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A B S T R A C T   

Complex formation thermodynamics in the copper(II) – glycylglycyl-L-tyrosine (GGY•H) and copper(II) – gly
cylglycyl-L-tyrosine – L/D-histidine (HisH) systems (25.0 ◦C, 1.0 M KNO3) was investigated by pH-potentiometric 
titration and spectrophotometry methods in a wide pH range (2–11). As a result five homoligand and six het
eroligand complexes were discovered for the first time. Parameters of individual absorption spectra and ESR 
spectra of the heteroligand copper(II) complexes were first evaluated. Structures of complexes were optimized by 
DFT computations on the B3LYP/TZVPP level with accounting solvent effect by the C-PCM model and with 
dispersion correction (D3BJ). Based on the experimental data and the results of quantum chemical computations, 
it was suggested that there is a d-π interaction between the aromatic system of tyrosine and copper(II) in 
homoligand complexes with a metal/ligand ratio of 1:1. The stereoselective effect in the formation of Cu(GGY) 
(His) form having higher stability of complex with L-histidine relative to D-histidine was revealed and explained 
in terms of trans-influence and π-π-stacking interactions, that was confirmed by quantum-chemical calculations. 
Using stopped-flow technique with spectrophotometric detection, the kinetics of glycylglycyl-L-tyrosine substi
tution by L/D-histidine was investigated and three-step scheme of the ligand replacement was proposed. The 
stereoselective effect in substitution of the glycylglycyl-L-tyrosine by histidine with faster process for D-His− than 
to L-His− form was detected and explained on the basis of the formation of heteroligand intermediates.   

1. Introduction 

The largest task of modern science is to understand the specificity 
and selectivity of processes in living nature, which is directly related to 
solving the fundamental problem of the origin of life. To solve this task, 
a deep study of the regularities of metal–ligand, weak inter-ligand, 
outer-sphere interactions and solvation in complex formation pro
cesses that underlie the functioning of biological systems, is required. 
Probably already at the first stages of biochemical evolution, an 
important role was played by the selectivity of coordination processes of 
amino acids, oligopeptides, nucleotides, oligonucleotides and sugars to 
metals. Unfortunately, the factors controlling the specificity and selec
tivity of the complex formation processes of biometals with bioligands 
are still insufficiently studied. In order to identify these factors, we 
previously studied in detail the effects of stereoselectivity manifested in 
the structure, formation thermodynamics and kinetics of the ligands 
substitution reactions of homo- and heteroligand complexes in the 

aqueous solutions of copper(II) and nickel(II) with enantiomerically 
homogeneous and racemic forms of histidine and methionine [1,2]. 
Complexes containing histidine deserve great attention, since they are 
involved in the biological transport of metals [3], and in addition, the 
histidine residue is incorporated into many metallo-enzymes [4]. 

Copper(II) complexes with oligopeptides are of special interest for 
inorganic biochemistry as mediators, models of metal enzymes, and 
transport forms in living organisms. In our previous work [5] we 
investigated the complex formation thermodynamics, spectral parame
ters, complex structures and substitution reaction kinetics in the copper 
(II) – glycylglycylglycine – L/D/DL-histidine systems at 25.0 ◦C with 1.0 M 
KNO3 background. Current work is a continuation of the previous study 
and is devoted to homo- and heteroligand complexes of copper(II) with 
glycylglycyl-L-tyrosine and histidine. 

It should be mentioned that there are only several works [6–8] 
dealing with copper(II) complexes including tyrosine-containing tri
peptides. In the works [7,8] it was found that glycylglycyl-L-tyrosine, 
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glycyl-L-leucyl-L-tyrosine, glycyl-L-tyrosylglycine and L-tyrosylglycyl
glycine give the same complex forms: CuLH+, CuL, CuLH− 1

− and CuLH− 2
2− . 

In the earlier work [6] copper(II) complexes with glycyl-L-leucyl-L- 
tyrosine and L-tyrosylglycylglycine were investigated by the absorption 
spectroscopy, NMR and EPR methods. On the basis of spectral data the 
interaction between aromatic ring and metal ion was established. Weak 
interaction between copper(II) and phenoxyl fragment of glycyl-L- 
leucyl-L-tyrosine was proposed earlier based on the X-ray analysis data 
of complex crystals grown at neutral pH [9]. 

Several investigations [10,11] are devoted to complex formation 
between copper(II) and glycylglycyl-L-tyrosine-N-methyl amide – a 
peptide mimicking the NH2-terminal copper(II) binding site of dog 
serum albumin. It was concluded that the absence of any charge transfer 
band around 400 nm strongly indicates that Cu(II) does not bind to the 
phenoxyl group [10]. It was also said that NMR results are consistent 
with the noninvolvement of the tyrosine residue of glycylglycyl-L-tyro
sine-N-methyl amide in copper(II) complexation. Such conclusion is 
contradictory with revealed weak interaction between tripeptide tyro
sine residue and copper(II) in solution [6] and in solid phase [9]. 

