
Stability and Solution Structure of Binary and Ternary
Cu(II) Complexes with L-Glutamic Acid and Diamines
as Well as Adducts in Metal-Free Systems in Aqueous
Solution

Romualda Bregier-Jarzebowska

Received: 20 August 2013 / Accepted: 31 August 2014 / Published online: 26 November 2014
� The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract Binary and ternary complexes of copper(II) with L-glutamic acid (Glu) and

diamines 1,3-diaminopropane and 1,4-diaminobutane, putrescine (tn, Put), as well as

adducts formed in the metal-free systems, have been investigated in aqueous solutions. The

types of complexes formed and their overall stability constants were established on the

basis of computer analysis of potentiometric results. The reaction centers and the modes of

interaction were identified on the basis of spectroscopic studies (NMR, Vis and EPR). In

the ligands studied the interaction centers are the oxygen atoms from carboxyl groups,

nitrogen atom from the amine group of glutamic acid and the nitrogen atoms from amine

groups of the diamines. The centers of noncovalent interaction in the adducts that formed

in the metal-free systems are also potential sites of metal ion coordination, which is

important in biological systems. In the Glu–diamine systems, molecular complexes of the

(Glu)Hx(diamine) type are formed. In the (Glu)H2(tn) adduct, in contrast to the corre-

sponding complex with Put, an inversion effect was observed in which the first deproto-

nated amine group of tn became a negative reaction center and interacted with the

protonated amine groups from Glu. Depending on the pH, the amine groups from the

diamine can be either a positive or a negative center of interaction. In the Cu(Glu)2 species

the first molecule of Glu takes part in metallation through all functional groups, whereas

the second molecule makes a ‘‘glycine-like’’ coordination with the Cu(II) ions that is only

through two functional groups. According to the results, introduction of Cu(II) ions into

metal-free systems (Glu–diamine) changes the character of interactions between the bi-

oligands in the complexes that form in Cu(II)–Glu–diamine systems and no ML…L0 type

complexes are formed. However, in the ternary systems only the heteroligand complexes

Cu(Glu)(diamine) and Cu(Glu)(diamine)(OH) are observed.
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Abbreviations
tn 1,3-Diaminopropane

Put 1,4-Diaminobutane, Putrescine

Glu L-Glutamic acid

PA polyamine

UV–Vis UV–Visible spectroscopy

IR Infrared spectroscopy

TMS Tetramethylsilane

1 Introduction

L-Glutamic acid is an amino acid present in many food products either in its free form or in

peptides and proteins. This amino acid is found throughout the mammalian brain and

participates in many metabolic pathways [1, 2]. Glutamic acid as well as glutamate

receptors (GluRs) are excitatory neurotransmitters in the cerebral cortex (or central ner-

vous system) [3–9]. As a neurotransmitter this compound is thought to play an important

role in the functions of learning, memory and brain aging processes [10], but glutamic acid

and related excitatory amino acids can also be toxic to central neurons. Excessive acti-

vation of GluRs during stress leads to the death of central neurons. The Glu neurotoxicity

may also be involved in the genesis of various neurodegenerative diseases, physiology and

pathology of brain functions [11–14]. L-Glutamic acids plays an important role in neuronal

differentiation, migration and survival in the developing brain via facilitated Ca2? trans-

port [15] or in intestine metabolism [16]. Higher concentrations of glutamic acid have been

noted in people suffering from Alzheimer’s [17–20], Parkinson’s diseases [21] and epi-

lepsy [22].

Polyamines (PAs) [among them putrescine (Put), spermidine (Spd) and spermine

(Spm)] are present in almost all living organisms. Protonated PAs are aliphatic cations with

multiple functions and are essential for life. They are implicated in a variety of cellular

processes, e.g. in embryonic development, chromatin organization, mRNA translation,

ribosome biogenesis, cell growth and proliferation, programmed cell death, influence the

transcriptional and translational stages of protein synthesis, stabilize membranes, modulate

neurophysiological functions and may act as intracellular messengers. PAs stabilize

nucleic acids and stimulate their replication [23–29]. They are found in high concentration

in sperm fluid and in circulating blood (especially in erythrocytes) [30]. Polyamines

accumulate in cancerous tissues and their concentration is elevated in body fluids of cancer

patients [31]. PAs has implications in human diseases, for example parasite infection, gene

therapy and diabetes [32]. Spermidine and spermine levels are usually less affected by

stress while putrescine levels correlate closely with the density of cell necrosis [33].

Moreover, the mean level of spermidine is significantly increased over control values in the

temporal cortex of patients with Alzheimer’s disease, while the putrescine level decreases

[34].

