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Abstract

Obtaining new compounds capable of catalyzing the dismutation reaction of the superoxide anion
carried out by the enzyme Cu,Zn-SOD has become a topic of great interest. In the present work, the
study of a ligand with a piperazine fragment and its Cu(ll) and Zn(Il) complexes is introduced. The
protonation constants of the ligand, the stability constants of the complex species un with equivalent
of Cu(ll) and Zn(Il), forming both mononuclear and heterobinuclear species, in the presence and
absence of histidine as secondary ligand were determined. For all cases, species distribution
diagrams were obtained, from which the spectra in the visible region of the species of greatest
interest were obtained. As an approach to the Cu,Zn-SOD system, the formation of quaternary
species formed between these ions, the main ligand and histidine as a secondary ligand, was verified,
which could be used as mimetics of said enzyme. Some theoretical studies were carried out to
support this study.

Keywords: Protonation. Complex. Macrocycle. Biomimetic. Cu,Zn-SOD.

Resumo

A obtencdo de novos compostos capazes de catalisar a rea¢do de dismutacdo do anion superdxido
realizada pela enzima Cu,Zn-SOD tornou-se tema de grande interesse. No presente trabalho é
introduzido o estudo de um ligante com fragmento de piperazina e seus complexos Cu(ll) e Zn(ll).
Foram determinadas as constantes de protonacdo do ligante, as constantes de estabilidade das
espécies complexas un com equivalentes de Cu(ll) e Zn(ll), formando espécies mononucleares e
heterobinucleares, na presenca e auséncia de histidina como ligante secundario. Para todos 0s casos
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foram obtidos diagramas de distribuicdo de espécies, a partir dos quais foram obtidos os espectros
na regido do visivel das espécies de maior interesse. Como abordagem ao sistema Cu,Zn-SOD, foi
verificada a formacdo de espécies quaternarias formadas entre esses ions, o ligante principal e a
histidina como ligante secundario, que poderiam ser utilizadas como miméticos da referida enzima.
Alguns estudos tedricos foram realizados para embasar este estudo.

Palavras-chave: Protonacdo. Complexo. Macrociclo. Biomimético. Cu,Zn-SOD.

Resumen

La obtencién de nuevos compuestos capaces de catalizar la reaccion de dismutacion del anion
superoxido realizada por el enzima Cu,Zn-SOD se ha convertido en un tema de gran interés. En el
presente trabajo se introduce el estudio de un ligando con un fragmento piperazina y sus complejos
de Cu(Il) y Zn(Il). Se determinaron las constantes de protonacion del ligando, las constantes de
estabilidad de las especies complejas un con equivalente de Cu(Il) y Zn(II), formando tanto especies
mononucleares como heterobinucleares, en presencia y ausencia de histidina como ligando
secundario. Para todos los casos se obtuvieron los diagramas de distribucion de especies, a partir de
los cuales se obtuvieron los espectros en la region visible, de las especies de mayor interés. Como
un acercamiento al sistema Cu,Zn-SOD, se comprobd la formacién de especies cuaternarias
formadas entre estos iones, el ligando principal y la histidina como ligando secundario, las que
pudieran ser empleadas como miméticos de dicho enzima. Algunos estudios teéricos se realizaron
para apoyar este estudio.

Palabras clave: Protonacion. Complejo. Macrociclo. Biomimética. Cu,Zn-SOD.

Nomenclature
L:5,9,17,21-tetraaza-1,13(1,4)-dipiperazina-7,19(1,3)-dibenzenacyclotetracosaphane-6,8,18,20-
tetraone.

Hys (histidine). Although the histidine symbol is His, in this publication Hys is used to distinguish
this amino acid in nomenclature of coordination compounds.

