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ABSTRACT

The complexing properties of 2,6-diaminopyridine (DAP) with cadmium(II) were investigated
via measuring pH (i.e.,, pH-metrically). Binary and ternary complexes of Cd(II) involving DAP
and various biologically relevant ligands are investigated. The ligands used (L) were amino
acids, dicarboxylic acids, amides and DNA unit constituents. The ternary complexes are
formed by simultaneous reactions. The results showed the formation of Cd(DAP)(L)
complexes with amino acids and dicarboxylic acids. Amides form both Cd(DAP)(L) complex
and the corresponding deprotonated amide species Cd(DAP)(LH.1). The concentration
distributions of the various complex species formed in solution were also evaluated as a
function of pH. The effect of dioxane as a solvent on the protonation constant of DAP and the
formation constants of Cd(II)-DAP complexes were discussed. The solid complexes
[Cd(DAP)L)] where L = methionine and glycine, were isolated and characterized. The isolated
solid complexes have also been screened for their antimicrobial activities against some
selected bacteria and fungi. The activity data show that the complexes are found to have
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antibacterial and antifungal activity.

1. Introduction

The interest in coordination chemistry is increasing
continuously with the synthesis and characterization of large
number of transition metal complexes with heterocyclic ligands
containing nitrogen, oxygen and sulfur donors. Studies of such
ligands are relevant to medicine since they bear potential
properties as chelators for the removal of toxic metals from the
body. The great majority of the work of biological chemists is
concerned with the coordination chemistry of essential metal
ions in living organisms, and the examination of aspects of the
interactions of these essential metal ions with the rest of the
enzymes of the cells in which they are found. The toxic effects
of cadmium in the form of Cd(Il) are well documented. Cd(II)
has been found to induce various pathological conditions, some
of which may be fatal. Other conditions include cardiovascular
diseases, hypertension and cancer [1]. The toxicology of
cadmium (II) was noted to be governed by its interaction with
an abundance of certain potential ligands in biological systems
[2-6]. For example, in animals, Cd(II) accumulates mainly in the
liver and kidney, where it is largely bound to thionine, a sulfur-
rich protein [7-9]. In red blood cells, Cd(II) is complexed by
glutathione and hemoglobin [10]. The goal of chelating agent’s
treatment of metal intoxication is to transform a toxic metal
bound to a constituent (usually a protein) of a living organism
into a less toxic metal chelate which is readily excreted.

In discussing chelating agents design, it was reported that
stability constant has long been recognized as a key factor in
the determination of the ability of chelating agent to remove
the metal from living organism [11].

2,6-Diaminopyridine is an example of an N-donor ligand
which combines the properties of both an N-heterocyclic and a

primary aromatic amine and therefore, capable of forming
stable complexes with 3d transition metal ions including Cd(II).
Cd(DAP)2* complex and the corresponding ternary complexes
formed with different bio-relevant ligands as with amino acids,
amides or DNA constituents may be considered as models in
studying metalloenzyme-substrate interactions. With this in
mind and in continuation of our research work directed to
study binary and ternary complex formation equilibria with
biologically active ligands [12-19] and in the course of the
search for a new antidote for Cd(II), we report on the present
investigation a quantitative study of the formation equilibria of
binary and ternary complexes of Cd(II) with DAP and some bio-
active ligands commonly exist in biological fluid. The second
point of importance is the investigation of complex formation
equilibria in solvents of lower polarity that represent some
biological microenvironments, or simulate to some degree the
situation in active site cavities. In spite that in vivo reactions
take place in aqueous media, it has been reported that water is
not an ideal model for in vivo reactions. In enzymes membranes
and other biologically important media, the pKa values are far
different from those in water, as these media tend to be
lipophilic rather than hydrophilic. Therefore studies involving
the calculation of the protonation constants in media other
than water should provide some understanding of the
chemistry of biorelevant ligands in biological systems. The
effects of dioxane as a solvent on both the protonation
constants and the formation constants of Cd(II) complexes with
DAP are discussed.

The study also includes the synthesis and characterization
of the ternary complexes of Cd(DAP)2* with methionine and
glycine known to have different coordination sites available for
binding metal ions. The coordination sites of the ligands to
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Cd(DAP)2+ were discussed based on spectroscopic
investigation. The isolated solid complexes were also screened
for their antimicrobial activities using the disc diffusion method
against some selected bacteria and fungi. The activity data
show that the metal complexes are found to have antibacterial
and antifungal activity.