There is no any information about the ternary complexes of copper 
(II) with tyrosine-containing tripeptides and amino acids in the litera
ture. We especially note that the fundamental problem of stereo
selectivity in complex formation and ligand substitution reactions with 
participation of oligopeptides requires further deep development. 

2. Experimental 

2.1. Materials 

Copper(II) nitrate of analytical grade, D-histidine (Sigma), L-histidine 
(Reanal), and glycylglycyl-L-tyrosine (Bachem) were used in this work. 
The NaOH (Sigma) and HCl solutions of analytical grade have been 
employed at pH-potentiometric titration. The KOH (Chemapol) and 
HNO3 solutions of analytical grade were also used to maintain the 
acidity of the medium. Adding KNO3 of analytical grade (AppliChem) 
recrystallized from aqueous solution was provided to salt background of 
1.0 M. Trilonometric titration was used to examine the concentration of 
the copper(II) stock solution. The titrant NaOH (with 1.0 M KNO3) and 
titratable freshly prepared solutions were continuously blown with 
argon in the process of the pH-potentiometric experiment. Trizma base 
(Sigma) with 0.1 M concentration was used as a buffer in the kinetic 
experiments. 

2.2. Methods 

The automatic titrator 907 Titrando (Metrohm) with the Metrohm 
6.0258.010 glass electrode was used for determination of the pH values 
and titrations. Measurement error of the pH value was checked and 
averaged ±0.001 pH unit. Standard buffer solutions were used for 
electrode calibration. The tangent of the slope of the calibration de
pendencies was within 1.000±0.001. Full agreement of the pH values of 
the standard buffer before and after titration testified to the reproduc
ibility of the results. Each titration was reproduced twice. 

Perkin-Elmer Lambda EZ-210 spectrophotometer was used for 
registration of electronic absorption spectra in 0.2 and 1.0 cm quartz 
cells. Optical densities of the copper(II) containing solutions were 
determined relatively to the solutions with background electrolyte 
without copper(II). Accuracy of optical density measurements was 
±0.001 log. units. 

The STALABS computer program [2,12] have been used for all cal
culations of the equilibrium constants and electron absorption spectra. 
The Hamilton’s R-factor values of no more than 0.0015 for the metal
–ligand system pH-potentiometric titrations and 0.05 for the spectro
photometric data have been assumed as a main criterion of adequacy of 
the experimental data description. 

To obtain X-band ESR spectra at room temperature (r.t.), Bruker ESP 

300 spectrometer was used. For record the ESR spectra two thin tubes (1 
mm outer diameter) with sample were placed inside a single 5 mm 
diameter tube. The ESR spectra have been simulated with the EasySpin 
software package [13]. The rotational correlation times τR, isotropic g0 
factors, hyperfine coupling constants A0, and superhyperfine coupling 
constants AN were obtained by the simulations. 

The spectrophotometer Cary 50 Bio (Varian) with the Rapid Mix 
RX2000 (Applied Photophysics) spectrophotometric accessory were 
utilized for the ligand substitution reactions kinetics investigation by the 
stopped-flow method in the pseudo first-order conditions by the con
centration of histidine. For the one set of experimental conditions, the 
kinetic dependencies were reproduced at least 5 times. Circulating 
thermostat Julabo F25-HL for the temperature control in solutions with 
an accuracy of ±0.05 ◦C has been used at the pH-metric titrations and 
kinetic experiments. 

Structures of complexes have been optimized with the ORCA pro
gram [14] using the DFT method [15] at the B3LYP/TZVPP level 
[16–20] with the accounting solvent effect by the C-PCM model [21]. 
Atom-pairwise dispersion correction with the Becke-Johnson damping 
scheme (D3BJ) [22,23] was used to take into account possible in
teractions involving the aromatic fragment of the tripeptide side chain. 
All optimized structures were checked for the absence of the imaginary 
frequencies. 

3. Results and discussion 

3.1. Composition, stability and structure of complexes in the copper(II) – 
glycylglycyl-L-tyrosine system 

Initially protonation constants of glycylglycyl-L-tyrosine were 
determined by pH potentiometric titration. Found values (pKa1 = 3.244 
(1), pKa2 = 8.012(3) and pKa3 = 9.860(4), in parentheses standard de
viations σ are given) are in relatively good agreement with literature 
data [8] (pKa1 = 3.20(1), pKa2 = 7.91(1) and pKa3 = 9.75(1), 25.0 ◦C, 
0.2 M KNO3). Differences between the literature data and our results 
may be explained by the different concentrations of the salt background. 