1. Introduction.

The chemistry of metal ions in biological systems is largely solution chemistry, and therefore
coordination chemistry. Among the variety of biomolecules that can act as ligands, proteins stand
out especially. The study of their metal complexes, metalloproteins, currently constitutes the most
important part of Bioinorganic Chemistry. The chemical behavior of a metal ion in a metalloprotein
should not be essentially different from that in its simpler complexes. However, the macromolecular
nature of the protein ligand may specifically limit or modulate the reactivity of the resulting
complex. (Vallet, 2003; Nazif, 2021)

The metalloenzyme Cu-Zn Superoxide Dismutase catalyzes the dismutation reaction of the
superoxide anion. Under normal conditions, in a healthy organism, O," free radicals are trapped by
this enzyme but when there is an overproduction of radicals or poor work in the defense
mechanisms, their control becomes a problem. Therefore, the preparation of small molecules
capable of mimicking the active site of Cu,Zn-SOD has become a topic of great interest. (Vallet,
2003; Verdejo, 2007; Serbest, 2021; Zengin, 2023)

On the other hand, macrocycles are compounds with diverse dimensions, shapes and
conformations that present environments capable of coordinating metal ions. These molecules, from
the point of view of coordination chemistry, can house one or more metal centers in their cavities,
this being one of the aspects that enriches the Chemistry of macrocyclic ligand complexes and
allows them to be used as mimetics of various metalloenzymes. (Taut, 2023; Vallet, 2003; Jung,
2021)

Continuing the study of this type of bio-complexes in biological fluids is extremely
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complicated, due to the influence of many factors, such as: the pH of the medium, the possible
interactions with other electron-rich biomolecules, the different behavior it may have. the protein
bound to the metal outside its usual environment (possible denaturation), among others.
Macrocyclic ligands offer the possibility of simulating, approximately, the coordination
environment around the metal ion, including the great stability that occurs when coordinating
(macrocycle effect) with respect to the union with monodentate ligands. (Cragg, 2010; Bregier-
Jarzebwska, 2019; Kubik, 2017)

That is why this research is aimed at simulating, through the use of low molecular weight
macromolecular ligands, the structure and functioning of metalloenzymes such as Cu-Zn
Superoxide Dismutase (Cu,Zn-SOD). Therefore, determining the formation constants in solution of
quaternary complexes of a macrocyclic amino/amide ligand with Cu?*, Zn?* and histidine could
bring us closer to the most similar combination to the enzyme mentioned above and the appropriate
conditions in solution for its formation.
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Chart 1 - Structure of the ligand L.
2. Materials and methods.

All reagents used in this work were purchased from commercial sources, except the
isophthalic ester with N-hydroxysuccinimide, which was synthesized (Hernandez, 2014).

2.1 Synthesis.

Isophthalic acid (5.00 g, 30.1 mmol) and N-hydroxysuccinimide (6.93 g, 60.2 mmol) are
dissolved in dry THF at 0 °C. Upon obtaining a clear solution, DCC (12.48 g, 60.5 mmol) dissolved
in anhydrous THF is added drop by drop and the resulting solution is stirred at 0-5°C for 3h. The
dicyclohexylurea formed is filtered and the filtrate is concentrated to dryness. The crude product is
recrystallized from 2-propanol to obtain the pure product. Yield: 51.1%; M.P: 186-189°C; white
solid; *H NMR (500 MHz, DMSO-d6): 8(ppm) 8.63(1H, s); 8.51(2H,d); 7.94(1H,t), 2.89(8H,m).

The ligand L, used to perform the potentiometric measurements, was synthesized according
to described procedures (Verdejo, 2007; Algarra, 2009). In a three-mouth ball, 100 mL of DME is
added. Separately, in addition funnels, 0.29 mL (1.42 mmol) of 3,3-(piperazine-1,4-
diyl)bis(propan-1-amine) are placed in one of them and in the other 0.50 g (1.39 mmol) of the
isophthalic ester with N-hydroxysuccinimide previously synthesized (Both dissolved in DME). It is
added dropwise into the receiving solvent placed on the balloon, under constant stirring and in an
ice bath. The mixture is kept under stirring for 12 h, then the solid is removed by vacuum filtration,
washed with DME and recrystallized from 2-propanol. Yield: 64 %; white solid; M.P: 147-148 °C;
'H NMR (500MHz, CD3;0D): §(ppm) 7,88 (2H,s, Ar-H); 7,52 (2H,d, Ar-H); 7,42 (4H,d, Ar-H);
8,20 (4H,s, amide); 3,15 (8H,t, -CH2-amide); 1,81 (8H,m, -CH>-); 2,95 (8H,t, -CH>-amine); 2,29
(8H,t, -CH2- piperazine).
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2.2 Potentiometric measurements.