Existing literature reports contain no information on studies investigating interactions

occurring between glutamic acid and polyamines, or determining the influence of metal

ions present in living organisms on interactions of this type. Hence, the study reported

below, which is a follow-up of research conducted in the amino acid–PA and Cu(II)–amino
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acid–PA systems [35–37], presents the results of studies focused on Glu–diamine systems

and relevant ternary systems with Cu(II) ions present in human cells [38, 39].

2 Experimental

2.1 Materials and Reagents

L-Glutamic acid (Glu), C5H9NO4 (purity 99 %), was purchased from Sigma–Aldrich and

used without further purification. The compounds 1,3-diaminopropane (tn), C3H10N2

(purity 99 %), and 1,4-diaminobutane (Put), C4H12N2 (purity 99 %), were purchased from

Sigma. The dinitrates of PAs were prepared by dissolving an amount of free amine and

addition of an equimolar amount of HNO3. The white precipitate obtained was recrys-

tallized, washed with methanol and dried in a desiccator over P4O10. The dinitrates of PAs

were subjected to elemental analysis whose results (%C, %N, %H) are in agreement with

the theoretically calculated values (±0.5 %). The elemental analysis was performed on an

Elemental Analyzer CHN 2400, Perkin-Elmer. Copper(II) nitrate(V) trihydrate (purity p.a.)

from POCH–Poland was purified by recrystallization from water. The complexometric

method of determination of Cu(II) concentration was described earlier [40].

2.2 Apparatus and Measuring Techniques

2.2.1 Equilibrium Study

Potentiometric studies were performed on a Methrom 702 SM Titrino with an autoburette.

The glass electrode, Methrom 6.0233.100, was calibrated in terms of hydrogen ion con-

centration [41] with the preliminary use of borax (pH 9.225) and phthalate (pH 4.002)

standard buffers. The concentrations of Glu and diamines were 1 9 10-2 mol�dm-3 in the

metal-free systems and 2.6 9 10-3 mol�dm-3 in the systems with Cu(II). The ratio of

ligand1:ligand2 (ligand1 = Glu, ligand2 = diamine) in the samples studied was 1:1,

metal:ligand1 ranged from 1:1 to 1:2.6 in the binary systems, and metal:ligand1:ligand2

ranged from 1:1:1 to 1:2.6:2.6 in the ternary systems. Potentiometric titrations were per-

formed at the constant ionic strength l = 0.1 mol�dm-3 (KNO3) at t = 20 ± 1 �C under a

neutral gas atmosphere (helium), using as titrant CO2-free NaOH solution (about

0.2 mol�dm-3). Addition of NaOH solution did not change the ionic strength, because the

measurements were performed starting from the fully protonated polyamines, so the

�NHþx cations were replaced by equivalent amounts of Na?. For each system a series of

ten titrations was made; the initial volume of the sample was 30 cm3. No precipitate

formation was observed in the entire pH range studied. The selection of the models and the

determination of the stability constants of the complexes were made using either the

SUPERQUAD [42] or HYPERQUAD [43] computer programs. The calculations were

performed using 100–350 points for each experiment. Distribution of particular chemical

forms was determined by the HALTAFALL system [44].

2.2.2 NMR Measurements

The samples for 13C NMR investigation were prepared by dissolving appropriate amounts

of the ligands in D2O. DCl and NaOD were used to adjust the pD of solutions, correcting

2146 J Solution Chem (2014) 43:2144–2162

123



the pH readings (a pH meter N517 made by Mera-Tronik) according to the formula:

pD = pHreadings ? 0.40 [45]. The concentration of the ligands in the samples was

0.01 mol�dm-3, and the concentration ratios of Cu(II)-to-Glu and Cu(II)-to-Glu and dia-

mines were 1:100 and 1:100:100 respectively. 13C NMR spectra were recorded on an NMR

Gemini 300VT Varian spectrometer using dioxane as an internal standard. The positions of
13C NMR signals were converted to the TMS scale.

2.2.3 Vis Spectroscopy

The Vis spectra were taken on an Evolution 300 UV–Vis ThermoFisher Scientific spec-

trophotometer, for the same ligand concentrations as in the samples for potentiometric

titrations, in a Plastibrand PMMA cell with 1 cm path length.

2.2.4 EPR Spectroscopy

The EPR spectra were recorded on an SE/X 2547 Radiopan spectrometer at 77 K in glass

capillary tubes of 130 lL capacity. Solutions were prepared in a water:glycol mixture

(3:1). The concentration of Cu(II) was 5 9 10-3 mol�dm-3 and that of the ligands was

1.3 9 10-2 mol�dm-3.

3 Results and Discussion

Protonation constants of L-glutamic acid were determined and they are in good agreement

with literature data (46–49). The sequence of deprotonation in Glu is –C(1)OOH, then

–C(5)OOH and �NHþ3 groups [46, 49]. Copper(II) hydrolysis constants were taken from

Ref. [50].

The structures of the ligands studied are presented in Scheme 1.

