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Abstract

A series of copper(Il) complexes, viz. [Tp™™Cu(C(H,0)] (1),
[Tp**Cu(0A)(H,0)] (2), [Tp“ M *Cu(NO3)] (3) and [Tp"**Cu(ClO4)] (4) containing
tris(3,5-dimethylpyrazolyl)borate (KTp“*™°), have been synthesized and fully
characterized. The substitution reaction of 1 with thiourea was studied under pseudo-first-
order conditions as a function of concentration, temperature and pressure in methanol and
acetonitrile as solvents. Two reaction steps that both depended on the nucleophile
concentration were observed for both solvents. Substitution of coordinated methanol is
about 40 times faster than the substitution of chloride. In acetonitrile, the rate constant for
the displacement of coordinated acetonitrile was more than 20 times faster than the
substitution of chloride. The reported activation parameters indicate that both reaction
steps follow a dissociative mechanism in both solvents. On going from methanol to
acetonitrile, the rate constant for the displacement of the solvent becomes more than 200
times faster due to the more labile acetonitrile, but the substitution mechanism remained
to have a dissociative character. The antioxidant activities of 1-4 were evaluated for

superoxide dismutase (SOD), glutathione-s-transferase (GSTO and glutathione reduced
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(GSH-Rd) activity. 1 and 2 were found to show (p < 0.05) the highest antioxidant activity
in comparison to 3 and 4, which can be ascribed to the geometric configuration as well as
the nature of the co-ligand. 1 showed catechol oxidase activity with turnover numbers of
20 min~' and a coordination affinity for 3,5-DTBC of K;, = 31 mM ™. K ; 1s rather large
and seems to be typical for faster biomimetic models, and also for the enzyme itself (25
mM ™). The reaction rate depended linearly on the complex concentration, indicating a

first-order dependence on the catalyst concentration.

Keywords: Synthesis, spectroscopy, kinetics, Cu(Il) complexes, biomimetic, enzymatic

oxidants and antioxidants, dissociative mechanism, SOD.

1. Introduction

In oxidative catalysis, transition metal complexes with polydentate ligands are
often used since they feature structural and/or functional properties of non-heme enzymes
!. Copper-containing proteins are involved in various processes in living systems”. The
importance of copper ions as catalysts in both enzymatic® and non-enzymatic® chemical
systems is well known. Many copper proteins activate molecular oxygen, and the
functions of these proteins vary; they serve as oxygen carriers (hemocyanin)® or as
catalysts in oxygenation (oxygenases) or oxidation (oxidases) reactions’.

Catechol oxidase is present in the cell cytoplasm®. If the plant tissues are
damaged, catechol is released and the enzyme converts catechol to ortho-quinone’, which
is a natural antiseptic. Catechol oxidase, therefore, plays a role in plant defence
mechanisms® and helps to protect damaged plants against both bacterial and fungal
diseases. It has been suggested that the quantity of catechol oxidase produced by a plant
may be related to its susceptibility to fungal infection. Benzoquinone inhibits the growth
of microorganisms and prevents damaged fruit from rotting’.

Significant understanding of the structural and the functional aspects of catechol
oxidase has been obtained through studies on synthetic functional models'®. Though
several dinuclear copper complexes successfully emulate the enzyme'', both structurally
and functionally, a large number of mononuclear copper complexes are also known to

exhibit significant catecholase activity'>. The catalytic activity of the mononuclear
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complexes can be tailored by varying the geometric and steric properties around the
metal centre, thus providing valuable opportunities to probe the structure-activity
relationship in these model complexes. Several mechanistic and theoretical investigations
have been reported for different binuclear catechol oxidase models', whereas the same
for the mononuclear counterparts remain surprisingly rare'®. For this reason we became
interested in studying the mononuclear model complexes.

Due to our overall objective to obtain a better understanding of various chemical
and biological oxidation processes, we moved to synthetic small molecule modelling
studies to obtain mechanistic insight on these reactions. In this regard, we recently
reported the use of a series of Cu(Ill) complexes as functional mimics of catechol
oxidase®. Thus, to extend further on this, we set out to design new functional models
containing tris(pyrazolyl)borate-copper derivatives that mimic catechol oxidase. The use
of tris(pyrazolyl)borate-copper derivatives for modelling purposes has been reviewed'®.
Tris(pyrazolyl)borate ligands have been applied owing to the fact that these anionic
ligands take versatile coordination modes'”.

Fujisawa ef. al have synthesized a series of mono- and dinuclear copper(Il)
complexes containing the sterically demanding tris(3,5-dialkylpyrazolyl)borate. They
have found that structural effects on the alkyl substituents at the 3-position in
hydrotris(3,5-dialkylpyrazolyl)borates play an important role in modifying the
coordination environment around the copper(Il) centre and their physiochemical
properties.'® Very recently, Harding et. al have synthesized copper(I) hydrotris(3,5-
diphenylpyrazolyl)borate dithiocarbamate complexes, [TpthCu(dtc)] (dtc = S,CNEt,,
S,CNBz; and S,CN(CH,)4), containing phenyl substituents in the 3- and 5-position with
the aim of mimicking green copper proteins'’. This prompted us to synthesize a series of
copper(Il) complexes containing the hydrotris(pyrazolyl)borates with small substituents
such as methyl in the 3- and 5-position to investigate their physiochemical properties. We
describe herein the synthesis of a series of copper(Il) complexes, viz.
[Tp™™MCu(C(H0)] (1), [Tp“™M*Cu(OACc)H0)] (2), [Tp"*“Cu(NO3)] (3) and
[TpM™MeCu(Cl04)] (4) containing tris(3,5-dimethylpyrazolyl)borate as N3 donor set. The
nitrato copper(Il) complex 3 has previously been reported, in which the nitrato ligand

coordinates to the copper(Il) centre in a bidentate fashion (see Discussion).*’
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In order to study the relevance of the geometric configuration around the Cu(Il)
centres in these complexes for the catalytic activity of the enzyme during the oxidation
process in more detail, we used coordinated counter anions to occupy the in-plane
position of the trigonal bipyramidal structure. A detailed kinetic study of the ligand
substitution reaction as well as the catechol oxidase activity of 1 was performed to
provide information pertinent to the understanding of the structure-reactivity correlation.
Also the antioxidant activity of 1-4 was evaluated for peroxide dismutase (SOD),
glutathione-s-transferase (GST) and glutathione reduced (GSH-Rd), and correlated with

their structures.