Further the copper(II) – glycylglycyl-L-tyrosine system at different 
metal/ligand ratios was investigated. For 1:1 and 1:2 metal/ligand ra
tios the titration curves (as the Bjerrum function dependencies on pH) 
are given in Fig. 1S (ESI) as an example. For the found copper(II) 
complexes with glycylglycyl-L-tyrosine the compositions and formation 
constants were determined and are given in Table 1. It should be noted 
that nine complex forms were described in the investigated system 
including three bis-complexes and one binuclear coordination com
pound. Only four complex forms of copper(II) with glycylglycyl-L-tyro
sine are known in literature (see Table 1). Another five complex forms, 
including bis-complexes Cu(GGY)2, Cu(GGY)(GGY•H− 1)− and Cu 
(GGY•H− 1)2

2− , binuclear form Cu2(GGY•H− 1)2 and Cu(GGY•H)2+, were 
determined for the first time. 

As can be seen from the Table 1 the data, obtained in this work, and 
the literature data [8] for the complex formation between copper(II) and 

Table 1 
Formation constant logarithms (log β) of complexes in the copper(II) – glycyl
glycyl-L-tyrosine system (25.0 ◦C, 1.0 M KNO3) in comparison with literature 
data [8] (25.0 ◦C, 0.2 M KNO3).  

N Equilibrium log β log β [8] 

1 Cu2+ + GGY•H ⇌ Cu(GGY•H)2+ 1.920(2) – 
2 Cu2+ + GGY− ⇌ Cu(GGY)+ 5.296(1) 4.88(33) 
3 Cu2+ + GGY− ⇌ Cu(GGY•H− 1) + H+ − 0.230(1) 0.07(6) 
4 Cu2+ + GGY− ⇌ Cu(GGY•H− 2)− + 2H+ − 6.630(2) − 6.80(8) 
5 Cu2+ + GGY⋅H− 1

2− ⇌ Cu(GGY•H− 3)2− + 2H+ − 6.547(3) − 7.50(13) 
6 Cu2+ + 2GGY− ⇌ Cu(GGY)2 8.76(3) – 
7 Cu2+ + 2GGY− ⇌ Cu(GGY)(GGY•H− 1)− + H+ 3.512(5) – 
8 Cu2+ + 2GGY− ⇌ Cu(GGY•H− 1)2

2− + 2H+ − 4.70(5) – 
9 2Cu2+ + 2GGY− ⇌ Cu2(GGY•H− 1)2 + 2H+ 1.44(1) –  
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glycylglycyl-L-tyrosine are not in good agreement. The reasons of such 
situation can be the different salt backgrounds, the absence of some 
complex forms in literature data and smaller pH range (only up to 10 pH 
value) used in the work [8]. It should be mentioned that without five 
new complex forms the description of the experimental data (pH 
potentiometric data at 1:2 metal/ligand ratio, spectrophotometry and 
EPR data) is not satisfactory. 

Fig. 1 and Fig. 2S show calculated distribution diagrams for the 
copper(II) – glycylglycyl-L-tyrosine system at 1:1 and 1:2 metal/ligand 
ratios respectively. It can be seen from the figures that in slightly alka
line conditions (pH 7–9) the form with two deprotonated peptide atoms 
(Cu(GGY•H− 2)− ) predominates. In more alkaline medium deprotona
tion of tyrosine fragment takes place and Cu(GGY•H− 3)2− complex is 
formed. 

The spectrophotometric titration was also performed. The obtained 
individual absorption spectra of homoligand copper(II) complexes with 
glycylglycyl-L-tyrosine were further used for ternary system investiga
tion. Electronic absorption spectra of the solutions at different pH and 
the dependencies of extinction coefficient at different wavelengths on 
pH are shown in Figs. 3S and 4S at 1:1 metal/ligand ratio. The distri
bution diagram for experimental conditions is given in Fig. 5S. To obtain 
the individual absorption spectra of the bis-complexes several spectra of 
the system at the 1:2 metal/ligand ratio were recorded. Reconstructed 
spectra are given in Fig. 2 and the total spectral parameters are pre
sented in Table 1S. 

According to the EPR data (Table 2, Fig. 6S) in the equatorial plane of 
Cu(GGY•H− 2)− and Cu(GGY•H− 3)2− complexes the amino group, two 
deprotonated peptide nitrogens and carboxy-group are coordinated 
(Fig. 3). Thus the equatorial coordination of glycylglycyl-L-tyrosine in 
these complexes is very close to the coordination of glycylglycylglycine 
in the Cu(GGG•H− 2)− form (see superhyperfine coupling constants AN in 
Table 2 and in the work [5]). However, for the considered complexes 
with glycylglycyl-L-tyrosine the g0 factors are smaller and hyperfine 
coupling constants A0 are bigger than for the complex with glycylgly
cylglycine, which can be explained by the presence of d-π-interaction 
between copper(II) and aromatic fragment of tyrosine residue. The 
result of such interaction is axial coordination of glycylglycyl-L-tyrosine 
side chain which is confirmed by quantum-chemical calculations results 
(Fig. 3). 