2. Experimental
2.1. Materials and reagents

2,6-Diaminopyridine (DAP) was obtained from Sigma
Chemical Company (USA). The amino acids: alanine,
phenylalanine, valine, serine, L- histamine.HCl, methionine,
together with the dicarboxylic acids: oxalic, malonic, succinic,
adipic and cyclobutane 1,1-dicarboxylic acids (CBDCA) were
provided by Sigma Chem. Co. as well as the amides:
glycineamide and glutamine. The DNA constituents uracil,
uridine, thymine, thymidine and inosine, were supplied by
BDH-Biochemicals Ltd. CdClz. was also obtained from Sigma
Chem. Co. For stability constant determination, solution of
(0.01 mol-dm-3) (DAP) was prepared in two equivalents (0.02
mol-dm-3) of HNOs acid, freshly prepared solutions of DAP
were used for all the measurements. L-Histamine.HCl was
prepared in one equivalent (0.01 mol-dm-3) of HNOs3 acid.
Carbonate free NaOH (titrant) was prepared and standardized
against potassium hydrogen phthalate solution.

2.2. Synthesis of the ternary metal complexes

The complexes were prepared by mixing clear solutions of
DAP (272 mg, 2.5 mmol) and CdClz (281 mg, 2.5 mmol) in
distilled water (10 cm3) and the equivalent amount of the
secondary ligands (188 mg, 2.5 mmol for glycine) and (373 mg,
2.5 mmol for methionine)) were then added to the above
mixture with continuous stirring, followed by the addition of
(266 mg, 2.5 mmol) of Na2COs to neutralize the protons
released during complex formation. After complete addition of
bicarbonate the reaction mixture was then refluxed for 2 h and
kept overnight to insure complete reaction. The complexes
were filtered, collected by and then washed several times with
ethanol, followed by diethyl ether and dried under vacuum
over silica gel. The yield ranged from 85-90%. The dried
complexes were subjected to elemental and spectroscopic
analysis. The microchemical analysis of the separated solid
complexes for C, H and N was performed in the microanalytical
center, Cairo University. The analyses were performed twice to
check the accuracy of the analytical data. IR spectra were
measured on 80486-PC FT-IR Shimadzu spectrophotometer
using KBr pellets.

2,6-Diaminopyridine-methionine-cadmium(Il) chloride,
[Cd(DAP)(Meth)]Cl, (1): Color: Yellowish white. Yield: 85%.
M.p.: > 300 °C. Anal. calcd. for Ci0H17N402SCdCI: C, 29.64; H,
4.23; N, 13.83. Found: C, 29.40; H, 5.00; N, 13.40 %

2,6-Diaminopyridine-glycine-cadmium(11) chloride,
[Cd(DAP)(Gly)]Cl, (2): Color: Light gray powder. Yield: 90%.
M.p.: > 300 °C. Anal. calcd. for C;H11N402CdCl: C, 25.40; H, 3.35;
N, 16.92. Found: C, 25.60; H, 4.20; N, 16.50%.

2.3. Antibacterial activity

The synthesized metal complexes were evaluated for their
antibacterial activity and antifungal activities. The chosen
strains were Staphylococcus aureus (as Gram-positive bacteria),
Escherichia coli (as Gram-negative bacteria), Candida albicans
and Aspergillus flavus as fungi. The analysis were performed
using the paper disc diffusion method [12,20,21]. In this
method the liquid medium containing the subcultures was
autoclaved for 20 min at 121 °C before inoculation. The
samples were then cultured in an incubator for 24 h at 36 °C in
case of bacteria and at 28 °C for 48 h in case of fungi. Muller

Hinton broth was used for preparing basal media for the
bioassay of the organisms. Nutrient agar was poured onto a
plate and allowed to solidify. The test compounds in (5x10-2
mol.dm-3) DMSO solutions were added dropwise (10 pL) toa 5
mm diameter filter paper disc placed at the centre of each agar
plate. The plates were then kept at 5 °C for 1 h then transferred
to an incubator maintained at 36 °C. The width of the growth
inhibition zone around the disc was measured after 24 h of
incubation. Four replicates were made for each treatment and
the recorded values are the mean average of replicates.

2.4. Potentiometric procedure and measurements

Potentiometric measurements were made using a Metrohm
686 Titroprocessor equipped with 665 dosimate. The
titroprosessor and electrode were calibrated with standard
buffer solutions prepared according to NBS specifications [21]
at T =25.00 £ 0.1 °C, and I = 0.1 mol.dm-3, potassium hydrogen
phthalate (pH = 4.008) and a mixture of KH2PO4 and Na;HPO4
(pH = 6.865). The pH meter readings were converted into
hydrogen ion concentration by titrating a standard acid
solution (0.01 mol. dm3), the ionic strength of which was
adjusted to 0.1 mol.dm-3 with NaNOs, with standard base (0.10
mol/L) at 25 °C. The pH is plotted against p[H]. The
relationship pH - p[H] = 0.05 was observed. [OH-] value was
calculated using a pKw value of 13.997 [22]. All potentiometric
titrations were carried out at 25 + 0.05 °C, in a double-walled
glass cell of 50 mL capacity. The temperature of all solutions
was maintained at 25 + 0.05 °C by circulation of thermostated
water through the outer jacket of the cell. The solutions were
stirred with a magnetic stirrer, and all titrations were
performed in triplicate.

