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The binary and ternary systems of Cu(Il) complexes with 1,2-diphenylethylenediamine (A) as primary
ligand and amino acids (L) as secondary ligands are investigated. The stability constants of the
complexes were determined potentiometrically in 50% (v/v) dioxane-water media at 25 °C and /= 0.10
mol/L NaClO,4. The relative stabilities of the ternary complexes are determined and compared with
those of the corresponding binary complexes in terms of their 4 log K values. Species distribution of
all complexes in solution was evaluated.
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1. INTRODUCTION

Copper, among other transition metals, is essential for many enzymes, particularly those
catalyzing physiologically important reactions. It has strong ability to form complexes with proteins,
peptides, amino acids as well as other organic substances in the living organisms [1, 2]. Examples of
copper-containing compounds include electron-transfer (ET) proteins (e.g., azurin, plastocyanin,
laccase), oxygen-binding enzymes (e.g., ferroxidase, tyrosinase, ascorbate oxidase), and in oxygen-
transport proteins (hemocyanin) [1]. Similarly, amino acids have special importance compared to other
chemical compounds in the sense that they are regarded as the foundation stones of living organisms.
Fostered by the crucial role of amino acids in our life, studying their structural, chemical and physical
properties becomes very necessary to explain their behavior and potential applications. Among these
properties are protonation and stability constants of complexes they form with various metal ions and
copper in particular. Importantly, elucidation and understanding of the various phenomena in the
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biological systems requires the determination of the protonation constants of the bio-ligands along with
their stability constants with various metal ions in media similar to those of biological systems [3-6]. In
this context, it is generally believed that “in vivo” media can be represented by aqueous solution.
However, in recent years, it has been shown that aqueous media are not totally suitable for in vivo
biological reactions, and consequently, nonaqueous media have been introduced as an alternative on
the basis that biological media have lipophilic character [7-9].

Historically speaking, ternary Cu(Il)-amino acids complexes have attracted considerable
attention because of their occurrence and involvement in the transport of copper(Il) ions in biological
systems [10]. In this venue, several binary and ternary amino acid complexes containing copper (II)
and other divalent transition metal ions have been synthesized in solution as well as in the solid state
[11-16]. Of particular relevance, in the present investigation, efforts have been made to study the
stability constants of copper (II) complexes with 1,2-diphenylethylenediamine (Fig. 1) as primary
ligand and vast array of amino acids as secondary ligands via potentiometric titrations in 50 % (v/v)
dioxane-water mixture, having ionic strength (I) of 0.10 mol/L. NaClO, at ambient temperature. The
reactions associated with formation of these complexes have been undertaken in different pHs. Species
distribution in solution over a wide range of pHs was also evaluated.

NH,

NH,

1,2-diphenylethylenediamine

Figure 1. Chemical structure of 1,2-diphenylethylenediamine.

2. EXPERIMENTAL

2.1. Materials and reagents

All the chemicals used were of analytical grade reagents. 1,2-diphenylethylenediamine, amino
acids and related compounds (glycine, a-alanine, f-phenylalanine, valine, leucine, asparagine,
histidines HCI, histaminee 2HCI, imidazole, lysine, ornithine. HCI and glutamine) were obtained from
the Sigma Chem. Co. All stock solutions of Cu(ClOy),, sodium perchlorate and perchloric acid
(analytical reagent grade, Merck) were prepared in deionized water. Stock solution of Cu(ClO4), was
standardized by EDTA titrations [17]. Furthermore, no supporting electrolyte was used in these mixed
solvents. Carbonate-free sodium hydroxide solution was prepared and standardized against a
potassium hydrogen phthalate solution. The ionic strength of each solution was adjusted to 0.10 mol/L.
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by addition of NaClO,. Acid solutions prepared from perchloric acid were titrated against standardized
sodium hydroxide [18].

2.2. Apparatus

Potentiometric titrations were followed with a Metrohm 686 titroprocessor equipped with a 665
dosimat (Switzerland). The titroprocessor and the combined glass electrode were calibrated with
standard buffer solutions, KHphthalate, pH = 4.008 and a mixture of KH,PO4 and Na,HPO4, pH =
6.865 under the same experimental conditions. The temperature was maintained constant (+ 0.1) by a
Colora ultra thermostat.