The potentiometric titrations were carried out at 298.1 £ 0.1 K using NaCl 0.1 M as supporting
electrolyte. The experimental procedure (burette, potentiometer, cell, stirrer, microcomputer, etc.)
has been fully described elsewhere (Verdejo, 2007; Algarra, 2009). The acquisition of the emf data
was performed with the computer program Crison Capture. The reference electrode was an Ag—
AQCI electrode in saturated KCI solution. The glass electrode was calibrated as a hydrogen-ion
concentration probe by titration of previously standardized amounts of HCI with CO,-free NaOH
solutions and the equiv. point determined by the Gran’s method (Gran, 1952), which gives the
standard potential, E°, and the ionic product of water [pKw = 13.78]. The computer program
HYPERQUAD was used to calculate the protonation and stability constants, and the HySS program
was used to obtain the distribution diagrams (Gans, 1996).

Next, the ligand was titrated with the Cu (I1) and Zn (I1) ion respectively, ina 1:1 M:L ratio.
Then, the macrocyclic ligand was titrated with Cu (I1) and Zn (1) simultaneously in the ratio
Cu:Zn:L 1:1:1. Furthermore, prior to the evaluation of the quaternary system, the evaluations of the
M:L:Hys systems were carried out in a 1:1:1 ratio. Finally, the macrocyclic ligand was assessed
with Cu (1), Zn (1) and Histidine in the ratio Cu:Zn:L:Hys 1:1:1:1. In all cases, ionic strength of
NaCl 0.15 mol-dm was used.

The pH range investigated was 2.0-11.0. The different titration curves for each system (at
least two) were treated either as a single set or as separated curves without significant variations in
the values of the stability constants. Finally, the sets of data were merged together and treated
simultaneously to give the final stability constants. The electronic spectra were obtained in a
Reyleigh UV-2601 Spectrophotometer.

3. Results and discussion.

3.1 Ligand synthesis.

The synthesis of the ligand was carried out following the high dilution method described in
the literature to obtain macrocycles (Yu, 2013). It is known that the more diluted the medium is, the
reaction will be directed more toward the formation of the macrocycle than toward polymerization.
However, it is possible to obtain small macrocycles of type [1+1] and at the same time, larger ones,
[2+2]. Although in this case, the semi-rigidity of the piperazine fragment would help, through
conformational control, the prevalence of the largest macrocycle [2+2] (Chart 2).
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Chart 2 — Scheme of synthesis of the ligand L.

A white compound was obtained, that appeared pure in thin layer chromatography. The
"HNMR spectrum showed all the expected signals (see experimental part: Materials and Methods).
In addition, others appear, such as the corresponding water retained in the structure (something
common in pseudopeptidic compounds or with several amide groups), as a peak is noted at 3.30
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ppm that indicates water when deuterated methanol is used. Some additional singlets appear too,
and can be attributed to intramolecular interactions of amine and amide groups (Demarque, 2017).
It is interesting to see how spatially the symmetry expected for this type of molecule is lost due to
the multiple existing intramolecular interactions, which can be made more complex by the presence
of some type of occluded solvent (Figure 1) (Valls, 2022; Omolara, 2018).

(¥
® -155.03 ki/mol
(4

a) b)
Figure 1 — Asymmetrical 3D structure of L. a) Intramolecular interactions (modelled in
vaccum). b) Possible occlusion of water molecules due to H bonds. (3D Draw by software
Spartan 08 version 1.2.0). (Omolara, 2018)

3.2 Ligand protonation.

The ligand presents four measurable protonation steps in the pH range of study. Four
protonation constants were found as well as, two unusual deprotonations.

The protonation constants detected are slightly lower than what was previously reported by
this same team for similar ligands (Hernandez, 2014; Alves de Silva, 2017; Marti, 2012; Ferrer,
2022). In this case, the ionic strength used was a little higher (0.15M) with the aim of seeking a
greater similarity to the ionic strength of the human organism. Some papers show that Log K
decreases with increasing ionic strength (Al-Rashdi, 2018). The decrease in the values of the
successive protonation constants can be rationalized based on the electrostatic repulsion created by
the consecutive addition of positive charges to the already positive charged specie (Ferrer, 2022). In
this case, the first two protonations could go to different piperazine fragments in order to minimize
the electrostatic repulsions between both positive charge densities. The log K values for the third
and fourth protonation are lower since these must occur in nitrogen atoms adjacent to those already
protonated, thus increasing the Coulombic repulsion.