The phenoxyl group deprotonation of glycylglycyl-L-tyrosine has 
practically no effect on tripeptide coordination that can be concluded 
from the similarity of the Cu(GGY•H− 2)− and Cu(GGY•H− 3)2−

complexes absorption spectra (Fig. 2), ESR spectra parameters (Table 2) 
and quantum-chemical calculations results (Fig. 3). 

The Cu(GGY•H)2+ and Cu(GGY•H− 1) complexes have also bigger 
formation constants than the similar forms with glycylglycylglycine (see 
work [5]) that can be explained by the presence of d-π-interaction be
tween copper(II) and aromatic fragment of tyrosine residue. Quantum- 
chemical calculations results (Fig. 7S) show that the isomers of the 
mentioned complexes with such interaction have lower energies than 
the isomers without such interaction. It should be mentioned that in the 
complex isomers with d-π-interaction the distance between copper(II) 
and the closest carbon atom of the phenoxyl ring is in relatively good 
agreement with similar distance in the crystal of copper(II) with glycyl-L- 
leucyl-L-tyrosine [9]. 

3.2. Composition and stability of complexes in the copper(II) – 
glycylglycyl-L-tyrosine – L/D-histidine system 

Potentiometric titration curves (as the Bjerrum function de
pendencies on pH) for the copper(II) – glycylglycyl-L-tyrosine – L/D- 
histidine system at 1:1:1 metal/ligand/ligand’ ratio are given in Fig. 8S. 
Fig. 9S shows the example of calculated species distribution for heter
oligand system with L-histidine. The determined compositions and for
mation constants of the found heteroligand complexes are given in 
Table 3. 

The data on the copper(II) – histidine system and protonation con
stants of histidine necessary for modeling ternary system with glycyl
glycyl-L-tyrosine and histidine were taken from the work [1]. 

As can be seen from Table 3, six heteroligand complexes were 
described in the copper(II) – glycylglycyl-L-tyrosine – L/D-histidine sys
tem, including two binuclear forms with one tripeptide and two histi
dine molecules. Statistically meaningful stereoselectivity (when 
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Fig. 1. Species distribution as a function of pH for the copper(II) – glycylglycyl- 
L-tyrosine system with the 1:1 metal/ligand ratio at 25.0 ◦C; cCu(II) = 3.801⋅10− 3 

M, cGGY⋅H = 3.999⋅10− 3 M, 1.0 M KNO3; 1 – Cu(GGY•H)2+, 2 – Cu(GGY)+, 3 – 
Cu(GGY•H− 1), 4 – Cu(GGY•H− 2)− , 5 – Cu(GGY•H− 3)2− , 6 – Cu2(GGY•H− 1)2, 7 
– Cu(GGY)(GGY•H− 1)− , 8 – Cu(GGY•H− 1)2

2− . 

Fig. 2. Reconstructed electronic absorption spectra of the complexes in the 
copper(II) – glycylglycyl-L-tyrosine system at 25.0 ◦C on the 1.0 M KNO3 
background: 1 – Cu(GGY•H)2+, 2 – Cu(GGY)+, 3 – Cu(GGY•H− 1), 4 – Cu 
(GGY•H− 2)− , 5 – Cu(GGY•H− 3)2− , 6 – Cu2(GGY•H− 1)2, 7 – Cu(GGY) 
(GGY•H− 1)− , 8 – Cu(GGY•H− 1)2

2− . 

Table 2 
ESR spectra parameters of the homo-ligand copper(II) complexes with glycyl
glycyl-L-tyrosine (r.t., 1.0 M KNO3).  

N Complex g0 A0, G AN, G 

1 Cu(GGY⋅H)2+ 2.186(1) 37(1) – 
2 Cu(GGY)+ 2.161(1) 44(1) 9.0(5) 
3 Cu(GGY⋅H− 1) 2.1248(2) 59.4(4) 13.2(5), 11.8(5) 
4 Cu(GGY•H− 2)− 2.0918(2) 83.6(2) 17.5(2), 14.6(2), 8.2(3) 
5 Cu(GGY•H− 3)2− 2.0925(2) 83.0(2) 17.2(2), 14.7(2), 8.3(3) 
6 Cu2(GGY•H− 1)2 2.108(2) – –  
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difference in formation constants with L- and D-histidine is bigger than 
double sum of standard deviations) is found only for the Cu(GGY)(His) 
form with the higher stability of complex with L-histidine. 

