper(Il)
complexes are magnetically dilute [58] and the observed magnetic moments fall in the
range 1.88-2.10 BM.

The X-band ESR spectra of polycrystalline samples of 1-3 were recorded at 9.1 GHz
under the magnetic field strength 3100 G scan rate 1000 recorded at room temperature.
Simulation of the obtained spectra indicates three different values of g, showing that
copper(Il) in five-coordinate complexes 1 and 2 is in a rhombically distorted ligand
field. Complexes 1 and 2 show parameters which are characteristic of rhombic
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Table 3. Magnetic moment values and ESR spectral data of 1-3.

Complex g g g: R Herr (BM)
1 3.541 2.803 2.184 1.2
2 2.925 2.336 1.979 1.6
8 g1 8av G
3 2.463 2.110 2.227 4.209 1.93

Complex details are as listed in table 1.

symmetry. In contrast, trigonal-bipyramidal or tetragonal geometries involving
compression of axial bonds would be consistent with these data [59, 60]. For systems
with g. > g, > g, the parameter R (R=g.-g,/g,~g.) is a very useful. If the ground state
is d»» the value of R is greater than 1 and the stercochemistry of copper(Il) ion is
trigonal-bipyramidal; for the ground state being predominantly d.. ,. the value of R is
less than 1. Complexes 1 and 2 show values of R (table 3) greater than 1, indicating five-
coordinate, trigonal-bipyramidal geometry.

The spectrum of 3 gives the trend g, > g, > g. (2.0023), which supports that d,. . is
the ground state [38, 57]. The observed g,, value (2.227) is less than 2.3 (g,,=1/3g,+
2/3 g,); consequently, the coordination environment is covalent in accord with the
criterion of Kivelson and Neiman [61]. The G value (4.209) excluded any exchange
interaction between the copper(Il) centers for this complex in the solid state consistent
with the results of magnetic moment measurements. However, these spectral features
together with the position of the d—d absorption point to a square-planar structure
where the equatorial plane is determined by four nitrogen atoms.

For 4, in the EPR spectrum at room temperature no signals could be detected due to
the diamagnetic copper(I), also supported from the highly resolved 'H-NMR spectrum
of 4 (Supplementary material, S3).

3.7. X-ray structure analysis of [CuL],(ClOy),

Interactions of bis-(pyridylhydrazone) (L) with Cu(ClO,4),-6H,0 in a 1:1 molar ratio
at 60°C afforded colorless crystals of [CuL],(C10y), (4) with concomitant reduction of
copper(Il) to copper(I). The mechanism for reduction of copper(Il) — copper(l) is not
yet known. However, we believe that complex formation followed by reduction would
be a plausible path for direct formation of the copper(I) complex, similar to the case
reported [62]. The reduction may be ascribed to the fact that azomethine groups have a
relatively high electron density on the donor nitrogen atoms as a result of significant
induction effect of the two methyl groups within the carbonyl moieties. The lone pair of
electrons in either a 2s or sp® hybridized orbital on trigonally hybridized nitrogen to
acceptor orbitals on copper reduces the positive formal charge on copper(Il),
facilitating formation of copper(l) in the tetrahedral structure. Tetrahedral geometry
of 4 is preferred by copper(I). Electronic properties of the donor nitrogen atoms of the
Schiff-base, stereochemistries, and the dimeric nature of 4 play vital roles in reduction
of Cu(Il) to Cu(l). X-ray structural analysis indicates that the side pyridines are twisted
to make a specific cavity around the imine N, which serves as a well-protected space for
metal ions in low oxidation state.
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Table 4. Crystal data and structure refinement of 4.