2. Results and Discussion

2.1. Characterization of the model complexes 1 - 4
MeMe

The C;-symmetrical tripodal ligand Tp was used to emulate the [Nj]
coordination environment provided by the three histidine protein residues in zinc
enzymes and proved to be an organized template for building structural model
complexes'®. The synthesis of the Cu(Il) complexes [TpM™Cu(Cl)(H,0)] (1),
[TpM™MCu(OAc)(H,0)] (2), and [TpM™Cu(ClO4)] (4), was carried out in absolute

methanol by treating the ligand KTp™*™®

with equimolar amounts of the corresponding
copper(Il) salts under anaerobic conditions. The methyl substituent at the 3- and 5-
positions of the pyrazolyl ring was found to be an essential requirement to stabilize the
obtained complexes. The chemical analysis and some physical properties of the isolated
pure Cu(Il) complexes demonstrate that all the complexes have (1:1) copper(Il):ligand
stoichiometry. The microcrystalline complexes are stable as solids under atmospheric
conditions. The molar conductance values of the reported Cu(Il) complexes were
measured for 1 mM solutions in DMF at room temperature. The results obtained

demonstrate that these complexes are non-electrolytes”, indicating that their counter

anions are bound directly to the central Cu(II) ion.
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Scheme 1. Proposed structures of the ligand tris(3,5-dimethylpyrazolyl)borate (KTp

and the model complexes 1 - 4

2.1.1. Infrared spectra

The IR and Raman spectral data (see ESI Figures S1 and S2) of the ligand
KTpM™¢, providing valuable information regarding its coordinating sites to Cu(II) ions,
are shown in Table 1. The formation of complexes 1-4 is evidenced by the presence of a
B-H stretch near 2500 cm™ in the infrared spectra of all complexes. The B-H stretch,
which appears at 2436 cm™ in the free KTp“™® ligand shifts to higher energy in all
complexes. A similar shift has previously been reported for Tp complexes of transition

metals®. The Raman spectrum of the ligand showed almost identical bands with those
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found in its IR spectrum, which also showed a characteristic band for this ligand system
at a frequency of 2443 cm™, which is assigned to v(B-H). Another main difference
between the IR spectra of the free ligand and its complexes 14 (see ESI Figures S3 to
S7) is confined in the bands of v(C=N). This frequency is shifted by 19-36 cm™ towards
lower wave numbers in the IR spectra of all complexes compared to that of the free
ligand, thus indicating coordination to Cu(Il) through the three pyrazolyl nitrogen atoms
(Scheme 1). This mode of bonding to Cu(Il) ion is further supported by the appearance of
a new absorption band at 429-436 cm™', which is not observed in the spectrum of the free
ligand. This band is assignable to v(M-N)**. For the chloro complex 1, the non-
electrolytic chloride ion exhibits an absorption band characteristic of a terminally
coordinated chloride ion®. The vibration mode of the acetate group in complex 2 at 1559
cm can be assigned to a unidentate acetate anion””. This finding is further confirmed by
the appearance of a new absorption band at 570 cm’', which is characteristic for v(M-
0)*. On the other hand, the molar conductivity measurements demonstrated that the
acetato complex behaves as a 1:1 electrolyte. The IR spectrum of the perchlorato
complex 4 shows very intense absorption bands at 1095 and 623 cm™, indicating the
coordination of the perchlorate counter anion most probably in a bidentate mode. In this
case, complex 4 most probably has a five-coordinate Cu(Il) centre. In the OH stretching
region, a very broad absorption extending from about 3320 to 3350 cm™ is detected for

the coordinated water molecules in the case of the chloro and acetato complexes’.

2.1.2. Electronic absorption spectra

The electronic absorption spectra of the newly synthesized Cu(Il) complexes 1 — 4
were recorded in CH3CN solution and are all very similar (see Table 1 and ESI Figures
S11 and S12). Two weak peaks appearing in the low energy visible region at 12987 —
14705 and 21978 — 23905 cm™' are assignable to d—d transitions of the Cu(Il) ion in a
square—pyramidal environment®’. In the square—pyramidal Cu(II) complexes the plausible
d-orbital energy level scheme (idealized symmetry group Ca,) is dxzfy2 >d}? > dyy > dys,
dy,. Accordingly, the higher energy band of the d—d transitions can be assigned to dyy, —

dxz_y2 and the lower energy band to d,” — dxz_yz. The other d—d bands are probably
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masked by the more intense band of the charge transfer or internal ligand transitions.
These spectral parameters are consistent with other Cu(Il) complexes in the five-

coordinate square-pyramidal stereochemistry**>.

Table 1. Electronic absorption spectra of the Cu(Il) complexes 1-4 in CH3CN solution.

Complex » (em™) c A (cm’™) e
d —dz> )’ M e dyy — di° 7 M em’!
1 12987 30.0 21978 220.0
2 13615 28.0 22222 280.0
3 14321 27.0 23905 35.0
4 14705 20.0 23809 40.0

2.1.3. EPR spectra and magnetic moment studies

The room temperature magnetic moments and details of the polycrystalline EPR
spectra of the studied Cu(Il) complexes are listed in Table 2 (see ESI Figures S13 to
S16). The magnetic moment values of these Cu(Il) complexes are in the 1.82-1.96 BM
range, indicating the presence of magnetically dilute Cu(II) complexes’. As indicated by
these values in Table 2, it seems that no spin—exchange interaction between Cu(Il) ions
exists in the polycrystalline state of these chelates. This fact is also supported by the EPR
spectra of complexes 3 and 4 which give G-values of 4.563 and 4.952 (Table 2) since [G
= (g -2/g. -2)]> 4.0*'. These G-values indicate that the local tetragonal axes are
aligned parallel or only misaligned*”.