The presence of stereoselectivity effects in the copper(II) – glycyl
glycyl-L-tyrosine – L/D-histidine system at 1:1:1 metal/ligand/ligand’ 
ratio is also confirmed by spectrophotometric titration. Fig. 4 contains 
the dependencies of molar extinction coefficient on pH at several 
wavelengths. As can be seen from Fig. 4, the molar extinction co
efficients at pH 6–8 are slightly different for systems with L- and D-his
tidine. The distribution diagram for system with L-histidine at 
spectrophotometric titration conditions is presented in Fig. 5 (electronic 
absorption spectra of the solutions are given in Fig. 10S). 

The individual absorption spectra for mononuclear hetero-ligand 
complexes were obtained by mathematical modeling, taking into ac
count the already obtained spectra of homo-ligand complexes for gly
cylglycyl-L-tyrosine (Fig. 2) and the spectra for histidine complexes from 
the previous investigation [1]. The results of such modeling are shown in 
Fig. 6 and spectral parameters of four mononuclear hetero-ligand 
complexes are summarized in Table 2S. Individual absorption spectra 
of hetero-ligand binuclear complexes were not obtained because of 
small accumulation fractions and many different complexes in solution. 

As can be seen from the Fig. 6, the individual spectra of the form Cu 
(GGY)(His) are slightly different, whereas individual spectra of another 

three heteroligand forms are very close for systems with L- and D-histi
dine. Those facts are in good agreement with the presence or absence of 
stereoselective effects by pH-potentiometry data. 

Spectra of the forms Cu(GGY•H− 1)(His)− and Cu(GGY•H− 2)(His)2−

with glycylglycyl-L-tyrosine are very similar and are close to the spec
trum of the form Cu(GGG•H− 1)(His)− with glycylglycylglycine [5], 
which is evidence for the similar coordination of ligands in those forms. 

The ternary system was also investigated by ESR spectroscopy. Ex
amples of the ESR spectra are shown in Figs. 11S-13S, the parameters of 
the spectra are given in Table 4. It should be noted that in the area of 
accumulation of the Cu(GGY)(His) complex form, there are differences 
in the spectra of systems with different enantiomeric forms of histidine 
(Fig. 7), which confirms the stereoselectivity of the Cu(GGY)(His) for
mation. Some difference in spectral parameters is also observed for other 
heteroligand forms with glycylglycyl-L-tyrosine and L/D-histidine (see 
Table 4), however, due to the smaller accumulation of such forms, these 

Fig. 3. Structures and formation energies (in atomic units, a.u.) of the copper(II) complexes with glycylglycyl-L-tyrosine optimized on the B3LYP/TZVPP level with 
accounting solvent effects in the C-PCM model and dispersion correction (D3BJ). 

Table 3 
Formation constant logarithms (log β) of heteroligand complexes in the copper 
(II) – glycylglycyl-L-tyrosine – L/D-histidine system (25.0 ◦C, 1.0 M KNO3).  

N Equilibrium log β Δlog β 

L-HisH D-HisH 

1 Cu2+ + GGY− + HisH ⇌ Cu(GGY)(HisH)+ 10.75 
(1) 

10.76 
(1)  

− 0.01 

2 Cu2+ + GGY− + His− ⇌ Cu(GGY)(His) 15.086 
(3) 

14.983 
(4)  

0.103 

3 Cu2+ + GGY− + His− ⇌ Cu(GGY•H− 1) 
(His)− + H+

6.72(1) 6.74(2)  − 0.02 

4 Cu2+ + GGY⋅H− 1
2− + His− ⇌ Cu(GGY•H− 2) 

(His)2− + H+

6.94(1) 6.91(2)  0.03 

5 2Cu2+ + GGY− + 2His− ⇌ Cu2(GGY•H− 1) 
(His)2 + H+

20.65 
(9) 

20.61 
(8)  

0.04 

6 2Cu2+ + GGY⋅H− 1
2− + 2His− ⇌ 

Cu2(GGY•H− 3)(His)(HisH− 1)3− + 3H+

2.34(5) 2.37(6)  − 0.03  

Fig. 4. Dependencies of molar extinction coefficient (ε) at different wave
lengths on pH for the copper(II) – glycylglycyl-L-tyrosine – L/D-histidine system 
with the 1:1:1 metal/ligand/ligand’ ratio at 25.0 ◦C; cCu(II) = 9.850⋅10− 3 M, 
cGGY⋅H = 1.004⋅10− 2 M, cL-HisH = 1.001⋅10− 2 M, cGGY⋅H = 1.002⋅10− 2 M, cD-HisH 
= 1.001⋅10− 2 M; 1.0 M KNO3. Open symbols corresponds to system with L- 
histidine, closed symbols – to D-histidine. 
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stereoselective effects cannot be considered as reliable. 
Optimized structures of the Cu(GGY)(His) form with L- and D-isomers 

