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Abstract  

The protonation equilibria of a new amine/amide type macrocycle and its complexation with Cu(II) 

in solution have been studied by potentiometry and UV-Visible Spectrophotometry. The ligand 

shows four protonation constants and one unusual deprotonation constant. Six mononuclear and 

four binuclear copper II complexes were found and reported its stability constant values. Some 

species predominate in specific ranges of pH, which might be important for biomimetic studies. It 

was found that the studied ligand forms stable mononuclear and binuclear complexes with Cu (II) 

and these species have similar geometries, squared pyramid, above pH 7. An evaluation through its 

potentiometrically determined stability constants of the selective recognition of ATP over ADP by 

this macrocycle and its Cu (II) complexes is presented. With or without the presence of Cu (II) ions, 

the ligand forms more stable complexes with ATP over ADP, the stability of these species increase 

with pH. Both, the stability quotients and the species distribution diagrams for the ATP-ADP mixed 

systems shows the inclination of the studied systems to selectively bind ATP over ADP, so, in 

principle, they can be used for the selective recognition of ATP or as catalysts in the hydrolysis of 

this nucleotide. 

Keywords: Protonation. Copper complex. Macrocycle. ATP. ADP. Recognition. Selectivity 

quotient.  

 
Resumen 

Los equilibrios de protonación de un nuevo macrociclo de tipo amina/amida y su complejación con 

Cu(II) en solución han sido estudiados mediante potenciometría y espectrofotometría UV-Visible. 

El ligando muestra cuatro constantes de protonación y una constante de desprotonación inusual. Se 
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encontraron seis complejos de cobre II mononucleares y cuatro binucleares y se reportaron sus 

valores constantes de estabilidad. Algunas especies predominan en rangos específicos de pH, lo que 

podría ser importante para los estudios biomiméticos. Se encontró que el ligando estudiado forma 

complejos mononucleares y binucleares estables con Cu (II) y estas especies tienen geometrías 

similares, pirámide cuadrada, por encima de pH 7. Una evaluación a través de sus constantes de 

estabilidad determinadas potenciométricamente del reconocimiento selectivo de ATP sobre ADP 

por este Se presenta el macrociclo y sus complejos de Cu (II). Con o sin la presencia de iones Cu(II), 

el ligando forma complejos más estables con ATP que con ADP, la estabilidad de estas especies 

aumenta con el pH. Tanto los cocientes de estabilidad como los diagramas de distribución de 

especies para los sistemas mixtos ATP-ADP muestran la inclinación de los sistemas estudiados a 

unir selectivamente ATP sobre ADP, por lo que, en principio, pueden ser utilizados para el 

reconocimiento selectivo de ATP o como catalizadores en la hidrólisis de este nucleótido. 

Palabras-clave: Protonación. Complejo de cobre. Macrociclo. ATP. ADP. Reconocimiento. 

Cociente de selectividad. 

 

Resumo  

O equilíbrio de protonação de um novo macrociclo do tipo amina/amida e sua complexação com 

Cu(II) em solução foram estudados por potenciometria e espectrofotometria UV-Visível. O ligante 

mostra quatro constantes de protonação e uma constante de desprotonação incomum. Seis 

complexos mononucleares e quatro binucleares de cobre II foram encontrados e relataram seus 

valores constantes de estabilidade. Algumas espécies predominam em faixas específicas de pH, o 

que pode ser importante para estudos biomiméticos. Verificou-se que o ligante estudado forma 

complexos mononucleares e binucleares estáveis com Cu (II) e essas espécies possuem geometrias 

semelhantes, pirâmide quadrada, acima de pH 7. Uma avaliação através de suas constantes de 

estabilidade determinadas potenciométricas do reconhecimento seletivo de ATP sobre ADP por este 

macrociclo e seus complexos de Cu (II). Com ou sem a presença de íons Cu(II), o ligante forma 

complexos mais estáveis com ATP sobre ADP, a estabilidade dessas espécies aumenta com o pH. 

Tanto os quocientes de estabilidade quanto os diagramas de distribuição de espécies para os sistemas 

mistos ATP-ADP mostram a tendência dos sistemas estudados em ligar seletivamente ATP sobre 

ADP, portanto, em princípio, podem ser usados para o reconhecimento seletivo de ATP ou como 

catalisadores na hidrólise deste nucleótido.  

Palavras-chave: Protonação. Complexo de cobre. Macrociclo. ATP – ADP. Reconhecimento. 

Quociente de seletividade. 
 

Nomenclature 

L: 2,16,22,36-tetraoxo-3,7,11,15,23,27,31,35-octazatriciclo[37.3.1.117,21]dotetraconta-

1(41),17(42), 18,20,37,39-hexaeno. 