3.1 Non-covalent Interactions in the Glu–tn and Glu–Put Systems

In the existing literature no information is available on noncovalent interactions in the

metal-free systems of L-glutamic acid with diamines. In the systems studied the potential
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Scheme 1 Chemical formulae of the bioligands studied
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sites of weak interactions, leading to formation of molecular complexes, are the two

carboxyl groups and the amine group in the Glu molecule and amine groups from tn and

Put (Scheme 1). These centers are also potential sites of metal coordination by donor

atoms, which is of importance in biological systems.

Dissociation of protons in the reaction:

HxðGluÞ þ HyðPAÞ� ðGluÞHðxþy�nÞðPAÞ þ nHþ

permits the use of computer analysis of potentiometric data for determination of the

composition and stability constants of the adducts formed (as well as investigation of the

coordination compounds) [51, 52]. The SUPERQUAD and HYPERQUAD programs use

the nonlinear method of least squares to minimize the sum (S) of squares of residuals

between the observed quantities (fobs) and those calculated on the basis of the model

f calc
� �

; S ¼
Pn

i¼1 wiðf obs
i � f calc

1 Þ2, where n is the number of measurements and wi is the

statistical weight.

Both in binary and ternary systems the testing usually begins with the simplest

hypothesis and then in the next steps the models are expanded to include progressively

more species, and the results are scrutinized to eliminate those species rejected by the

refinement process. The criteria of the correct choice of a model are given in Ref. [51]. The

modes of interactions were determined on the basis of the spectroscopic investigations in

the pH range in which particular complexes dominate, as established on the basis of the

equilibrium study.

3.1.1 Glutamic Acid–tn System

Ramaswamy and Murthy [53] have synthesized solid state complexes comprised of a

single molecule of 1,3-propanodiamine and two molecules of L- or DL-glutamic acid and

determined their structures. In the Glu–tn system studied in this work the following

molecular complexes form in aqueous system as a result of noncovalent interactions:

(Glu)H4(tn), (Glu)H3(tn) and (Glu)H2(tn), whose overall stability constants (log10 b) are

35.80, 32.38 and 22.58, respectively (Table 1).

Table 1 Statistical parameters (R, v2), overall stability constants (log10 b) and equilibrium constants for
adduct formation (log10 Ke) in the Glu–tn and Glu–Put systems and GluHx protonation constants

Systems Species Formation equilibria R v2 log10 b log10 Ke

Glua H3Glu H2Glu2? ? H?
� H3Glu3? 9.38 12.49 15.96 (1)

H2Glu HGlu? ? H?
� H2Glu2? 13.69 (2)

HGlu Glu ? H?
� HGlu? 9.51 (1)

Glu–tn (Glu)H4(tn) H2Glu ? H2tn � (Glu)H4(tn) 11.87 14.31 35.80 (1) 2.47

(Glu)H3(tn) HGlu ? H2tn � (Glu)H3(tn) 32.38 (1) 3.23

(Glu)H2(tn) HGlu ? Htn � (Glu)H2(tn) 22.58 (1) 2.37

Glu–Put (Glu)H3(Put) HGlu ? H2Put � (Glu)H3(Put) 16.59 19.89 31.62 (5) 1.60

(Glu)H2(Put) Glu ? H2Put � (Glu)H2(Put) 22.80 (3) 2.29

Overall protonation constants of the diamines: Htn, log10 b11 = 10.70; H2tn, log10 b12 = 19.64 [54] and
HPut, log10 b11 = 10.83; H2Put, log10 b12 = 20.51 [55]
a Literature values: HGlu (log10 b11), H2Glu (log10 b12), H3Glu (log10 b13): 9.59, 13.79, 15.97 [48]; 9.43,
13.50 [47]; 9.96, 14.28, 16.44 [50]; 9.51; 13.62; 15.74 [61]
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As in the metal-free system with L-aspartic acid whose carbon chain is one methylene

group shorter [35], the monoprotonated complex does not form (at least in a detectable

amount), which supports the earlier suggestion that at least two centers of interactions in

PA molecule are necessary for effective interaction and for ensuring formation of a stable

adduct [56].

Figure 1a presents a distribution of adducts formed in the Glu–tn system. Below pH 4

the complex (Glu)H4(tn) is formed, and between pH 3.0 and 10.5 the (Glu)H3(tn) species is

formed which reaches its highest concentrations in the pH range from 5 to 8. Above pH 8

formation of the adduct (Glu)H2(tn) was detected.
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Fig. 1 Distribution diagram for the Glu–tn and Glu–Put metal-free system where percentages of the species
refer to the total amount of Glu: a Glu–tn: CGlu = 1 9 10-2 mol�dm-3, Ctn = 1 9 10-2 mol�dm-3; b Glu–
Put: CGlu = 1 9 10-2 mol�dm-3, CPut = 1 9 10-2 mol�dm-3
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According to the earlier findings [56–58], the correct choice of the model is confirmed

by overlapping of the experimental titration curves obtained from the equilibrium study

with those obtained from computer simulations performed by taking into account forma-

tion of adducts (with use of the determined b values), Fig. 2. If the formation of adducts is

disregarded, then the experimental and simulated curves are divergent.