For the five-coordinate complexes 1 and 2, square-pyramidal or trigonal
bipyramidal geometry can be considered. The spectral features of these complexes are
similar and exhibit intense EPR signals that are characteristic of the rhombic symmetry
with three g-values. These observed g-values (g3, g, and g; in order of decreasing
magnitude) were computed from the spectra. Square-pyramidal and trigonal bipyramidal
geometry are characterized by dxz_y2 and d,> in the ground states, respectively®’. For

systems with g3 > g, > g, the ratio of (g3 — g2)/(g2 — g1) = R is useful to distinguish the
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geometry. If the ground state is d,*, the value of R is larger than 1; when the ground state
is predominantly dxz_yz, the value of R is less than 1. The chloro and acetato complexes
under study show values of R (Table 2) less than 1, and these results confirm a five-
coordinate, square-pyramidal geometry.

The EPR spectra of complexes 3 and 4 have the same features and show an axial
signal in the solid state with poorly resolved hyperfine structure. The g and g, values are
greater than 2.0023, which indicates that the Cu(Il) ion is present in an axial symmetry
with all the principal axes aligned parallel. Complex 3 has been previously reported® and
its x-ray single crystal structure demonstrated a five-coordinate square-pyramidal
environment around the Cu(Il) centre. Due to the great similarity between complexes 3
and 4, we suggest that complex 4 also has a five-coordinate square-pyramidal geometry.
This hypothesis finds support from the IR spectrum which confirms the bidentate fashion
for coordination of the ClO4 counter anion. A five-coordinate Cu(Il) complex may
possess two geometries, viz. trigonal bipyramidal or square pyramidal, which are
characterized by the ground states dxz,y2 or d,, respectively. The EPR spectra provide an
excellent basis to distinguish between these two ground states. The trend gy > g, >
2.0023, indicates that the unpaired electron lies predominantly in dxz_y2 while the trend g

1 > g > 2.0023 indicates that the ground state is d;*. For complexes 3 and 4 the observed
trend of g-values is gy > g, > 2.0023 and indicates that the unpaired electron lies

predominantly in the dxz,y2 orbital. These spectral features are characteristic for the
square—pyramidal stereochemistry in accordance with the previously reported x-ray

structural analysis of complex 3.

Table 2. Magnetic moment values and EPR spectral data for the Cu(II) complexes 1-4.

23 25} g R Hefy
Complex (BM)
1 2.202 2.109 2.009 0.93 1.98
2 2.204 2.105 2.001 0.95 2.15
&ll g1 Zav G

Page 8 of 31



Page 9 of 31

Dalton Transactions

3 7951 2.055 2.120 4.563 1.94
4 2208 2.042 2.097 4.952 2.10

2.1.4. Thermal analysis

The TG-DTG curve of the chloro Cu(Il) complex 1 revealed the following steps:
(1) The initial weight loss in the temperature ranges 175-320 and 185-290 °C, is ascribed
to the elimination of one coordinated water molecule, the chloro ligand and
approximately 80 % of the organic part, respectively. The further decomposition of the
organic moiety in the final degradation step yields CuO (Found 19.64%:; calc.19.08 %) as
final product. The thermal decomposition pattern of the acetato complex 2 displays five
steps of weight loss: (i) The initial weight loss in the range 150-260 °C is attributed to the
removal of both the coordinated water and acetate ligands, as well as 80 % of the organic
part of the ligand system, with weight loss of 80.23% (exp.) and 80.04% (theor.); (i1) The
final decomposition step comprises the complete removal of the organic residual in the
temperature range 280-390 °C and formation of the metal oxide CuO (Found 19.77%;
calc.19.12%) as final thermal decomposition product. For all complexes, the copper
content determined from the residual metal oxide residual was found to be in satisfactory
agreement with the values calculated on the basis of the suggested composition formula
based on the elemental analysis data.

The stability of the obtained Cu(Il) complexes were investigated kinetically by
using the Coats-Redfern approach®. The results are listed in Table 3. The higher values
of the activation energies for the elimination of coordinated water and chlorine atoms in
the first step of the decomposition process indicate that they are coordinated to the
copper. The relatively high values for the subsequent decomposition steps indicate that
the organic part of the ligand are strongly coordinated to the Cu(Il) ions. The negative
entropy values for the second and other subsequent steps indicate that the activated
complex has a more ordered structure than the reactants® . This also indicates that the

chloro Cu(II) complex 1 has a higher thermal stability than the other complexes.

Table 3. Kinetic and thermodynamic parameters for the thermal behaviour of the Cu(II)
complexes 1 — 3 (see ESI Figures S8 to S10)
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Complex Step T A AE* AH* AS* AG*
1% 296 99.209  249.26  246.34 0.580 74.66

(1) 2" 304 12739  326.61  323.69 0.814 76.23
31 330 54513 15846  155.54 0.208 86.90

1% 284 17776~ 42431  421.39 1.227 72.92

2" 291 15720  385.10  382.10 1.061 73.35

@) 31 298 222.40  553.70  550.80 1.601 73.70
40 302 226.10  570.50  567.62 1.636 77.03

5t 306 299.10 58591 582091 1.576 100.6

6" 310 271.86  702.88  699.96 1.509 232.1

1™ 290 130.79  320.55 317.64 0.843 73.17

3) 2" 293 8.328 4.0516  1.1333  -0.176 52.58
31 309 62.129  165.61 162.69 0.271 78.95

4" 325 55.35 158.00  155.00 0.215 85.13

2.2. Kinetic studies on ligand substitution reactions

Ealier studies on Cu(Il) catecholase functional models demonstrated that the
exchange reaction between the catecholase and a good leaving group in the coordination
sphere of the complex initiates the catalytic oxidation cycle. If the coordinated groups are
stronger nucleophiles than the catecholate anion, no oxidation will be observed for the
five-coordinate Cu(Il) catecholase models. The fifth ligand must be released before
coordination of the catecholate anion to the copper ion and association with oxygen
during the catalytic oxidation cycle can occur. To further elucidate the biomimetic
catalytic activity of the Cu(Il) catecholase model 1, a detailed kinetic study on ligand
substitution reactions was performed with thiourea (TU) as entering nucleophile.
Thiourea was selected because of its high nucleophilicity that will prevent the back
reaction with chloride or solvent. Furthermore, it was selected as a neutral entering ligand
such that the overall reaction is accompanied by charge creation, and the formation of the
transition state may involve changes in dipole moment. This will affect the activation
parameters, especially the entropy and volume of activation, when the reaction is studied
in different solvents.