Empirical formula C;39H3 N 3Cl¢O5Cu,

Formula weight 1041.46

Temperature (K) 293(2)

Wavelength (A) 0.71073

Crystal system Orthorhombic

Crystal color Colorless

Space group . pnna

Unit cell dimensions (A, °)

a 23.4272(9)

b 16.1408(5)

¢ 10.9994(3)

o 90

B 90

y i 90

Volume (A%), Z 4159.2(2), 4

Calculated density (gcm ™) 1.663

Absorption coefficient (mm™") 1.472

F(000) 2104

Crystal size (mm?) 0.40 x 0.30 x 0.10

0 range for data collection (°) 3.07-23.25

Limiting indices —25<h<26;
—17<k<17;
—12</<12

Reflections collected 5483

Independent reflections 2972 [R(int) = 0.0291]

Completeness to 6 (°) 99.3

Data/restraints/parameters 2972/0/313

Refinement method Full-matrix least-squares on F*

Goodness-of-fit on F> 1.024

Final R indices [I > 20(])] R;=0.0370, wR,=0.0707

R indices (all data) i R;=0.0600, wR,=0.0784

Largest difference peak and hole (e A7) 0.229 and —0.289

Complex 4 crystallized as a dimer in the orthorhombic crystal system in the space
group Pnna (table 4). An ORTEP view of the structure of 4 is shown in figure 1.
Selected bond lengths and angles are tabulated in table 5. The structure consists of a
dimeric [CuL]%’L, two uncoordinated ClOj, and one acetonitrile. The closest distance
between Cu(I) and O of the perchlorates is ~4.38 A. Each ligand is tetradentate via two
nitrogen atoms to one copper and the other two nitrogen atoms to the other copper,
providing a distorted tetrahedral arrangement about each copper(I). The dihedral angle
between the two planes defined by the copper and the two chelate rings is ca 80°,
appreciably smaller than the expected angle (89° between the two planes for a regular
tetrahedral geometry). Similar distortion (dihedral angle 80.7°) has been observed for
[Cu(dmbp)]™ (dmpb = 6,6'-dimethyl-2,2'-bipyridine) [63]. The pyridine rings are not
coplanar. The bond lengths are within the expected range for copper(I) complexes with
Schiff-base ligands [64]. The Cu—Npy bond lengths are very similar to those found in
typical four-coordinate copper(I) complexes [63, 65]. The Cu—N,,omethine bONds
(~2.033A) are slightly longer than Cu—Npy (~2.071 A) bond lengths. The N-Cu—N
angles ranging from 79.97° to 134.40° comprise the main distortion from the ideal
tetrahedral shape. Thus, only minor deviations from planarity are found for the
copper(l) coordination sphere in 4. The distance between the two copper centers
(4.33 A) is too large for metal-metal interaction, but in the same range as that found in
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CI(2A)

Figure 1. An ORTEP drawing of 4. Ellipsoids are depicted at 30% probability.

Table 5.  Selected bond lengths (A) and angles (°) of 4.

Cu(1)-N(1) 2.013(3) N(1)-Cu(1)-N(6) 134.40(12)
Cu(1)-N(6) 2.033(3) N(1)-Cu(1)-N(4) 125.22(11)
Cu(1)-N(4) 2.056(3) N(6)-Cu(1)-N(4) 79.78(11)
Cu(1)-N(3) 2.086(2) N(1)-Cu(1)-N(3) 79.97(10)
N(4)-N(5) 1.376(4) N(6)-Cu(1)-N(3) 113.80(11)
N(5)-H(5) 0.790(3) N(4)-Cu(1)-N(3) 130.94(10)
CI(3)-O(1) 1.396(10) (5)-N(2)-N@3) 118.93)
CI(3)-0(2) 1.456(16) C(5-N(2)-H(2) 121(2)
CI(3)-0(3) 1.398(11) N(3)-N(Q2)-H(2) 120(2)
CI(3)-0O(4) 1.318(8) C(6)-N3)-N(2) 118.6(3)

other dimeric copper(I) complexes with tetrahedral arrangements [66-68] of
4.28-4.80 A. A view of the packing of 4 is shown in figure 2 illustrating 7---7
interactions between pyridyl rings [67, 69].

3.8. Electrochemical properties

Electrochemistry of 1-3 was investigated, as the redox potential is an important
parameter in electron transfer processes and in our catalytic systems. The reduction of
Cu(II) by 3,5-DTBC and the reoxidation of Cu(I) by dioxygen are significant steps in
the catalytic cycle. The redox potentials of 1-3 were measured by cyclic voltammetry
(CV) at a working platinum electrode in methanol containing 0.1 mol L™" tetrabutyl
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Figure 2. A packing diagram of 4.