As is well known, pH-meters read -logio an+ (pH) whereas
the potentiometric method we used for the calculation of
stability constants requires -logio [H*] (p[H]). The pH-meter
readings (B) recorded in dioxane-water solutions was
converted to hydrogen ion concentrations [H*] by using the
widely used Van Uitert and Hass equation, Equation 1 [23]:

-logio[H*] = B + log1o0 Un (€9)]

where logio Un is the correction factor for the solvent
composition and ionic strength for which B is determined.
Values of pKw in dioxane-water mixtures were determined as
described previously [24,25]. For this purpose, various
amounts of standard NaOH solution were added to a solution
containing 0.1 mol-dm-3 NaNOs. The values of [OH-] were
calculated from the amount of base added; [H*] was calculated
from the pH. The product of [OH-] and [H*] were used to
calculate the pKw values described above. The mean values
obtained in this way at 25 °C for logio [H*][OH-] are pKw =
14.17, 14.60, 15.12 and 15.49 for 12.5, 25, 37.5 and 50%
dioxane-water solutions respectively. The values were found to
be consistent with literature data [26,27].

The protonation constants of the ligands, in the protonated
form were determined potentiometrically by titrating the
ligand (40 cm3) solution (1.25 x10-3 mol.dm-3) of constant ionic
strength 0.1 mol dm3, (adjusted with NaNOs). The stability
constant of the Cd(DAP) complex was determined by titrating
40 cm3 of a solution mixture of Cd(II) (1.25 x10 -3 mol.dm3),
DAP ligand (2.5%x10-3 mol dm-3) and NaNOs (0.1 mol.dm-3). The
conditions of measurements of the ternary complexes were the
same as for the binary ones, but the solutions contained
equivalent amounts of DAP, Cd(Il) and other ligands (L) in
concentration ratio 1:1:1 for amino acids, dicarboxylic acids,
and peptides and 1:1:2 for the DNA constituents. All titrations
were performed in a purified N2 atmosphere using aqueous
0.05 mol.dm-3 NaOH as titrant.

The general four component equilibrium can be written as
follows (charges are omitted for simplicity)
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1(Cd) + p(DAP) + q(L) + r(H) = (Cd)1 + (DAP)p(L)q(H)r  (2)

[(Cd),(DAP), (L), (H),]
[Cd]'[DAP]"[L]*[H]'

Ploar= (3)

2.5. Data processing

The calculations were obtained from ca. 100 data points in
each titration using the least-squares computer program [28]
MINIQUAD-75. The stoichiometries and stability constants of
the complexes formed were determined by trying various
possible composition models. The model selected gave the best
statistical fit and was chemically consistent with the titration
data without showing any systematic bias in residuals [28]. The
fitted model was tested by comparing the experimental
titration data point and the theoretical (simulated) curve
calculated from the values of the acid dissociation constants of
the ligand and the formation constant of the corresponding
complex, as given in Table 1. The complexation equilibria were
elucidated from the concentration distribution curves obtained
with the program SPECIES [29] under the experimental
condition used.

3. Results and discussion

The proton dissociation constants of the ligands and the
formation constants of their binary complexes were
determined under the same experimental conditions of ionic
strength and temperature used to study the ternary complexes.
The results obtained are in good agreement with the literature
data [11].

3.1. Acid-base equilibria of DAP

In order to calculate the stability constants of metal
complexes, the acid dissociation constant of the ligand was first
determined. The most accepted model for analysis of the
potentiometric data of (DAP) yields two pKa values 6.83 and
2.89 corresponding to amino group and the protonated
pyridine ring respectively (Table 1) [30].

3.2. Formation equilibria of binary Cd(II)-DAP complexes

The stability constants of metal complexes were measured
potentiometrically by knowing the ligand pK.. DAP was titrated
in presence and in absence of Cd(II) ion. The Cd(II)-DAP
titration curve was lowered from that of DAP curve (Figure 1).
This indicates a complex formation associated with the release
of hydrogen ion. The titration data were evaluated by assuming
all feasible models. The equilibrium pattern was selected by
successive attempts according to the best agreement between
observed and calculated data, the standard deviation of the
formation constant and the chemical significance of the species
proposed. The accepted model is found to be consistent with
the formation of the species with the stoichiometries (110) and
(120). This model was tested by comparing the experimental
titration data points and the theoretical curve calculated from
the acid dissociation constant values of DAP and formation
constant of the Cd(DAP)2+ complexes. The good fit between the
experimental and theoretical curves is an indication of the
validity of the complex formation model. 2,6-Diaminopyridine
is an example of an N- donor ligand which combines the
properties of both an N-heterocyclic and a primary aromatic
amine. Based on the resulting data the coordination of DAP to
Cd(II) ion is suggested most likely to occur through the two
amino groups forming a stable 6-membered chelate ring as
shown in Scheme 1. The corresponding stability constant
values are logio K1 = 6.56 and logio K2 = 5.22. These results
show that the successive stability constants of the binary
complexes decrease in accordance with statistical expectation.

