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The stability constants of the 1:1 complexes formed between M2+ (M2+: Mn2+, Ni2+, Cu2+, or Cd2+) and BMADA2− (BMADA: 
2,2’-(5-bromo-6-methylpyrimidine-2,4 diyl)bis(azanediyl)dipropanoic acid) were determined by potentiometric pH titration in 
aqueous solution (I = 0.1 mol L−1, NaNO3, 25 °C). The stability of the binary M–BMADA complexes is determined by the basicity 
of the carboxyl or amino groups. All the stability constants reported in this work exhibit the usual trend, and the order obtained was 
Mn2+ < Ni2+ < Cu2+ > Cd2+. The observed stability order for BMADA approximately follows the Irving–Williams sequence. In the 
M–BMADA complexes, the M ion is able to form a macrochelate via the pyrimidine group of BMADA. 
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INTRODUCTION

The properties of N,N-ethylenediamino diacetic acid (EDDA) 
and its derivatives have been well known, and extensive studies of 
the equilibria between EDDA and transition-metal ions have been 
reported by several researchers.1 Although there has been consider-
able speculation about the reason for this unusually strong affinity 
of EDDA, especially with the metal ions, additional quantitative 
data have been obtained. The EDDA anion has been considered 
to bond as a tetradentate ligand to metal ions; however, various 
researchers have disagreed on the probable structures of the cor-
responding chelates.2

In this study, to obtain additional information on the relationship 
between ligand structure and chelation, the metal stability constants 
of two amino acids that are structurally related to EDDA have been 
measured. Both EDDA and 2,2’-(5-bromo-6-methylpyrimidine-2,4-
diyl)bis(azanediyl)dipropanoic acid (BMADA) have two nitrogen 
atoms and two acetate groups, but they differ from each other due to 
the additional substituents on their nitrogen atoms. Note that complex 
formation involving EDDA results in the formation of five-membered 
chelate rings.

The α-amino and α-carboxyl groups of amino acids play a 
prominent role in metal-ion binding.3-9 The literature contains 
numerous examples of side-chain functional groups that also 
interact with metal ions. Based on the abovementioned essential 
role of amino acids, the interaction between other metal ions and 
BMADA is an interesting topic of study (Figure 1). Because of the 
essential role of amino acids in biological systems, their interactions 
and ability to form complexes with different metal ions needs to 
be investigated. In this study, because of the structural similarity 
of amino acids and BMADA, we expect the behavior of BMADA 
to be behavior similar to that of amino acids, e.g., BMADA has a 
carboxyl group that can coordinate with metal ions. Unlike amino 
acids, which contain primary amine groups, BMADA contains a 
secondary amine group. Note that secondary amine groups are 
normally sterically inhibited, which prevents their coordination 
with other groups. However, in the case of BMADA, a metal ion 
can simultaneously coordinate to both the carboxyl group and to the 

amino group, leading to the formation of a macrochelate.

EXPERIMENTAL

Materials

The nitrate salt of Na+, Mn2+, Ni2+, Cu2+, and Cd2+ (all pro analysis) 
were purchased from Merck, Darmstadt, Germany. BMADA was 
synthesized by G. Bagherzadeh according to published procedures.10 
The purification of BMADA was carefully performed and the yield 
was ca. 98%. All the starting materials were of pro analysis grade 
and were used without further purification. Potassium hydrogen 
phthalate, standard solutions of sodium hydroxide (titrasol), nitric 
acid, and EDTA as well as standard buffer solutions of pH 4.0, 7.0, 
and 9.0 were all purchased from Merck. All solutions were prepared 
with deionized water. The water was purified by a Milli-Q water 
purification system, deionized, and distilled.

Figure 1. Chemical structure of BMADA
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pH titrations

Reagents
Carbonate-free sodium hydroxide (0.03 mol L–1) was prepared 

and standardized against sodium hydrogen phthalate and a standard 
solution of 0.5 mmol L–1 nitric acid. M(II) nitrate solutions (0.03 mol 
L–1) were prepared by dissolving the abovementioned metal nitrates 
in water and were standardized against a standard solution of 0.1 
mol L–1 EDTA (triplex).

Apparatus
All pH titrations were performed using a Metrohm 794 basic 

automatic titrator (Titrino) coupled to a Hero thermostated bath at 25 
°C (±0.1 °C) and a Metrohm combined glass electrode (Ag/AgCl). 
The pH meter was calibrated using standard buffer solutions (pH 4.0, 
7.0, and 9.0) obtained from Merck. 