Table 6. Electrochemical data (mV) of 1-3.

Complex Epe Epq Eyp AE,
1 390 450 420 60
2 388 355 424 72
3 415 480 447 65

Complex details are as listed in table 1.

ammonium perchlorate as the supporting electrolyte from 0.0 to 1.2V versus AgCl/Ag.
The CV data are given in table 6 and the cyclic voltammogram of 2 is shown in
“Supplementary material”, S6.

Complexes 1-3 exhibit a one-electron reduction at 0.393-0.410V and the corre-
sponding oxidation at 0.450—0.490 V. The electrochemical data, along with EPR results,
establish that the complexes exist as monomers in solution. The reduced forms of 1-3 all
display reasonable chemical stability on the time scale of the CV experiment. The
complexes that undergo reduction are completely regenerated following electrochemical
oxidation (the ratio of the peak currents 7,/i. is about 1.0), suggesting a chemically
reversible Cu"=Cu' one-electron process. However, the value of the limiting peak-to-
peak separation (AE,), which lies within the normal values for a reversible one-electron
redox process, suggests that the heterogeneous electron-transfer process in these
complexes is easily reversible (AL,, 60mV for a reversible one-electron redox process)
[70] and not accompanied by stereochemical reorganization [71]. The similarity in £,
values for 1-3 show that the coordinating and electrolytic anions, OH™, CI~, and CIO,,
have a negligible contribution on redox potentials. These redox potentials of 1-3,
however, do not differ greatly from the reported value of +360mV versus SCE for the
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enzyme tyrosinase isolated from mushrooms [72]. The impact of the electrochemical
properties on the catalytic reactivity of these complexes will be discussed below.

3.9. Determination of the binding constants

The previously reported studies of copper(ll) catecholase functional models demon-
strated that exchange between the catecholate anion radical with one of the good
leaving groups in the complex initiates the oxidation catalytic cycle. For five-coordinate
copper(I) catecholase functional models, if the coordinating ligands are stronger than
the catecholate anion, no oxidation will be observed. The fifth ligand must be released
before coordination of catecholate to copper(Il) and the association of oxygen during
the catalytic oxidation cycle. To further elucidate the catecholase biomimetic catalytic
activity of 1 and 2, a detailed kinetic study on the labile fifth ligand (X), hydroxo and
chloro, of 1 and 2 was carried out.

Kinetic studies were accomplished of X in [Cu'}(L)X] (X = OH, Cl) by thiourea (TU)
as entering nucleophile. Thiourea was selected because of its high nucleophilicity that
will prevent back reaction with X. The [Cu'(L)X] (X = OH, Cl) complexes contain bis-
imine and pyridine creating a strong w-acceptor that will increase the electrophilicity of
the metal center [73, 74].

Reactions of [Cu'(L)X] (X = OH, CI) with thiourea were monitored kinetically from
250 to 600nm. Solutions were prepared by dissolving known amounts of the
appropriate complexes in methanol. The ligand-substitution reactions were studied as
a function of TU concentration. An example of the UV-Vis spectral changes and a
representative kinetic trace are presented in figure 3. Rate constants for the reactions
were determined by using total TU concentrations of 0.001-0.01 mol L™", i.e. always at
least in 10-fold excess over the copper(Il) complex. Throughout the nucleophile
concentration range it was possible to fit the absorbance/time traces to a one-
exponential function by using equation (1).

Y=Y, + A, (1)

This means that the overall reaction is monophasic, as shown in figure 3, for typical
kinetic traces. Rate constant ks increases linearly with TU concentration (figure 4),
which leads to second-order rate constant k» =17 42 (molL™")~'s™! for [Cu(L)CI] and
0.5+0.1 (mol L™")"'s™! for [Cu(L)OH]. The rate constants demonstrate that substi-
tution is slowed by a factor of 35 on going from the chloro to the hydroxo derivative.