 

1. Introduction. 

Metalloenzymes usually contain metal ions bound to an amino group of a specific amino acid 

residue of a peptide or directly to the amide group –carbonyl or nitrogen– offering different 

coordination environments (Yang, 2022; Martell, 1995; Oloruntoyin, 2022). Thus, a proper de-sign 

of small molecules with suitable structural and func-tional characteristics could be important for 

future catalytic, biomimetic and recognition studies. In this regard, the design and synthesis of 

ligands functionalized to achieve metal complexation in a biomimetic approach is a challenge of 

current interest (Lehn, 1988; Jung, 2021; Bianchi, 1997). Amino/amide systems are able to dis-play 

interesting features, behaving as organogelators (Valls, 2022; Becerril, 2004; Rubio, 2013), acting 

as ̀ in vivo´ fluorescent pH probes (Galindo, 2005), as selective receptors for substrates of biological 

relevance (Burguete, 2007), as mini-malistic molecular machines (Chao, 2009; Nazif, 2021), as 
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ligands for the prepara-tion of enantioselective catalysts (Burguete, 2003) or as chiral solvating 

agents (Burguete, 2002). On the other hand, the self-assembly of this kind of compound in the solid 

state has also allowed the obser-vation of some remarkable crystalline structures and nano-

assembled morphologies with relevance for the un-derstanding of structural parameters in proteins 

and related peptides’ systems (Alfonso, 2009).  

As an important part of biomimetic studies, the selective recognition of nucleotides is a crucial 

aspect of biological processes. Nucleotide recognition taking into account the existence of different 

structural components: nitrogen base (purine or pyrimidine), pentose and mainly, phosphate ter-

minal chain. The bibliography describes a great variety of host created for selective adenosine 

phosphates recognition (Bazzicalupi, 2005; Nation, 1997; Reinke, 2021; Ciavardini, 2017), among 

the most common are polyamines (Aguilar, 2002; Bencini, 2014; Lomozik, 2005). Those systems 

are efficient, generally, due to the strong electro-static interactions between negative charged 

phosphates and protonates polyamines groups. In other hand, hydrogen bonds also may affect the 

stability and selectivity of the system host-guest (Cragg, 2010).  

Recently, the synthesis, characterization and acidi-ty-basicity constants of a novel 

amino/amide type macro-cycle, named L (See Chart 1), have been published by the authors 

(Hernández, 2014). Here, the analysis of its binding ability towards a cation playing a key role in 

bioinorganic chemistry such as Cu (II) is presented, as well as the interaction with adenosine 

phosphates. The main variation considered has been the metal to ligand molar ratio, in order to 

analyze its effect on the coordination mode. ATP and ADP were studied with Cu (II) and the 

amino/amide macrocycle.  

 
Chart 1 - Structure of the ligand L. 

2. Materials and methods. 

All reagents used in this work were purchased from commercial sources, except the 

isophthalic ester with N-hydroxysuccinimide, which was synthesized.  

 

2.1 Synthesis of L.  

The ligand L, used to perform the potentiometric measurements, was synthesized according 

to described procedures (Verdejo, 2007; Algarra, 2009). In a three-mouth ball, 100 mL of DME is 

added. Separately, in addition funnels, 0.29 mL (1.42 mmol) of N, N'- bis (3-aminopropyl) -1,3-

diaminopropane are placed in one of them and in the other 0.50 g (1.39 mmol) of the isophthalic 

ester with N-hydroxysuccinimide previously synthesized (Both dissolved in DME). It is added 

dropwise into the receiving solvent placed on the balloon, under constant stirring and in an ice bath. 

The mixture is kept under stirring for 12 h, then the solid is removed by vacuum filtration, washed 

with DME and recrystallized from 2-propanol. Yield: 72 %; white solid; M.P: 131-132 ºC; HNMR 

(500MHz, DMSO-d6): δ(ppm) 8,67 (2H,s, Ar-H); 8,28 (4H,d, Ar-H); 7,93 (4H,s, amide); 7,51 

(2H,s, Ar-H); 3,31 (8H,t, -CH2-amide); 2,18-2,28 (4H,m,-NH-); 1,65 (8H,m, -CH2-); 1,52 (4H,m, -

CH2-) ESI-MSMS (m/z,%): 638,4 (M + 2H+, 6); 419,4 (MW-218,2 +1,26); 368,3 (C17H30N5O2
+ + 

MeOH, 42), 335,3 ((M+ MeOH + 2H+)/2,19); 319,4 ((M + 2H+)/2, 11); 304,3 (MW-333,2 + 1, 

100); 253,3 ((MW-132,02 + 3)/2, 88); Exp: C(63,23); N(18,34), H(8,56); Theo: C(64,12); N(17,60); 

H(8,23). 
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2.2 Potentiometric measurements. 