The (logio Ki-logio K2) values are usually positive, since the
coordination sites of the metal ions are more freely available
for binding of the first ligand than the second.
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Figure 1. Potentiometric titration curves of the Cd-DAP system.
d .Cl
Scheme 1

3.3. Ternary complex formation equilibria

The ternary complex formation equilibria may proceed
through either step-wise or simultaneous mechanism [21]
depending on the chelating ability of the two ligands, DAP and
other ligands (L), to Cd(II). The formation constants of the
binary 1:1 Cd(II)-L complexes were determined and the values
are given in Table 1. The results show that the formation
constants of the binary cadmium(II) complexes with DAP and
the studied ligands as amino acid, peptides or DNA units are
nearly of the same order of magnitude. Consequently, the
ligation of DAP and other selected ligands will occur
simultaneously according to the following equilibrium (4).

Cd + DAP + L = Cd(DAP)(L) )

The overall formation constants values expressed as log
Bi110 and given in Table 1 were calculated considering the acid
dissociation constants of the ligands and formation constants of
the binary complexes as known quantities. Figure 2 presents
the potentiometric titration curve for the Cd-DAP-alanine
system according to the simultaneous mechanism.
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Table 1. Stability constants of the ternary species in the Cd(II)-DAP-amino acids, peptides or dibasic acid systems and proton-association constants and their
binary stability constants.

System 1 p q ra Logp® Sc
Cd(H20)e2* 1 0 0 il -9.11(0.01) 2.6x10-8
1 0 0 2 -18.52(0.02)

DAP 0 1 0 1 6.83(0.01) 2.4x107
0 1 0 2 9.72(0.02)
1 1 0 0 6.56(0.02) 3.6x10-7
1 2 0 0 11.78(0.04)
Alanine 0 0 1 1 9.59(0.01) 1.6x10-7
1 0 1 0 4.41(0.05)
1 0 2 0 7.77(0.07) 3.0x10-7
1 1 1 0 10.17(0.03) 1.3x10-7
Phenylalanine 0 0 1 1 9.12(0.01) 2.0x10-8
0 0 1 2 11.01(0.03)
1 0 1 0 4.42(0.01) 4.3x10-8
1 0 2 0 7.37(0.01)
1 0 3 0 11.63(0.05)
1 1 1 0 11.28(0.03) 5.5x10-7
Methionine 0 0 1 1 9.12(0.02) 1.1x10-8
1 0 1 0 4.35(0.03)
1 0 2 0 7.55(0.02)
1 0 3 0 11.83(0.03) 1.3x10-8
1 1 1 0 11.24(0.03) 1.4x10-7
Serine 0 0 1 1 8.77(0.01) 3.2x10-8
1 0 1 0 3.97(0.02)
1 0 2 0 7.17(0.01)
1 0 3 0 10.36) (0.01) 8.3x10-9
1 1 1 0 11.37(0.03) 8.4x10-7
Valine 0 0 1 1 9.57(0.01) 7.0x10-8
0 0 1 2 11.71(0.02)
1 0 1 0 4.14(0.01) 3.1x10-8
1 0 2 0 7.15(0.02)
1 1 1 0 11.96(0.05) 4.2x10-7
L-Histamine 0 0 1 1 9.85 (0.01) 2.4x10-8
0 0 1 2 16.07(0.01)
1 0 1 0 7.24(0.01) 2.8x10-8
1 0 2 0 11.19(0.03)
1 0 2 1 19.68(0.01)
1 1 1 0 15.86(0.04) 3.4x10-9
1 1 1 1 21.71(0.02)
Glycinamide 0 0 1 1 7.88(0.01) 4.6x10-8
1 0 1 0 2.65(0.04) 6.4x10-7
1 0 2 0 4.68(0.02)
1 1 1 0 10.97(0.05) 1.1x10-8
1 1 1 -1 3.56(0.01)
Glutamine 0 0 1 1 7.96(0.01) 1.1x10-8
1 0 1 0 3.19(0.01) 6.4x10-7
1 0 2 0 6.35(0.02)
1 1 1 0 11.43(0.03) 4.2x107
1 1 1 -1 2.70(0.05)
Oxalic acid 0 0 1 1 3.93(0.01) 1.3x109
0 0 1 2 5.66(0.01)
1 0 1 0 6.68(0.05) 3.7x10-7
1 0 2 0 11.27(0.08)
1 1 1 0 15.80(0.04) 3.5x10-9
1 1 1 1 18.29(0.02)
1,1-CBDCA 0 0 1 1 5.68(0.01) 5.4x10-8
0 0 1 2 8.80(0.02)
1 0 1 0 6.54(0.03) 1.7x10-7
1 0 2 0 9.19(0.09)
1 0 1 1 10.27 (0.04)
1 1 1 0 14.10(0.06) 7.9x10-8
1 1 1 1 17.81(0.01)
Malonic acid 0 0 1 1 5.21(0.01) 2.0x10-9
0 0 1 2 7.61(0.01)
1 0 1 0 5.02(0.05) 3.3x108
1 0 2 0 9.06(0.08)
1 0 1 1 9.92(0.09)
1 1 1 0 12.60(0.04) 2.7x10-7
1 1 1 1 17.46(0.05)
Succinic acid 0 0 1 1 5.21(0.01) 5.3x10-10
0 0 1 2 9.26(0.01)
1 0 1 0 4.40(0.01) 1.8x109
1 0 2 0 7.42(0.03)
1 0 1 1 9.56(0.01)
1 1 1 0 11.64(0.02) 1.4x107
1 1 1 1 17.12(0.04)
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Table 1. (Continued).