3.10. Catechol oxidase biomimetic catalytic activity studies

The catechol oxidase biomimetic catalytic activity of copper complexes, as model
systems, has been determined by catalytic oxidation of catechols [75a—d]. Among the
different catechols used in catechol oxidase model studies, 3,5-DTBC is the most widely
used substrate for catecholase activity of tyrosinase [76a,b]. Its low redox potential for
the quinone-catechol couple makes it easy to be oxidized to the corresponding quinone
3,5-DTBQ, and its bulky substituents make further oxidation difficult. The product 3,5-
DTBQ is stable and exhibits a strong absorption at Ag.,=400nm
(e=1900 (molL™")'em™" in MeOH) [77a]. Therefore, activities and reaction rates
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Figure 3. UV-Vis spectral changes recorded for the reaction of Cu(L)OH (1 x 10~*mol L") with thiourea
(0.003 mol L™ ') in methanol at 296 K: (a) spectrum before the reaction; (b) spectrum obtained several minutes
after mixing of the reactants; (c) at the end of the reaction in UV-Vis apparatus; Inset: typical kinetic trace
recorded for this reaction at 350 and 530 nm. Experimental points superimposed by best single-exponential fit
according equation (1).
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Figure 4. Plot of kyps vs. thiourea concentration for [Cu(L)OH] and [Cu(L)Cl] in methanol at 296 K.
Experimental conditions: [Complex] =0.1 mmol L', wavelength 350 nm.

can be determined using electronic spectroscopy by following the appearance of the
characteristic absorption of 3,5-DTBQ. The reactivity studies were performed in
methanol because of the solubility of the complexes as well as the substrate. When
oxidation was allowed to continue for 48 h at room temperature, only o-quinone was
detected. The exceptionally high stability found for o-quinone at room temperature
suggests that a single reaction pathway is followed and that the o-quinone produced
does not undergo further oxidative cleavage.

3.10.1. Initial rate studies. Prior to a detailed kinetic study, it is necessary to get an
estimation of the ability of the complexes to oxidize catechol. The kinetic data were
determined by initial rates, monitoring the growth at 400 nm of 3,5-DTBQ, formed due
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Figure 5. Time sequence of the increase in the absorption band of 3,5-DTBQ in oxidation of 3,5-DTBC
(0.01 mol L™") in the presence of 2 (0.0001 mol L™") in methanol at 296 K; Inset: typical kinetic trace recorded
for this reaction at 400 nm.

to oxidation of 3,5-DTBC in the presence of copper(Il) complexes. Solutions
(1 x 107*mol L") of 1-4 in methanol were treated with 100 equivalent of 3,5-DTBC
in the presence of air. The absorbance was continually monitored at 2 =400 nm over the
first 50 min; the data for 2 are presented in figure 5. Initial rates for 1-4 were determined
from the slope of the tangent to the absorbance versus time curve at t=0. Figure 5
shows the time course of the reaction of 2 with 5-DTBC. The first apparent result is that
the reactivities of the complexes differ significantly from each other. The initial rate
(mol L™'min~") values are 5.48 x 107* (1), 17.62x 107 (2), 2.37x10~* (3), and
33.18 x 107* (4). Under identical conditions, without the presence of a catalyst, no
significant quinone formation was observed. By comparison with other catechol
oxidase model complexes, the reported models show high catecholase activity. The keaq
values of 21.00-171.96 h~! (table 7) are comparable to those values recently reported for
other model systems (k¢ =21.5-65.0 h™") [25, 34a,b], but significantly lower than those
reported for binuclear copper complexes (k.. =200-6000), and at least many orders of
magnitude less active than the enzyme (8250) itself [77b]. On the basis of the k., values,
the binuclear complexes show higher reactivity than mononuclear complexes due to this
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Table 7. Kinetic parameters (kca;, K, Viax> and % Yield) in methanolic solution at 298 K for aerobic
oxidation of 3,5-DTBC to 3,5-DTBQ.