The potentiometric titrations were carried out at 298.1 ± 0.1 K using NaCl 0.1 M as supporting 

electrolyte. The experimental procedure (burette, potentiometer, cell, stirrer, microcomputer, etc.) 

has been fully described elsewhere (Verdejo, 2007; Algarra, 2009). The acquisition of the emf data 

was performed with the computer program Crison Capture. The reference electrode was an Ag–

AgCl electrode in saturated KCl solution. The glass electrode was calibrated as a hydrogen-ion 

concentration probe by titration of previously standardized amounts of HCl with CO2-free NaOH 

solutions and the equiv. point determined by the Gran’s method (Gran, 1952), which gives the 

standard potential, E°, and the ionic product of water [pKw = 13.78(1)]. The computer program 

HYPERQUAD (Gans, 1999) was used to calculate the protonation and stability constants, and the 

HySS program was used to obtain the distribution diagrams. The pH range investigated was 2.0–

11.0 and the concentration of the metal ions and of the ligands ranged from 1 × 10–3 to 5 × 10–3 M 

with Cu2+: L molar ratios as 1:1 and 2:1. In the case of ATP and ADP recognition studies were used 

an equivalent respect to the ligand L. The different titration curves for each system (at least two) 

were treated either as a single set or as separated curves without significant variations in the values 

of the stability constants. Finally, the sets of data were merged together and treated simultaneously 

to give the final stability constants. The electronic spectra were obtained in a Reyleigh UV-2601 

Spectrophotometer. 

 

3. Results and discussion. 

3.1 Ligand protonation and Cu/L Systems. 

The ligand presents four measurable protonation steps in the pH range of study. The first 

protonation constant coincides with the values reported for other secondary amines which suffer the 

effect of electro-withdrawing groups near them (Hernández, 2014; Alves de Silva, 2017). The 

decrease in the values of the successive protonation constants can be rationalized based on the 

electrostatic repulsion created by the consecutive addition of positive charges to the already positive 

charged specie. 

The acidity constant obtained may be attributed either to the deprotonation of one of the amide 

nitrogen atoms or to the hydrolysis of one molecule of water bound by hydrogen bonds to both 

amide groups of one isophthalic moiety. The first of these options is less probable because the 

deprotonation of the amide group itself is a very endergonic process and can take place only if this 

negative contribution is more than compensated by a very exothermic interaction (Fabrizzi, 2008). 

 

Table 1 – Logarithms of the cumulative and stepwise basicity and acidity constants 

determined in 0.1 M NaCl at 298.1 ± 0.1 K. 

Species[a] Log β Equilibrium (K) Log K 

LH 9.41(5) [b] [LH]/[L][H] 9.41(5) 

LH2 18.02(3) [LH2]/[LH][H] 8.61(3) 

LH3 25.37(5) [LH3]/[LH2][H] 7.35(5) 

LH4 30.87(5) [LH4]/[LH3][H] 5.50(5) 

LH-1 -9.64(5) [LH–1]/[L][OH] -9.64(5) 

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 
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The second option is supported by reports of crystalline structures of other compounds 

including isophtalic fragments, in which one molecule of water is attached by hydrogen bonds to 

both amide nitrogen atoms (Brooks, 2006; Bernier, 2009).  

The corresponding species distribution diagram in 0.1 M NaCl is shown in Figure 1. It can be 

observed that below pH 5 the ligand is fully protonated, and that above pH 10, the deprotonated 

specie is predominant.  

 
Figure 1 - Distribution diagram for the species of L in 0.1 M NaCl at 298.1 K. 

 

Because of the interest of developing copper(II)-containing model systems for 

metalloproteins, the copper(II) complexes of the ligand was investigated to explore its coordination 

chemistry. The interaction of Cu2+ and the new ligand was systematically studied by potentiometric 

titrations in aqueous solution over the 2–12 pH range. The stability constants for the formation of 

Cu2+ complexes have been determined in water using 0.1 M NaCl to maintain a constant ionic 

strength and at 298.1 ± 0.1 K. The stability constants for Cu2+:L ratio 1:1 are shown in Table 2. Six 

species of general formula [CuLHn]
(2+n)+, where n = 3, 2, 1, 0, –1 and –2, were determined. Three 

of them were protonated. The CuL specie is more stable than the Cu(II) complex of 1,3-

diaminepropane (tn) (See Chart 2) in molar ratio 1:1 (log K = 9.85),[24] but it is less stable than the 

complex specie [Cu(tn)2]
2+ (log K = 17.45). On the other hand, the stability of CuL specie is similar, 

even higher, to those determined for other amine/amide compounds, in which the metal is bound to 

two amine groups and two amide oxygen. Considering this, although it cannot be stated, it cannot 

be discounted either the possibility that, for CuL specie, the copper ion has the coordination 

environment mentioned above. The species distribution diagram for this system is shown in Figure 

2.  