2.3. procedure

The acid dissociation constants of the ligands were determined potentiometrically by titrating
the ligand (40 ml) solution (1.25><10_3 mol/L) of constant ionic strength 0.1 mol/L, adjusted with
NaClO4. The stability constants of the binary complexes were determined by titrating 40 ml of a
solution mixture of metal ion (1.25><10_3 mol/L), the ligand (2.5% 1073 mol/L) and 0.1 mol/L NaClOs.
The stability constants of mixed ligand complexes were determined by titrating 40 ml of solution
containing Cu(Il), A and amino acids, all of concentration (1.25><10_3 mol/L) and 0.1 mol/L NaClO,.

The above solutions were virtually titrated against 0.1 mol/L NaOH in an atmosphere of pure
N, gas.

For all the titrations, HCIO4 solution was added, so that they were fully protonated at the
beginning of the titrations. The pK, in 50% dioxane-water solutions was determined as described
previously [19].

2.4. Data processing

The stoichiometries and stability constants of the complex species formed in solution were
determined by examining various possible composition models for the systems studied. About 110 to
150 experimental data points were available for evaluation in each run. All the dissociation and the
complex formation constants were determined using the HYPERQUAD program [20] and the
speciation as a function of pH using the HYSS program [21].

3. RESULTS AND DISCUSSION

The proton dissociation constants of the amino acids studied have been re-determined by means
of the data obtained from potentiometric titrations in 50% (v/v) dioxane-water mixtures at 25 °C and /
= 0.10 mol/L NaClQy in order to obtain values under the same experimental procedures employed for
binary and ternary systems. Importantly, our estimated values are in a good agreement with data
reported in literature [22, 32].
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3.1. Acid-Base Equilibria of 1,2-diphenylethylenediamine

The calculated acid dissociation constants of the 1,2-diphenylethylenediamine, expressed as
pK, values, were given in Table 1. In acid medium both amine groups are protonated. The pK,; and
pK.> values were found to be 7.88 and 4.45, respectively. These results are consistent with previous
investigations undertaken for related systems [24].

3.2. Stability constants of binary complexes

The potentiometric titration curves of Cu(Il)-leucine, taken as a representative, and Cu(Il) 1,2-
diphenylethylenediamine systems are shown in Figs. 2, 3. In all titration curves, the Cu(Il)-ligand
complex is lower than that of the free ligand curve, indicating formation of Cu(Il) complex by
displacement of protons. The copper(Il)-complexes of amino acids have been extensively investigated
in a medium containing 50% (1/v) dioxane—water mixture [11]. The formation constants of Cu(Il)-A
and Cu(Il)-L complexes were determined by fitting potentiometric data on the basis of possible
composition models. The selected model that gives the best statistical fit consists of Cu(L)(1010),
Cu(L)2(1020), Cu(A) (1100), Cu(A)2 (1200) and Cu(A)H(1101) complexes respectively.

The calculated stability constants of binary complexes of amino acids and 1,2-
diphenylethylenediamine with Cu(Il) are presented (Table 1). The pKa of the protonated form is 3.43.
The lower value of pKa can be attributed to coordination of A with the metal ion. Species distribution
diagram of Cu(II)-A system is shown in Fig. 4. The concentration of the 1100 species increases with
increasing pH, attaining a maximum of 49.4% at pH 4. Further increase in pH is accompanied by a
decrease in the concentration of thel100 species and an increase in the concentration of the 1200
species. 1101 complex species has been found to be most favored at lower pH values.
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Figure 2. Potentiometric titration curves of free leucine and Cu(Il)-leucine obtained from 50% (v/v)

dioxane—water mixture.
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Figure 3. Potentiometric titration curve of the free ligand (A) and the Cu(I)-A system obtained from
50% (v/v) dioxane—water mixture.

Figure 4. Variation of complex species concentration with pH in the binary system Cu(I1)-A.
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Table 1. Stability constants of binary systems Cu(Il):A, Cu(Il):L. and proton-association constants at
25 °C and I = 0.10 mol/L NaClOy.

1,2-diphenylethylenediamine (A) 0 1 0 1 7.88(0.02)
0 1 0 2 12.33(0.01)
1 1 0 0 8.46(0.07)
1 2 0 0 15.99(0.02)
1 1 0 1 11.89(0.03)
Glycine 0 O 1 1 9.88(0.02)
0 O 1 2 16.54(0.01)
1 0 1 0 8.67(0.01)
1 0o 2 0 16.33(0.02)
o- Alanine 0 O 1 1 9.79(0.01)
1 0 1 0 8.71(0.03)
1 0o 2 0 16.22(0.01)
[S-phenylalanine 0 0 1 1 9.12(0.01)
0 O 1 2 12.24(0.01)
1 0 1 0 8.16(0.01)
1 0o 2 0 16.44(0.02)
Valine 0 O 1 1 9.62(0.02)
1 0 1 0 8.28(0.01)
1 1 2 0 16.62(0.03)
Leucine 0 0 1 1 9.84(0.01)
1 0 1 0 8.36(0.01)
1 0o 2 0 15.85(0.01)
Asparagine 0 0 1 1 8.95(0.001)
1 0 1 0 8.26(0.03)
1 0o 2 0 15.01(0.02)
Glutamine 0 O 1 1 9.31(0.01)
1 0 1 0 8.13(0.02)
1 0 0 14.87(0.01)
Lysine 0 O 1 1 10.79(0.01)
1 0 1 2 20.12(0.02)
1 0 1 0 10.99(0.01)
1 0o 2 0 15.76(0.01)
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Table 1. (Continued)