Complex kear (B K x 1073 (mol L7 Vinax X 107* (mol L™'s71) % Yield
1 21.0 (40.3) 10.0 (£0.1) 3.5 (£0.1) 31.57
2 88.2 (£0.6) 9.5 (+0.2) 14.7 (£0.1) 48.00
3 15.0 (+£0.4) 10.0 (£0.1) 2.50 (£0.05) 2421
4 172 (+2) 9.2 (£0.1) 28.7 (40.1) 78.94

Complex details are as listed in table 1. Yield percentage was determined at concentrations of 0.001 and 0.00001 mol L™ of
3,5-DTBC and catalyst, respectively.

mechanism requiring two metal ions in close proximity. Complex 4 displayed much
superior activity than 1, 2, and 3.

To determine the dependence of the rates on the substrate concentration, solutions of
1-4 were treated with increasing amounts of 3,5-DTBC. First-order dependence was
observed at low concentrations of the substrate, whereas saturation kinetics was found
for 1-4 at higher concentrations (figure 6). Treatment on the basis of the Michaelis—
Menten model, originally developed for enzyme kinetics, was applied. The kinetic data
obtained here can be explained if we invoke, along the line of Jager and co-workers [78],
a pre-equilibrium between the complex and the substrate. The subsequent redox
processes and the substitution of one quinone by a second substrate are irreversible
(rate determining steps). Although a much more complicated mechanism may be
involved, the results show this simple model to be sufficient for a kinetic description.

The dependence of the reaction rate on the catalyst concentration is illustrated in
figure 7; at constant concentration of DTBC, O,, and a variable amount of catalyst, the
initial rate is linearly dependent on the square of the catalyst concentration. As the
curves in figure 7 pass through the origin, i.e. without intercept, it can be stated that
there is no measurable rate of oxidation in the absence of the catalyst. It has been
reported earlier that for a single mononuclear complex, the rate of DTBC oxidation
depends linearly on the square of the copper(Il) complex concentration [76a] in accord
with our results.

Based on the above kinetic and catalytic investigations a probable catalytic reaction
sequence can be represented as follows:

3,5— DTBC +2[Cu"LX] = [3,5 - DTBC — (Cu''L), ] + 2HX, )
[3,5— DTBC — (Cu''L),] — 2[Cu'L] + 3,5 - DTBQ, 3)
2[Cu'L] 4+ 0, — [(Cu"L),0.]. )

3,5—DTBC + [(Cu'""L),0,] — [3.5— DTBC — (Cu"'L),0,] + 2H™, )

[3,5-DTBC — (Cu''L),0,] + 2H" — [3,5 = DTBC — (Cu''L),(OH),],  (6)

[3.5— DTBC — (Cu''L),(OH),] + 2HX — 3,5 — DTBQ + 2[Cu"'LX] + 2H,0. (7)
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Figure 6. A comparison of the dependence of the reaction rates on 3,5-DTBC concentration for the aerial
oxidation catalyzed by 4 (0.0001 mol L™") in methanol at 296 K.

For 1-3, we believe that the non-protonated catecholate anion DTBC?™ first binds to
two molecules of the catalyst in a reversible pre-equilibrium step (equation (2)). The
[catecholate-(Cu''L),] intermediate oxidizes the coordinated catecholate anion (3,5-
DTBC?") in a fast reaction to the corresponding light absorbing o-quinone (3,5-DTBQ)
and forming the copper(I) species (Cu'L) (equation (3)). Two molecules of this
copper(I) complex then react in a reversible reaction with dioxygen in a slow, rate-
determining step to give the copper dioxygen complex [(Cu''L),0,] (equation (4)).
[(Cu'L),0,] reacts then with DTBCH, in fast reactions (equations (5)~(7)) to give
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Figure 7. A comparison of the dependence of rates on catalyst concentration for aerial oxidation of 3,5-
DTBC in methanol at 296 K and 3,5-DTBC =0.001 mol L™".

DTBQ and two molecules of H,O and the catalyst is regenerated in its original active
form in closing up the catalytic cycle.