As it can be seen, the mononuclear specie is predominant at pH 7.12. The rest of the species 

do not exceed 70 % of relative abundance, although CuLH2 is the major specie in the acid region 

and CuLH–2 predominates at pH values above 10. For Cu2+:L ratio 2:1 were determined four species 

of general formula [Cu2LHm](2+m)+, where m = 2, 1, 0 and –2. The formation constants for this system 

are shown in Table 3. The value of the stability constant for the Cu2L specie is relatively low when 

compared with the value of the constant obtained for the ligand p-B232, in which every metal ion 

only can be bonded to two nitrogen atoms (See Chart 2). Also, the stability of this specie (log K = 

17.61) is quite similar to the stability of the complex Cu(tn)2 (log K = 17.45). Thus, it may be 

reasonable to propose that in this specie both copper ions have the same coordination environment 

than in the mononuclear specie.   
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Table 2 – Logarithms of the formation constants for the Cu2+ complexes of the ligand 

determined in 0.1 M NaCl at 298.1 ± 0.1 K at Cu2+:L ratio 1:1. 

Species[a] Log β Equilibrium (K) Log K 

CuLH3 29.45(3) [b] [CuLH3]/[CuLH2][H] 4.50(3) 

CuLH2 24.94(1) [CuLH2]/[CuLH][H] 5.70(1) 

CuLH 19.24(2) [CuLH]/[CuL][H] 6.21(2) 

CuL 13.03(2) [CuL]/[L][Cu] -8.01(2) 

CuLH–1 5.02(2) [CuLH–1]/[CuL][OH] -9.64(5) 

CuLH–2 -4.16(2) [CuLH–2]/[CuLH–1][OH] -9.19(2) 

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 

 

 
Figure 2 - Species distribution diagrams for the different Cu(II) complexes at Cu2+:L ratio 

1:1. 

 

 
Chart 2. 

 

Also, it can be observed the formation of the Cu2LH-2 specie, which has a high stability and 

can be form by the simultaneous deprotonation of two amide nitrogen atoms, as literature suggests 

(Chao, 2009; Nazif, 2021; Martí, 2012). The species distribution diagram for this system is shown 

in Figure 3. It can be observed that the binuclear specie is predominant at pH 5.88. Also, Cu2LH–2 

specie is very stable and predominates in a wide range of pH, from 7.61 to 10.03.  

Absorption spectra of Cu2+–L systems in the 400-1000 nm region at different pH values and 

at different M:L molar ratios are shown in Figure 4. At pH approximately 3, both spectra have the 
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same maximum (790 nm), which correspond to Cu2+ octahedral complexes.  At this pH value, the 

predominant species are the aqueous Cu2+ complex ion and the CuLH3 specie; which may have an 

octahedral geometry. Above pH 5, there are some differences between the spectra for both systems. 

For the Cu2+–L system at 1:1 M:L molar ratio, at pH = 5.23, where CuLH2 specie predominates, the 

absorption maxima is 730 nm, indicating a trigonal bipyramidal geometry.  At pH values higher 

than 7, the absorption maxima ranges from 610 to 615 nm, suggesting that the coordination 

environment of the metal ion does not change substantially and could have a square pyramidal 

geometry. On the other hand, for the Cu2+–L system at 2:1 M:L molar ratio, the maximum of the 

absorption peaks could not be determined for that region. Therefore, the interpretation of this 

spectrum becomes very difficult. 

Figure 5 shows the absorption spectra of these systems in the 200-400 nm region at different 

pH values. For Cu2+–L system at 1:1 M:L molar ratio, the bands associated with the ππ* and nπ* 

ligand transitions remains unchanged as the pH increases. Also, the charge transfer bands become 

more intense. 

 

Table 3 – Logarithms of the formation constants for the Cu2+ complexes of the ligand 

determined in 0.1 M NaCl at 298.1 ± 0.1 K at Cu2+:L ratio 2:1.  

Species[a] Log β Equilibrium (K)  Log K 

Cu2LH2 27.85(5) [b] [Cu2LH2]/[Cu2LH][H] 5.50(5) 

Cu2LH 22.36(10) [Cu2LH]/[Cu2L][H] 4.75(10) 

Cu2L 17.61(3) [Cu2L]/[CuL][Cu] 4.58(3) 

Cu2LH–2 4.75(3) [Cu2LH–2]/[Cu2L][OH]2 -12.8(3) 

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 

 

 
Figure 3 - Species distribution diagrams for the different Cu(II) complexes at Cu2+:L ratio 

2:1. 

