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Abstract 

Three tacn (1,4,7-triazacyclononane)-based ligands substituted by methylthiazolylcarboxylate (tha) and/or 

methylthiazolyl (th) arms have been examined for copper complexation with the aim to study the impact of 

carboxylate groups on the complexation of Cu(II), which can present an endo- or exo-cyclic coordination. 

Two new ligands have been synthesised: H3no3tha, tacn bearing three methylthiazolylcarboxylate arms, and 

H2no1th2tha, tacn with one methylthiazolyl and two methylthiazolylcarboxylate arms, while 

Hno2th1tha had already been described. Their complexation behaviour with 1 or 1.5 equivalents of metal 

was studied on the basis of preliminary results showing the tendency of tha arms to form exocyclic 

polynuclear species. The solid state studies of the Cu(II) and Zn(II) complexes were investigated and some 

of their structures were characterised by X-ray diffraction. The physicochemical properties of the complexes 

in solution were also investigated by means of potentiometric measurements, UV-vis spectroscopy, EPR and 

computational studies, NMR characterisation of the corresponding Zn(II) complexes and redox behaviour by 

electrochemistry. Mono- and tri-nuclear complexes ML and M3L2 were formed and isolated, highlighting the 

tendency of methylthiazolylcarboxylate arms, when carried by a tacn platform, to form exo-cyclic and 

polynuclear complexes. However, this exhaustive study evidences that the “out of cage” and “in cage” 

present different behaviour in terms of stability. 

 

Introduction 

The coordination chemistry of copper cations is involved in many applications and processes in various 

domains linked to biology and medicine. A few examples among the many that could be cited are 
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Alzheimer's disease, in which copper and other ions are located in amyloid-β peptide aggregates,1 the active 

sites of enzymes like multicopper oxydase,2 and the use of copper complexes as therapeutic agents3 or in 

diagnostic imaging, employing the copper-64 radioisotope for positron emission tomography (PET).4 Copper 

complexes proved to be relevant for modelling the cupric cation activity in biological systems,1,2 and 

precious for developing new bioconjugates for imaging and therapy.3,4 The coordination environment in 

copper(ii) complexes is often accomplished by N and/or O donor atoms because of the borderline acid nature 

of this cation according to Pearson's classification of hard and soft acids and bases (HSAB).5 New elaborated 

acyclic and cyclic polydentate chelating systems like functionalised Schiff bases and polyamines have been 

developed for efficient coordination of this metal ion.6,7 Studies for characterising the resulting copper 

chelates under conditions similar to those of biological medium remain essential for understanding the 

evolving nature of the copper(ii) complexes in these media. The characterisation of cupric complexes 

generally involves the description of structures in the solid state and in solution by using suitable 

diffractometric and spectroscopic methods, as well as access to thermodynamic and kinetic data. The redox 

behaviour of the Cu(i)/Cu(ii) system often constitutes a central point for mimicking the active sites of 

enzymes, but it also remains necessary for medical applications because of the possible reduction of the 

metal ion by enzymes or bioreductors present in vivo giving rise to the dissociation of the resulting more 

labile Cu(i) chelate.8 

The 1,4,7-triazacyclononane (tacn) scaffold is one of the macrocyclic polyamine platforms that has been 

widely used in these research areas for Cu(ii) complexation, often by varying the nature and number of 

coordinating pendant arms, which may contain for instance acetate,9 pyridine,10 imidazol,11 phenolate,12 or 

picolinate13 groups. Because of the small size of the macrocyclic cavity compared to other azamacrocycles 

like cyclam, the metal ion is placed above the mean plane of the macrocycle coordinated to the nitrogen 

atoms of amine functions. Additional donor atoms from pendant arms could complete the coordination 

sphere giving rise to penta- or hexa-coordinated complexes,9–14 with the metal lodged inside the formed cage. 

However, polynuclear edifices may be formed when the macrocycle does not present any N-appended 

function, with the metal coordination environment being completed by the presence of co-ligands, solvent 

molecules, or counterions.15 The “in-cage” endocyclic coordination is maintained in architectures containing 

two or three tacn units linked by aromatic cores, producing di- or tri-nuclear metal complexes, in which a 

metal cation as copper can be bridged by phosphinate groups,16 hydroxyde,17 acetate,18 phosphate,19 

chloride,20 or oxalate21 anions. Polynuclear structures may also be promoted by the presence of additional 

donor atoms in the pendant arms, so that one or more N-added arms link one or more macrocycles by 

coordinating an “out-of-cage” exocyclic metal.22 

We recently described copper(ii) complexes of tacn substituted by two (no2th) or three (no3th) 

methylthiazolyl arms exhibiting CuN5 distorted square pyramidal and CuN6 distorted trigonal prismatic “in-

cage” geometries, respectively (Scheme 1).23,24 The modification of the no3th ligand by adding an acetate 

function on the alpha position of the N atom of one of the thiazolyl groups (Hno2th1tha) was also 

investigated.24 The physico-chemical properties of the [Cu(no2th1tha)]+ complex were found to be very 

close to those of [Cu(no2th)]2+ and [Cu(no3th)]2+ complexes in terms of thermodynamic stability and kinetic 

inertness. The crystals of [Cu(no2th1tha)]+, obtained under acidic conditions, revealed a CuN4Cl 

coordination sphere provided by the three nitrogen atoms of the macrocycle, one nitrogen atom of one 

methylthiazolyl arm and a chloride anion, resulting in a distorted square pyramidal geometry. A protonated 

methylthiazolyl arm and the methylthiazolylcarboxylate pendant arm were not involved in the coordination 

of the copper(ii) centre. More interestingly, the relatively stable Cu3L2 species (L = ligand) was identified by 

potentiometry whenever a 1.5 : 1 Cu(ii)/L ratio was used. The formation of Cu3L2 species was justified by a 

potential “out-of-cage” coordination of one of the metal ions by two methylthiazolylcarboxylate arms of 

different ligand moieties. 



 
 

 

Scheme 1. Ligands discussed in this study. 

 

Considering the interesting behaviour of the Hno2th1tha ligand, we were curious to understand the impact 

that incorporating two or three methylthiazolylcarboxylate pendant arms on the tacn moiety has on the 

physico-chemical properties of the corresponding copper complexes and the generation of “in-cage” or “out-

of-cage” structures. Thus, in the current work, we present the synthesis of the two new triaza 

polyfunctionalised ligands H2no1th2tha and H3no3tha (Scheme 1) and compare their coordination 

properties with those of Hno2th1tha and no2th. We provide structural evidence for the formation of 

Cu3L2 species through the “out-of-cage” coordination of a metal ion. We report a detailed analysis of the 

thermodynamic stability and electrochemical properties of the complexes in solution and analyse the relative 

stability of the “in-cage” and “out-of-cage” structures by using different spectroscopic techniques and DFT 

calculations. 

 

Results and discussion 

Synthesis of the ligands 

The synthesis of Hno2th1tha has been published previously.24 The synthesis of H2no1th2tha (7) started 

from orthoamide 3,25 which was converted to the no1th ligand (5) by alkylation with 2-

(bromomethyl)thiazole followed by acid hydrolysis (Scheme 2). Compound 5 was then reacted with two 

equivalents of 2-chloromethylthiazolyl-4-carboxylic acid methyl ester, giving after purification and further 

acidic hydrolysis the expected ligand in 63% yield. H3no3tha was synthesised by reacting 2-

chloromethylthiazolyl-4-carboxylic acid methylester (3.3 equivalents) with tacn in acetonitrile, affording 

compound 1 in 87% yield after purification by chromatography. Acid hydrolysis of the ester functions with 6 

M HCl gave H3no3tha in its hydrochloride form in quantitative yield. 