For 4, the catalytic cycle is initiated with a mono anion catecholate bound [Cu'L]
complex in a reversible pre-equilibrium step. Thereafter the [catecholate-Cu'L] complex
reacts with dioxygen in a further equilibrium step giving copper(II) superoxide complex
[catecholate-Cu"LO,]. Prior investigation suggests the formation of a superoxide
species in the catalytic cycle of catechol oxidase [25, 34, 79c]. The next step of the
catalytic cycle involves a critical intramolecular proton transfer which occurs from the
OH group of the catechol to the superoxide oxygen in [catecholate-Cu''LO,].
The intramolecular proton transfer in the superoxo species yielding a peroxo
intermediate [catecholate-Cu"LO,H] is the overall rate-determining step of the catalytic
cycle [25]. Similar proton transfer process has been suggested to be rate-determining in
the catechol oxidation catalytic cycle [34]. Finally, the last step involves fast release of
3,5-DTBQ and H,0, with concomitant regeneration of [Cu'L] to close up the reaction
cycle (scheme 2). H,O, would decompose to oxygen and water and more significantly,
the disproportionation of H,O, would render the catechol oxidation cycle thermody-
namically favorable [25]. These mechanistic implications whereby [Cu'L]CIO4 (4)
catalyzes the aerobic oxidation of 3,5-DTBC to 3,5-DTBQ are depicted in scheme 2.

Earlier work on oxidation of catechols by copper(Il) complexes implicates both their
structure features and electrochemical properties as important in determining the
catalytic activity [79¢]. For mononuclear five-coordinate copper(Il) complexes with
tetradentate ligands, changing the nature of the fifth donor has an effect on the rate of
catalysis [78, 79a,b]. In this present study, a number of factors must be considered in
assessing the differences in the catalytic reactivity of 1-4. These include (i) the liability
of the coordinated hydroxide or chloride incorporated in 1 and 2, respectively, (ii) the
electrochemical properties, and (iii) the geometrical considerations. All these factors will
be considered sequentially.

3.10.2. Correlation with the binding constants. Several studies on catechol oxidation
demonstrated that, for five-coordinate copper(Il) complexes with tetradentate ligands,
the degree of liability of the fifth ligand has an effect on the rate of catalysis [80].
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Scheme 2. Probable mechanism for aerobic catalytic oxidation of 3,5-DTBC in the presence of 4.

In addition electron transfer from catechol to copper(Il) can begin only after catechol
and copper(IT) form a copper(Il) catecholate intermediate [81]. Our premise is that the
ease of dissociation of coordinated hydroxo or chloro of 1 and 2, respectively, greatly
affects the ability of the complexes to catalyze this oxidation. Although the five-
coordinate 1 and 2 (containing tetradentate ligand) have a vacant coordination site, the
possibility for binding the highly basic catecholate anion to copper(Il) in [CuLX] seems
remote because with excessive build up of the electron density on copper(Il) and the
Jahn—Teller effect, the resulting intermediate [catecholate—<(CuLX),] is highly unstable.
Dissociation of OH™ or CI™ initiates oxidation. Therefore, the larger the binding
constant for OH™ or CI™ the slower the reaction will proceed. Binding constants of 1
and 2 to catalytic rates show a reasonable correlation (table 7). Kinetic study of ligand
substitution of 1 and 2 demonstrated that liability of chloro is greater than hydroxo; the
same order holds in their reaction with 3,5-DTBC. These results affirm that catecholase
mimetic activity is dependent on the rate of dissociation of hydroxo or chloro.
Reduction potentials are an important contributor to the catalytic properties of Cu(I1l)
complexes [79, 80].

3.10.3. Correlation with the electrochemical properties. In oxidation of catechol to
quinone the initiation step implies that Cu(Il) is reduced to Cu(l) and subsequent
reoxidation to Cu(Il). The redox potentials (E;,) of 1-3 have been obtained to
determine if there is a correlation between Ej, of these complexes and the rate of
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oxidation of 3,5-DTBC. Several studies have shown previously that electrochemical
potentials play a role in determining the reactivity of copper(Il) complexes (although
steric features of the ligands seem to be more important) [79, 80].