of amino acid are shown in Fig. 8. As can be seen from the Figure, the cis- 
arrangement of the amino groups of neighboring ligands is more 
favorable than the trans-arrangement both in the case of L- and D-histi
dine. This fact is evidence of a stronger trans-influence of the amino 
group compared to the carboxy-group and the imidazole fragment in the 
copper(II) coordination sphere. The most energetically favorable isomer 
of the Cu(GGY)(His) form is cis-isomer with L-histidine, which is in good 
agreement with the bigger formation constant of complex with L-histi
dine according to the experimental data (see Table 3). In the mentioned 
isomer the hydrogen bond between the phenoxyl group of tripeptide and 
the axially coordinated carboxy-group of amino acid is formed. Parallel 
orientation of the aromatic rings of neighboring ligands is evidence for 
π-π-stacking interaction, the distance between π-systems are near 3.5 Å, 

which is typical for such interactions. In the cis-isomer with D-histidine 
the π-π-stacking interaction between the aromatic fragments is also 
present, but hydrogen bond in this case is formed between the phenoxyl 
group of tripeptide and the equatorially coordinated amino group of 
amino acid. Such hydrogen bonding does not seen to be favorable for the 
configuration of the tripeptide chain, resulting in less stability of the 
complex with D-histidine in comparison with L-histidine. In the trans- 
isomers of the Cu(GGY)(His) form the location of aromatic fragments is 
not suitable for π-π-stacking interaction (Fig. 8), which is an additional 
reason for big energy differences between cis- and trans-isomers of the 
Cu(GGY)(His) complex form. 

Heteroligand binuclear complexes with tripeptides and amino acids 
deserve special attention. In the Cu2(GGY•H− 3)(His)(HisH− 1)3− form 
the deprotonated imidazole fragment acts as a bridge (Fig. 14S). This 
form is very similar with previously described heteroligand binuclear 
form with glycylglycylglycine [5], but the complex with tyrosine- 
containing tripeptide is more stable than complex with simplest tri
peptide (see experimental data in Table 3 and data in work [5]), which 
can be explained by additional π-π-stacking interaction between imid
azole bridge and tyrosine fragment of tripeptide and hydrogen bonding 
between the deprotonated phenoxyl group and amino group of histidine. 
In the case of glycylglycyl-L-tyrosine the axial coordination of imidazole 
bridge to the copper ion with coordinated tripeptide is more favourable 

Fig. 5. Species distribution as a function of pH for the copper(II) – glycylglycyl- 
L-tyrosine – L-histidine system with the 1:1:1 metal/ligand/ligand’ ratio at 
25.0 ◦C; cCu(II) = 9.850⋅10− 3 M, cGGY⋅H = 1.004⋅10− 2 M, cL-HisH = 1.001⋅10− 2 M, 
1.0 M KNO3; 1 – Cu(HisH)2+, 2 – Cu(His)+, 3 – Cu(HisH)2

2+, 4 – Cu(His)(HisH)+, 
5 – Cu(His)2, 6 – Cu(His)(HisH− 1)− , 7 – Cu(GGY•H)2+, 8 – Cu(GGY)+, 9 – Cu 
(GGY•H− 1), 10 – Cu(GGY•H− 2)− , 11 – Cu(GGY•H− 3)2− , 12 – Cu(GGY)(HisH)+, 
13 – Cu(GGY)(His), 14 – Cu(GGY•H− 1)(His)− , 15 – Cu(GGY•H− 2)(His)2− , 16 – 
Cu2(GGY•H− 1)(His)2, 17 – Cu2(GGY•H− 3)(His)(HisH− 1)3− . 

Fig. 6. Reconstructed electronic absorption spectra of the complexes in the 
copper(II) – glycylglycyl-L-tyrosine – L/D-histidine system at 25.0 ◦C on the 1.0 
M KNO3 background: 1 – Cu(GGY)(HisH)+, 2 – Cu(GGY)(His), 3 – Cu 
(GGY•H− 1)(His)− , 4 – Cu(GGY•H− 2)(His)2− . Solid lines correspond to com
plexes with L-histidine, dashed lines – to D-histidine. 

Table 4 
ESR spectra parameters of the heteroligand copper(II) complexes with glycyl
glycyl-L-tyrosine and L/D-histidine (r.t., 1.0 M KNO3).  