System 1 p q ra Log Bt Sc

Adipic acid 0 0 1 1 5.11(0.01) 3.5x10-°
0 0 1 2 9.35(0.01)
1 0 1 0 4.18(0.08) 2.9x10-8
1 0 2 0 7.93(0.07)
1 0 1 1 8.96(0.06)
1 1 1 0 10.40(0.01) 1.2x108
1 1 1 1 16.08(0.04)

Uracil 0 0 1 1 9.28(0.02) 3.5x10-°
1 0 1 0 3.35(0.01)
1 0 2 0 6.99(0.02) 2.9x108
1 1 1 0 10.18(0.09)

Uridine 0 0 1 1 9.01(0.02) 3.5x10-9
1 0 1 0 3.45(0.01)
1 0 2 0 7.19(0.02) 2.9x108
1 1 1 0 11.18(0.09)

Thymine 0 0 1 1 9.58(0.02) 3.5x10-°
1 0 1 0 3.77(0.01)
1 0 2 0 7.26(0.03) 2.9x108
1 1 1 0 10.91(0.03) 1.9x10-7

Thymidine 0 0 1 1 9.55(0.02) 3.5x10-9
1 0 1 0 3.60(0.01)
1 0 2 0 7.38(0.09) 2.9x10-8
1 1 1 0 11.88(0.02)

Inosine 0 0 1 1 8.43(0.02) 3.5x10-°
1 0 1 0 3.87(0.01)
1 0 2 0 7.99(0.01) 2.9x108
1 1 1 0 11.62(0.03) 1.9x108
1 1 1 1 18.43(0.02)

al, p, q and r are the stoichiometric coefficients corresponding to Cd!l, DAP, other ligand and H+, respectively.

bStandard deviation are given in parentheses.
cSum of square of residuals.

12

10

pH

—+—Cd-DAP- Alanine Calcd.

——Cd-DAP-Alanine Exp.

0 1 2 3 4 5 6
Moles of base added per mole of ligand

Figure 2. Experimental and calculated potentiometric titration curves for the
Cd-DAP-Alanine system.

The stability constant of the ternary complex formed with
Phenylalanine is higher than that of alanine, although the
amino group of the phenylalanine is less basic than that of the
alanine. This may be explained on the premise that the non
coordinating aromatic side groups of phenylalanine can
approach the aromatic moiety of DAP and exert a stacking
interaction in the [Cd(DAP)Phenylalanine] complex, since the
presence of an aromatic ring above the Cd(II) coordination
plane is probably essential for preferential formation of ternary
complexes. This will contribute to increase the stability of the
formed complex.

The stability constant of the mixed-ligand complexes of
serine and methionine are in fair agreement with those of the
studied amino acids, taking the difference in the acid
dissociation constants of the amino acids into consideration.
This indicates that methionine and serine participate in mixed-
ligand complex formation as substituted glycinate.
Consequently, the thioether group in methionine and -
alcoholato-group in serine do not participate in complex
formation, as previously reported for the copper(Il) complexes
[11,31,32].

Histamine has two binding sites via imidazole and amino
group. The stability constant values for the complexes formed
with histamine are relatively higher than those of amino acids,
which indicate the coordination through amino and imidazole
groups. Histamine has been shown to form protonated complex
species (1111). The acid dissociation constants of the
protonated species are given by the following equation.