The literature reports higher values of protonation constants for tertiary amines (Algarra,
2009), an aspect that suggests that in this case there is some additional effect that could be causing
lower values. One reason may be that the proximity between the tertiary amino groups causes

additional proton stabilization of the protonated species and the exit of the proton becomes more
difficult (Figure 2).
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Figure 2 - Intramolecular Hydrogen bond in pyperazine fragment for LH* and LH2?*
(modeled by software Spartan 08 version 1.2.0). (Omolara, 2018)

The acidity constant obtained may be attributed either to the deprotonation of two of the amide
nitrogen atoms or to the hydrolysis of molecules of water bound by hydrogen bonds to both amide
groups of one isophthalic moiety. The first of these options is less probable because the
deprotonation of the amide group itself is a very endergonic process and can take place only if this
negative contribution is more than compensated by a very exothermic interaction (Fabrizzi, 2008).
The second option can be supported by reports of crystalline structures of other compounds
including isophtalic fragments, in which one molecule of water is attached by hydrogen bonds to
both amide nitrogen atoms (Brooks, 2006; Bernier, 2009). This phenomenon was also observed by
this team of researchers in a ligand of a similar nature (Ferrer, 2022). Table 1 shows all cumulative
and stepwise constants determined for this ligand.

Table 1 — Logarithms of the cumulative and stepwise basicity and acidity constants
determined in 0.15 M NaCl at 298.1 + 0.1 K.

Species?  Log B Equilibrium (K)  Log K

LH 7.04(2) ®1 [LH)/LI[H] 7.04(2)
LH. 12.51(2)  [LH2J/[LH][H] 5.47(2)
LHs 17.16(2)  [LHsJ/[LH2][H] 4.65(2)
LHa4 20.51(2)  [LH4)/[LHs][H] 3.35(2)
LH. -8.99 (2)  [LH.1)/[L][OH] -8.99(2)
LH-» -19.38(2)  [LH_2)/[LH4][OH] -10.39(2)

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure.

Figure 3 shows the species distribution diagram in 0.15 M NaCl for this ligand, constructed
from the values of the determined cumulative constants. It is possible to observe that the free ligand
exists at pH 7 values, indicating its basic nature, being predominant at pH 8.00 with 82.4% relative
abundance.
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Figure 3 - Distribution diagram for the species of L in 0.15 M NaCl at 298.1 K.

3.2 Mononuclear LM complex systems.

Taking into account the previous protonation study and the data on the constants of copper
(1) and zinc (1) hydroxocomplexes reported in the literature (Plyasunova, 1997), the formation
constants of the complexes were proposed and calculated. After manual adjustment and several
refinements in the program, the results presented in Table 2 were obtained.

It is possible to notice the easy entry of a Cu (1) cation into the interior of the macrocyclic
cavity due to the stability of the resulting species [CuL]?* (log K = 7.42). The same occurs for
[ZnL]?* complexes, with a slightly lower value of log K = 6.30. However, these both values are
below those reported for polyazamacrocyclic ligands, whose log K values are essentially between
13 and 21 (Basallote, 2006; Castillo, 2014). This could be due, to a certain extent, to the steric
hindrance imposed by the carbon atoms associated with the tertiary nitrogen atoms of the piperazine
fragment.

Table 2 — Logarithms of the formation constants for mononuclear complexes of the ligand
determined in 0.15 M NaCl at 298.1 + 0.1 K at M:L ratio 1:1.

Species(® Cu(ll) Zn(11) Equilibrium (K)

Log p Log K Log p Log K
MLH2 17.28(2) 4.49(2) 17.01(3) 4.68(3) [MLH2J/[MLH][H]
MLH 12.79(2) 5.37(2) 12.33(2) 6.03(2) [MLHJ/[ML][H]
ML 7.42(2) 7.42(2) 6.30(3) 6.30(3) [MLJ/[L][M]
MLH-1 1.84(2) -5.58(2) .1.31(3) -7.61(3) [MLH-1}/[ML][OH]
MLH-. -4.08(2) -5.92(2) -9.56(3) -8.25(3) [MLH-2]J/[MLH-1][OH]
MLH-3 -11.6(2) -7.52(2) -18.2(3) -8.65(3) [MLH-3]J/[MLH-][OH]
MLH.4 -28.49(3) -10.28(3) [MLH-4)/[MLH-3][OH]

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure.