As follows from the analysis of protonation constants of Glu and tn and the pH range of

adduct formation (Fig. 1a), interactions in the (Glu)H4(tn) complex may involve the fully

protonated amine groups as positive centers and a deprotonated –C(1)OO- from the amino

acid as a negative center. This mode of interaction follows from analysis of the 13C NMR

spectra, Table 2.

The shifts of signals assigned to carbon atoms of adducts in the 13C NMR spectra are

related to the change in electron density on the atoms from the neighborhood of the centers

involved in weak noncovalent interactions. No significant changes in the positions of

signals assigned to the atoms farther from the interaction centers are noted. At pH 3, at

which the dominant species is the adduct (Glu)H4(tn), the shift of the signal assigned to

C(1) from 1,3-diaminopropane is 0.077 ppm, while the shift of the signal attributed to

carbon atoms from deprotonated carboxyl group –C(1)OO- of the amino acid is 0.201 ppm.

Much smaller shifts occur for the signals assigned to C(2) and C(5) from Glu, 0.057 and

0.033 ppm, respectively (Table 2), mean that at this pH both the �NHþ3 and –C(5)OOH

functional groups of Glu do not play a significant part in the interactions, which is well

understood as these groups are protonated and blocked for the interaction with the positive

centers in the polyamine molecule. Hence, a deprotonated carboxyl group from the amino

acid and nitrogen atoms from the amino groups of diamine take part in the interactions in

adduct (Glu)H4(tn). With increasing pH the second carboxyl group from the amino acid is

deprotonated (a negative reaction center) and can take part in the interactions between

bioligands in forming the dominant adduct (Glu)H3(tn).

The equilibrium constant of (Glu)H3(tn) of log10 Ke = 3.23 is higher than that of

(Glu)H4(tn), log10 Ke = 2.47, which is a clear indication of participation of another active

center in the former adduct and development of a favorable interaction between the bi-

oligands in (Glu)H3(tn). Because of the different compositions of particular species, the

overall stability constants (log10 b) cannot be directly applied in analyzing the character of

these interactions. Therefore, the efficiency of bonding was estimated on the basis of the

0 1 2 3 4 5

4

6

8

10

NaOH [cm3]

pH

Fig. 2 Experimental and
simulated titration curves for the
Glu–tn system
(CGlu = 1 9 10-2 mol�dm-3,
Ctn = 1 9 10-2 mol�dm-3):
dotted line—experimental curve;
solid line—simulated curve
(adduct formation was taken into
account); dashed line—simulated
curve (adduct formation was not
taken into account
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equilibrium constant calculations. In the 13C NMR spectrum at pH 6, at which the dom-

inant species is (Glu)H3(tn), the signals assigned to –C(5)OO- and –C(1)OO- are shifted by

0.139 and 0.105 ppm, respectively, relative to their positions in the spectrum of the free

ligand, which confirms the participation of both carboxyl groups of Glu in the interactions.

The �NHþ3 group from the amino acid is excluded from the interactions in (Glu)H3(tn) as

the shift of the signal assigned to C(2) is only 0.044 ppm. The shift of the signal assigned to

C(1) from the vicinity of the amine groups of tn, of 0.107 ppm, confirm the participation of

these amine groups in the interactions between bioligands. The magnitude of the changes is

of the same order as those observed earlier for similar systems with polyamines [56, 59].

The equilibrium constant of (Glu)H2(tn) adduct formation in the reaction HGlu ?

Htn � (Glu)H2(tn), log10 Ke = log10 b(Glu)H2(tn) - log10 bHGlu - log10 bHtn = 2.37, is

smaller than that obtained for (Glu)H3(tn), log10 Ke = 3.23. The above changes in the

equilibrium constants correlate well with the change in the mode of interaction in

(Glu)H2(tn) which dominates at pH close to 10. When the first proton is dissociated from

tn, a negative active center appears in the diamine molecule and it is involved in the

interaction with a still (log10 K1 = 9.51) protonated amine group of Glu and the inversion

effect takes place, similar as to (Asp)H2(tn) [35]. Thus, as a result of pH change, in the

system studied one of the amine groups (deprotonated one) from tn becomes a negative

reaction center and reacts with the protonated amine group from the amino acid. The amine

group of the polyamine can be either a positive or a negative reaction center. The inversion

effect is clearly indicated by analysis of changes in the 13C NMR spectrum, Table 2. At pH

10.0, the shift of signals assigned to C(1) from diamine is 0.090 ppm, while the shifts of

the signals assigned to C(1), C(2) and C(5) from Glu are 0.720, 0.090 and 0.125 ppm,

respectively, and prove that the amine groups –NH2 and �NHþ3 from tn are involved in the

interactions with �NHþ3 and two carboxyl groups from Glu, as suggested in Fig. 3.