 



 
 

 

Scheme 2. Schematic synthesis of all compounds studied in this work. (i) K2CO3, CH3CN, rt, 48 h; (ii) 6 M HCl, reflux, 

24 h; (iii) CHCl3/toluene (2/8), rt, 12 h; (iv) THF, rt, 20 h; (v) (1) 12 M HCl/MeOH (1/1), reflux, 24 h; (2) NaOH; (vi) 

K2CO3, CH3CN, rt, 72 h; (vii) 6 M HCl, reflux, 24 h. 



 
 

Acid–base behaviour of the ligands and their copper(ii) and zinc(ii) complexation properties 

The acid–base behaviour of compounds H2no1th2tha and H3no3tha was studied by potentiometric titrations 

in aqueous solution at I = 0.10 ± 0.01 M of KNO3 and 25.0 ± 0.1 °C. The results were compared to those 

previously reported for the Hno2th1tha compound.24 The stepwise constants KH
i of the compounds in log 

units are presented in Table 1, while the overall protonation constants βH
i (Table S1) and the corresponding 

species distribution diagrams (Fig. S18–S20) are reported in the ESI. 

 

Table 1. Stepwise (log 𝐾i
H) protonation constantsa of the studied ligands in aqueous solution at  

25.0 ± 0.1 °C and I = 0.10 ± 0.01 M in KNO3. 

 

Equilibrium reactionb Hno2th1tha
c H2no1th2tha H3no3tha no2th

d Htha 

L + H+ ⇄ HL 9.47 9.63(1) 9.58(1) 11.03 3.36 

HL + H+ ⇄ H2L 3.18 3.75(2) 3.90(1) 2.45 1.46 

H2L + H+ ⇄ H3L 1.82 2.80(2) 3.26(1) — — 

H3L + H+ ⇄ H4L — 1.96(3) 2.22(1) — — 

H4L + H+ ⇄ H5L — — 1.92(3) — — 

 
a Values in parenthesis are the standard deviations in the last significant figures. b L denotes each ligand in 

general; the charges of ligand containing species are omitted for clarity. c From ref. 24. d From ref. 23. 

 

 

The number of determined protonation constants increases with the number of carboxylic acid functions 

added to the methylthiazolyl arms. Indeed, H2no1th2tha and H3no3tha display four and five protonation 

constants, respectively, versus three for Hno2th1tha. The first protonation constant is quite similar for the 

three ligands, at a log K of about 9.5, while the presence of a growing number of acid functions moderately 

increases the overall basicity of the ligands. 

The first protonation constant corresponds to the protonation of one amine of the triazamacrocycle, and the 

second one to the protonation of a second amine of the ring.26 The big decrease observed from the first to the 

second stepwise constant is due to the strong electrostatic repulsions of positive charges at short distances 

within the small triazamacrocycle, and surely the positive charges and consequently the protonation will be 

distributed among the three amines of the cycle.27 An additional contributing factor is the electron 

withdrawing effect associated with the thiazolyl functions as seen before,23,24 while no evidence of 

intramolecular hydrogen bonding was obtained. The following protonation constants can be attributed to the 

successive protonation of all carboxylate groups in the molecules.24 

The complexation behaviour of H2no1th2tha and H3no3tha towards copper(ii) and zinc(ii) was also studied 

by potentiometric titrations under the experimental conditions used for the protonation studies, and compared 

to that of Hno2th1tha. Potentiometric titrations were performed with each metal cation added at ca. 0.9 and 

1.5 equiv. of the ligand amount, due to the potential formation of polynuclear complex species. The 

complexation of copper(ii) is very extensive with both ligands at low pH values, thus competition titrations 

with K2H2edta were additionally performed to determine the values of the stability constants for the ML 

species of both copper(ii) complexes. The complexation of zinc(ii) is also rather extensive with 

H2no1th2tha but not with H3no3tha, thus a competition titration with K2H2edta was only used in the former 

case. The values of the stability constants for the ML species obtained from the competition titrations were 

then kept fixed to calculate the remaining stability constants for each metal–ligand system, while using the 

combined titrations performed at different metal ratios. In this process it was found that all three ligands are 



 
 

able to form copper(ii) complex species of 1 : 1 and 3 : 2 Cu2+/L ratios, while for zinc(ii) complexes only 

species with a 1 : 1 Zn2+/L ratio were found to form with each ligand. The stepwise constants (log KMmHhLl) 

obtained for all complexes are presented in Table 2, while the overall stability constants (log βMmHhLl) are 

compiled in Table S2 and species distribution diagrams calculated from these data are reported in Fig. 1 and 

Fig. S21–S23 (ESI). For copper(ii) the stability constants of the ML species decrease with an increasing 

number of methylthiazolylcarboxylate pendant arms on the ligand, while at the same time the stepwise 

constants of the M3L2 species conversely increase. For zinc(ii), the trend of decreasing constants for the ML 

species is even more striking. 

 

 

Fig. 1. Species distribution diagrams for the copper(ii) complexes of H2no1th2tha (left) and H3no3tha (right) at 1 : 1 

(bottom) and 3 : 2 (top) Cu2+/L ratios. 

 

To better compare the complexation properties of the ligands pM values (−log [M2+]free) were also 

calculated,28 as they take into account the differing basicity of the ligands and the full set of stability 

constants for each system, see Table 2. The pM values show that the Hno2th1tha ligand forms the most 

stable complexes with both copper(ii) and zinc(ii) and that the stability decreases in both cases with an 

increasing number of acid functions on the pendant arms. On the other hand, the selectivity for 

copper(ii) versus zinc(ii) (pCu – pZn) increases with the number of carboxylate functions. 

Comparing no2th directly with Hno2th1tha, two ligands which only differ in the presence of the 

methylthiazolylcarboxylate pendant arm, one can observe that Hno2th1tha provides a slightly better 

thermodynamic stability with copper(ii) than no2th but at the cost of a lower selectivity over zinc(ii). 

 



 
 

 

Table 2. Stepwise (log KMmHhLl) stability constants,a and pM valuesb for the metal complexes of the studied  

ligands in aqueous solution at 25.0 ± 0.1 °C and I = 0.10 ± 0.01 M in KNO3. 

 

Equilibrium reactionc Hno2th1tha
d H2no1th2tha H3no3tha no2th

e Htha 

Cu2+ + 2 L ⇄ CuL2 — — — — 9.09(2) 

CuL2(OH) + H+ ⇄ CuL2 — — — — 8.51(3) 

Cu2+ + L ⇄ CuL 19.8 18.0(1)f 16.6(1)f 20.77 — 

CuL + H+ ⇄ CuHL 2.96 3.65(3) 4.38(3) 2.83 — 

CuL(OH) + H+ ⇄ CuL 10.95 10.35(4) 9.81(2) 9.18 — 

2 CuL + Cu2+ ⇄ Cu3L2 6.93 8.17(9) 9.28(7) — — 

Cu3L2(OH) + H+ ⇄ Cu3L2 — 7.0(2) 5.7(1) — — 

Cu3L2(OH)2 + H+ ⇄ 

Cu3L2(OH) 

— 8.3(2) 8.0(1) — — 

Zn2+ + L ⇄ ZnL 16.0 12.0(1)f 9.85(6) 16.28 — 

ZnL + H+ ⇄ ZnHL 2.56 3.27(3) 7.38(2) 2.02 — 

ZnHL + H+ ⇄ ZnH2L — — 2.11(2) — — 

ZnL(OH) + H+ ⇄ ZnL 11.15 11.04(5) 11.04(6) 10.53 — 

pCu 17.74 15.80 14.44 17.15 5.33 

pZn 13.89 9.77 7.96 12.65 — 

 
a Values in parenthesis are the standard deviations in the last significant figures. b Calculated at CM = 1.0 × 

10−5 and 100% excess of ligand. c L denotes each ligand in general; the charges of ligand containing species 

are omitted for clarity. d From ref. 24. e From ref. 23. f Values determined from competition titrations with 

K2H2edta. 