It is also interesting to observe the deprotonation phenomenon in the complexes that are
formed at basic pH values (see species distribution diagram, Figure 4, where they have been
represented interchangeably as MLH.x). However, it is likely that in the case of copper 11 complexes,
the first species with this formula (MLH.1) corresponds to the entry of an OH group into the Cu
coordination sphere, replacing a water molecule. While in the case of Zn complexes, this occurs in
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the MLH.; and MLH.-> complexes. In this way the complexes that form at higher pH values can be
attributed to deprotonations of the amide groups (Anagnostopoulos, 1995).

100 100 —
2 g0\ CuH: CuLH OHEZ(OH) a 80 - i 200k,
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Figure 4 - Species distribution diagrams for the different Cu(l1) and Zn(l11) mononuclear
complexes at M:L molar ratio 1:1.

3.3 Cu-Zn Hetero-dinuclear coordination systems.

The studied ligand presents two areas that offer similar coordination environments, and can
not only form mononuclear complexes as we saw previously. This is why we proceeded to determine
the formation constants of heterobinuclear complexes with both cations under study, seeking an
approach to the Cu,Zn-SOD enzyme. Thus, the formation constants of this type of complexes are
shown in the following Table. It is interesting to observe that the entry of a second cation to this
ligand is favored in both cases, be it the entry of Zn(I1) to the mononuclear copper complex or Cu(ll)
to the mononuclear Zn complex (Table 3).

In the same way as described in the previous section, it is likely that the first species that
appear with the hypothetical MLH.x structure correspond to the entry of OH into the coordination
sphere of both Cu(ll) and Zn(ll). While those that appear at higher pH values promote the
deprotonation of the amide groups.

Table 3 — Logarithms of the formation constants for hetero-dinuclear Cu-Zn complexes with
ligand L, determined in 0.15 M NaCl at 298.1 + 0.1 K at Cu:Zn:L, molar ratio 1:1:1.

Species®  Log B Log K  Equilibrium (K)

CuznL 11.25(3) M 11.25(3) [CuznL)/[Cu][Zn][L]
3.83(3) [CuznL)/[CuL][Zn]
4.95(3) [CuznL)/[Cu][ZnL]

CuznLHi 4.96(1)  -6.29(1) [CuZnLH.1J/[ CuZnLH][OH]

CuzZnLH. 0.14(2) -4.82(2) [CuZnLH-2)/[ CuZnLH-1][OH]
CuzZnLH.; -7.44(2)  -7.58(2) [CuZnLH.3)/[ CuZnLH-][OH]
CuzZnLH.s -15.51(2) -8.07(2) [CuZnLH.s)/[ CuZnLH-3][OH]

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure.
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Figure 5 - Species distribution diagrams for the different hetero-dinuclear Cu-Zn complexes
with ligand L, Cu:Zn:L molar ratio 1:1:1.

3.4 Systems with a high level of complexity: Cu/Zn/L/Histidine.

Up to this point, we have heterobinuclear complexes that harbor two different cations, Cu(ll)
and Zn(Il), similar to the SOD enzyme that we want to "mimic." However, the structures described
in the literature indicate that there is an imidazole bridge between both cations (Spagnolo, 2004;
Strange, 2006; Strange, 2012), perhaps coming from a histidine residue (Figure 6, PDB). This
suggests that it has an important influence on the biological function of the enzyme, which is why
it is necessary to study systems that contain both cations and histidine as a secondary ligand.

Figure 6 - Active site of Cu-Zn SOD, reported in Protein Data Bank, adapted from 4B3E
(Spagnolo, 2012).

Before studying the Cu/Zn/Histidine system; It is necessary to understand the interaction of
each metal with histidine independently as a basis for a better understanding. The results of the
titrations and subsequent data processing are shown in the Table 4.

In this system where a secondary ligand (histidine) appears, the Log B values indicate how
favoured the formation of tertiary complexes is. It was also observed that the entry of this secondary
ligand histidine is favoured, a little more for the mononuclear Cu(ll) complexes (with Log K =
11.15) than for their Zn(Il) homologues (with Log K = 5.02). This suggests that the binding of
histidine to the copper (I1) cation is perhaps more favoured by the affinity of the nitrogen atoms for
this ion. As in the previous sections, there is both the possibility of deprotonation occurring and the
entry of hydroxyl groups. However, taking into account that two ligands coexist with the possibility

of being deprotonated from pH 7, the deprotonation hypothesis seems to be the most indicated, so
far.
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Table 4 — Logarithms of the cumulative and stepwise constants for mononuclear complexes of
Cu (II) and Zn (I1) with the ligand, in the presence of histidine (Hys), determined in 0.15 M
NaCl at 298.1 + 0.1 K at M:L:Hys molar ratio 1:1:1.