Ornithine 0 0 1 1 10.55(0.01)
0 0 1 2 19.56(0.03)
1 0 1 0 11.17(0.02)
1 0 2 0 15.36 (0.05)
Imidazole 0 0 1 1 6.10(0.02)
1 0 1 0 4.20(0.03)
1 0 2 0 7.14(0.02)
Histidine 0 0 1 1 9.69(0.01)
0 0 1 2 15.53(0.02)
1 0 1 0 10.67(0.01)
1 0 2 0 18.41(0.02)
Histamine 0 0 1 1 9.43(0.01)
0 0 1 2 15.98(0.05)
1 0 1 0 10.32(0.02)
1 0 2 0 16.13(0.01)

“M, A and L are the stoichiometric coefficient corresponding to Cu(Il), 1,2- diphenylethylenediamine

(or amino acids) and H", respectively. bstandard deviations are given in parentheses.
3.3. Stability constants of ternary complexes

The formation constants of 1:1 Cu (II) complexes with A or L are of the same order of
magnitude, Table 2. Consequently the ligation of A and L will proceed simultaneously. The
experimental and simulated titration curves of the Cu-A-glycine system are presented in Fig. 5. The
titration data of the ternary complexes with A and L fit satisfactorily upon considering formation of the
species: M(A), M(A), M(L), M(L),, M(A)(L) and M(A)(LH). The stability constants, complex
formation, between M, A, L are represented by the general equilibria (charges were omitted for
simplicity):

[(Cu)+p(A)+q(L)+r(H)==(Cu)(A)p(L)y(H), ))
Stability of the formed species is measured by the stoichiometric equilibrium constant fj,,- expressed
in terms of concentrations at constant temperature and ionic strength.
_[Cu,(4),(L),(H),]
= e (a) (L) (H)] @

A comparison of the overall stability constants of Cu(II)-A-L ternary systems, (Table 2) reveals

higher stabilities of the ternary complexes containing histidine or histamine compared to those of a-
amino acids, thereby indicating that histidine and histamine ligands interact much strongly with the
metal ion via the amino and imidazole nitrogen atoms.
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Lysine and ornithine may bind to Cu(Il) ion as a-amino acid (N,O- donor set) or via a- and ©-
amino groups (N,N — donor setf). Our results show that the stability constants of their ternary
complexes are higher than those of a-amino acids. This behavior is consistent with the possibility that
both lysine and ornithine coordinate through the two amino groups. Importantly, the data obtained
from this work attest that

Phenylalanine forms less stable complexes than alanine. This could be attributed, in part, to the
steric effect exerted by the phenyl group of phenylalanine and the two phenyl groups of A, in addition
to the lower basicity of the amino group of phenylalanine compared to that of alanine. This, of course,
will contribute to the decreased stability of the complex formed.

Furthermore, the stability of ternary complexes involving a-alanine are found to be lower than
those containing glycine. This behavior does not follow their basicities as expected. However, it is

suggested that steric hindrance caused by the presence of a methyl group on the carbon bearing the
amino group (a-alanine), is responsible for the lower stability of its ternary complexes [25].

12 -
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Moles of base added per mole ligand

Figure 5. Potentiometric titration curve of the Cu(Il)-A-glycine system.
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Table 2. Stability constants of the ternary species in the Cu(II)-A-amino acid systems at 25 °C and [ =

0.10 mol/L NaClO,.