 

On the other hand, for Cu2+–L system at 2:1 M:L molar ratio, a substantial decrease in the 

intensity and change in the form of the ππ* and nπ* ligand transitions is observed at pH values 

between 5 and 7, as well as a significant increase of the intensity of the ligand-to-metal charge 

transfer bands as the pH increases. These two facts might be associated with Cu(II) coordination to 

deprotonated amide nitrogen atoms, which lead to a strong metal-ligand interaction and increase the 

intensity of the ligand-to-metal charge transfer bands (Inoue, 2001). 
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Figure 4 - Solution electronic spectra in the 400-1000 nm region for Cu2+–L systems at 

different pH values and at different M:L molar ratios, 1:1 (left) and 2:1 (right). 

 

 
Figure 5 - Solution electronic spectra in the 200-400 nm region for Cu2+–L systems at different 

pH values and at different M:L molar ratios, 1:1 (left) and 2:1 (right). 

 

For Cu2+–L system in this region of 200-500 nm with the molar ratio 1:1, bands associated 

with charge transfer are observed. At pH 5.14, where the specie CuLH2 predominates, only one 

band centred at 286 nm is observed. From pH 6 when it begins the formation of the mononuclear 

specie CuL, this band is shifted to 290 nm and also appears a shoulder at 300 nm which could 

attribute that the metal is probably connected at two different ligand sites.  If considering that the 

position of the maxima of charge transfer bands depend on donor electronegativity atom, it would 

prove that the hypothesis in those mononuclear species, Cu2+ ion is bonded to oxygen and amino 

nitrogen of the amide group. 

At pH 9.28, where species CuLH-1 and CuLH-2 coexist, the charge transfer band maintains its 

absorption maximum at 290 nm with a shoulder at 303 nm, slightly increasing the intensity of the 

shoulder, which is consistent with the observed at lower pH values. 

Interestingly, for the system Cu2+–L in molar ratio 2: 1, the position of the charge transfer 

bands varies significantly with increasing pH. At pH 4.95, where the species Cu2LH2 (48%) 

predominates, the charge transfer band having a maximum at 290 nm with a shoulder at 282 nm. At 
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pH 5.70, when the predominant species is Cu2L (76%), two charge transfer bands, one centred at 

285 nm and the other at 297 nm are observed, the latter being the most intense. At pH 6.77, in which 

the species Cu2LH-2 has an abundance of 81%, the maximum charge transfer band is at 306 nm with 

a shoulder at 290 nm, this being very intense, suggesting that this species is formed by two 

deprotonated amide nitrogen. 

 

3.2 ATP-ADP/L Systems.  

The stability constants of this interesting system have been determined by potentiometric 

titrations (see Table 4). Three species were found for both systems, ADP-L and ATP-L 1:1 molar 

ratio. Generally, the nucleotide – ligand host-guest adduct are very stable if they are compared with 

other similar polyamines without amide groups (Guo, 2003; Ge, 2004; Bregier-Jarzebwska, 2019). 

In this study, ATP is the substrate best attached to the amino/amide ligand. It is possible to deduce 

that the link of both molecules (ATP and ligand) could be constituted mainly by hydrogen bonds of 

amidic groups as donators and phosphate oxygen as acceptors. Perhaps, adenine and pentose also 

could be involved in hydrogen interactions. 

Table 4 – Logarithms of the stability constants for ATP/L and ADP/L complexes determined 

in 0.1 M NaCl at 298.1 ± 0.1 K at ratio 1:1. 

Species[a] Log β [b] Equilibrium (K) Log K 

ATP ADP ATP ADP 

LAH2 34.58(1) 31.54(1) [LAH2]/[LH2][A] 16.56(1) 13.53(1) 

LAH 31.07(4) 26.72(1) [LAH]/[LH][A] 21.66(4) 17.32(1) 

LA 28.27(1) 20.40(7) [LA]/[L][A] 28.27(1) 20.40(7) 

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 

 

 
Figure 6 -  Species distribution diagrams for the systems L/A (A=ATP4–, ADP3–), molar ratio 

L:A 1:1. (A) ATP y (B) ADP. 

 

In other hand, the decreasing of the stability constant of the supramolecules respect to the 

increasing of protonation grade results particularly interesting. It is the opposite order that occurs 

for polyamine ligands (Burguete, 2007; Aguilar, 2002; Bencini, 2014; Lomozik, 2005). It is relevant 

to find LA species (A = ATP4-, ADP3-) with stability constant bigger than polyamine macrocycles 

tetraprotonated (Bencini, 2014; Lomozik, 2005).  
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Figure 6, shows the species distribution diagram for receptor-nucleotide system. For ATP is 

possible to observe a dominant specie LA, even at lower pH values; while for ADP the 

supramolecule LA only is abundant upper pH 6,5.    