As obtained from the molecular electronic structure calculation (program GAUSSIAN

03 [60], Ground State method/DFT/B3LYP/LAND2DZ level, solvation model), the partial

charges on –NH2 and �NHþ3 in Htn are -0.007 and ?0.601, respectively (in lower pH

where H2tn exists the partial charges on both �NHþ3 groups are positive: ?0.661), while

for those on –C(1)OO-, –C(5)OO- and �NHþ3 in HGlu the partial charges are -0.784,

-0.830 and ?0.523, respectively. These values are in a good agreement with the model

following from the NMR investigation. Taking into account that both amino groups from

tn and both carboxyl groups together with the amine group from Glu are involved in the

interactions, the intramolecular interactions of the partial charges in the (Glu)H2(tn) adduct

(Glu)H2(tn)
(inversion effect)

(Glu)H2(Put)
(no inversion effect)

-OOC COO-
NH3

+

H2N NH3
+

-OOC COO-
NH2

+H3N
NH3

+

Fig. 3 Tentative modes of interaction in the (Glu)H2(tn) and (Glu)H2(Put) adducts
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can be consistent only with the inversion model, Fig. 3. The inversion effect was first

described in our earlier paper [35].

3.1.2 Glutamic Acid–Putrescine System

In the system Glu–Put, similar to Asp–Put [35], formation of only two adducts

(Glu)H3(Put) and (Glu)H2(Put) is observed. The species (Glu)H3(Put) forms in the pH

range from about 3 to 10, while the second adduct forms above pH 9 (Fig. 1b). Similarly,

as with the corresponding system with aspartic acid [35], the concentrations of adducts

with Put are much lower than those of the corresponding complexes with tn, which is in

good agreement with the differences in their log10 Ke values (Table 1). This confirms our

earlier conclusions [35–37] that the length of PA chain is an important factor influencing

the stability of complexes. In the pH range of the (Glu)H3(Put) complex, the amine group

from Glu is protonated and thus excluded from the interaction with the protonated �NHþ3
groups from Put, which is confirmed by analysis of the 13C NMR spectra. The signal

assigned to C(2) from the vicinity of the amine group is shifted only by 0.024 ppm.

The NMR signals assigned to C(1) and C(5) from L-glutamic acid (Table 2) at pH 6 are

shifted by 0.012 and 0.059 ppm, which (based on the experience gathered in our previous

studies [35–37, 57–59] ) means that only the –C(5)COO- carboxyl group of this acid is

involved in the interaction with putrescine. The signals assigned to C(1) from Put is

significantly shifted by 0.073 ppm, which indicates that both protonated amine groups, as

positive centers, are involved in the interaction with the amino acid.

In the range of high pH when another center is deprotonated, the (Glu)H2(Put) adduct is

formed. Deprotonation of the amine group from Glu and dissociation of the first proton

from Put take place practically in the same pH range (as follows from the protonation

constants of the two ligands) (Table 1). The involvement of an additional active center in

the interaction in the diprotonated adduct is evidenced by the higher equilibrium constant

for formation of this species, log10 Ke = 2.46, than that for (Glu)H3(Put) formation, log10

Ke = 1.60. Although the differences in log10 Ke values between both adducts only cor-

respond to small energy changes (about 4.8 kJ�mol-1), they are sufficient to demonstrate

different modes of interaction in these forms, which is confirmed by 13C NMR spectra

(Table 2).

At pH 10, where (Glu)H2(Put) is dominant, the signals assigned to C(1), C(5) and C(2)

from the amino acid molecule are shifted by 1.561, 0.905 and 0.217 ppm, respectively,

while that assigned to C(1) from putrescine is shifted by 2.129 ppm. These shifts point to

the involvement of all active centers from Glu and Put in the weak noncovalent interac-

tions between the ligands in (Glu)H2(Put). Analysis of the IR spectra shows that the band at

3,398 cm-1, assigned to the stretching and deformation vibrations of �NHþ3 from Put

recorded at pH 10, which is in the pH range in which (Glu)H2(Put) dominates, is not shifted

relative to the corresponding band (3,399 cm-1) in the spectrum of (Glu)H3(Put). This

observation means that in the molecular complex (Glu)H2(Put) both �NHþ3 groups from

Put have not been deprotonated and thus cannot interact with the still protonated amine

group of the amino acid, hence no inversion effect takes place.

The second protonation constant of Put is almost one log10 K unit higher than that for tn.