 

 

Looking at the potentiometric results with the ligand series, it is clear that the inclusion of 

methylthiazolylcarboxylate functions replacing methylthiazolyl ones favours the formation of polynuclear 

and likely “out-of-cage” complexes. Knowing the great impact of the macrocyclic effect in coordination 

chemistry, this means that the methylthiazolylcarboxylate arms have strong chelation properties that enter in 

competition with those of the tacn macrocycle. We thus investigated also the coordination properties of the 

free 4-thiazolecarboxylic acid ligand (Htha) towards copper(ii). 

The acid–base and copper(ii) complexation properties of Htha were studied under the experimental 

conditions mentioned above, see Table 2. The Htha compound displays only highly acidic protonation 

centres as could be expected, the least acidic one likely corresponds to the carboxylic acid moiety of the 

compound. Concerning the copper(ii) complexation, it was found that Htha only forms 1 : 2 Cu2+/L complex 

species, with CuL2 exhibiting a stability constant in agreement with the stepwise stability constants of the 

Cu3L2 species obtained with the series of three tacn ligands. 

Synthesis of the complexes and structural studies 

Considering the potentiometric results, the synthesis of the copper(ii) and zinc(ii) complexes of the 

macrocyclic ligands was pursued with the aim of isolating the ML species and also the M3L2 species by 

using 1.5 equiv. of the metal salts. The synthesis of complexes was performed in water, using an appropriate 

amount of metal perchlorate at pH 6–7, and they were isolated in a solid form after careful evaporation of 

solvent and methanol rinses. 



 
 

Single crystals suitable for X-ray studies were obtained for some complexes. Depending on the ligand, X-ray 

structures containing mono- or tri-nuclear complexes were isolated. The Hno2th1tha ligand allowed us to 

isolate the M3L2 species by slow evaporation of a saturated aqueous solution containing the M3L2 complex, 

while for H3no3tha, both species were obtained by slow evaporation of saturated aqueous solutions 

containing either the ML or M3L2 species. The details of the different structures are described below. 

Crystals of [Cu3(no2th1tha)2(ClO4)2](ClO4)2 contain the centrosymmetric trinuclear 

[Cu3(no2th1tha)2(ClO4)2]
2+ entity and two perchlorate counter ions. A view of the structure of the complex is 

shown in Fig. 2, while the bond distances of the coordination environments are gathered in Table 3. Two of 

the Cu centres, labelled as Cu1, are each coordinated by three nitrogen atoms of a tacn unit, and the five-

coordination is completed by two nitrogen atoms from two methylthiazolyl pendant arms. The metal 

coordination environments around the Cu1 centres can be described as square pyramidal, where N2, N3, N5 

and N6 define the basal plane (mean deviation from planarity of 0.101 Å) and N1 occupies the apical 

position. The metal ions are placed 0.286 Å above the basal plane, while the bond distance involving the 

apical donor atom is longer than those involving the donor atoms of the basal plane, as usually observed for 

square pyramidal copper(ii) complexes.29 The overall coordination environments of the metal centres 

labelled as Cu1 are very similar to that reported previously for [Cu(no2th)]2+.23 

 

Table 3. Bond distances (Å) of the metal coordination environments of the indicated complexes obtained from X-ray 

diffraction measurements. 

 

 [Cu3(no2th1tha)2(ClO4)2]
2+ [Cu3(Hno3tha)2(ClO4)2] [Cu(Hno3tha)] [Zn(Hno3tha)] [Cu(tha)2] [Cu(tha)2]·4H2O 

M1–N1 2.218(6) 2.026(4)   1.960(4) 1.974(2) 

M1–N2 2.031(6) 2.060(4)     

M1–N3 2.069(7) 2.330(4)     

M1–N4  2.042(4) 2.087(2) 2.284(7)   

M1–N5 1.977(7) 2.692(5) 2.066(2) 2.233(7)   

M1–N6 1.963(6)  2.430(2) 2.190(7)   

M1–O1   2.309(2) 2.062(6) 1.949(3) 1.9620(18) 

M1–O2     2.882(3) 2.567(2) 

M1–O3   1.984(2) 2.057(7)   

M1–O5   1.981(2) 2.069(6)   

M1–O7  1.952(3)     

M2–N4 2.015(6)      

M2–N6  2.015(4)     

M2–O1 1.923(5)      

M2–O5  1.915(4)     

M2–O7 2.701(4)      

M2–O10  2.745(10)     

 

The third Cu centre in [Cu3(no2th1tha)2(ClO4)2]
2+ is coordinated to two thiazolylcarboxylate groups from 

two different ligands. The coordination environment around Cu2 can be described as octahedral with a 

severe axial elongation associated with the Jahn–Teller effect. The strictly planar equatorial plane is defined 

by the N and O donor atoms of the thiazolylcarboxylate groups, and contains the metal ion. The axial 

positions are occupied by the oxygen atoms of two perchlorate anions providing a weak interaction with the 

metal ion. Similar weak axial coordination of perchlorate groups was observed previously for different 

copper(II) complexes.30 The cis angles of the equatorial plane of 96.3(2)° and 83.7° differ considerably from 

the ideal value of 90° as a result of the small bite angle of the thiazolylcarboxylate unit. 

 



 
 

 

Fig. 2. Views of the X-ray structures of the complexes [Cu3(no2th1tha)2(ClO4)2]
2+ (A), [Cu3(no3tha)2(ClO4)2]

2− (B),  

[Cu(Hno3tha)] (C) and [Zn(Hno3tha)] (D). Hydrogen atoms and counterions are omitted for clarity.  

The ORTEP plots are at the 50% probability level. 

 

 

The trinuclear [Cu3(Hno3tha)2(ClO4)2] complex presents a structure similar to that of the Hno2th1tha 

analogue. The coordination environment around Cu2 mimics that found in the Hno2th1tha analogue, the 

main difference being the longer axial Cu–O distances involving the perchlorate groups in the complex with 

H3no3tha (Table 3). The Cu1 ions are coordinated to the three nitrogen atoms of the tacn unit (N1, N2 and 

N3) and two nitrogen atoms of the thiazolylcarboxylate pendants (N4 and N5). The hexacoordination is 

completed by the presence of an inner-sphere water molecule. The coordination polyhedron can be described 



 
 

as an axially distorted octahedron. The equatorial plane is defined by N1, N2, N4 and O7, while the axial 

positions are occupied by N3 and N5, which are characterised by longer Cu–N bonds (Table 3). One of the 

thiazolylcarboxylate units of each ligand is protonated, which is reflected in rather different C16–O3 and 

C16–O4 distances (1.301(8) and 1.220(7) Å, respectively). 

The structures of [Cu(Hno3tha)] and [Zn(Hno3tha)] are very similar. The metal ions are coordinated to the 

three pendant arms of the ligand, yielding a N3O3 exocyclic coordination. One of the nitrogen atoms of the 

tacn unit is protonated, which likely favours the exocyclic coordination. 

The octahedral coordination polyhedron in [Cu(Hno3tha)] is again distorted as a result of the Jahn–Teller 

effect, with two long axial distances (Cu–N6 and Cu–O1, Table 3) and four shorter distances involving the 

donor atoms of the equatorial plane (mean deviation from planarity of 0.01°). The trans angles (O5–Cu–N5, 

170.40(9)°; O3–Cu–N4, 167.83(9)°; O1–Cu–N6, 174.39(8)°) show moderate deviations from the ideal value 

of 180°, while the cis angles fall within the range 76.3 to 106.0°. In the Zn structure the bond distances of the 

metal coordination environment fall within a narrower range (2.06–2.28 Å compared to 1.98–2.43 Å) than 

that observed for the Cu analogue. 

 

 

Fig. 3. Views of the X-ray structures of [Cu(tha)2] (top) and [Cu(tha)2]·4H2O (bottom). Hydrogen atoms and 

counterions are omitted for clarity. The ORTEP plots are at the 50% probability level. 