Two solvents, viz. methanol and acetonitrile, were selected for this study due to
the limited solubility of complex 1. The UV-Vis spectra of complex 1 turned out to be

significantly different in these solvents (see typical spectra recorded during the kinetic

10
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measurements reported below), which is ascribed to the displacement of coordinated
water by methanol and acetonitrile in these solvents, respectively. The possible formation
of a four-coordinate species could be eliminated because the dissociation of the
coordinated solvent played an important role in the studied substitution reactions (see
below).

Reactions of 1 with thiourea can be monitored kinetically around 355 nm.
Solutions were prepared by dissolving known amounts of 1 in methanol. The substitution
reactions were studied as a function of TU concentration, temperature and pressure.

Figure 1 shows UV/Vis spectral changes and a representative kinetic trace.

1.5 15

1.2

0.9 1

Time [s]

Absorbance

0.6

0.3 1

0.0-
350 400 450 500 550 600

A, NM

Figure 1. UV/Vis spectral changes recorded for the reaction of complex 1 (1 mM) with
thiourea (0.1 M) in methanol at 296 K: (a) spectrum before the reaction; (b) spectrum
obtained several milliseconds after mixing of the reactants in the stopped-flow apparatus;
(c) spectrum obtained after 18 s (inset: Representative kinetic trace obtained at 355 nm,

solid line was obtained by fitting the data to equation 1 for two parallel reactions).

Rate constants for the reactions were determined by using total TU concentrations
in the range 0.1 — 1.0 M, i.e. always in a large excess over the Cu(Ill) complex
concentration. Throughout the nucleophile concentration range it was possible to fit the

absorbance/time traces to a two-exponential function:
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A — ale_kobsdlt + aze_kobsdzt + AO

The overall kinetic trace is biphasic and is in line with that reported for related
complexeslSa’36. An initial fast reaction (rate constant k) is followed by a much slower
one (rate constant kups2). kopsqs increases linearly with TU concentration (Figure 2),
which leads to the second-order rate constant k; = 7.2 £ 0.3 M s, Rate constant kopsa2
also depends linearly on the TU concentration with second-order rate constant k, = 0.18 +

0.01 M s at 296 K (Figure 2).

m  Fast reaction
® slow reaction

0.9 6+

TU concentration increases

s 06

0.3

0.0 T T T T T 0 y y
0 10 20 30 40 50 60 0.0 0.2 0.4 0.6 0.8 1.0

Time [s] TU [M]

Figure 2. Plots of k.5, vs thiourea (TU) concentration for complex 1 in methanol at 296
K (=: fast reaction step; ®: slow reaction step). Experimental conditions: [1] = 1 mM,

wavelength 355 nm.

The observed kinetic behaviour can be accounted for in terms of two subsequent
substitution reactions (1 and 2) in which the methanol and chloride ligands are displaced

by TU, characterized by the second-order rate constants k; and k, respectively.

[Cu'(L)(MeOH)C1]° + TU > [cd'Ly(TU)CI]’+MeOH  k (1)
[Cu"(LY(TU)CI]” + TU > [CU(L)(TU),] +CI k()

It follows from this reaction scheme that k,5;; and k,ps> should depend linearly on the
entering TU concentration in the absence of a back reaction as shown in Figure 2, such

that k,»s; = ki[TU] and k,ps2 = ko[ TU]. The rate constants in Table 4 show that the second

12
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substitution reaction is about 40 times slower than the first one. This can be ascribed to
the difference in the lability of methanol and chloride during their displacement by
thiourea.

Since activation parameters such as AS" and AV” are sensitive probes that reflect
the nature of the transition state of a given reaction, their determination can serve as a
useful mechanistic tool in assigning the mechanism of a substitution reaction. The
temperature and pressure dependences of the substitution rate constants were studied by
stopped-flow techniques in the temperature range 8.5 to 28.0 °C and pressure range 10 to
150 MPa, respectively. The observed temperature and pressure dependencies are
presented in Figures 3 and 4, respectively, and the plots are linear over the ranges studied.
From these plots the activation parameters for the TU substitution reactions were
estimated, and the data are summarized in Table 4. The values of AS* and AV® are
positive and support the operation of a dissociative (D) or interchange dissociative (1)
mechanism for reactions (1) and (2)*’~°. The magnitude of the AV" data is such that it
favours more an Iy mechanism, i.e. concerted bond breakage with the leaving group and
bond formation with the entering nucleophile (see further Discussion).

Bulky tripodal ligands occupy more space around a metal centre and can block
the incoming ligand trying to access a coordination site on the metal. The steric bulk of
the tripodal ligand is thought to weaken the Cu-(MeOH/CI) bonds, thereby favouring
ligand dissociation required to form the catalytically active species. In this case the
MeOH ligand is the one that dissociates first, coordinates thiourea and forms a neutral
complex. In a parallel step, the chloride ligand dissociates much slower to form a cationic
dithiourea complex. The three tripodal arms donate enough electron-density to the Cu(II)

centre to enable the dissociation of CI".