Cd(DAP)

Cd(DAP)
Cd(DAP)(L)(H) ~ 10810 K (5

Cd(DAP)(L)

PK;,

cd(pap)L =10810 K

The pKa value for the histamine complex is (5.85), being
lower than that of the protonated amino group (-NHs*) in the
histamine ligand (pKa = 9.85) but closer to that of the
protonated imidazole (pKa = 6.22), considering the increase in
acidity due to complex formation. This reveals that the proton
in the protonated complex would be located mainly on the
imidazole.

The ionized amide residue of the amides, [-CONH-],
behaves as an important ligating group. In the case of
glutamine and glycinamide as examples of amides (HL), the
complex species formed are [Cd(DAP)(L)] and [Cd(DPA,LH-1)].
The species [Cd(DAP)(L)] is formed by coordination through
the amine and carbonyl groups. On increasing the pH, the
coordination sites should switch from carbonyl oxygen to
amide nitrogen. The amide groups undergo deprotonation and
the [Cd(DPA,LH-1)] complexes species is formed. Such changes
in coordination centers are now well documented [33,34]. The
pK values of the amide groups incorporated in complexes are
calculated by the following Equation 6.
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Table 2. Tentative assignment of the important infrared bands of the synthesized ternary complexes.

Complexes Assigned wav bers (cm-1)

Empirical formula VC00 (sym.) V€00 (asym.) WNH WH2 Ve=H Ved-0 Ved-N
[Cd(DAP)-Meth]Cl 1310.5 1660.5 3142 3317 2786 450 267
[Cd(DAP)-Gly]Cl 1391.3 1642.6 3137 3277 2646 440 580

pK" = Log1o B1110 - Logio B 1111 (6) and an increase in that of [Cd(DPA)Inosine] (1110), reaching a

The calculated pK" values are 7.41 and 8.73 for glycinamide
and glutamine, respectively. It is noteworthy that the pK" for
the glycinamide complex is lower than the pK" of glutamine.
This indicates that the more bulky substituent group on the
amides may serve to hinder the structural change in going from
protonated to deprotonated complexes. Moreover, the higher
pK" of the glutamine complex, with respect to that of
glycineamide could be attributed to the formation of a seven
membered chelate ring, which would be more strained and less
favored. The speciation diagram of glutamine complex, as a
representative amide, is given in Figure 3. The mixed ligand
species [Cd([DAP)L] (1110) starts to form at pH = 4 and with
increasing of pH, its concentration increases reaching the
maximum of 79% at pH = 5.8. Further increase of pH is
accompanied by a decrease in 1110 complex concentration and
an increase in [Cd(DAP)LH-1] (111-1) complex formation.

100

Free Cd 11141

80 1110
1100

60

% Species

40

20
1200

pH

Figure 3. Concentration distribution of various species as a function of pH
for the [Cd(DAP)-Glutamine] system at a concentration of 1.25 mmol.dm-3 for
Cd, DAP and Glutamine.

The pyrimidinic species (uridine, uracil, thymine and
thymidine) have a dissociable proton at N(3). The
potentiometric data of the mixed-ligand complexes involving
uracil, and thymine are fitted assuming that these ligands are
bound in the deprotonated form through N3 atom as previously
reported [35]. The thymine complex is more stable than that of
uracil most probably due to the higher basicity of the N(3) site
of thymine resulting from the inductive effect of the extra
electron-donating methyl group.

The purinic species inosine have two metal ion binding
centers N1 and N7 nitrogen's. Previous studies have revealed
that N1 is the binding site in basic medium [12,36,37].
Therefore, in the pH range from 7-9, inosine may bind through
the N1 atom in the mixed ligand complex formation. The results
showed that inosine form the complexes 1110 and 1111. The
species 1111 is formed in the acidic pH region and it
corresponds to the N7 coordinated complex, while N1 nitrogen
is in protonated form. The pKa of the protonated form (Log fi111
- Log fi110) amounts to 6.81. The speciation of the inosine
complex is presented in Figure 4, where the species
distribution of the complexes is plotted as a function of pH.
Figure 4, indicates that the 1111 complex is formed in the
acidic pH range, which corresponds to the N(7) coordinated
species, while N(1) is still protonated. Increasing of pH is
accompanied by a decrease in the 1111 complex concentration

maximum concentration of 95 % at pH = 9.5
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Figure 4. Concentration distribution of various species as a function of pH
for the [Cd(DAP)-Inosine] system at a concentration of 1.25 mmol.dm-3 for
Cd(DAP) and 2.5 mmol.dm-3 for Inosine.

