New complexanes. XLI1.
Study of equilibria of the chelate formation of N-(carbamoylmethyl)-
iminodiacetic and N-(2-carbamoylethyl)iminodiacetic acids with
cations of the alkali earth metals

1. BENEDIKOVIC, P. BALGAVY, P. NOVOMESKY, E. FULEOVA, E. RIECANSKA.,
A. TOPANOU, and J. MAJER

Department of Analytical Chemistry, Faculty of Pharmacy,
Komensky University, 880 34 Bratislava

Received 11 February 1980

The relative thermodynamic acid-base equilibria and equilibria of the
complex formation of N-(carbamoylmethyl)iminodiacetic and N-(2-carba-
moylethyl)iminodiacetic acid with the ions of Mg(II), Ca(Il), Sr(II), and
Ba(II) have been studied by direct potentiometric neutralization titration
under unified conditions (I =0.1 (KNO,)) and at 15, 20, 25, 30 and 35°C. The
resulting values of AH® and AS° are given for the protonation equilibria and
equilibria of the complex formation with the above cations. The formation of
these complexes has also been studied by 'H-n.m.r. spectroscopy in D,0O
solutions in the pD range 1.5—13.0. The results are discussed from the
view-point of formation of a coordination bond between the amide group and
central metal in a complex of the ML type.

IIpsiMbIM MOTEHIIMOMETPHYECKMM KHCIOTHO-OCHOBHBIM TUTPOBaHHEM INpU
noctosHHbIX ycnosusix I = 0,1 (KNO,) u temneparypax 15, 20, 25, 30 u 35°C
GbUTM H3yYeHbl OTHOCHTENIbHbIE TEPMOJHHAMHYECKHE KHCIOTHO-OCHOBHbIE
paBHOBECHMST M paBHOBecHMs KOMIUIeKcooOpa3oBaHus N-(kapGamounme-
THI)IMMHOIHMYKCYCHOX ¥ N-(2-Kap6aMOM/I3THII)IMMHOMYKCYCHO! KHMCJIOT
¢ uoHamm MetaiuoB Mg(II), Ca(II), Sr(II), Ba(II). IlpuBORsATCA MONMy4YEHHbIE
3HavyeHuss AH° u AS° TepMOOMHAMMYECKMX KOHLIEHTPALMOHHbIX KOHCTAHT
NPOTOHM3aLMH M YCTOWYMBOCTM KOMILUIEKCOB YyKa3aHHbIX KaTHOHOB. OG-
pa3oBaHME 3THUX KOMIUIEKCOB ObUIO H3ydeHO pdanee Mertogom 'H-SIMP
B pactBopax D,O B unrepBane pD =1,5—13,0. PeaynbTaTbl 06CcyXnaroTcs
C TOYKH 3peHMsi OOpa30BaHMS KOOPAMHALMOHHOW CBSI3HM aMMAHOH TIpYIIBI
C LIEHTPaIbHBIM METAUIOM B KoMIUtekce Tvna ML.

In our preceding study [1] we investigated the acid-base and complex-forming
properties of N-(carbamoylmethyl)iminodiacetic (KMIDA) and N-(2-carba-
moylethyl)iminodiacetic (KEIDA) acid (HOOC—CH,;),NR where R=
CH,—CONH, (KMIDA), R = CH,—CH,—CONH; (KEIDA), respectively, with
regard to a great number of cations of the bivalent metals by using potentiometric
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neutralization titration, paper electrophoresis, 'H-n.m.r. and infrared spectros-
copy. The data of electrophoretic measurements obtained with ions of the alkali
earth metals did not provide convincing evidence for the formation of complexes of
the ML type. Though we proved the formation of these complexes potentiomet-
rically, the question of coordination of the amide group remained open because the
logarithm of the stability constant obtained log K. could not be correlated with
the value log Ky, characterizing basicity of the amine nitrogen for a greater set of
similar complexes owing to lack of data in literature, except for Mg(II). For this
reason, we consider the determination of relative thermodynamic parameters of
the formation of these complexes and the measurement of their '"H-n.m.r. spectra
to be necessary for the study of their formation and characterization of their
structure in solution.

Experimental

Potentiometric measurements

We prepared the basic aqueous solutions of the investigated reagents with concentrations
4x107° mol dm™. The initial concentration of the ligand in the titrated solutions was
2 x107* mol dm™ while the initial concentration of the nitrates of investigated metals was
1x107* mol dm™. The initial volume in all titrations was 50 ml. The measurements were
performed at 15, 20, 25, 30, and 35°C. The solutions of the reagents were prepared in
redistilled water protected against CO, in air. A solution of NaOH of the concentration
1x 107" mol dm™ without carbonates was used as titration agent. During titration the
solutions were stirred with a stream of purified nitrogen. )

The pH values were measured on a Digital pH-meter pHM 52 (Radiometer, Denmark).
The measuring cell consisted of a glass electrode G 202 C (usable in the temperature range
0—60°C) and a calomel electrode K 401 (Radiometer, Denmark). A standard solution of
potassium hydrogenphthalate for which the dependence of pH on temperature is represen-
ted in [2] was used for adjusting the instrument. At least three parallel measurements were
carried out for each value.