The deprotonation of putrescine takes place above the pH range of deprotonation of

glutamic acid, in contrast to the system of Glu–tn, which explains the differences in the

mode of interaction in the adducts (Glu)H2(Put) and (Glu)H2(tn).
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3.2 Cu(II)–Glu Binary Systems

For the reliable assessment of results obtained in the ternary systems, measurements were

also performed in the binary Cu(II)–Glu system under the same conditions, and the log10 b
values determined for the complexes of Cu(II) ions with Glu are in good agreement with

literature data [61–63]. Table 3 presents the overall stability constants (log10 b) and the

equilibrium constants for formation (log10 Ke) of the species in the studied binary system.

The protonated species CuH(Glu) forms in the pH range from 2.5 to 6, while at pH 5.5 the

dominant complex is Cu(Glu), binding about 80 % of the Cu(II) ions. The Cu(Glu)2 species

occurs in the pH range from 5.5 to above 10 and it dominates in the pH range 7–9 where it

binds more than 60 % of the Cu(II) ions. The hydroxo complex Cu(Glu)(OH) begins to form

from pH 5. The UV–Vis and EPR parameters (Table 4) at pH 4, at which CuH(Glu) is

dominant, are: kmax = 765 nm, g|| = 2.280 and A|| = 170, respectively. As implied by these

parameters, the oxygen atoms from deprotonated carboxyl groups of Glu take part in the

coordination of Cu(II) ions, while the �NHþ3 group, which is protonated at this pH value, is

blocked and does not take part in the interaction. These conclusions were drawn on the basis

of analysis of spectroscopic data obtained for analogous systems [35–39].

The involvement of carboxyl groups in coordination of Cu(II) ions is confirmed by the

shifts of the 13C NMR signals assigned to C(1) and C(5) from the carboxyl groups of the

ligand, by 0.153 and 0.463 ppm, respectively (chromophore {2O} [64–67]). Taking into

account the limitations in the use of NMR for investigation of paramagnetic ions, the NMR

spectra of the species were recorded by the decoupling technique at low concentrations of

metal ions. The pH ranges of the dominant complexes in the distribution diagram of the

species are practically the same as for systems at higher concentrations of the metal ions

and the ligands. Significant changes in the chemical shifts were observed only in the pH

ranges in which the complexes were present (determined on the basis of potentiometric

measurements). The results were also carefully verified with the equilibrium data and

electronic spectra. A similar problem has been discussed earlier for other systems with

Cu(II) ions [59, 67]. The increase in the equilibrium constant for formation of Cu(Glu) by

5.01 log10 Ke units relative to the value obtained for CuH(Glu) (Table 3) clearly points to

the involvement of the already deprotonated amine group –NH2 from the amino acid in the

inner coordination sphere of Cu(II) in Cu(Glu), which is consistent with the model pro-

posed by Nagypal [61] and Sajadi [62]. Moreover, the d–d band in the visible spectrum

kmax is shifted towards higher energies, from 765 to 714 nm, while the EPR parameters

take the values g|| = 2.279 and A|| = 190 (Table 4). All this confirms the above described

Table 4 Visible and EPR spectral data for the Cu(II)–Glu–tn and Cu(II)–Glu–Put systems

Species pH kmax (nm) e (L�mol-1�cm-1) EPR

g|| A|| (10-4 cm-1)

CuH(Glu) 4.0 765 30 2.280 170

Cu(Glu) 5.5 714 35 2.279 190

Cu(Glu)2 8.0 616 62 2.221 205

Cu(Glu)(tn) 8.0 596 29 2.246 177

Cu(Glu)(tn)(OH) 10.5 593 32 2.282 179

Cu(Glu)(Put) 9.7 613 24 2.249 176

Cu(Glu)(Put)(OH) 10.5 610 25 2.289 189
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mode of coordination in the Cu(Glu) complex, that is, the presence of the chromophore

{N,2O}; the same mode of coordination has been reported for the Cu(Asp) complex [68].

The equilibrium constant of formation of the Cu(Asp) species, log10 b = log10 Ke = 8.76

[68], is slightly higher than that obtained for Cu(Glu), log10 b = log10 Ke = 8.52.