 
 

The copper(II) complex of methylthiazolylcarboxylate (Htha) was also synthesised as a model system for 

the exocyclic coordination described above, and single crystals suitable for X-ray diffraction were also 

obtained by slow evaporation of the complexes in water. The [Cu(tha)2] complex was crystallised in two 

different forms, both in the monoclinic P21/c space group, with one of them containing water molecules in 

the crystal lattice (Fig. 3). The structures obtained under our conditions are very similar to those already 

described,31 showing the efficiency of such chelating units to form polynuclear networks. The two structures 

contain square-planar [Cu(tha)2] units with the copper centre lying on a crystallographic inversion centre, 

being coordinated by two nitrogen atoms and two oxygen atoms from two inversion-related tha
− ligands. 

The [Cu(tha)2] units are joined by weak Cu⋯O interactions [Cu⋯O2 = 2.567(2) and 2.882(3) Å for 

[Cu(tha)2]·4H2O and [Cu(tha)2], respectively], which expand the coordination of the metal ion into a 4 + 2 

mode, as observed previously for copper(II) complexes of pyrazinecarboxylate,32 4,4′-bipyridine-2-

carboxylate33 and pyridine-2,6-dicarboxylate.34 The metal coordination environments in these two forms of 

the [Cu(tha)2] complex are very similar to those found around the Cu2 metal centres in the trinuclear species 

[Cu3(no2th1tha)2(ClO4)2]
2+ and [Cu3(no3tha)2(ClO4)2]

2−, which together with the similarity of the stability 

constants in solution explains why such trinuclear species are so easily formed in the presence of an excess 

of Cu2+ for ligands containing at least one thiazolylcarboxylate pendant arm. 

Spectroscopic and computational studies 

Absorption spectra in the visible region at 25 °C were obtained from aqueous sample solutions of the 

copper(II) complexes of the three macrocyclic ligands containing a 1 : 1 or 1.5 : 1 Cu2+/L ratio. All 

copper(II) complexes exhibit a single wide absorption band with maxima varying from 650 to 670 nm and a 

low intensity, which is characteristic of d–d transitions of Cu2+ in square pyramidal or distorted octahedral 

environments.35 The samples containing more than 1 equiv. of Cu2+ did not display any significant change 

relative to the ones at a 1 : 1 ratio. Thus, the trinuclear species mentioned before could not be identified by 

visible absorption. The wavelengths and intensity for the absorption maxima reported in Table 4 are those 

observed for the samples containing the 1 : 1 Cu2+/L ratio. 

 

Table 4. Visible absorption bands,a EPR parametersb obtained from the simulation of the experimental spectra  

and EPR parameters obtained with DFT calculations for the copper(II) complexes studied in this work. 

 

  λmax/nm (ε /M−1 cm−1) gx gy gz Ax Ay Az 

Hno2th1tha Exp. 650 (116) 2.040 2.071 2.208 1 27 183 

 Calcd  2.062 2.064 2.187 16.3 21 174b 

H2no1th2tha Exp. 655 (158) 2.036 2.084 2.228 24 35 164 

H3no3tha Exp. 670 (73) 2.043 2.078 2.244 8 23 175 

 Calcdc  2.063 2.085 2.218 13 42 181 

 Calcdd  2.045 2.071 2.177 4.0f 29 186b 

 Calcde  2.047 2.074 2.185 5.0f 32 178b 

Htha   2.056 2.072 2.276 1 11 174 

 
a λmax in nm and ε in M−1 cm−1. b Ai given in 10−4 cm−1. c Calculated for the exo-cyclic [Cu(no3tha)]− complex. 
d Calculated for the endo-cyclic [Cu(no3tha)(H2O)]− complex. e Calculated for the endo-cyclic [Cu(no3tha)]− 

complex. f Calculated as negative values. 

 

 

The EPR spectra of the above complexes were obtained at 130 K from frozen aqueous solutions at 1 M 

NaClO4. The spectra (Fig. 4) could all be simulated using a single paramagnetic species, as no evidence of 



 
 

additional species with different structures was distinguishable in the spectra. The spectra show at least three 

of the four lines expected for gz, with the superhyperfine interactions due to the presence of the nitrogen 

atoms not being observed. The values of the g factors and the A hyperfine coupling constants obtained by 

simulation of the experimental spectra (Table 4) indicate three different principal values of g, with gz > 

(gx + gy)/2 and the lowest g ≥ 2.04, characteristic of mononuclear copper(II) complexes in a rhombic 

symmetry with elongation of the axial bonds and a dx
2−y2 ground state. Combined with the maxima and 

intensity of the visible absorption bands, these data are consistent with distorted square pyramidal or 

octahedral geometries.36 

 

 

Fig. 4. EPR spectra for the 1 : 1 ratio copper(II) complexes of the studied ligands in aqueous solutions  

at 1 M in NaClO4 and pH = 7.0. 



 
 

Solutions of the copper(II) complexes of Htha containing either a 1 : 3 or 1 : 2 Cu2+/L ratio were also 

prepared in 1 M NaClO4 medium and the EPR spectra of the corresponding frozen samples were acquired at 

130 K. Both spectra are analogous and could also be simulated using a single paramagnetic species, thus the 

one for the 1 : 2 Cu2+/L ratio was taken as the representative (Fig. 4). This spectrum is relatively similar to 

those of the complexes of the triaza ligands (Table 4), being also characteristic of mononuclear copper(II) 

complexes in a rhombic symmetry with elongation of the axial bonds and a dx
2−y2 ground state. The only 

difference between these spectra and the previous ones is the noticeably higher value obtained for 

the gz parameter, at around 2.28–2.29 instead of 2.21–2.25, which points to the participation of several 

oxygen atoms at equatorial coordination positions.37 A significant increase of gz is also observed when 

comparing the data obtained for [Cu(no2th1tha)]+ and [Cu(no3tha)]−, again suggesting an increasing 

number of oxygen donor atoms involved in coordination to the metal ion. The EPR spectra of the 

macrocyclic complexes remain nearly unaffected by the addition of Cu2+ to reach a 3 : 2 (M : L) ratio, likely 

as a result of the very similar spectra of the endo- and exo-cyclic metal centres. 

In order to characterise the complexes in solution by 1H NMR, we used the corresponding diamagnetic 

Zn(II) analogues in place of the paramagnetic Cu(II) complexes of H3no3tha and H2no1th2tha. The spectra 

were recorded in D2O at 25 °C and compared to those of the free ligands (Fig. S9 and S12, ESI). The 

spectrum of the [Zn(Hno3tha)] complex evidences a slight shielding of the peaks corresponding to the 

methylene protons of the triazamacrocycle, which are observed as two signals because of the different 

environments of the proton nuclei originated by the complexation with Zn(II). A slight upfield shift (Δδ = 

0.22 ppm) of the signal due to the thiazolyl group is also observed. It is noteworthy that the signal of the 

CH2 protons of the pendant arms is observed as a singlet. In contrast, the 1H NMR spectrum of 

[Zn(no1th2tha)] is characteristic of a more rigid structure. In particular, two of the CH2 groups of the 

pendant arms give an AB spin system with doublets at 4.42 and 4.56 ppm, while the CH2 group of the third 

arm gives a singlet at 4.52 ppm. This suggests that one of the pendant arms is not involved in coordination to 

the metal ion. The more rigid structure evidenced by the 1H NMR spectrum of [Zn(no1th2tha)] suggests an 

endocyclic coordination of the metal ion, while for [Zn(Hno3tha)] the spectrum is compatible with the 

exocyclic coordination observed in the solid state. This exo-cyclic coordination is compatible with the rather 

high protonation constant determined by potentiometric titrations (log KZnHL = 7.38), which can only be 

explained by the protonation of the tacn unit. 