1.5 -2

B slowreaction
3 ® Fast reaction
1.2 282K
44 °
0.9
G 5
E E
H 300 K 3
<& 0.6 ; 64
-7
0.3
-8
0.0
T T T T 9 T T T T T
0 20 40 60 80 0.00330 0.00335 0.00340 0.00345 0.00350 0.00355
Time [s] UTK
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Figure 3. Eyring plots for the determination of the activation enthalpy and entropy for
the two reaction steps of complex 1 with thiourea in methanol (e: fast reaction step; =:
slow reaction step). Experimental conditions: [1] = 1 mM, [TU] = 0.1 M and at A = 355

nm. (Temperature from 8.1 — 28.5 °C).

0.0
m Fast reaction
1 ® slow reaction
-0.5
2 -1.04
xo
£
-1.5
-2.0
T T T T T T T T T T T
0 20 40 60 80 100 120

Pressure [MPa]

Figure 4. Plots of In kos vs pressure for the reaction of the complex 1 with thiourea in
methanol (=: fast reaction step; e®: slow reaction step). Experimental conditions: [1] = 0.1

mM, [TU] = 0.1 M, 296 K and 355 nm.

The kinetic behaviour of the reaction of complex 1 with thiourea was also
investigated in acetonitrile in order to correlate the results with those found for methanol.
The substitution reactions were studied as a function of TU concentration, temperature
and pressure at 380 nm. Figures 5 shows UV/Vis spectral changes and a representative
kinetic trace. As was seen in methanol, the overall reaction in acetonitrile is also biphasic
with an initial fast reaction (rate constant k,ss,;) followed by a slow one (rate constant
kobsa2). kobsas increases linearly with TU concentration (Figure 6), which leads to a
second-order rate constant k; = 96.0 £ 2.0 M s Rate constant kobsa> also depends

linearly on the TU concentration with a second-order rate constant k, = 5.2 + 0.2 Mgt

(Figure 6).

14
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A 340 nm

T T T T T T
0.0 0.5 1.0 15 2.0 25 30
Time [s]

-
o
1

Absorbance

o
(5}
1

0.0 r . :
300 400 500 600

A [nm]

Figure 5. UV/Vis spectral changes recorded for the reaction of complex 1 (I mM) with
thiourea (0.1 M) in acetonitrile at 296 K: (a) spectrum before the reaction; (b) spectrum
obtained several milliseconds after mixing of the reactants in the stopped-flow (inset:
Representative kinetic trace obtained at 340 nm, solid line was obtained by fitting the

data to equation 1).

® Slow reaction
1004 4 Fast reaction
80
— 604
A
8
= 40-
20 -
(P R ———
0.0 0.2 0.4 0.6 0.8 1.0

TU [M]

Figure 6. Plots of k,5s vs thiourea concentration for the reaction with complex 1 in
acetonitrile at 296 K (e: fast reaction step; =@ slow reaction step). Experimental

conditions: [1] = 1 mM, wavelength 340 nm.
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The rate constants and activation parameters such as AS” and AV” in Table 4 and Figures
7 and 8 show that in acetonitrile: (i) the second-order rate constants k; = 96.0 + 2.0 M s
"and k, = 52 + 0.2 M s are much larger than in methanol due to the more labile
coordinated acetonitrile solvent and the solvation of the CI” leaving group in the transition
state of the slow step; (i1) the second substitution reaction with thiourea is about 20 times
slower than the first one; (iii) both reaction steps follow a dissociative (D) mechanism
due to the significantly more positive AV” values found for the release of acetonitrile
compared to methanol.

By way of comparison, there are several reports in the literature on solvent
exchange reactions of five-coordinate complexes of the type [Cu(L)(solvent)]*", L =
tris(methylpyridine)amine and tris(aminoethyl)amine (tren), solvent = H,O and MeCN,
for which activation volume data clearly support the operation of an associative
interchange I, mechanism®. However, on increasing the steric hindrance on the tren
ligand and wusing DMF as solvent, the solvent exchange reaction on
[Cu(Megtren)(DMF)]*" becomes extremely slow and proceeds according to a dissociative
interchange I mechanism®®. We strongly believe that the steric hindrance on the tripodal
tris(3,5-dimethylpyrazolyl)borate chelate in the present study is responsible for the
dissociative nature (Ig or D) of the investigated substitution reactions and prevents the
operation of an associative interchange mechanism.

From all the above information, we can conclude that the solvent does not affect
the nature of the mechanism but only the value of the rate constants and activation
parameters. The difference in reactivity in both solvents can therefore be understood in
term of: 1) The coordination ability of the solvent can often affect the reaction
mechanism since the presence of lone pairs and electron-rich donor atoms on the solvent
can make it to be a stronger nucleophile; 2) the polarity of the solvent can also have an
impact on the reaction rate since polar solvents usually favour reactions that involve
charged species. Thus, in the present case we ascribe the observed effects to the
difference in the nucleophilicity of the solvent, i.e. the donor strength of the coordinated

solvent.
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Figure 7. Eyring plots for the determination of the activation enthalpy and entropy for
the two reaction steps of complex 1 with thiourea in acetonitrile (®: fast reaction step; =:
slow reaction step). Experimental conditions: [1] = 1 mM, [TU] = 0.1 M, Temperature

279 — 296 K and 340 nm.
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Figure 8. Pressure dependence of the reaction of complex 1 with thiourea in acetonitrile
(=: fast reaction step; ®: slow reaction step). Experimental conditions: [1] =0.1 mM, [TU]

=0.1 M, 296 K and 340 nm.
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Table 4. Rate constants and activation parameters for the reaction of the Cu(Il) complex

1 with TU in both methanol and acetonitrile.