In the Cu(Glu) complex a seven-membered ring is formed, while in Cu(Asp) a six-

membered one is present. The UV–Vis and EPR parameters for Cu(Glu)2, dominant at pH

8, are kmax = 616 nm, g|| = 2.221 and A|| = 205 (Table 4), which point to the formation of

a {2N,3O} chromophore. The first molecule of Glu takes part in metallation through all

available reaction centers while the second one interacts with copper(II) in a ‘‘glycine-

(a)

(b)
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H2Put
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Fig. 4 Distribution diagram for the Cu(II)–Glu–tn (a) and Cu(II)–Glu–Put (b) systems where percentages
of the species refer to total amount of metal (CCu(II) = 1 9 10-3 mol�dm-3, CGlu = 2.6 9 10-3 mol�dm-3,
Ctn = 2.6 9 10-3 mol�dm-3, CPut = 2.6 9 10-3 mol�dm-3)
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like’’ mode through two functional groups, i.e. the –NH2 amine group and oxygen atom

from one carboxyl group. Moreover, in the 13C NMR spectrum at pH 8, the signals

assigned to C(1), C(2) and C(5) are shifted by 0.061, 0.180 and 0.132 nm, respectively. Thus,

it can be assumed that in the Cu(Glu)2 binary complex, the donor atoms occupy five

coordination sites of the Cu(II) ion, which is consistent with the model proposed by

Nagypal [61], but inconsistent with the model developed by Li [69] in which nitrogen

atoms from both Glu molecules and the oxygen atoms from only one –C(1)OO- carboxyl

group from each ligand are proposed to be involved in ‘‘glycine-like’’ coordination

(chromophore {2N,2O}). The Cu(Glu)(OH) complex (similar to Cu(Asp)(OH) [69]) occurs

in the same pH range as that of the domination of Cu(Glu)2 and, therefore, no spectra could

be measured.

3.3 Ternary Cu(II)–Glutamic Acid–Diamine Systems

The overall stability constants of mixed-ligand complexes formed in the ternary systems

were calculated on the basis of the protonation constants of the ligands (Table 1), and

overall stability constants (log10 b) of the binary species formed in the systems Cu(II)–tn

[54], Cu(II)–Put [55] and Cu(Glu) (Table 3) determined earlier in the same conditions. The

hydrolysis constants of Cu(II) ions were taken from [46].

3.3.1 Cu(II)–Glu–tn System

In the ternary system Cu(II)–Glu–tn, the formation of Cu(Glu)(tn) and Cu(Glu)(tn)(OH)

complexes was established on the basis of computer analysis of the potentiometric titration

data (HYPERQUAD program). Table 3 presents the overall stability constants (log10 b)

and the equilibrium constants of formation (log10 Ke) of these complexes. The Cu(Glu)(tn)

species is formed in the pH range from 6 to 10 and at pH 8 it binds about 80 % of the

Cu(II) ions, Fig. 4a.

mT
380260 280 360320

A||

g||

Fig. 5 EPR spectra of the Cu(Glu)(tn) complex at pH 8
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The energy of d–d transitions (kmax = 596 nm) and EPR parameters (g|| = 2.246 and

A|| = 177), Table 4 and Fig. 5, at pH 8 point to coordination through three nitrogen atoms

and the oxygen atoms from Glu in the Cu(Glu)(tn) complex.

There is a clear relation between the energy of d–d transition as well as EPR parameters

and the number of donor atoms in the inner coordination sphere of Cu(II). For tetragonal

and square pyramidal species, the ground state is normally dx2-y2 or rarely dxy. As earlier

established for Cu–Nx (x = 1–6) and Cu–NxOy (x = 0–4, y = 0–6), in planar bonding the

value of g|| decreases and that of A|| increases [65, 70]. The involvement of three nitrogen

atoms in metallation is also indicated by the 13C NMR spectra. The signal assigned to the

C(2) atom neighboring the –NH2 from L-glutamic acid is shifted by 0.070 ppm with respect

to its position in the spectrum of the free ligand, while the signals assigned to C(1) and

C(2) from tn are shifted by 1.070 and 0.500 ppm. Moreover, at the same pH, the signal

corresponding to C(1) from Glu is shifted by 0.069 ppm, while that corresponding C(5) from

Glu is shifted by 0.042 ppm. Therefore, in Cu(Glu)(tn), two nitrogen atoms from the

diamine participate in coordination, while the coordination of glutamic acid is glycine-like

only through two functional groups: nitrogen atom from the amino group and the

–C(1)OO- carboxyl group, as shown in Fig. 6.

The equilibrium constant of Cu(Glu)(tn) formation, log10 Ke = log10 bCu(Glu)(tn) - log10

bCu(Glu) = 9.74 (Table 3), is similar to log10 Ke = 9.68 obtained for the binary Cu(tn)

complex [54] (chromophore {2N}) and confirms the involvement of the two nitrogen

atoms from diamine in the coordination with Cu(II) ions in Cu(Glu)(tn) (Ke corresponds to

the energy of tn bonding with the metal). The hydroxo complex Cu(Glu)(tn)(OH) starts

forming at pH close to 7.5 and at pH 10.5 it binds about 95 % of the Cu(II) ions (Fig. 4a).