3.4. Characterization of solid complexes

All complexes are stable in air allowing physical
measurements. IR spectra have proven to be a suitable
technique to give enough information to elucidate the way of
bonding of the ligands to the metal ions. The IR spectra of the
complexes [Cd(DAP)(Meth)] and [Cd(DAP)(Gly)] (Table 2)
show a broad absorption bands at 3367 and 3425 cm'!
attributed to the amino group [38] . The bands assigned to NH2
stretching vibration of the free ligand in the range 3400-3500
cm! are shifted to lower frequencies indicating the
involvement of the amino group of the ligand into complex
formation. The bands appearing in the 2958-2600 cm-! region
(medium to weak) can be assigned to C-H stretching vibrations
in both the primary and secondary ligands. Low frequency
bands corresponding to the vibration of the Cd-O and Cd-N
bands have also been assigned for the complexes. The Cd-O
bands appear at 442 and 450 cm-! whereas, the Cd-N bands
appear at 530 and 580 cm-! for two complexes respectively,
which further confirm the formation of the complexes. Bands in
the range 1654-1610 cm-! region are typical of coordinated
carboxylate stretching [39]. This assignment is based on the
fact that [39] the unionized and uncoordinated COO- stretching
band occurs at 1750-1700 cm-! whereas the ionized and
coordinated COO- stretching band appears at 1650-1590 cm-1.
This indicates the participation of carboxylate group in the
complex formation. The carboxylate stretching bands vas
appear at 1660.5 cm! for the methionine complex and at
1642.6 cm! for the glycine complex. The vs appears as a strong
band at 1310.5 and at 1391.3 for the methionine and glycine
complexes respectively. This also may be taken as evidence,
supporting the potentiometric measurements which indicate
that methionine is coordinating to DAP as substituted glycinate;
i.e. through amino and carboxylate group.

3.5. Biological activity

Special interests are now directed to the involvement of
metal complexes in medical treatment [40]. All of the tested
complexes show a remarkable biological activity against Gram-
positive (G+) and Gram-negative (G-) bacteria, and also fungi.
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Table 3. The antibacterial and antifungal activity of the synthesized metal complexes.

Compound Inhibition zone diameter (mm/mg ple)

Escherichia coli (G-) Staphylococcus aureus (G+) Aspergillus flavus Candida albicans
[Cd(DAP)-Meth]CI 15 17 15 17
[Cd(DAP)-Gly]Cl 17 20 14 16
Tetracycline 30 28 - -
Amphotericine B - - 17 18

Table 4. Solvent effect on the dissociation constant of DAP and the formation constant of the Cd-DAP complexes at 25 °C.

% Dioxane (v:v) System 1 P qa Log B Sc
12.5% DAP 0 1 1 6.93(0.03) 2.91x10-6
0 1 2 9.92(0.02)
Cd-DAP 1 1 0 6.76(0.01) 5.62x10-7
1 2 0 11.98(0.02)
25.0% DAP 0 1 1 7.12(0.01) 4.50x10-6
0 1 2 10.11(0.02)
Cd-DAP 1 1 0 6.96(0.01) 3.27x107
1 2 0 12.21(0.02)
37.5% DAP 0 1 1 7.34(0.03) 5.41x107
0 1 2 10.42(0.02)
Cd-DAP 1 1 0 7.16(0.01) 4.29x10-6
1 2 0 12.48(0.02)
50.0% DAP 0 1 1 7.83(0.03) 4.37x10-7
0 1 2 10.72(0.05)
Cd-DAP 1 1 0 7.56(0.01) 4.28x107
1 2 0 12.78(0.02)
62.5% DAP 0 1 1 7.98(0.01) 1.82x107
0 1 2 11.12(0.02)
Cd-DAP 1 1 0 7.96(0.04) 6.43x10-7
1 2 0 13.18(0.04)

a], p and q are the stoichiometric coefficient corresponding to Cd(II), DAP and H+, respectively.

bStandard deviations are given in parentheses.
<Sum of squares of residuals.

The data are listed in Table 3. The results obtained show
the following:

(a) Using Escherichia coli (G-) and Staphylococcus aureus
(G+): the biological activity of the glycine complex is
higher than that of methionine.

(b) The two solid complexes exhibit higher reactivity

against Gram- positive bacteria more than Gram-
negative ones. It may be concluded that the
antibacterial activity of the compounds is related to cell
wall structure of the bacteria. This is possible because
the cell wall is essential to the survival of bacteria and
some antibiotics are able to kill bacteria by inhibiting a
step in the synthesis of peptidoglycan. Gram-positive
bacteria possess a thick cell wall containing many
layers of peptidoglycan and teichoic acids, but in
contrast, Gram-negative bacteria have a relatively thin
cell wall consisting of a few layers of peptidoglycan
surrounded by a second lipid membrane containing
lipopolysaccharides and lipoproteins. These differences
in cell wall structure can produce differences in
antibacterial susceptibility and some antibiotics can kill
only Gram-positive bacteria and are ineffective against
Gram-negative pathogens [41].
Using Aspergillus flavus and Candida albicans fungi: the
antifungal activity of the methionine complex is higher
than that of glycine and close to that of the standard
Amphotricin B antifungul agent.