Rate constants and MeOH at 380 nm CH3CN at 340 nm
activation parameters 1% step 2 step 1% step 2" step
kat296 K [M"'s™] 72+0.3 0.18 £0.01 96 + 2 52+0.2
AH" [kJ mol™] 86+ 9 80+ 1 89 + 10 89 +2
AS" [TK ' mol™] +64 + 20 +15+4 +87 + 30 +70+ 6
AV at 296 K [em® mol™'] +10+1 +13.5+0.6 +23.7+0.9  +24.7+09

2.3.Catechol oxidase mimetic activity

In most of the catechol oxidase like catalytic activity studies of synthetic model
complexes, 3,5-di-tert-butylcatechol (3,5-DTBC) has been employed as substrate. Owing
to its low redox potential, the substrate is readily oxidized and the bulky substituents
prevent further reactions such as ring-opening processes. The product 3,5-di-tert-butyl-o-
quinone (3,5-DTBQ), is quite stable and has a strong absorption at A, = 400 nm.
Therefore, activities and reaction rates can be determined using electronic spectroscopy
by following the appearance of the absorption maximum of the quinone. Reactivity and
kinetic studies were performed in methanol because of the good solubility of the
complex, the substrate (3,5-DTBC) and its product (3,5-DTBQ) in this solvent. Prior to a
detailed kinetic study, it was first necessary to estimate approximately the ability of
complex 1 to oxidize 3,5-DTBC. For this purpose, 0.1 mM solution of 1 in methanol was
treated with 100 mM of 3,5-DTBC in the presence of air. The course of the reaction was
followed by UV/VIS spectroscopy over the first 100 min. The results indicated that

complex 1 showed catechol oxidase activity with a turnover number of 20 min™".
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To determine the dependence of the observed reaction on the substrate
concentration, solutions of 1 were treated with different concentrations of 3,5-DTBC in
methanol. A first-order dependence on the substrate concentration was observed at low
concentrations of 3,5-DTBC. At higher substrate concentrations, saturation kinetics was
observed (see Figure 9). The irreversible conversion into the quinone product is
considered to be the rate-determining step, 1.e. k; << k_; and K; = k;/k_;. Although a much
more complicated mechanism may be involved, the results show that this simple model is

sufficient for a kinetic description. The rate law for the reaction sequence in (3) is given

by (4):

k] 02
Cu"complex + 3,5-DTBC <k__’ Cu"-DTBC-adduct k—> Cu"complex + DTBQ (3)
-1 2
d[DTBQ] k,K, [Cu'complex][3,5 — DTBC]
V= 2 = ky[Cullcomplex — adduct] =
dt 2|Cu” complex — adduct] 1+ K,[3,5— DTBC]

where V' is the rate of product formation, which can be rewritten as

[Cullcomplex] 1+ K;[3,5— DTB(]

(4)

The maximum rate constant, k,, is reached when the catalyst is completely saturated with
3,5-DTBC, i.c. at high [3,5-DTBC]. At a V/[Cu"complex] value of k»/2, the [3,5-DTBC]
= 1/K;, which according to Figure 9 results in K;, the coordination affinity of 3,5-DTBC,
=ki/k_; =31 mM L. K ; 1s rather large and seems to be typical for faster models as for the
enzyme itself (25 mM")*. The reaction rate depends linearly on the concentration of the

complex, indicating a first-order dependence on the catalyst concentration (Figure 10).
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Figure 9. Dependence of the initial rate of the oxidation reaction of 3,5-DTBC on the
concentration of the substrate 3,5-DTBC catalyzed by complex 1 in methanol. The

concentration of 1 was 0.5 x 10 M and the reaction was followed at 400 nm.
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Figure 10. Complex concentration dependence of the oxidation of catechol by the

complex 1.

2.4. Antioxidant activity
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Oxidative stress induced due to the generation of free radicals and/or decreased
antioxidant level in the target cells and tissues, has been suggested to play an important
role in carcinogenesis’'. During cell membrane damage, various enzymes leak down to
the circulatory fluid and their assessment in serum serves as markers in clinical studies.
SOD is the first antioxidant enzyme to deal with oxy radicals by accelerating the
dismutation of superoxide to hydrogen peroxide. Thus, SOD acts as supportive anti-
oxidative enzyme, which provides protective defence against reactive oxygen species.
Hepatic GSH-Rd and serum activities of SOD, and GSH-S-transferase levels were
measured as an indicator for antioxidant activity. The results are presented in Table 5.
SOD and GSH-S-transferase are antioxidant enzymes that protect cells from oxidative
stress of highly reactive free radicals and induce the generation of free radicals in living
cells. The results indicated that no significant deference was found between the used
doses (200 and 400 mg/kg) with all tested compounds. Compounds 1 and 3 were the
highest in SOD and GST enzyme activities rather than GSH-Rd levels in comparison to
the other synthesized compounds. A major defence mechanism involves the antioxidant
enzymes, including SOD, catalase and glutathione peroxidase (GPx), which convert
active oxygen molecules into non-toxic compounds. Lipid peroxidation is accelerated
when free radicals are formed as the result of losing a hydrogen atom from the double

bond in the structure of unsaturated fatty acids.

Table 5. Effects of Cu(Il) complexes 1-4 on SOD, GSH-S-tranferase, and GSH-Rd
levels.

SOD GST GSH-Rd

Design of treatment
esign of treatmen (Units/mg protein)  (umol/mgprotein) (mg/g protein)

Normal control (Group 1) 38+ 1*° 5.1+0.1* 3.9+ 0.2%
(1) (200 mg/kg) (Group 2) 59+ 12 7.9+0.1*° 6.8+0.5°
(1) (400 mg/kg) (Group 3) 54+1 82+0.1 59+0.3
(2) (200 mg/kg) (Group 4) 4242 52402 42+0.9
(2) (400 mg/kg) (Group 5) 42+1 6.0+0.2 4.6+0.2
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(3) (200 mg/kg) (Group 6) 61 +32% 8.5+0.1% 7.6+0.1%°
(3) (400 mg/kg) (Group 7) 58 + 1P 82+0.1*° 6.4+0.1%
(4) (200 mg/kg) (Group 8) 3141 5.0+0.4* 3.8+02%
(4) (400 mg/kg) (Group 9) 36+ 1P 4.1+02%° 3.21+0.01*
Vitamin E (100 mg/ kg) 59+2 6.9 +0.1 5.8+0.2
(Group 12)

Page 22 of 31

Values are mean £ SD, n=5
®® the difference is significant (p>0.05) in a column between treated and infected control

group 2.