Its 13C NMR spectrum at pH 10.5 reveals that the signals assigned to C(1) from the

diamine are shifted by 0.109 ppm, which indicates that nitrogen atoms from the amino

groups of tn are involved in metallation. The quenching of signals assigned to C(1) and C(2)

atoms from Glu, and a shift of the signal assigned to C(5) from Glu, mean that in

Cu(Glu)(tn)(OH) the coordination is realized through all donor centers of Glu, which was

confirmed by the Vis and EPR results (Table 4).

3.3.2 Cu(II)–Aspartic Acid–Putrescine System

Similarly as in the system with tn, in the system with Put only two complexes are formed

Cu(Glu)(Put) and Cu(Glu)(Put)(OH). The equilibrium constant for MLL’ species forma-

tion is log10 Ke = 8.04 (Table 3) and is similar to log10 Ke = 8.62 for formation of the
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binary complex Cu(Put) (chromophore {2N}) [55], which indicates involvement of both

nitrogen donor atoms from Put in the metallation in Cu(Glu)(Put). This mode of coordi-

nation through two nitrogen atoms from PA amine groups is also suggested by the shifts of

the C(1) Put signals in the 13C NMR spectrum by 1.358 ppm, with respect to its position in

the spectrum of the free ligand. Similarly as in Cu(Glu)(tn), a small shift (0.042 ppm) of

the signal assigned to the C(5) atom excludes from coordination the oxygen atoms from

–C(5)OO- carboxyl group of Glu. Moreover, the quenching of signals assigned to C(1) and

C(2) atoms from Glu in the 13NMR spectrum of the complex proves that the oxygen atoms

from the –C(1)OO- group and the nitrogen atom from the –NH2 group from this ligand are

involved in the metallation. Therefore, also in Cu(Glu)(Put) the glycine-like coordination

of glutamic acid is found, which is strongly confirmed by analysis of changes in the d–d

band and EPR spectra (Table 4). This observation confirms that not only the length of

diamine carbon chain, but also the length of carbon chain in the amino acid (with respect to

the Cu(II)–Asp–diamine system), influence the mode of coordination of the amino acid

with Cu(II). The Cu(Glu)(Put)(OH) complex starts forming at pH close to 9 and at pH 10.5

binds almost 60 % of the Cu(II). Similarly as in the spectrum of Cu(Glu)(Put), and also in

the NMR spectrum of the hydroxo complex, the signals assigned to C(1) and C(2) of Glu are

quenched and the signal assigned to C(5) is shifted only by 0.009 ppm, which points to the

glycine-like mode of L-glutamic acid coordination with Cu(II) ions, the same as in the

complex with tn. The signal assigned to the C(1) atom from diamine is shifted by

0.214 ppm, which proves that two nitrogen atoms from Put are involved in the metallation,

which is also indicated by analysis of the Vis and EPR spectra (Table 4).

4 Conclusions

In the metal-free systems, for molecular complexes of glutamic acid with diamines,

(Glu)Hx(PA), the interaction centers are the oxygen atoms from carboxyl groups, the

nitrogen atom from amine group of amino acid, and the nitrogen atoms from amine groups

of diamines. The length of PA chain and the length of the methylene chain in the amino

acid have been found to have significant effects on adduct formation. The ability of 1,3-

diaminopropane to form stable adducts with L-glutamic acid is greater than that of the one

methylene group longer molecule Put, and Glu forms more stable adducts with diamines

than aspartic acid [37]. Depending on the pH, the amine groups from a diamine can behave

as a negative or positive center of interaction. An inversion effect was found to take place

in (Glu)H2(tn) adduct, in which the first deprotonated amine group from the diamine acts as

a negative center of interaction with a protonated amine group from the amino acid. No

inversion effect was found in the system with Put, similar to the system Asp–Put [37],

which is related to the differences in the protonation constants of the two polyamines. The

centers of noncovalent interactions in the adducts formed in the metal-free systems are also

potential sites of metal ion coordination that may affect the mode of interactions taking

place between biomolecules. In the Cu(Glu)2 complex that forms in the system Cu(II)–Glu,

the second molecule of the amino acid coordinates to the anchoring Cu(Glu) with chro-

mophore {N,2O} in a ‘‘glycine-like’’ mode, that is only through two functional groups,

while in the earlier studied Cu(Asp)2 [68] it occurs through three functional groups. The

metal ion interferes in the noncovalent interactions. Introduction of metal ions into the

system Glu–diamine changes the character of interactions between bioligands and no

molecular complexes are observed to form in the ternary systems. In Cu(II)–Glu–diamine

systems the formation of only Cu(Glu)(diamine) and Cu(Glu)(diamine)(OH) complexes
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was established. It was ascertained that in both complexes the mode of glutamic acid

interaction with metal ions is ‘‘glycine-like’’, which means that only the –NH2 amine group

and –C(1)OO- carboxyl group are involved in the coordination and the second carboxyl

group is open to noncovalent interaction with other ligands in biological systems.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the
source are credited.
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