The ionic strength was adjusted to the value I=0.1 in all measurements by adding
a 5x 107" M solution of KNO, so that the solution possessed this ionic strength in the region
chosen for evaluating the results.

The values of pH,,,, found in individual measurements were corrected to the value of
negative logarithm of the hydrogen ion concentration (pH, value) by means of a correction
term according to the subsequent equation

pH. =pH..+¢ 1)

The correction term £ was determined experimentally by means of a 1x 10~ mol dm™
solution with ionic strength I=0.1 (KNO,). The accurate concéntrat_ion of HNO, was
determined by titration. The correction term ¢ has the values —0.075 (for 15 and 20°C),
—0.080 (for 25 and 30°C), and —0.085 (for. 35°C).
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In calculations, we used the ionic product of water quoted in literature for particular
temperatures [2]. Other measuring, instrumental, and calculating techniques were like those
used in our preceding work [1].

The values of AH® and AS°® were determined from the temperature dependence of
pertinent equilibrium constants and several experimental values by the method of least
squares according to the programme constructed by us. Equal methodical approach was used
by some authors (3, 4].

'H-NMR spectroscopy

The instrumental technique used was like that described in [1]. The solutions for
measurement were prepared by dissolving 5 X 10™* moles of KEIDA and 5 X 10™* moles of
the nitrate of a certain alkali earth metal in 8.0 ml of D,O in the presence of KOD.
Tert-butyl alcohol (TBA) in the concentration of about 3.5 volume % was used as an
internal standard. The solutions of the samples in the pD range 1.5—13.0 were prepared
from the basic solutions by the use of KOD and DCI. The chemical shift 6 was expressed
with respect to the resonance frequency of protons of the methyl groups in TBA,
Opss = Orpa +1.233.

Results and discussion

The arithmetic means of the values of log Kupm.i, 10g Ku,ume-n, and log Ky
obtained from several points of the corresponding buffered regions of titration
curves are given for individual temperatures in Table 1.

The values of AH® and AS° calculated from temperature dependence of log K
are presented in Table 2. For comparison, this table also contains literature data for

Table 1

Protonation constants and stability constants of KMIDA and KEIDA with ions of the alkali earth
metals as a function of temperature [°C]

I=0.1(KNO;)
KMIDA KEIDA
15 20 25 30 35 15 20 25 30 35
log Kigmue 677 671 6.66 6.63 6.60 8.55 8.52 844 839 8.33
log Kiyum,w 227 2.18 2,13 2.09 2.06 2.54 2.47 241 238 229
log K 247 2.57 257 2.64 2.72 3.77 3.78 3.80 3.81 3.82
log Kca 4.07 4.06 4.02 4.01 4.03 3.95 3.93 391 3.89 3.88
log K. 294 295 294 2.92 2.89 2.95 2.94 295 293 292
log Ka. 2.84 284 281 2.81 2.76 2.92 2.90 2.89 2.87 2.86
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Table 2

Thermodynamic equilibrium constants
I=0.1(KNO,);t=25°C; AHinkI mol™'; AS®inJ mol ' K™*

KMIDA KEIDA IDA HIDA NTA

Equilibrium — .

AH®° AS° AH®° AS° AH®° AS° AH® AS° AH° AS°
HL/H-L -143 80 -—-205 93 -343 63 -—222 92 -193 121
HL/HL-H -174 -17 -194 -19 =50 34 -25 34 08 50
H,L/H,L-H — — = — = = — = 0.8 38
MgL/Mg-L 194 115 51 90 12.1 100 11.7 105 184 176
CaL/Ca-L -74 53 -62 54 13 54 -138 46 —-59 105
SrL/Sr-L —44 41 —-24 48 04 46 -—-126 29 21 88
Bal/Ba-L —6.4 32 -51 38 04 34 -138 17 =59 71

the complexes of iminodiacetic (IDA), N-(2-hydroxyethyl)iminodiacetic (HIDA),
and nitrilotriacetic (NTA) acid [5]. _

The data obtained by us are not true thermodynamic constants. They are the
so-called concentration constants evaluated from measurements at a great excess of
uni-univalent electrolyte which ensures constancy of the activity coefficients of
reacting components.

It is obvious from Table 2 that the formation of the complex of KMIDA and
KEIDA with Mg(II) is endothermic like in case of HIDA and NTA while this
reaction with other ions of the alkali earth metals is exothermic.

The dependence of AS°-on reciprocal value of the ionic radius is represented in
Fig. 1. The values of r have been taken from literature [6]. For all ions of the alkali
earth metals, the values of AS® found with KMIDA and KEIDA are linearly
dependent on r~' and their absolute magnitude varies in the range of the AS°
values found for the complexes with IDA and HIDA. The values of AS® found for
NTA are considerably higher, which is due to electrostatic interaction of three
carboxylate groups with negative charge in contrast to IDA, HIDA, KMIDA, and
KEIDA where an interaction of two negatively charged carboxylate groups with
the ions of metals takes.place. Thus our data confirm the theory of Martell [7]
according to which the electrostatic interactions give a significant contribution to
AS°.