In assessing a correlation between redox potential and catalytic properties, no trend
in these values is evident. It should be noted that the enzyme tyrosinase (catalyzes the
aerobic oxidation of catechol to the light absorbing o-quinone) isolated from
mushroom (Agaricus bisporus) has a reported value for E° of 0.36 V versus the standard
calomel reference [72]. However, the enzyme balances the requirements of the different
oxidation states of the metal in performing its catalytic tasks. The balance between ease
of reduction of copper(Il) and subsequent reoxidation copper(I) by molecular oxygen
must be maintained for efficient catalysis. For 1 and 2 there was no obvious correlation
between the redox potential and the reactivity, since 1 and 2 have redox potential values
approaching the reported E° of the natural enzyme and the greater catalytic activity of 2
as compared to 1 is not correlated with its £;,. As observed by Malachowski and co-
workers, the redox potentials display a secondary role in determining the reactivity of
copper complexes [79, 80].

For 1 and 2, redox properties are secondary to binding constants in determining the
catalytic properties. From electrochemical values, the complex which is easiest to reduce
and subsequently reoxidizes is also the one whose fifth ligand most easily dissociates.

3.10.4. Geometrical considerations. It has been stated that planar mononuclear
copper(II) complexes are not active catalysts toward oxidation of catechols, presumably
due to the lack of effective steric match between the substrate and the catalyst [81].
However, the results here show that square-planar 3 can be an effective catalyst and
that geometrical effects are only one facet of the activity. Although five-coordinate
trigonal bipyramidal (1 and 2) and tetrahedral 4 have redox potential values
approaching the four-coordinate square planar 3 the latter exhibits lower reactivity,
again suggesting the difference in reactivity of these chelates is not dependent only on
electrochemical character of copper(Il). Thus a possible explanation for the lower
catecholase activity of 3 as compared to trigonal bipyramidal 1, 2, and the four
coordinate tetrahedral 4 could be related to geometrical influence. It has been
previously reported that a strong equatorial ligand field opposes the interaction of
copper with a substrate, disfavoring formation of the intermediate copper-substrate
adduct [82]. A strong field also disfavors reduction from copper(II) to copper(I) during
the catalytic cycle. We suggest that coordination of the fifth ligand to copper(Il) in
trigonal bipyramidal complexes may reduce the strength of the equatorial field
experienced by copper(II) as compared to square-planar complex. Another factor is the
ability of the five-coordinate complex to change its gecometry as the geometry of copper
in the CuSOD enzyme also changes from square pyramidal [83]. This hypothesis finds
support from Patel and co-workers who reported that higher SOD activity of five-
coordinate copper(Il) complexes is due to the presence of a fifth ligand in the axial
position [84]. Interaction between the superoxide anion radical and copper(Il) in five-
coordinate geometry is induced due to the strong axial bond which results in increased
catalytic activity [85].

The four-coordinate tetrahedral complex 4 is the most active catalyst while 1 and 2
are less reactive. These results for 1 and 2 suggest that their reactivity is decreased
compared to 4 by the need for dissociation of the hydroxide or chloride.
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4. Conclusion

A new tetradentate ligand containing N4 donor sets and its mononuclear copper(II)
1-3, and copper(I) 4 complexes were synthesized and characterized. The stereochemis-
tries of these copper chelates vary between trigonal bipyramidal for 1 and 2 and square-
planar for 3. With the help of this ligand system, [Cu(I)L],(ClO4), was prepared and its
structure determined. The magnetic measurements and the X-ray crystal structure of 4
show that copper(I) forms a distorted tetrahedron with the two ligand molecules in a
dimeric formulation. These complexes catalyze the aerobic oxidation of 3,5-DTBC to
3,5-DTBQ at ambient conditions. No dioxygenase activities could be established.
Kinetic studies reveal first-order dependence on catalyst concentration and saturation
type behavior with respect to substrate. Dioxygenation of 3,5-DTBC did not take place,
suggesting that this imine ligand prefers selectively oxidase-like activities of copper
complexes. Geometry around copper, liability of the fifth ligand and electrochemical
properties are factors that determine the catechol oxidase—mimetic catalytic activity of
these complexes.
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