In order to gain further insight into the structure of the complexes in solution, we performed DFT 

calculations at the TPSSh/Def2-TZVPP level (see computational details below). We initially performed 

geometry optimizations on the [Cu(no3tha)]−·H2O system, which provided two local energy minima with 

the Cu2+ ion showing either endo- or exo-cyclic coordination, with the metal coordination environments 

being very similar to those observed in the solid state for the [Cu3(Hno3tha)2(ClO4)2] and [Cu(Hno3tha)] 

complexes (Fig. S28, ESI). The corresponding relative Gibbs free energy favoured the exocyclic 

coordination by 6.2 kcal mol−1. The exocyclic form becomes even more stable with respect to the endocyclic 

one in the absence of the additional water ligand (11.2 kcal mol−1). These results strongly support that the 

[Cu(no3tha)]− complex presents an exocyclic coordination similar to that observed for the protonated 

complex in the solid state. 

Theoretical calculations of the EPR parameters using DFT methods gave additional support to the proposed 

exocyclic coordination in [Cu(no3tha)]−. In particular, our calculations give EPR parameters for the endo-

cyclic [Cu(no3tha)(H2O)]− and [Cu(no3tha)]− model systems that are virtually identical to those calculated 

for [Cu(no2th1tha)]+, which was previously demonstrated to present an endocyclic structure (Table 

4).24 Conversely, the exocyclic form of the [Cu(no3tha)]− complex presents a significantly higher value 

of gz, in line with the experimental values. The calculated g-tensor contains contributions from the relativistic 

mass correction, the diamagnetic spin–orbit term, and the paramagnetic spin−orbit term, with the latter 

representing the main contribution (Table S2, ESI). The higher gz value calculated for the exo-cyclic 



 
 

[Cu(no3tha)]− system compared to [Cu(no2th1tha)]+ is the result of a larger paramagnetic spin−orbit 

contribution, which correlates well with the simultaneous red shift of the d−d absorption bands in the 

electronic spectra (Table 4). 

Electrochemical properties 

The redox properties of the [Cu(no1th2tha)] and [Cu(no3tha)]
−
 complexes were studied by cyclic 

voltammetry (CV) in aqueous solutions of 0.1 M LiClO4 at pH ∼7 at a glassy carbon electrode under argon 

(Fig. 5, A1–2 and B1–2). The electrochemical parameters are gathered in Table 5, together with those of 

[Cu(no2th1tha)](ClO4) and [Cu(no2th)](ClO4)2 for the sake of comparison. The cyclic voltammogram of 

[Cu(no3tha)]− displays an irreversible system behaviour with Epc = −0.48 V and Epa = −0.26V with a high 

ΔE value of 0.22 V, suggesting that coordination modifications occurred in the system after reduction (Fig. 

5, B1). By contrast, the CV of the [Cu(no1th2tha)] complex, carried out under the same conditions, exhibits 

a quasi-reversible system behaviour with Epc = −0.31 V and Epa = −0.19 V (ΔEp = 0.12 V) (Fig. 5, A1). In the 

last case, a second weak oxidation peak can be noted (Epa2 = 0.14 V) on the back scan, revealing that a very 

minor part of the formed Cu(I) complex might undergo a system reorganisation. 

 

 

Fig. 5. Cyclic voltammograms (0.1 V s−1 scan rate) before (A1, B1) and after (A2, B2) electrolysis of complexes  

at a glassy carbon electrode in 0.1 M H2O/LiClO4 under an argon atmosphere; A: 1 mM [Cu(no1th2tha)],  

pH 7.1; B: 1 mM [Cu(no3tha)]−, pH 6.8. 

 

 

Electrolyses of the two complexes were performed to further evaluate the stability of the Cu(I) species. For 

[Cu(no3tha)]−, the CV of the resulting Cu(I) complex after electrolysis at E° = −0.55 V shows no oxidation 

or reduction waves, indicating that demetallation occurred, in agreement with the previously observed 

irreversible behaviour (Fig. 5, B2). This might be related to the exo-cyclic coordination of the metal ion 



 
 

suggested by X-ray and computational studies. For the second complex [Cu(no1th2tha)], the CV of the 

Cu(I) species obtained after electrolysis at E° = −0.40 V (vs. Ag/AgCl) confirmed the quasi-reversible 

character of this new system (Fig. 5, A2). 

The [Cu(no2th1tha)]+ and [Cu(no1th2tha)] complexes exhibit close redox properties (Table 5) with similar 

voltammetric profiles. Nevertheless, [Cu(no2th)]2+ presents the most negative E1/2 value (−0.47 

V vs. Ag/AgCl) within this series of complexes, and appears to be the most stable one in the presence of 

potential reducing agents. 

 

Table 5. Electrochemical data (in V vs. Ag/AgCl) measured for the studied copper(II) complexes. 

 

Ligand Epc Epa E1/2 ΔE 

no2tha −0.51 −0.44 −0.47 0.07 

Hno2th1thab −0.32 −0.23 −0.27 0.09 

H2no1th2tha −0.31 −0.19 −0.26 0.12 

H3no3tha −0.48 −0.26 - 0.22 

 
a From ref. 23. b From ref. 24. 

 

 

Conclusions 

Following our earlier study on the Cu(II) complexation with the Hno2th1tha azaligand, in which 

potentiometric titrations evidenced the formation of Cu3L2 species depending on the stoichiometric 

conditions,24 we have investigated the complexation properties of close tacn-based ligands bearing an 

increased number of methylthiazolylcarboxylate arms. We reasoned that the presence of such coordinating 

arms should have an important impact on copper coordination, in particular promoting the formation of 

polynuclear and exo-cyclic structures. 

The potentiometry study has revealed that the two newly synthesised chelators H2no1th2tha and 

H3no3tha also lead to trinuclear M3L2 complexes with copper(II) but mononuclear ML complexes with 

zinc(II). Complexes of this ligand series have been synthesised and some of them have been isolated and 

characterised by X-ray diffraction. This allowed us to elucidate the structures of the polynuclear complexes 

and to determine the tendency of such ligands to form preferentially exocyclic over endocyclic complexes by 

increasing the number of methylthiazolylcarboxylate arms and/or the stoichiometric amount of metal. 

The trimetallic [Cu3(no2th1tha)2(ClO4)2](ClO4)2 and [Cu3(Hno3tha)2(ClO4)2] structures are composed of 

two ligands exhibiting a cupric endocyclic cation in each macrocycle, while the third copper centre is 

coordinated jointly by a methylthiazolylcarboxylate unit of each macrocycle. This tendency could be 

explained by looking at the mononuclear [Cu(Hno3tha)] and [Zn(Hno3tha)] structures, which contain a 

metal centre coordinated in an exocyclic manner by the three methylthiazolylcarboxylate pendants. This 

chelator then promotes the formation of “out-of- cage” complexes, at least in the absence of an excess of 

metal. 

The analysis of the structures of the complexes in solution using visible absorption and EPR spectroscopy 

also suggests the change from endo- to exo-cyclic coordination shown in the solid state. DFT calculations 

also support the exocyclic coordination mode with copper(II) of the H3no3tha ligand. NMR experiments that 

are limited to the Zn(II) complexes are in accordance with an endocyclic complex with H2no1th2tha, while 



 
 

the NMR spectra of [Zn(Hno3tha)] give evidence of an exocyclic coordination, confirming the previous 

behaviour. Nevertheless, as demonstrated by the electrochemical study of the copper complexes, the “out of 

cage” complexes are not stable regarding the Cu(II)–Cu(I) reduction when compared to their “in cage” 

analogue. 

This study confirmed that Hno2th1tha is a promising bifunctional chelator for conjugation, as we 

demonstrated on a previous report.24 It has also shown that methylthiazolylcarboxylate pendant arms 

attached to a tacn scaffold can compete with the small triazamacrocycle unit for copper(II) coordination, as 

their number increases. This leads to exocyclic complexation when the number of thiazolylcarboxylate 

groups alone satisfies the coordination sphere of the cation, counterbalancing the macrocyclic effect. Finally, 

this study has evidenced that methylthiazolylcarboxylate coordinating groups are strong chelating units and 

thus should be of great interest for their incorporation into non-macrocyclic chelators. 