Zn(11) Equilibrium (K)

24.40(3)  5.49(3) [MLH(Hys)l/[ MLH(Hys)I[H]
18.61(2)  7.29(2) [MLH(Hys)I/[ ML(Hys)I[H]
11.32(3)  5.02(3) [ML(Hys)l/[ML][Hys]

3.60(3) -7.72(3) [MLH.(Hys)l/[ ML(Hys)][OH]

Species! Cu(ll)
Log p Log K Log p Log K
MLHo(Hys) 28.37(2)  4.59(2)
MLH(Hys) 23.78(2) 5.21(2)
ML(Hys) 18.57(2)  11.15(2)
MLH.(Hys) 11.50(2) -7.07(2)
MLH2(Hys) 1.93(2) -9.57(2)

MLH-3(Hys)

-450(3)  -8.15(3) [MLH-z(Hys))/[ MLH.1(Hys)][OH]

-14.3(3)  -9.77(3)  [MLH.5(Hys))/[ MLH-2(Hys)][OH]

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure.
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Figure 7 - Species distribution diagrams for mononuclear complexes of Cu (1) and Zn (1)
with the ligand, in the presence of histidine (Hys).

Once the formation of mononuclear complexes with histidine as a secondary ligand had been
explored, the constants of the tertiary heterobinuclear complexes were determined, giving the results
shown in the following table.

Table 5 — Logarithms of the cumulative and stepwise constants of Cu(ll) and Zn(11) complex
formation with the ligand L and histidine as secondary ligand, ratio M1:M2:L:Hys
1:1:1:1,determined in 0.15 M NaCl at 298.1 £ 0.1 K.

Species [a] Logp[b] LogK Equilibria
[CuzZnLHz(Hys)] 32.58(5) 4.79(5) [CuZnLH(Hys)] +H* = [CuZnLHz(Hys)]
[CuzZnLH(Hys)] 27.39(6) 4.67(6) [CuZnLHis] +H" = [CuZnLH(Hys)]
[CuznL(Hys)] 23.12(5) 11.67(5) [CuZnL] + Hys =[CuZnL(Hys)]
[CuzZnH,L(Hys)] 11.92(5) -11.20(5) [CuZnL(Hys)]+ 20H" = [CuZnH-;L(Hys)]
[CuZnHsL(Hys)] 5.58(6) -6.34(6) [CuZnH-L(Hys)]+ OH =[CuZnHL(Hys)]
[CuzZnHsL(Hys)] -10.77(4) -16.35(4) [CuZnH.3sL(Hys)] + 20H" = [CuZnH.sL(Hys)]
[CuZnHeL(Hys)] -19.22(4) -8.45(4) [CuZnH.sL(Hys)]+ OH = [CuZnH.sL(Hys)]

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure.
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This time the entry of the auxiliary ligand histidine is even more favoured (Log K= 11.67)
than when only one cation is found within the designed macrocycle. The reasons seem to be clear:
an even greater coordination environment, where the imidazole ring could be placed, in some of the
arrangements, as a bridge between both cations. An aspect that would bring this system closer to
the desired biomimetic system. For an even more complex system from the point of view of the
equilibria that can occur as the pH changes, it is difficult to propose structures of protonated or
deprotonated species. However, it is interesting to note that complex species containing Cu, Zn and
the auxiliary ligand histidine (regardless of the degree of protonation or deprotonation), begin to
form from approximately pH 4, to values greater than 12 (Figure 8). This is of great importance
since the mimetic point of view, since dismutation reactions of the superoxide anion could be
explored in a wide range of pH.
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Figure 8 - Species distribution diagrams of Cu(ll) and Zn(I1) complex formation with the
ligand L and histidine as secondary ligand, ratio M1:M2:L:Hys 1:1:1:1,determined in 0.15 M
NaCl at 298.1 + 0.1 K.