N Complex g0 A0, G AN, G 

1 Cu(GGY)(L-HisH)+ 2.114(1) 43(1) not determined 
1′ Cu(GGY)(D-HisH)+ 2.113(1) 44(1) not determined 
2 Cu(GGY)(L-His) 2.1190 

(2) 
64.2 
(4) 

~10 

2′ Cu(GGY)(D-His) 2.1196 
(2) 

62.9 
(4) 

~10 

3 Cu(GGY⋅H− 1)(L-His)− 2.102(1) 66(1) not determined 
3′ Cu(GGY⋅H− 1)(D-His)− 2.104(1) 68(1) not determined 
4 Cu(GGY⋅H− 2)(L-His)2− 2.111(1) 71(1) ~10 
4′ Cu(GGY⋅H− 2)(D-His)2− 2.110(1) 73(1) ~10 
5 Cu2(GGY⋅H− 1)(L-His)2 2.106(3) – not determined 
5′ Cu2(GGY⋅H− 1)(D-His)2 2.104(3) – not determined 
6 Cu2(GGY⋅H− 3)(L-His)(L-HisH− 1)3− 2.081(1) – not determined 
6′ Cu2(GGY⋅H− 3)(D-His)(D- 

HisH− 1)3−
2.082(1) – not determined  

Fig. 7. Experimental EPR spectra of the copper(II) – glycylglycyl-L-tyrosine – L/ 
D-histidine system at pH 6.60; cCu(II) = 1.94⋅10− 2 M, cGGY⋅H = 2.00⋅10− 2 M, 
cHisH = 2.00⋅10− 2 M; 1.0 M KNO3, r.t. 
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than the equatorial one (see Fig. 14S) in contrast to the opposite situa
tion in the case of glycylglycylglycine [5]. 

It should be mentioned that in the system with glycylglycyl-L-tyro
sine one additional binuclear heteroligand form is presented – the 
Cu2(GGY•H− 1)(His)2 form, which is formed at neutral pH (see Fig. 5). 
This form is not presented in the system with glycylglycylglycine [5], 
because the imidazole bridge (which is not deprotonated in this case) 
needs additional stabilization by π-π-stacking interaction with tyrosine 
fragment (Fig. 14S). Such interaction is not possible in the case of gly
cylglycylglycine, that’s why such form is less stable and is not detected 
in the copper(II) – glycylglycylglycine – histidine ternary system. 

3.3. Substitution reaction kinetics in the copper(II) – glycylglycyl-L- 
tyrosine – L/D-histidine systems 

In neutral and slightly alkaline medium (pH range from 7 to 9, see 
Fig. 1) the Cu(GGY⋅H− 2)− form is dominating. This complex form with 
two deprotonated peptide nitrogen atoms has an absorption maximum 
near 550 nm (see Fig. 2 and Table 1S) like the similar complex form with 
glycylglycylglycine [5]. Therefore, the tripeptide ligand for histidine 
substitution reaction kinetics was observed at this wavelength by 
stopped-flow method at pseudo-first order conditions (excess of histi
dine). Examples of kinetic dependencies at 1:1:15 metal/ligand/ligand’ 
ratio are shown in Fig. 15S for the copper(II) – glycylglycyl-L-tyrosine – 
L-histidine system. 

Final solutions spectra are the same with the spectrum of Cu(His)2 
form [1] which is evidence that the copper(II) bis-histidinate complex is 

Fig. 8. Structures, formation energies (in atomic units, a.u.) and relative energies of the isomers of copper(II) complexes with glycylglycyl-L-tyrosine and L/D-his
tidine optimized on the B3LYP/TZVPP level with accounting solvent effects in the C-PCM model and dispersion correction (D3BJ). 
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the final product of substitution reaction (situation is the same as in the 
case of glycylglycylglycine, see [5]). Additional confirmation for this 
conclusion is calculated on the base of thermodynamic data distribution 
diagram (Fig. 16S), where the mentioned form is dominating after 
reaching equilibrium at kinetic experiments conditions. Kinetic experi
ments results are shown in Figs. 9 and 17S for the systems with L- and D- 
histidine respectively in the form of the observed rate constant de
pendencies on pH. The reaction rate increases with increasing pH (sit
uation is similar with previously described for glycylglycylglycine 
substitution by histidine [5]). 

Glycylglycyl-L-tyrosine substitution by histidine can be described by 
three stages containing scheme which was proposed in previous work 
[5]. Hetero-ligand complex with tripeptide and histidine is formed at the 
first stage: 

Cu(GGY⋅H− 2)
− ​ + His− ​

k1
↔
k− 1

​ Cu(GGY⋅H− 2)(His)2−

In the product of this stage the equatorially coordinated carboxy- 
group of glycylglycyl-L-tyrosine is replaced by amino group of histi
dine. Then the protonation and substitution of the peptide nitrogen atom 
between the second and third amino acid residues in the tripeptide takes 
place: 

Cu(GGY⋅H− 2)(His)2− ​ + H2O ​
k2
↔
k− 2

​ Cu(GGY⋅H− 1)(His)− ​ + OH−

The complete replacement of the glycylglycyl-L-tyrosine by the sec
ond molecule of histidine occurs at the last stage: 

Cu(GGY⋅H− 1)(His)− ​ + His− ​ + H2O ​ →
k3 Cu(His)2 ​ + GGY− ​ + OH−

According to the experimental results the third stage is rate- 
determining and in the substitution process not only anionic, but also 
protonated form of histidine can be active: 

Cu(GGY⋅H− 1)(His)− ​ + HisH ​ → Cu(His)2 ​ + GGY−

It should be mentioned that unlike previously studied case with 
glycylglycylglycine, the kinetic dependencies for the system with 

glycylglycyl-L-tyrosine are adequately described only using two expo
nentials. The presence of the second faster exponent can be explained by 
the delayed entry of the first amino acid molecule due to the occupancy 
of all coordination positions in the initial complex with glycylglycyl-L- 
tyrosine (Fig. 3). Due to the insufficient number of points for a correct 
statistical estimate of the fast exponent, it is not considered in this paper. 