 

Experimental section 

Materials and methods 

Reagents were purchased from ACROS Organics and from Aldrich Chemical Co. 1,4,7-Triazacyclononane 

(tacn) was purchased from CheMatech (Dijon, France). 2-Bromomethylthiazole38 and 2-chloromethyl-1,3-

thiazole-4-carboxylic acid methyl ester were obtained by following the published procedures.39 Acetonitrile, 

THF and water solvents were distilled before use. HRMAS analyses were performed at ICOA, Orléans, 

France. NMR spectra were recorded at the “Services communs” of the University of Brest. 1H and 13C NMR 

spectra were recorded with Bruker Avance 500 (500 MHz), Bruker Avance 400 (400 MHz), or Bruker 

AMX-3300 (300 MHz) spectrometers. Chemical shifts in NMR are given in ppm (δ) and coupling constants 

(J) in Hz. 

Ligand synthesis 

1,4,7-tris(methylthiazol-2-ylmethyl-4-carboxylate)-1,4,7-triazacyclononane (no3tha). 2-Chloromethyl-

1,3-thiazole-4-carboxylic acid methyl ester (1.71 g, 12.7 mmol, 3.3 eq.) was added to a solution of tacn (500 

mg, 3.80 mmol) in 40 mL of CH3CN with potassium carbonate (3.15 g, 22.8 mmol). The mixture was stirred 

at room temperature for 2 days. The mixture was filtered over a Celite pad and the filtrate was evaporated 

under dryness. The residue was purified by flash chromatography on silica gel (CHCl3 100% to 

CHCl3/MeOH 90 : 10) yielding a yellow oil (2.0 g, 87%). 1H NMR (300 MHz, CDCl3) δ 2.96 (s, 12H, 

CH2 tacn), 3.91 (s, 9H, CH3), 4.03 (s, 6H, CH2αN), 8.13 (s, 3H, CH); 13
C NMR (75.5 MHz, CDCl3) δ 52.5 

(CH3), 56.3 (CH2 tacn), 60.4 (CH2); 128.4 (CHαS), 146.5 (C N), 161.9 (CO), 173.7 (Cq); ESI-

HRMSm/z calcd for [C24H31N6O6S3]
+ 595.14617, found 595.14557. 

The previous yellow oil was dissolved in 6 M hydrochloric acid and stirred under reflux for 24 hours. 

Evaporation of the aqueous solvent gave 1,4,7-tris(methylthiazol-2-ylmethyl-4-carboxylate)-1,4,7-

triazacyclononane H3no3tha·3HCl in its hydrochloride salt as a white solid in quantitative yield (2.10 g). 1H 

NMR (300 MHz, D2O) δ 3.48 (s, 12H, CH2 tacn), 4.61 (s, 6H, CH2αN), 8.34 (s, 3H, CH); 13C NMR (75.5 

MHz, D2O) δ 53.5 (CH2 tacn), 58.5 (CH2), 134.2 (CHαS), 148.7 (CαCO), 166.3 (CO), 168.0 (C N). ESI-

HRMS: m/z calcd for [C21H25N6O6S3 + H]+ 553.09925, found 553.09922 [M + H+]. 

1-Methylthiazolyl-1,4,7-triazacyclononane (no1th). N-Dimethoxymethyl-N,N-dimethylamine (1.1 g, 9.28 

mmol) was added to a solution of tacn (1.2 g, 9.28 mmol) in a mixture of CHCl3/toluene 2/8 v/v (10 mL). 

The reaction mixture was stirred at room temperature for 12 h, and the solvent was then evaporated under 

reduced pressure yielding 3 as a clear oil in quantative yield (1.28 g, 99%). The protected tacn25 (1.10 g, 7.90 

mmol) was dissolved in the minimum amount of THF (10 mL) and then a solution of 2-



 
 

(bromomethyl)thiazole (1.90 g, 10.2 mmol) in THF (3 mL) was added. The reaction mixture was stirred at 

room temperature for 20 hours. The precipitate was filtered to yield 4 as a yellow powder (2.20 g, 89%). The 

corresponding ammonium salt (887 mg, 3.49 mmol) was dissolved in 12 M HCl/MeOH 1/1 v/v (20 mL) and 

stirred at reflux for 24 hours. After evaporation of the solvent, the crude product was dissolved in water and 

the pH of the aqueous solution was adjusted to pH >12 with NaOH pellets. The aqueous solution was 

extracted with CH2Cl2 (3 × 30 mL), the combined organic layers were dried over MgSO4, and evaporated to 

yield no1th as a brown oil (791 mg, 99%). 1H NMR (D2O, 300 MHz, 298 K) δ 2.68 (m, 4H), 2.98 (m, 4 H), 

3.24 (s, 4H, CH2–N), 4.15 (s, 2H), 7.70 (d, 1H, J 3), 7.80 (d, 1H, J 3). 13C NMR (D2O, 75.5 MHz, 298 

K) δ 44.7, 46.1, 49.7 (CH2 tacn), 53.7 (CH2-N) 127.9 (CH), 136.4 (CH), 171.4 (Cq). ESI-HRMS m/z calcd 

for C10H19N4S, 227.13249; found, 227.13257. 

1-(Thiazol-2-ylmethyl)-4,7-bis(methyl-thiazol-2-ylmethyl-4-carboxylic acid)-1,4,7-triazacyclononane, 

H2no1th2tha (7). A solution of 2-chloromethyl-1,3-thiazole-4-carboxylic acid methyl ester (1.35 g, 7.32 

mmol) in acetonitrile (60 mL) and potassium carbonate (4.05 g, 29.3 mmol) were added to no1th (791 mg, 

3.49 mmol) dissolved in acetonitrile (20 mL). The mixture was stirred at room temperature for 3 days, 

filtered and the solvent was evaporated under reduced pressure to yield a brown oil. The residue was purified 

by flash chromatography on Al2O3 (hexane/CHCl3 70 : 30 to 30 : 70) yielding 6 as a yellow oil (1.35 g, 

72%). 1H NMR (300MHz, CDCl3) δ 2.92–2.99 (m, 12H, CH2 tacn), 3.91 (s, 6H, CH3), 4.02 (s, 6H), 7.25 (d, 

1H, J 3), 7.64 (d, 1H, J 3), 8.12 (s, 1H); 13C NMR (CDCl3, 75.5 MHz, 298 K) δ 52.5 (CH3), 56.1, 56.2, 56.4 

(CH2 tacn), 60.2 (CH2), 119.4 (CH αS), 128.4 (CH αS), 142.3 (CH αN), 146.4 (Cq), 162.0 (C O), 171.5 

(Cq), 174.0 (Cq); ESI-HRMS m/z calcd for C22H29N6O4S3, 537.14069; found, 537.14088. 

Compound 6 (148 mg; 0.27 mmol) was dissolved in 6 M HCl (10 mL) and stirred at 100 °C for 24 hours. 

Evaporation of the solvent gave H2no1th2tha·3HCl as an off-white solid in quantitative yield (160 mg) 

(calcd. for 3 HCl, the number of HCl has been determined by potentiometric titration). 1H NMR (D2O, 300 

MHz, 298 K) δ 2.99 (s, 4H, CH2 tacn), 3.26 (s, 4H, CH2 tacn), 3.41 (s, 4H, CH2 tacn), 4.45 (s, 2H, CH2), 4.54 

(s, 4H, CH2), 7.72 (s, 1H, CH), 7.82 (s, 1H, CH), 8.19 (s, 1H, CH). 13C NMR (D2O, 75.5 MHz, 298 

K) δ 51.1, 53.0, 53.9 (CH2 tacn), 55.4 (CH2), 58.3 (CH2), 127.2 (CH αS), 134.6 (CH αS), 138.6 (CH αN), 

148.3 (Cq), 165.7 (C O), 170.4 (Cq). ESI-HRMS m/z calcd for C20H25N6O4S3, 509.10937; found, 

509.10933. 