3. Conclusions

A series of copper(Il) complexes containing the tripodal 3,5-dimethylpyrazolyl
(KTp™™°) ligand were synthesized and fully characterized. The kinetics and mechanism
of ligand substitution by thiourea were studied in detail as a function of entering
nucleophile concentration, temperature and pressure in methanol and acetonitrile as
solvents. The kinetics showed that the substitution reaction of 1 is a biphasic process that
involves the displacement of both solvent and chloride ligands. In methanol, the
substitution of the solvent by TU is forty times faster than the substitution of chloride.
The activation parameters for both substitution reactions support an interchange
dissociative mechanism. When the substitution reaction was carried out in acetonitrile,
the rate constant for the displacement of the solvent was more than 200 times faster than
for the reaction in methanol, which is ascribed to the weaker donor properties of the
solvent. In addition, the significantly more positive activation volumes found for both
reaction steps in acetonitrile compared to methanol, favour a limiting dissociative
substitution mechanism. The antioxidant activity of complexes 1-4 have been evaluated
for SOD, GSTO and GSH-R levels. 1 and 2 were found to show (p < 0.05) the highest
antioxidant activity in comparison to 3 and 4, which can be ascribed to their structure. 1
has catechol oxidase activity with a turnover number of 20 min~' and the coordination
affinity of 3,5-DTBC, K, = 31 mM . K| is rather large and seems to be typical for faster

models and the enzyme itself (25 mM™'). The reaction rate depends linearly on the
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concentration of the complex, indicating a first-order dependence on catalyst
concentration. The question arises whether the geometry of the complexes has an
influence on the catechol oxidase activity? To answer this, we are now performing more

detailed studies that will be reported later.

4. Experimental
4.1. Materials and general methods

Caution! Perchlorate salts are potential explosives and only small quantities were handled
with care. All chemicals used were of analytical grade. The solvent dimethyl sulfoxide
(DMSO) and vitamin E were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
All enzymatic kits were purchased from Spinreact, Spain. The ligand potassium

MeMe 43 and the Cu(Il) complex 3% were

hydrotris(3,5-dimethylpyrazolyl)borate KTp
synthesized as reported in the literature. The elemental analysis of the ligand and its
metal complexes were performed using a Perkin Elmer Series I CHNS/O Analyser 2400.
Infrared spectra of the free ligand and its metal complexes were recorded using an Alpha-
Attenuated FT-IR spectrophotometer, Bruker, in the range 400-4000 cm™. Raman spectra
were recorded on a Bruker FT-Raman spectrometer with laser. The conductivity
measurements were carried out using an Equiptronics digital conductivity meter model
JENWAY 4070 at room temperature for I mM solutions. All UV-Vis measurements
were recorded on a UV-Lambda 25 Perkin Elmer spectrophotometer. Magnetic moments
were measured by Gouy’s method at room temperature. EPR 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 against DPPH (g =
2.0027). The specific conductance of the complexes was measured using freshly prepared
(1 mM) solutions in water at room temperature using YSI Model 32 conductance meter.
Thermal analyses of the complexes were recorded on a Netzsch STA 449F3 instrument
with a system interface device in a nitrogen atmosphere. Molecular modelling

calculations were done using computer program HyperChem version 8.0.

4.2. Synthesis of the copper(Il) complexes 1, 2 and 4
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Cu(II) complexes 1, 2 and 4 were prepared by mixing a methanolic solution of the
ligand KTp™*™ with the corresponding copper(Il) salts in a 1:1 molar ratio. A solution of
336 mg (1 mmol) of the ligand KTp“ ™ in abs. MeOH (10 mL) was added dropwise (30
min) to a solution of 1 mmol of the corresponding Cu(Il) salt dissolved in abs. MeOH (10
mL). The resulting mixed solution was stirred for another 4 h at room temperature. The
volume of the solution was reduced to 10 ml in vacuum, the precipitate was filtered off,
and the filtrate was evaporated to dryness. The residue was dissolved in 10 ml of CH,Cl,,
filtered, and evaporated to dryness again under vacuum over anhydrous CaO.
[Tp™*™MeCu(CI)(H,0)] (1): Anal. For C;sH;4BCICuNsO (414.2): Caled. C, 43.50; H,
5.84; N, 20.29; Cl, 8.56; Cu, 15.34. Found. C, 43.69; H, 5.72; N, 20.33; CI, 8.49; Cu,
15.21. IR (KBr): v (cm™): 3351 (br, w), 2922 (w), 2505 (w, B-H), 1538 (m), 1443 (m),
1413 (w), 380 (w), 1363 (m), 1200 (s), 1185 (s), 1063 (w), 1034 (w), 979 (w), 865 (W),
844 (w), 805 (w), 766 (m), 644 (w),469 (w), 454 (w).

[TpM*™MeCu(OAc)(H,0)] (2): Anal. For C;;H;BCuN¢O; (437.8): Caled. C, 46.64; H,
6.22; N, 19.20; Cu, 14.51. Found. C, 45.89; H, 6.10; N, 19.75; Cu, 14.62. IR (KBr): v
(cm™): 3254 (br, w), 2926 (w), 2506 (w, B-H), 1559 (s), 1398 (s), 1180 (w), 1045 (w),
1017 (w), 926 (w), 810 (w), 744 (W), 674 (W), 644 (W), 620 (W), 468 (W), 431 (w).
[TpMMCu(Cl10y)] (4): Anal. For C;sH4BCICuNO4 (460.19): Calcd. C, 39.15; H, 4.82;
N, 18.26; Cl, 7.70; Cu, 13.81. Found. C, 39.02; H, 4.69; N, 18.35; Cl, 7.58; Cu, 13.77. IR
(KBr): v (cm™): 3501 (br, w), 3334 (w), 2954 (w), 2507 (w, B-H), 1639 (w), 1577 (m),
1416 (w), 1095 (s, ClOy), 1044 (S), 1023 (s), 926 (w), 810 (m), 674 (w), 623 (W), 576
(w), 476 (w), 429 (w).