 

3.3 Cu2+/ ATP-ADP/L Systems. 

Stability constant for tertiary copper complexes with the main ligand and adenosine 

phosphates ATP and ADP were determined by potentiometric titrations. In all cases the molar ratio 

Cu:L:A was 1:1:1 and 2:1:1 (A = ATP4-, ADP3-), under the same conditions of the other systems 

already discussed in this paper. The results for the system 1:1:1 are shown in table 5. 

Mononuclear complexes with this amino/amide ligand are able to joint ATP as well as ADP. 

Three complexes were found for ATP (one biprotonated and other triprotonated). While four species 

were determined for ADP (all protonated), with general formula CuLADPHn
(n–1)+ (n = 2, 3, 4, 5). 

As we observed for ligand-nucleotide systems, the species with ATP are more stable than the ADP 

complexes, may be due to more electrostatic attractions and better possibilities of ATP to form 

Hydrogen bonds between host and guest.  

 

 

Table 5 – Logarithms of the stability constants for Cu/ATP/L and Cu/ADP/L complexes 

determined in 0.1 M NaCl at 298.1 ± 0.1 K at ratio 1:1:1. 

Species[a] Log β b] Equilibrium (K) Log K 

ATP ADP ATP ADP 

CuLAH5  45.27(1) [CuLAH5]/[ CuLAH4][H]  2.69(1) 

CuLAH4  42.58(1) [CuLAH4]/[CuLAH3][H]  4.03(1) 

CuLAH3 41.67(3)[b] 38.55(1) [CuLAH3]/[CuLAH2][H] 2.85(3) 4.22(1) 

CuLAH2 38.82(5) 34.33(3) [CuLAH2]/[LAH2][Cu] 4.24(5) 2.78(3) 

CuLA 32.58(2)  [CuLA]/[LA][Cu] 4.31(2)  

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 

 

 

 
Figure 7 - Species distribution diagrams for the systems Cu(II)/L/A (A=ATP4–, ADP3–), molar 

ratio M:L:A 1:1:1. (A) ATP y (B) ADP. 
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Stability of specie LATP (log K = 28.27) is bigger than CuL (log K = 13.03). For this reason, 

it is possible to suppose that the specie CuLATP is the product of the Cu cation addition to the specie 

LATP (see Tables 4 and 5). 

ATP can interact with amide groups by hydrogen bond, having free sites for cations. Cu2+ can 

link to ligand amine groups or ATP molecule as well, through free sites after ATP interact with the 

host. Following this idea, Cu2+ could be inside or out of macrocycle cavity having a different 

coordination environment respect to CuL. In fact, the stability constant for Cu2+ addition into the 

LATP adduct is relatively low (log K = 4.31), inferior to the CuATP complex formation constant 

(log K = 6.34).  

In the other hand, if we compare the equilibrium constant for one Cu2+ incorporation to LAH2, 

this process is more favorable for ATP than ADP. It is interesting that the entrance of one proton to 

CuLAH2 is more favorable in the case of ADP respect to ATP. Maybe because in ATP this entrance 

could break a bond with bigger strength.  

The Species Distribution Diagrams for ternary systems product of mononuclear complexes 

and nucleotides are shown in Figure 7. Correspondingly to the observation for L/A system, the non-

protonated specie CuLATP at lower pH values is predominant, and can reach up to 95% of relative 

abundance. In the case of ADP, only the four protonated specie is clearly predominant, getting the 

65.7% of relative abundance at pH 3.30. 

Stability constant of ternary binuclear species of ATP and ADP with the amino/amide ligand 

and Cu2+ is shown in Table 6. Only one ATP binuclear complex was found, while three were 

determined for ADP. It is interesting that ATP binuclear complex shows more cumulative constant 

than the similar species with ADP. Also, if we check the values it is possible to think that the second 

Cu2+ entrance to CuLAH2 is advantageous for the ATP ternary complex.  

From the cumulative constant data for this system it was possible to build the species 

distribution diagram (Figure 8). This figure indicates that ATP ternary complex becomes significant 

from pH 2 until 5, where the ATP mononuclear copper complex appears. In the other hand, ADP 

complexes do not behave like ATP species in this case. There is not a clear possibility of isolation 

of one specie, coexisting one with others, although we can realize that binuclear species are 

predominant while pH increases. Cu2LADPH2 complex is the most abundant rising 51.8 % at pH 

4.41. 