Complex synthesis and characterization 

CAUTION! Although no problem arose during our experiments, perchlorate salts and their metal complexes 

are potentially explosive and should be handled with great care and in small quantities.40 

General procedure for the complex (1 : 1 M/L ratio) synthesis in water 

The ligand (0.1 mmol) was dissolved in 10 mL of water. The pH of the solution was adjusted to ca. pH = 6, 

before the addition of 0.9 equiv. of the corresponding M(II) perchlorate salt. The pH was checked again and 

stabilized to pH 6.4 to 6.7 by addition of 0.1 M aqueous KOH. The solution was stirred for 12 hours under 

reflux. After cooling the solution to room temperature, the solvent was evaporated and the residue was 

collected in MeOH. The desired compound remained insoluble in MeOH while the excess of M(II) 

perchlorate salts were soluble. The solid was filtered and the process was repeated with MeOH (2 × 3 mL), 

and then dissolved again in water and dried carefully under reduced pressure. 

[Cu(Hno3tha)],·4H2O. The compound was obtained as a green powder (55 mg, 90%). ESI-HRMS m/z calcd 

for [C21H24N6O6S3Cu]2+, 307.51022; found, 307.51028. 

[Zn(Hno3tha)]. The compound was obtained as a white powder (53 mg, 87%). 1H NMR (D2O, 300 MHz, 

298 K) δ 2.99–3.14 (m, 12H, CH2 tacn), 4.58 (s, 6H, CH2), 8.12 (s, 3H, CH). ESI-HRMS m/z calcd for 

[C21H24N6O6S3Zn]2+, 308.00999; found, 308.00983. 



 
 

[Zn(no1th2tha)]. The compound was obtained as a white powder (53 mg, 93%). 1H NMR (D2O, 400 MHz, 

298 K) δ 2.84–2.95 (m, 4H, CH2 tacn), 2.99–3.02 (m, 2H, CH2 tacn), 3.11–3.24 (m, 6H, CH2, tacn), 4.40–

4.44 (d, 2H, J 16, CH2), 4.52 (s, 2H, CH2), 4.54–4.58 (d, 2H, J 16, CH2), 7.28 (d, 1H, J 4, CH) 7.70 (d, 

1H, J 4, CH) 8.04 (s, 2H, C CH). ESI-HRMS m/z calcd for [C20H24N6O4S3Zn]2+ 286.0151; found 

286.0150. 

[Cu(no1th2tha)]. The compound was obtained as a green powder (51 mg, 91%). ESI-HRMS m/z calcd for 

[C20H24N6O4S3Cu]2+ 285.5153; found 285.5157. 

General procedure for the complex (3 : 2 M/L ratio) synthesis in water 

The ligand (0.1 mmol) was dissolved in 10 mL of water. The pH of the solution was adjusted to ca. pH = 6, 

before the addition of 1.5 equiv. of the corresponding M(II) perchlorate salt. The pH was checked again and 

stabilized to pH 6.4 to 6.7 by addition of 0.1 M aqueous KOH. The solution was stirred for 12 hours under 

reflux. After cooling the solution to room temperature, the solvent was evaporated and the residue was 

collected in MeOH. The desired compound remained insoluble in MeOH while the excess of M(II) 

perchlorate salts were soluble. The solid was filtered and the process was repeated with MeOH (2 × 3 mL), 

and then dissolved again in water and dried under reduced pressure. 

Potentiometric studies. The potentiometric setup was described previously.24 Titrations were performed in 

aqueous solutions at 0.10 ± 0.01 M of KNO3 and 25.0 ± 0.1 °C. The titrants were a KOH solution prepared 

at ca. 0.1 M from a commercial ampoule and standardized by application of the Gran method,41 and also a 

standard HNO3 solution at 0.100 M used on back titrations as prepared from a commercial ampoule. A 

standard solution of ethylenediaminetetraacetic acid dipotassium salt (K2H2edta) was prepared at 0.050 M 

from a commercial ampoule. Ligand (commonly designated as L) solutions were prepared at ca. 2.0 × 

10−3 M in water acidified with HNO3 to pH ≈ 2. The Cu2+ and Zn2+ solutions were prepared at ca. 0.05 M 

from analytical grade nitrate salts and standardized by complexometric titrations42 with the standard 

K2H2edta solution. Sample solutions for titrations contained approximately 0.03–0.05 mmol of ligand in a 30 

mL starting volume, and in complexation titrations metal cations were added at ca. 0.9 and 1.5 equiv. of the 

ligand amount. 

The electromotive force during titrations was measured after calibration of the electrode by titration of a 

standard HNO3 solution at 2.0 × 10−3 M. The [H+] of the solutions was determined by measurement of the 

electromotive force of the cell, E = E°′ + Q log [H+] + Ej, and the term pH is defined as −log [H+]. E°′ 

and Q were determined from the acidic pH region of the calibration titrations. The liquid-junction 

potential, Ej, was found to be negligible under the experimental conditions used. The value of Kw = 

[H+][OH−] was determined to be equal to 10−13.78 by titrating a solution of a known hydrogen-ion 

concentration at the same ionic strength in the alkaline pH region, considering E°′ and Q valid for the entire 

pH range. The protonation constants of H4edta and the thermodynamic stability constants of its copper(II) 

complex used in competition titration refinements were taken from the literature.43 

Each in-cell titration consisted of ca. 120–150 equilibrium points in the range of pH 2.5–11.0, and at least 

two replicate titrations were performed for each particular system. Back titrations were always performed at 

the end of each direct complexation titration in order to check if equilibrium was attained throughout the 

entire pH range. An out-of-cell titration of H3no3tha with copper(II) in the pH range 3.5–5.0 (where 

equilibrium was not reached during in-cell titrations) was prepared in 10 separate individual points (each at 

1/10 the volume of the corresponding analytical solution for the in-cell titration) closed in vials under a 

nitrogen atmosphere. These points were measured after 4 weeks of stabilization (found by repeated 

measurement over time of one test vial) and used together with the respective in-cell titration. Competition 

titrations with H4edta were also performed for all metal–ligand systems except zinc(II)-H3no3tha to 

determine the stability constants of the ML complex species, using a 1 : 1 : 1 (Cu/L/edta) ratio at 0.03–0.05 



 
 

mmol of ligand, such that the competition equilibria taking place are mainly between the ML complex 

species of edta and of the studied ligands. Thus, only the stability constant for the ML complexes can be 

accurately obtained from the competition, taking into account that the ML constants for edta are accurately 

known under our experimental conditions. To determine the full set of stability constants for the various 

complex species for each metal : ligand system, refinements included the direct titrations performed at both 

metal ratios (0.9 and 1.5 equiv.) while including the stability constant for the ML species as a fixed value in 

case it was determined by competition. 

The potentiometric data were refined with the HYPERQUAD software,44 while species distribution diagrams 

and pM values were calculated using the HySS software.45 The overall equilibrium constants βHL
i and 

βMmHhLl are defined by βHL
i = [HhLl]/[H]h[L]l and βMmHhLl = [MmHhLl]/[M]m[H]h[L]l. Differences, in log 

units, between the values of protonated (or hydrolysed) and non-protonated constants provide the stepwise 

(log K) reaction constants (being KMmHhLl = [MmHhLl]/[MmHh–1Ll][H]). The errors quoted are the standard 

deviations calculated by the fitting program for the experimental data in each system. 

Spectroscopic studies. Samples of the copper(II) complexes of the macrocyclic ligands were prepared in 

aqueous solution around neutral pH at ca. 1 mM concentration of ligand, using either 0.8–0.9 or 1.5 eq. of 

Cu2+. These solutions were left for 1–2 days to equilibrate before being used to measure the visible spectra 

and to prepare the corresponding EPR samples. The visible spectra were acquired on a PerkinElmer lambda 

650 spectrophotometer at 25 °C in quartz cuvettes of 1 cm path length. Samples for EPR were prepared from 

the previous complex solutions by addition of a 5 M NaClO4 solution to 1 M final salt concentration. 