Procedure

To determine the acid dissociation constants of BMADA, an 
aqueous solution (0.3 mmol L–1) of the protonated ligand was titrated 
with 0.03 mol L–1 NaOH at 25 °C under a nitrogen atmosphere and 
at an ionic strength of 0.1 mol L–1, NaNO3. For the determination of 
binary (a ligand and M2+) systems, the ratios used were 1:1, M(II): 
BMADA, 0.3 mmol L–1. This solution was titrated with 0.03 mol 
L–1 NaOH under the same conditions previously mentioned. Each 
titration was repeated seven times to verify the reproducibility of 
the data. 

Calculations

The acid dissociation constants, i.e., KH
H2(BMADA), KH

H(BMADA), and 
KH

BMADA for H2(BMADA) were calculated using an algebraic me-
thod.11,12 The equilibrium involved in the formation of a given 1:1 
complex of BMADA and a divalent metal ion can be expressed as 
equilibria (1) and (2). The stability constants KM

M(BMADA) for the M2+ 
metal-ion complexes were calculated using a computer connected to a 
printer for each pair of titrations by considering the following species: 
H+, H2(BMADA), H(BMADA)−, BMADA2−, M2+, and M(BMADA). 
Throughout the analyses, the data were collected every 0.1 pH unit 
from ca. 10% complex formation to ca. 90% degree of neutralization 
or to the beginning of the hydrolysis of M(aq)

2+, which was evident 
from the titration performed in the absence of BMADA. The values 
calculated individually for KM

M(BMADA) showed no dependence on pH 
or on the amount of excess M2+.

RESULTS AND DISCUSSION

The potentiometric pH titrations (25 °C, 0.1 mol L–1, NaNO3) 
were performed to obtain the acidity and stability constants, which 
are summarized in Tables 1 and 2.

Acidity constants

BMADA ion (BMADA2−), R(NHCH(CH3)CO2)2
2−, is a dibasic 

species; thus, it can accept two protons at the carboxyl site. However, 
BMADA2− releases another proton from its amine group, for which 
the following deprotonation equilibria hold:

H2(BMADA)  H+ + H(BMADA)-  (1a)
KH

H2(BMADA) = [H(BMADA)-][H+]/[H2(BMADA)]  (1b)

H(BMADA)-  H+ + BMADA2-  (2a)
KH

H(BMADA) = [BMADA2-][H+]/[H(BMADA)-] (2b)

BMADA2-  H+ + BMADA-H3-  (3a)
KH

BMADA = [BMADA3-][H+]/[BMADA-H2-]  (3b)

Note that the two protons in H2(BMADA) are released from 
R(NHCH(CH3)CO2H)2 according to equilibria (1) and (2). Its acetate 
groups do not undergo deprotonation, which occurs at the terminal 
acetate groups of related amino acids.11,12 Note that BMADA can 
release its first proton from the terminal acetate group; hence, here, 
equilibrium (1) should be considered, which occurs at ca. pH 4 (Table 
1). According to Table 1 and equilibrium (3), the third proton can be 
released from the amino group, –NH–, at pH 9.86.

Stability of binary and ternary complexes

If we abbreviate Mn2+, Ni2+, Cu2+, and Cd2+ as M2+ for simplicity, 
then we can write the following equilibria (4) and (5):

M2+ + H(BMADA)-  M(H;BMADA)+ (4a)
KM

M(H;BMADA) = [M(H;BMADA)+]/[M2+][H(BMADA)-] (4b)

M2+ + (BMADA)2-  M(BMADA)  (5a)
KM

M(BMADA) = [M(BMADA)]/[M2+][BMADA2-] (5b)

The collection of the experimental data associated with the 
potentiometric pH titrations can be completed by considering the 
abovementioned equilibria (1)–(5) if the titrations are not performed 
in the pH range, where the formation of a hydroxo complex occurs.

Potentiometric analyses

The results of all potentiometric pH titrations, i.e., the acid-
ity and stability constants, are summarized in Tables 1 and 2. The 
deprotonated BMADA2− can accept two protons to afford the acid 
H2(BMADA). When the first proton of these two protons, which is 
associated with a carboxylate residue, is released, its pKa is ca. 4. 
However, BMADA− can also release an additional proton at ca. pH 7. 
The third proton is released from the amino group at ca. pH = 9.86, 
which is in agreement with similar derivatives of EDDA.11

Table 2. Logarithm of the stability constants of binary complexes of M2+ at 
25 °C, 0.1 mol L-1, NaNO3*, eq. (4)

No. Species logKM
M(Trp)

1 Mn2+ 4.72 ± 0.05

2 Ni2+ 5.76 ± 0.06

3 Cu2+ 6.35 ± 0.05

4 Cd2+ 5.98 ± 0.08

*The given errors are three times the standard error of the mean value or the 
sum of the propagable systematic errors.