 

Table 6 - Logarithms of the stability constants for Cu/ATP/L and Cu/ADP/L complexes 

determined in 0.1 M NaCl at 298.1 ± 0.1 K at ratio 2:1:1 

Species[a] Log β b] Equilibrium (K) Log K 

ATP ADP ATP ADP 

Cu2LAH3  41.11(3) [Cu2LAH3]/[Cu2LAH2][H]  3.77(3) 

   [Cu2LAH3]/[CuLAH3][Cu]  2.56(3) 

Cu2LAH2 43.52(3)[b] 37.34(2) [Cu2LAH2]/[Cu2LAH][H]  4.89(2) 

   [Cu2LAH2]/[CuLAH2][Cu] 4.70(2) 3.01(2) 

Cu2LAH  32.45(3) [Cu2LAH]/[LAH][Cu]  5.72(3) 

[a] Charges omitted. [b] Values in parentheses are the error in the last significant figure. 
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Figure 8 - Species distribution diagrams for the systems Cu(II)/L/A (A=ATP4–, ADP3–), molar 

ratio M:L:A 2:1:1. (A) ATP y (B) ADP. 

 

3.4 Selectivity of ligand and complexes for ATP respect to ADP. 

Successful catalysis is based mainly in substrate recognition, selectivity and product release 

after chemical transformation. In aqueous solution, the host-guest complex stability is related to 

hydrogen bond formation, electrostatic interactions, as well as geometric “fit” of substrate into the 

receptor.  In order to obtain a catalytic behavior a wanted characteristic is a strong union of substrate 

but a relatively weak union with the product. In this way, the last one can dissociate from resultant 

complex and continue the catalytic cycle (Lehn, 1988; Bianchi, 1997). 

Usually, to express the selectivity relationship, quotients of stability constant are used 

(Bianchi, 1997). Then, for these systems, the selectivity relationship ATP/ADP for complex 

formation between the non-protonated ligand as receptor and both adenosine phosphates is 1.39.  

So, the receptor is selective to ATP respect to ADP and catalytic conversion ATP→ADP + Pi in 

amino/amide ligand could be reasonable. The product of the reaction, ADP, bonds the receptor less 

strongly than ATP, facilitating its release, even the catalytic conversion of ATP.  

The selective relationships ATP/ADP for the species CuLAH2 and Cu2LAH2 are 1.13 and 

1.17, respectively. This analysis allows to think that for this ligand and its complexes ATP 

recognition is possible, including a possibility of a catalytic conversion into ADP. Logically, many 

studies must be done to apply it.  

Nevertheless, for more complicated systems involving multiple protonation equilibria 

(receptor and anions) this simplification is impossible to support. It is necessary some criteria that 

balance the basicity differences with the aim of find selectivity patterns. There is a method to do it, 

by calculation of species distribution of receptor-anion1-anion2 combined systems and representing 

the percentage of total formation. The ATP-ADP combined system species distribution diagram for 

ligand and its mononuclear and binuclear complexes is shown in Figure 9. Is possible to note that 

the ATP species dominated all pH range vs ADP. There is a clear preference of ligand and 

complexes for ATP respect to ADP.  In all cases, ADP species just reach 3% of relative abundance, 

suggesting that the inhibition of the reaction is not significant. It is clearly evident when is plotted 

the total percentage of the species in the ATP-ADP combined system (Figure 10). Initially, 

analyzing the ligand interacting with ATP and ADP simultaneously, is notable to observe that LATP 

at pH 2.5 have 70% of relative abundance and 100% is able at pH 4.5. The graph corresponding to 

the mixed copper-ligand-ATP-ADP system with a copper equivalent is shown in Figure 9B, where 

it is observed that the CuLATP species reach their highest relative abundance (˃ 80%) between pH 

3.0 and 3.5, from pH 4.5 the abundance of these species begins to decrease significantly. 
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Figure 9 - Species distribution diagrams for the combined systems ATP–ADP (A) L/A, molar 

ratio 1:1, (B) Cu (II)/L/A, molar ratio 1:1:1 and (C) Cu (II)/L/A, molar ratio 2:1:1. (A=ATP4–, 

ADP3–). 

 

 
Figure 10 - Species distribution diagrams for total percentage of species vs pH for the 

combined systems ATP–ADP (A) L/A, molar ratio 1:1, (B) Cu (II)/L/A, molar ratio 1:1:1 and 

(C) Cu (II)/L/A, molar ratio 2:1:1. (A=ATP4–, ADP3–). 