Samples of the copper(II) complex of Htha for EPR were prepared directly using 1 : 2 and 1 : 3 Cu : L ratios 

in aqueous solutions also at 1 M NaClO4. The EPR spectra of the frozen samples were acquired at 130 K on 

a Bruker EMX 300 spectrometer operating at the X-band and equipped with a continuous-flow cryostat for 

liquid nitrogen, at a microwave power of 2.0 mW and a frequency (ν) of 9.51 GHz. The spectra were all 

simulated using a single paramagnetic species with the SpinCount software.
46

 

Electrochemistry. The electrochemical studies were performed in a glovebox (Jacomex) (O2 < 1 ppm, H2O 

< 1 ppm) with a home-designed 3-electrode cell (WE: glassy carbon, RE: Ag/AgCl/NaCl (3 M), CE: 

graphite rod). The potential of the cell was controlled by using an AUTOLAB PGSTAT 302 (Ecochemie) 

potentiostat monitored by using a computer. The glassy carbon electrode was carefully polished before each 

voltammetry experiment with a 1 μm alumina aqueous suspension and ultrasonically rinsed with water and 

then with acetone. Exhaustive electrolysis was performed with a graphite rod working electrode. The 

ultrapure (18 MΩ) deoxygenated water was used as received and kept under argon in the glovebox after 

degassing. Sodium perchlorate (Sigma-Aldrich, 99.99%) was used as a supporting electrolyte in 0.1 M 

concentration without purification. Experimental redox potential values were recalculated against E° (NHE) 

by considering that E° (Ag/AgCl/NaCl (3 M)) = 0.22 V vs. NHE. 

X-ray diffraction studies. X-ray diffraction data were collected with a X-Calibur-2 CCD 4-circle 

diffractometer (Oxford Diffraction), including a four circle goniometer (KM4) and a two-dimensional CCD 

detector (SAPPHIRE 2). Three-dimensional X-ray diffraction data were collected on an X-Calibur-2 CCD 4-

circle diffractometer (Oxford Diffraction). Data reduction, including interframe scaling, Lorentzian, 

polarization, empirical absorption, and detector sensitivity corrections, were carried out using programs that 

are part of CrysAlis software47 (Oxford Diffraction). Complex scattering factors were determined from the 

program SHELX9748 running under the WinGX program system.49 The structure was solved by direct 

methods with SIR-97
50

 and refined by full-matrix least-squares on F
2
. All hydrogen atoms were included in 

calculated positions and refined in riding mode. Crystal data and details of the data collection and refinement 

are summarized in Table 6. CCDC numbers 1901777, 1901781 and 1903039 contain the supplementary 

crystallographic data for this article. 

 



 
 

Table 6. Crystal data and structure refinement details for [Cu(Hno3tha)]·4H2O (1), [Zn(Hno3tha)] (2), 

[Cu3(no3tha)2](ClO4)2·6H2O (3), [Cu3(no2th1tha)2](ClO4)4·2H2O (4), [Cu(tha)2] (5) and [Cu(tha)2]·4H2O (6). 

 

 1 2 3 4 5 6 

Formula C21H30N6O10S3Cu C24H34Cl0.50N7O11.25

S3Zn 

C42H54Cl2Cu3N12

O26S6 

C38H50Cl4Cu3N12

O22S6 

C8H4CuN2O4S2 C8H12CuN2O8S2 

MW 686.23 779.86 1596.85 1551.68 319.79 391.86 

Crystal syst. Triclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic 

Space group P1̅ P21/n −P2ybc P1̅ P21/c P21/c 

T/K 296(2) 170(2) 296(2) 296(2) 297(2) 297(2) 

λ Å−1 (MoKα) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

a/Å 8.9546(4) 9.1563(8) 14.9658(6) 9.7341(6) 5.1905(3) 9.9681(4) 

b/Å 10.9939(5) 40.419(3) 13.3025(5) 10.4174(7) 11.6469(7) 7.6471(3) 

c/Å 14.0477(6) 17.2257(18) 15.8016(6) 14.3026(8) 8.1551(6) 9.1380(5) 

α/° 85.134(4) 90 90 87.718(5) 90 90 

β/° 86.799(3) 100.485(10) 103.766(4) 89.646(5) 91.326(7) 96.069(4) 

γ/° 81.534(4) 90 90 80.050(5) 90 90 

V (Å3) 1361.62(10) 6268.6(10) 3055.5(2) 1427.39(15) 492.87(5) 692.66(5) 

Z 2 8 2 1 2 2 

Dcalc. (g cm−3) 1.674 1.653 1.736 1.805 2.155 1.879 

μ/mm−1 1.099 1.097 1.419 1.602 2.641 1.918 

F(000) 710 3228 1630 789 318 398 

θ range (°) 3.72 to 27.468 3.895 to 23.678 3.625 to 24.895 3.41 to 26.37 3.921 to 27.119 4.11 to 28.752 

Rint 0.1273 0.1771 0.1865 0.153 0.1162 0.0886 

Refl. meas. 16 901 29 022 18 817 17 173 1997 4250 

Unique refl. 5560 12 795 6226 5817 1008 2047 

Refl. obsd 4356 5009 4132 4621 806 1416 

GOF on F2 1.03 0.938 1.035 1.071 1.002 1.061 

R1 0.0468 0.0904 0.0633 0.0558 0.0535 0.0418 

wR2 0.1143 0.1225 0.1621 0.1406 0.1261 0.0827 

Largest ≠ peak & 

hole (e Å−3) 

0.403–0.508 0.679–0.853 0.861–0.533 0.734–0.685 0.761–0.793 0.413–0.311 

 

 

DFT studies. Geometry optimisations were carried out employing DFT calculations within the hybrid meta-

GGA approximation with the TPSSh exchange–correlation functional51 and the Gaussian 09 package 

(Revision E.01).52 Bulk solvent effects were included by using the integral equation formalism variant of the 

polarizable continuum model (IEFPCM).53 The triple-ξ basis set including polarization functions def2-

TZVPP proposed by Ahlrichs was used in these calculations.54 No symmetry constraints have been imposed 

during the optimisations. The stationary points found on the potential energy surfaces were ensured to 

represent energy minima rather than saddle points via frequency analysis. Gibbs free energies were obtained 

at T = 298.15 K within the harmonic approximation. The ultrafine integration grid (99 radial shells and 590 

angular points) and the default SCF energy convergence criteria (10−8) were used in all calculations. 

The calculations of the g- and A-tensors were carried out using the ORCA program package (version 

4.0.1)55 and the methodology developed by Neese.56 The g-tensor was calculated with the TPSS0 

functional,
57

 a 25% exchange version of TPSSh (10% exchange) that provides improved energetics.
58

 The 

centre of the electronic charge was taken as the origin for the calculation of the g-tensor. The spin–orbit 

contributions to the hyperfine coupling constants and g values were computed via the spin–orbit mean field 

approach (SOMF) using the one-centre approximation to the exchange term (SOMF(1X)).59 The basis set 

used for the calculation of EPR parameters comprised the aug-cc-pVTZ-J basis set of Sauer for Cu,60 and 

Ahlrichs’ def2-TZVPP basis set for all other atoms. The RIJCOSX approximation61 was used to speed up the 



 
 

calculations of the EPR parameters using the auxiliary basis sets constructed automatically by ORCA with 

the autoaux keyword.62 The convergence tolerances and integration accuracies of the calculations were 

increased from the defaults using the available TightSCF and Grid5 options (Grid7 for Cu). Solvent effects 

(water) were taken into account by using the SMD solvation model.63 
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