Table 1. Negative logarithm of the acidity constants of H2(BMADA) at 25 °C, 
0.1 mol L-1, NaNO3, eqs.(1) and (2)

No. Species pKa*

1 H2(BMADA) 4.09 ± 0.03

2 H(BMADA) 7.05 ± 0.02

3 BMADA 9.86 ± 0.04

*The given errors are three times the standard error of the mean value or the 
sum of the propagable systematic errors.
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The first acid dissociation constants determined in this study are in 
good agreement with the values reported by other authors for related 
amino acids.11,13,14 However, the carboxyl group is a far stronger acid 
than the residue group.15

The stability constants of the binary complexes of M–BMADA 
were refined separately using the titration data of this system in a 
1:1 ligand:M2+ ratio under the same conditions of temperature and 
ionic strength (according to equilibria 4 and 5) because they were 
not in agreement with the reported values for related amino acids;11,14 
however, we did not achieve reasonable results for KM

M(H;BMADA). All 
the stability constants in Table 2 approximately exhibit the usual 
trend, and the order obtained was Mn2+ < Ni2+ < Cu2+ > Cd2+. The 
observed stability order for BMADA approximately follows the 
Irving–Williams sequence16 (Figure 2). According to the HSAB 
principle, hard acids prefer to coordinate to hard bases, and soft 
acids prefer to coordinate soft bases. Therefore, as per the principle, 
metal ions such as Mn2+ prefer to coordinate to carboxyl sites, and 
the other abovementioned metal ions (Table 2) (as borderline metal 
ions) tend to coordinate as bidentate ligands to both carboxyl groups 
and pyrimidine groups.17

If we compare the experimental stability constants determined 
from the potentiometric titrations of EDDA with BMADA (in this 
study) for some transition-metal ions (i.e., Cu2+: 16.2, 6.35; Ni2+: 
13.5, 5.76; Cd2+: 8.8, 5.98), we can easily determine that BMADA 
cannot coordinate as a tetradentate ligand with a single metal ion. 
Because BMADA is sterically inhibited, a metal ion such as Cu2+ 
cannot coordinate simultaneously to both amine groups on one 
side and to two carboxyl groups on the other side. Consequently, 
BMADA is considered to form less stable complexes compared to 
those formed with EDDA.

The result obtained is not surprising because the EDDA:Cu2+ 
complex has a square-planar arrangement of donor groups around the 
copper atom. Because only four coordination sites are required, the 
chelation of copper with both ligands probably involves the nitrogen 
atoms and the acetate groups; thus, the resulting EDDA:Cu2+ and 
Cu–BMADA chelate structures would be similar.

Next, we report the successive acid dissociation constants of 
EDDA and BMADA and the stability constants of the 1:1 chelates. 
Comparing the chelation of the EDDA with various abovementioned 
divalent metal ions indicates that replacement of the acetate groups 
of EDDA with propionate groups results in a decrease in log K by 
approximately three units.

We propose that the relatively strong tendency for dissocia-
tion of the first proton of these dibasic acids and the extremely low 
acidity of the second proton indicates interaction of the two tertiary 
amino nitrogen atoms to form a hydrogen bond. This is similar to 

the interaction already described by other authors11,18-20 for the cor-
responding acetic acid derivatives. 

Amino acids contain a primary amine group, but BMADA 
contains a secondary amine group. As evident from the results, the 
acid dissociation constants of the second proton of amino acids and 
BMADA differ by approximately four log units.11,18 Moreover, the sta-
bility constants of amino acids and BMADA also differ substantially. 
In a previous study, amino acids have been demonstrated to simultane-
ously bond to metal ions as bidentate ligands (via their carboxyl and 
amine groups), which then leads to greater stability. However, in the 
case of BMADA, metal ions coordinate to the carboxyl group and to 
the pyrimidine ring, which also results in increased stability (Figure 
3). Figure 3 shows that a Cu(II) ion is coordinated as a tridentate 
ligand to BMADA via the two carboxylate groups on one side and 
via N(3) of the pyrimidine ring on the other side.
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