3.5 Exploring about the structure by Spectroscopy UV-visible and theoretical approximations using
Spartan 08.
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Figure 9 — UV-visible spectra of the different system that contains Cu(ll) vs pH.
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Figure 9 shows UV-visible spectra of all complexes that contains Cu(ll), recorded at different
values of pH (based on the corresponding species distribution diagrams). It stands out in this analysis
that all the spectra recorded from pH 6, regardless of the system studied, show a single wavelength,
located around 577-580nm (Table 6). Everything indicates that the coordination environment
around the Cu(Il) cation hardly changes from one species to another (pH = 6-12), without being
significantly affected by the secondary ligand present in each case (H20, OH, histidine), nor by
deprotonation processes. This aspect is also relevant for its possible use as a mimetic.

Table 6 — Some wavelengths vs pH for the different systems studied.

pH Amax (NM)
Cu/L Cu/Zn/L Cu/L/Hys Cu/Zn/L/Hys
4 708 - 708 -
6 578 577 575 579
8 577 577 - 579
9 577 - 578 580

It is possible that the geometry of the coordination site around Cu(ll) is a square-based
pyramid with some distortion, assuming that this cation can have the well-known Jahn Teller effect
and adopts coordination number 5 (Figure 10). The literature describes numerous complex
compounds that show bands between 550 and 60nm exhibiting this type of geometry (Prenesti,
2006).

Figure 10 — Structure optimized using Spartan 08 showing a distortion of a square pyramidal
for Cu(ll) center (bottom), forced by piperazine fragment, while zZn(ll) is a perfect
octahedral.

On the other hand, various coordination environments of heterobinuclear complexes were
modeled, seeking an estimate of the distance between both coordination centers and its relationship
with the stabilization energy of the resulting complex, in order to have an idea of which was the best
structural proposal (Figure 11). The criterion to follow was to place the aromatic ring or the
piperazine fragment as a spacer, as well as an intermediate structure between both cases. As a result,
a lower energy was obtained for the coordination environment that contains the aromatic ring as a
spacer, which provides a certain rigidity to the complex and sets an inter-cationic distance.
Nevertheless, it is necessary to take into account that the piperazine fragment induces greater
stability by injecting a bimacrocyclic effect around the coordinated cation, because there are two
secondary amines linking each metal (Figure 10).

This detail could be sterically important in the process of histidine approaching a
heterobinuclear complex of Cu(Il) and Zn(l1), with this semirigid macrocyclic ligand, causing entry
preferentially through the copper Il cation. An exploration carried out in the Spartan 08 software
shows a close-up of the imidazole ring of histidine to the hydroxyl bonded as a secondary ligand of
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the copper Il ion (modeling of [CuzZnL(OH)] + Hys). Then, a ligand substitution could occur,
leaving the histidine linked to the copper Il cation. Finally, the resulting tertiary complex would
increase its stability due to possible supramolecular interactions of the aliphatic chain of the amino
acid through the carboxyl of aminoacid with the hydroxyl group (or water) coordinated to the zinc
cation (Figure 12).

3500 -
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-500 T
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Figure 11 — Different coordination environments for heterobinuclear complexes: energy vs
Cu-Zn distance.

-127.4kJ/mol

-156.9kJ/mol

Figure 12 — Hypothetical scheme of histidine binding to Cu-Zn complex. Some energies and
hydrogen bond are included.

4. Conclusions.

In this work, it was shown that this macrocyclic ligand is able to form complexes
heterobinuclear with copper and zinc, as well as binding an additional ligand such as histidine. The
species distribution diagrams of these tertiary heterobinuclear complexes indicate their formation
from pH 4 onwards, independently of the deprotonation or gain of hydroxyl groups. This means that
it can be used, in principle, as a biomimetic of Cu,Zn-SOD. Mononuclear complexes of both Zn and
Cu were also studied, with and without the presence of histidine, showing the ability of both cations
to bind this secondary ligand by forming tertiary complexes. The comparison between the stability
constants shows a greater affinity of histidine for copper I, with respect to zinc Il. The spectra
recorded in the visible region indicate that the coordination environment around the Cu(ll) cation is
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the same in almost all the complexes formed above pH 4, for all the systems studied that contain
this cation. This indicates the high stability imposed by the piperazine fragment of the ligand.
Finally, some theoretical studies at a basic level help to understand possible coordination
environments, distances between metal centers, binding modes with the secondary ligand histidine,
etc. In this way, this system can be proposed as biomimetic once the relevant reactions have been
tested.
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