At kinetic experiments conditions in solution only two mentioned 
forms of histidine are presented. On the base of this fact the observed 
rate constant can be represented by the following equation [5]: 

kobs = k0 + kL[His− ] + kLH[HisH] = k0 + kLH × cHisH + (kL − kLH)[His− ],

where cHisH is the total histidine concentration, kobs is the observed rate 
constant, k0 is the substitution constant with the participation of the 
buffer, kL and kLH are the contributions from the anionic and protonated 
forms of the amino acid respectively. To determine all three contribu
tions to the observed rate constant it is necessary to obtain the de
pendencies of the observed rate constant on the concentration of the 
anionic form of histidine at various overall amino acid concentrations. 
Such dependencies for glycylglycyl-L-tyrosine substitution by histidine 
are given in Figs. 10 and 18S for the systems with L- and D-histidine 
respectively. Calculated from the given dependencies kinetic results are 
presented in Table 5. 

It should be mentioned that the substitution of glycylglycyl-L-tyro
sine is slower than the substitution of glycylglycylglycine (compare 
Tables 5 in this paper and in the previous work [5]). This experimental 
fact can be explained by steric hindrance in the case of glycylglycyl-L- 
tyrosine, which has relatively big substituent in the third residue of 
tripeptide. 

Statistically meaningful stereoselectivity is observed in the replace
ment of glycylglycyl-L-tyrosine by anionic form of histidine (see 
Table 5): the reaction rate is higher in the system with D-histidine. The 
manifestation of stereoselectivity in the substitution kinetics can be 
explained by the different structures of complexes with L- and D-histi
dine. It should be noted that the stereoselective effect for the Cu 
(GGY⋅H− 1)(His)− form, which is an intermediate in the substitution 
process, is not established in the thermodynamics of complex formation 
(see Table 3). The fact of the presence of significant stereoselectivity in 
the kinetics of substitution and its absence in the thermodynamics of 
complex formation is in good agreement with the associative mechanism 
of substitution, in which a tris-complex is formed (containing one tri
peptide molecule and two histidine molecules), where the ligands are 
closer together than in bis-complex, thereby enhancing the stereo
selective effect. 

4. Conclusions 

Complex formation in the copper(II) – glycylglycyl-L-tyrosine and 
copper(II) – glycylglycyl-L-tyrosine – L/D-histidine systems was investi
gated by pH-potentiometric titration and spectrophotometry methods in 
the pH range 2–11. Five homoligand and six heteroligand complexes 
were discovered for the first time. The structures of some complexes 
were optimized by DFT computations on the B3LYP/TZVPP level with 
the accounting solvent effect by the C-PCM model and dispersion 
correction (D3BJ). The individual absorption spectra and ESR spectra of 
some homoligand and heteroligand complexes were reconstructed. 

The statistically meaningful stereoselective effect in the formation of 
Cu(GGY)(His) form with the higher stability of complex with L-histidine 
was revealed on the basis of pH-potentiometric titration data, confirmed 
by spectrophotometry, ESR spectroscopy and quantum-chemical calcu
lations results and explained by the trans-influence and π-π-stacking 
interactions. 

The kinetics of glycylglycyl-L-tyrosine substitution by L/D-histidine 
was investigated by stopped-flow technique with spectrophotometric 
detection and three-step scheme of the investigated process was used. 
Stereoselective effect in the tripeptide substitution by anionic form of 

7.5 8.0 8.5 9.0 9.5
4

6

8

10

12

14

16

18

kobs, s
-1

pH

L-His (0.05M)
L-His (0.04M)
L-His (0.03M)

Fig. 9. Dependencies of the observed rate constant (kobs) on pH at different 
histidine concentrations for the copper(II) – glycylglycyl-L-tyrosine – L-histidine 
(1:1:15) system at 25.0 ◦C obtained by stopped-flow method by mixing solu
tions I and II with registration at λ = 550 nm; I – Cu(II), GGY⋅H; II – L-HisH; ctris 
= 0.10 M, 1.0 M KNO3. 
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histidine with faster process for D-amino acid than for L-isomer of his
tidine was revealed and interpreted on the basis of the formation of 
heteroligand tris-complexes as intermediates in overall processes. 
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