 

On the other hand, Figure 9C shows the total percentages of the species formed in the mixed 

copper-ligand-ATP-ADP system in the presence of two copper equivalents, it is observed that the 

Cu2LATPH2 species predominates below pH 3.5, between pH 3.5 and 4.5 coexist the Cu2LATPH2 

and CuLATPHx species, from pH 4.5 the CuLATPHx species predominate. Comparing Figures 

10B and 10C, we can see that an intensification in the concentration of Cu (II) increases the stability 

of the CuLATPHx species; thus, from pH 4.5, in the presence of an equivalent of copper the stability 

of these species begins to decrease, while in the presence of two equivalents of the metal they reach 

86% abundance relative to said pH. Although there are other ATP recognition agent designs based 

on an uracil-linked hydroxyflavone (Botjar, 2018), this article was based on supramolecular 

interactions and may contain a possible ATP to ADP conversion reaction. Above all, it has focused 

on the development of molecular recognition in aqueous medium, inspired by cyclic pseudopeptide 

systems, such as those developed by Kubik and collaborators. (Kubik, 2017). Other authors have 
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been developed similar systems by use of biogenic amines such as putrescine or spermidine, being 

a reference to compare results (Bregier-Jarzebwska, 2018). 

 

3.5 Exploring supramolecular interactions by computational chemistry software: Spartan 08. 

Spartan software is an interesting tool that shows 3D optimized structures and it helps to 

understand some aspects such as best conformations, macrocycle cavity size, energies, and also, 

spectra predictions (Omolara, 2018). Minimum energies of three types of different conformations 

of the ligand L were determined, considering that: a) the ligand was completely open (perhaps, 

occupying the cavity by water molecules); b) Intramolecular interactions between the amino and 

amide groups, leaving the aromatic rings in isolated positions; and c) that there are direct interactions 

between the aromatic rings. In the last two cases, the energies are very similar. However, when the 

macrocycle is fully open, the minimum energy is slightly higher. In any of the cases, the ligand L 

has the appropriate functional groups to attract, in a certain way, molecules that are also rich in 

electron-donating groups, as is the case with ATP. 

Figure 11 shows such conformations as well as the energies of the supramolecular species 

formed between the amino/amide ligand and adenosine phosphates (ATP and ADP). Energetically, 

according to the results of Spartan 08, the values obtained are consistent with those obtained by 

potentiometric titrations, where more affinity of the ligand for ATP than for ADP is shown. It is 

possible to notice something interesting in this case, at least from a theoretical point of view. The 

energy of the supermolecule L+ATP is much lower than the homologue L+ADP; but the modes of 

interaction are not the same. L+ATP acquires an interaction called "perching" (outside interaction) 

described in bibliographies of supramolecular chemistry [32]; while L+ADP acquires a "nesting" 

type (interaction within the cavity). If the binding of ATP is thermodynamically more favored than 

that of ADP (according to the experimental values of Log K and the theoretically determined 

energies), we could potentially be in the presence of an ATP hydrolysis catalyst (Figure 12). 

However, this is not yet verifiable, as this reaction is still being studied by this team from the kinetic-

mechanistic point of view. 

 

  
Figure 11 - Energetic diagram of L optimized by Spartan 08: L shows capacity of 

encapsulation of ATP (perching association, close but not inside the cavity) and ADP (nesting 

association, inside the cavity). 
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Figure 12 - Schematic representation of catalytic potential of L for ATP to ADP 

transformation.  

 

Not only is stable the formation of ligand-adenosine phosphates supramolecules but also the 

metal complexes of copper II with this ligand, as well as the ternary species with adenosine 

phosphates. By molecular modelling in Spartan 08 was able to propose some structures based in 

direct interaction of ATP and ADP with binuclear complexes (Figure 13). There is a similar behavior 

respect to free ligand-adenosine phosphate interaction. Energies for both ternary complexes suggest 

a possible catalytic process.  

 

  
Figure 13 - Energetic diagram of binuclear complex LCu2 interacting with ATP and ADP 

optimized by Spartan 08: clue for possible catalytic mechanism. 

 

4. Conclusions. 

In this work, it was shown that the ligand examined is able to form complexes of very different 

stoichiometry with Cu2+ depending on the metal to ligand ratio. Several pH-metric titrations have 

been conducted to analyze the complex formation. It is worth mentioning that two of the species 
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determined predominates at physiological pH, which might be important for future biomimetic 

studies. The ligand forms mononuclear and binuclear stable complexes with Cu (II), showing by 

UV-visible spectroscopy that in general the species formed from pH 7 have similar geometries, of 

square-based pyramid. This amino/amide ligand forms more stable complexes with ATP than with 

ADP, also in the presence of Cu2+ ions, increasing the stability of these species as the pH increases. 

Both the stability quotients, and the species distribution diagrams for mixed ATP-ADP systems, 

show the inclination of the studied systems to selectively link to the ATP with respect to the ADP, 

so in principle they can be used for the selective recognition of the ATP or as catalysts in the 

hydrolysis of ATP. 
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