The importance of this lies in the fact that these complexes
could be applied fairly in the treatment of some common
diseases caused by E. coli, e.g. septicaemia, gastroenteritis,
urinary tract infections and hospital acquired infections [42] or
any other infections caused by any of these particular strains.

(c

—

3.6. Effect of solvent

Mostly, the physical constants of bioligands are studied in
aqueous media. Despite this, little is known about the
chemistry of biomolecules in mixtures of organic solvents and
water. Determination of the protonation constants bioactive

ligands and the stability constants of their metal complexes in
various media are important for complete understanding of the
physicochemical behavior of such molecules. It is well
established that the “effective” or “equivalent solution”
dielectric constants in protein [42,43] or active site cavities of
enzymes [42] are small compared to that in bulk water.
Estimates for the dielectric constant in such locations range
from 30 to 70 [44,44]. Hence by using aqueous solutions
containing ~10-50% dioxane, one may expect to simulate to
some degree the situation in active site cavities [45]. This
allows extrapolating the data into physiological conditions. The
solvent effect on the acid dissociation constants of a ligand can
be summarized as follows.

(i)  As the solvent dielectric constant decreases, the pKa
of the ligand increases and vice versa.

(i) On decreasing the extent of hydrogen bonding in
water by an organic solvent, the proton-accepting
properties of the water increases, and consequently
the pka of the ligand decreases.

(iii) Increasing proton salvation by an organic solvent is
accompanied by decrease in the pKa of ligand.

Careful examination of media effects on the equilibrium

constants (Table 4) reveals the following features:

(1) pKa of DAP increases linearly with increasing
percentage of organic solvent in the medium, Figure
5. This may be correlated with the ability of a solvent
of relatively low dielectric constant to increase the
electrostatic forces between the proton and the
ligand and consequently the pKa value increases.

(2) The stability constant (LogioK1) of the Cd(II)-DAP
complex increases with increase of dioxane
concentration, Figure 5. This can be interpreted in
terms of an electrostatic model. In general, lowering
of the dielectric constant of a medium (by increasing
dioxane content) favors the interaction between the
Cd(1l) ion and DAP and consequently the stability
constant of the complex increases.
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Figure 5. Effect of dioxane on the protonation constant of DAP and the
formation constants of Cd-DAP Complexes. Curves: (1) and (2) correspond to
the dissociation of DAP ligand. LogioK: corresponds to 110 species and
Logi0K2 corresponds to 120 species.

4. Conclusion

The present investigation describes the solution equilibria
of Cd(II) complexes involving 2,6-diaminopyridine and some
selected biorelevant ligands. This study is concerned with the
manipulation of the coordination environment of toxic metal
ions in order to accelerate their excretion from the organisms.
The relatively high stability of the Cd(DAP)2* complex may
encourage the use of DAP as an antidote to release Cd(II). The
results showed the formation of Cd(DAP)(L) complexes with
amino acids and dicarboxylic acids. The stability constant
values obtained for the sulfur donor ligands, methionine and
serine, indicate that the thioether group in methionine and §-
alcoholato-group in serine do not participate in complex
formation as reported previously [11,30,31] This is also
supported by the results of IR spectroscopy of the Cd(DAP)-
methionine complex, which indicate the involvement of the
carboxylate group of methionine in complex formation. The
present study shows clearly that deprotonation of the peptide
bond was promoted under complex formation. Also, the slight
difference in the side chain of the amides has an effect on the
induced ionization of the amide proton. The ternary complexes
of glycine and methionine were synthesized and characterized
and the coordination sites were discussed based on the
spectroscopic investigations. The results of the antimicrobial
activity show that the complexes exhibit antimicrobial
properties. Also, the results indicated that the tested complexes
are more active against Gram- positive bacteria than Gram-
negative ones. It may be concluded that the antibacterial
activity of the compounds is related to cell wall structure of
bacteria.

The protonation constants of DAP and the formation
constants of Cd(II)-DAP complexes were studied in solvent of
lower polarity, (water/dioxane mixtures), taken as an example
of some biochemical micro-environments. The results clearly
indicate that the formation of the Cd(II)-DAP complex will be
more favored in biological environments of low dielectric
constant.

It is hoped that the obtained data will be a significant
contribution to workers carrying out mechanistic studies in
biological media
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