The linearity of the relationship between AS° and r~' found for all ions of the
alkali earth metals has indicated that the character of coordination of the donor
groups is likely to be equal for all above-mentioned ions.

The values of AH® belonging to the complexes of the investigated reagents with
Mg(II) enable us to comprehend the remarkably rised stability of the complex of
KEIDA when compared with that of the complex consisting of KMIDA and the
above cation. It may be assumed [8] that the endothermic character of the reaction
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Fig. 1. Variation of entropy with reciprocal value of the ionic radius of metal in the course of complex
formation.
O IDA; AKEIDA ; @ NTA ;0 HIDA ; @ KMIDA.

with Mg(II) is caused by the strain of the chelate rings due to small ionic radius of
Mg(II). The increased value of AH® of the complex consisting of KMIDA and
Mg(II) indicates a greater strain than it is in the complex with KEIDA. The
formation of one six-membered ring in the complex with KEIDA is likely to reduce
the strain of the chelate rings, which results in an overall energy decrease and thus
increase in its stability.

Though the above-mentioned thermodynamic study indirectly indicated the
presence of three chelate rings in the complexes of KMIDA and KEIDA with ions
of the alkali earth metals, we took it for necessary to confirm these results by
a direct method, too. For the solutions, the 'H-n.m.1. spectroscopy appeared to be
the best method.

We investigated the chemical shifts in nonlabile protons of KEIDA in the
solutions of D,O and in the presence of metal ions as a function of pD. The spectra
obtained were characteristic of the complexes in which all coordination bonds were
labile from the view-point of 'H-n.m.r. The chemical shifts of nonlabile protons are
illustrated by Fig. 2, in which the results obtained with noncoordinated KEIDA
and its equimolar solution containing Ca** are summarized. These relationships
enable us to find out the pD region where the stable complex can exist. These
values as well as the values of chemical shifts in the protons of KEIDA the
denotation of which (a, b, c¢) follows from Fig. 2 are given in Table 3.

For all ions, the chemical shifts of the nonlabile protons in complexes differed
from the chemical shifts in the protons of free ligand. The signal of the protons H”
was shifted to higher intensity of the magnetic field while the signal of the
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Fig. 2. Chemical shifts of the nonlabile protons
of KEIDA and its complex with Ca(Il) as
a function of the pD value of solutions.
KEIDA ; — — — KEIDA:Ca(Il) = 0 3 .

1:1. 3.0 25 20 15 d/p.p.m.

protons H® was shifted to lower intensity when compared with the L*” ion of the
ligand. Not only the changes in electron densities on certain protons in the course
of complex formation but also the changes in local magnetic fields on protons of the
ligand due to magnetic anisotropy of the bonds may be responsible for the changes
in chemical shifts. For this reason, it is difficult to estimate different directions of
the shift in the signals H* and H'. Irrespective of this fact, the data obtained by us
corroborate the coordination of the amide group in all complexes of KEIDA with
ions of the alkali earth metals. It is interesting that the screening of the protons H*
and H’® in the complex of KEIDA with Mg(II) decreased with respect to the ion L*~
while it increased in other complexes of KEIDA with ions of the alkali earth
metals. This information of the "H-n.m.r. spectroscopy is immediately coherent
with the data of thermodynamic investigations and gives clear evidence that the
structure of the complex of KEIDA with Mg(II) is different from that of the
complexes with other ions of the alkali earth metals.

Table 3
Chemical shifts of the signals of the complexes of KEIDA and the pD regions of existence of the stable
complex
6/p.p.m.
Complex 1:1 pD of stable complex -
H* H® H°
Mg: KEIDA 8.0—10.0 2.07 1.69 1.26
Ca : KEIDA 9.0—13.0 191 1.41 1.28
Sr : KEIDA 9.5—13.5 1.88 1.48 1.25
Ba : KEIDA 10.0—13.0 1.90 1.52 1.24
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Conclusion

On the basis of determination of relative thermodynamic parameters, we have
found that the formation of the complexes of KMIDA and KEIDA with Mg(II) is
endothermic whereas the formation of these complexes with other alkali earth
metals is an exothermic process, which is analogous to the observations obtained
with similar complexes containing NTA and HIDA. The linear character of the
relationship between AS° and reciprocal value of the ionic radius of metal confirms
that the electrostatic bonds of the negatively charged carboxylate groups give
a significant contribution to the values of AS® in the systems studied. The "H-n.m.r.
spectroscopy has corroborated that KEIDA is a tetradentate ligand in all investi-
gated complexes. It has also suggested that the structure of the complexes of
KEIDA with Mg(II) is different from that of the complexes containing other ions
of the alkali earth metals.
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