Glycine 1 1 1 0 16.93(0.01) -0.20

a- Alanine 1 1 1 0 16.89(0.07) -0.28

B-phenylalanine 1 1 1 0 16.77(0.07) 0.15

Valine 1 1 1 0 16.61(0.02) -0.13

Leucine 1 1 1 0 16.56(0.03) -0.26

Asparagine 1 1 1 0 16.45(0.05) -0.27
1 1 1 1 22.89(0.02)

Glutamine 1 1 1 0 16.35(0.01) -0.24

1 1 1 1 23.57(0.01)

Lysine 1 1 1 0 18.13(0.02) -1.32
1 1 1 1 25.57(0.03)

Ornithine 1 1 1 0 18.83(0.01) -0.54
1 1 1 1  2555(0.05)

Imidazole 1 1 1 0 10.78(0.03) -1.88
1 1 2 0 13.65(0.02)

Histidine 1 1 1 0 19.090.01) -0.04
1 1 1 1  25.21(0.01)

Histamine 1 1 1 0 19.55(0.03) 0.77
1 1 1 1 24.4500.02)

“M, A and L and H are the stoichiometric coefficient corresponding to Cu(II), 1,2-
diphenylethylenediamine, amino acids and H", respectively. bstandard deviations are given in

parentheses.

By analyzing the species diagram it can be concluded that the percentage of free metal ion
decreases gradually upon increasing the pH of the solution. At lower pHs (pH < 4) binary Cu(Il)
complexes predominated whereas upon increasing the pH over the range from 5 to 10, the ternary
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complexes appeared sequentially with 50% of Cu(Il) in the form of Cu: A: L, as illustrated in Fig. 6,
for the Cu-A- a-alanine system.

]
00 1
1 cu(

Cu(Il)AL—

% formation relative to Cu(ll)

Figure 6. Variation of complex species concentration with pH in the ternary Cu(Il)- A- a-alanine
system.

The pk, values of the protonated (1110) and (1111) complexes of histidine, ornithine, lysine
asparagine, glutamine and histamine were calculated according to equation (3):

pka = log fii11 — log Piiio (3)

In this context, the acid dissociation constant of the protonated complexes are: 6.44 for
asparagines, and 7.22 for glutamine respectively. These values are lower than those obtained for the
amino group of the a-amino acid (pKa's = (9.26-10.71), if the increase of acidity as a result of
complex formation is considered. This observation is therefore indicative that o-amino acid
coordinates by the carboxylic group at lower pH. As for the histidine complex, the measured pKa
value is 6.12. Although this value is lower than that of the protonated amino group (NH™, pK,=9.69),
it is closely similar to that of the protonated imidazole group (pKa = 6.10). This finding suggests that
the proton in the protonated complex is most likely located on the imidazole group.

Additionally, the speciation for lysine complex, taken as a representative, is given in Fig. 7.
The protonated 1111 complex species predominates with a formation degree amounting to 19 % at pH
6.0, whereas the deprotonated species 1110 attains a maximum concentration of 98 % at pH 8.0.
Therefore, the species 1111 predominates in the physiological pH range.
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Figure 7. Variation of complex species concentration with pH in the ternary system Cu(Il)- A- lysine.

The relative stability of the ternary complexes formed through simultaneous mechanism, as
compared to those of the corresponding binary complexes, is expressed in terms of A log K, which
represents the difference between the stability of the ternary and the two correspondent binary
complexes, shows the tendency of the formation of ternary species [26]. This is expressed by the
following equation:

M M
AlogK=log ﬁAA//[[(A)L — (LogByyay + LogByy(1)) “)

It is worthy to mention that negative A log K values (Table 2) imply that the ternary complexes
are less stable than the binary ones, and therefore can be used to indicate that no interaction occurs
between the ligands in the ternary complexes. However, this behavior does not mean that the complex
is not formed. In this regards, the negative value may be interpreted in terms of higher stability of the
binary complexes and/or reduced number of coordination sites in the ligand. Other electronic and
structural factors such as steric hindrance [27, 28], bond type, and geometrical configuration are also
expected to have an effect on A log K values. On the other hand, positive 4 log K value for the
phenylalanine mixed-ligand complex (1110) indicates that the ternary complexes are more stable than
the corresponding binary. This may be attributed to intramolecular aromatic-ring stacking, hydrogen
bond, and z- 7 cooperative effect between ligands.

4. CONCLUSION

This study offers intensive investigation and mechanistic details associated with formation of
binary and ternary Cu(Ill) complexes of the general formula Cu(Il)-A-L, where A is 1,2-
diphenylethylenediamine (primary ligand) and (L) represents a wide range of amino acids used as
secondary ligands. The stability constants of all complexes were determined potentiometrically in 50
% (v/v) dioxane-water media at 25 °C and 7 = 0.10 mol/L. NaClO4. The relative stabilities of the ternary
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complexes are compared with those of the corresponding binary complexes and explained in view of
their 4 log K values. Finally, species distributions in solution for all complexes were also evaluated.
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