4.3 Kinetic measurements

UV-vis spectra were recorded on a Varian Cary 5G or Cary 1 spectrophotometer
equipped with a thermostated cell holder or on a Shimadzu UV-2101-PC
spectrophotometer with a thermoelectrically controlled cell holder for the determination
of pK, values and for the study of slow reactions. Kinetic measurements on fast reactions
were studied on an Applied Photophysics SX 18MV and KinetAsyst SF-61DX2 stopped-

flow instrument coupled to an online data acquisition system. Experiments at elevated
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pressure were performed on a laboratory-made high pressure stopped-flow instrument for
fast reactions™. Spectral changes of the reactions were first recorded over the wavelength
range 190-600 nm to establish a suitable wavelength at which the kinetic trace could be
followed. The ligand substitution reactions were studied under pseudo first order
conditions. This was achieved by using at least a 10-fold excess of the nucleophile. All
reported rate constants represent an average value of at least three independent kinetic
runs for each experimental condition. The temperature dependence was studied in the

range 6-28 °C, and the pressure dependence was studied from 1 to 130 MPa.

4.4. Biological and biochemical assays experiments
4.4.1. Experimental animals

Male Albino mice (20 + 2 g) were obtained from the Department of Animal
Science, Cairo University, and animals were handled under standard laboratory
conditions with a 12-h light/dark cycle at a temperature of 25 = 1 °C and a relative
humidity of 55 + 5 %. The basal diet used in these studies was a certified feed to research
laboratory animals. Food and water were available ad [libitum. The Cairo University

animal care and use committee approved all protocols for the animal research studies.

4.4.2. Bioassays experimental design.

The animals were randomly divided into 12 experimental groups of 6 mice each.
The first group served as normal control. Group 2 to 11 animals were treated with the
synthesized compounds 1-4 at 200 and 400 mg/kg weight per day, respectively, for 15
days. Group 12 animals were treated with standard drug Vitamin E (100 mg/kg weight
per day) for 15 days. 24 h after the last administration, mice were sacrificed; blood
samples were collected and centrifuged at 4000xg at 4 °C for 10 min for serum
preparation. The liver was removed rapidly, washed and homogenized in ice-cold
physiological saline to prepare 10 % (w/v) homogenate. Then, the homogenate was
centrifuged at 4000xg at 4 °C for 10 min to remove cellular debris, and the supernatant

was collected for biochemical analysis.

4.4.3. Measurement of Glutathione-S-Transferase (GST) activity
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GST activity was determined as described by Habig et al., (1974). The reaction
mixture containing 50 mM phosphate buffer, pH 7.5, 1 mM of 1-chloro-2,4-
dinitrobenzene (CDNB) and appropriate volume of compound solution. The reaction was
initiated by the addition of reduced glutathione (GSH) and formation of S-(2,4-
dinitrophenyl)glutathione (DNP-GS) was monitored as an increase in absorbance at 334

nm. The result was expressed as pmol of CDNB conjugation formed/mg protein/min.

4.4.4. Measurement of Super Oxide Dismutase (SOD) activity

SOD activity was measured through the inhibition of hydroxylamine oxidation by
the superoxide radicals generated in the xanthine oxidase system®. The results are

expressed in units/mg protein.
4.4.5. Measurement of Glutathione Reduced (GSH-Rd) levels

The GSH-Rd level in liver tissue was determined according to the Ellman
method*®, which measures the reduction of 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB)
(Ellman's reagent) by sulthydryl groups to 2-nitro-5-mercaptobenzoic acid, which has an

intense yellow colour. The results were expressed in mg per g protein (mg/g protein).

4.4.6. Measurement of Protein content
Protein levels were determined spectrophotometrically at 595 nm, using comassie
blue G 250 as a protein binding dye*’. Bovine serum albumin (BSA) was used as a

protein standard.

4.5. Catecholase assays

Catecholase activity was measured against 3,5-di-tert-butylcatechol (3,5-DTBC).
Kinetic assays were conducted in methanol (saturated with 1 atm O;) at 298 K and
formation of the product was monitored at 390 nm. Under these conditions no formation
of quinone was observed in the absence of the silicon complex. In substrate-dependent
measurements, the concentration of complex was held constant at 0.5 x 10 M, and the

concentration of 3,5-DTBC was varied between 10 and 80 mM. For measurement of the
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complex dependence, the concentration of 3,5-DTBC was kept constant at 25 mM, and

the concentration of the complexes was varied between 10 and 100 puM.
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Graphical Abstract

Spectroscopic, thermodynamic, Kinetic studies and oxidant/antioxidant
biomimetic catalytic activities of tris(3,5-dimethylpyrazolyl)borate

Cu(II) complexes

Shaban Y. Shaban®*, Abdel-Motaleb M. Ramadan®, Mohamed M. Ibrahim*®, Mahmoud A.
Mohamed®® and Rudi van Eldik®®*

* Department of Chemistry, Faculty of Science, Kafr El-Sheikh University, Egypt

b Department of Chemistry, Faculty of Science, Taif University, Taif, Saudi Arabia

¢ Department of Biochemistry, Faculty of Agriculture, Cairo University, Cairo, Egypt

4 Inorganic Chemistry, Department of Chemistry and Pharmacy, University of Erlangen-
Nuremberg, Egerlandsr. 1, 91058 Erlangen, Germany

¢ Faculty of Chemistry, Jagiellonian University, 30-060 Krakow, Poland

A new series of copper(Il) complexes containing the tripodal ligand tris(3,5-
dimethylpyrazolyl)borate have been synthesized and characterized. Their ligand substitution

behaviour, antioxidant and catechol oxidase activities were studied.
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