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1. INTRODUCTION 

 

Metal ions play significant roles in biological and biomedical processes, since without them the 

course of many important vital processes in the human body – like the optimal functioning of 

enzymes, osmotic balance in cells, photosynthesis and other processes – would not be possible [1-

5]. The versatile biological roles of metal ions in the living organisms have stimulated the 

development of metal-based therapeutics. Metal-containing compounds have been used for the 

treatment of different diseases since ancient times, namely the Egyptians had the knowledge about 

the therapeutic potential of gold salts, the Chinese used the metalloid arsenic containing drugs such 

as arsenic trioxide (ATO), what was later applied for the treatment of rheumatoid diseases, 

syphilis, psoriasis and as antiseptic agents in the beginning of the 20th century. Moreover, ATO 

was suggested to be used against leukemia in the 18th and 19th centuries. Nevertheless, metal-

containing compounds were in the spotlight as potential chemotherapeutic agents against tumors 

only after the serendipitous discovery of the anticancer properties of the platinum(II) complex, 

cisplatin, in 1960s [1]. Since that time a pronounced surge in research interest has been directed 

towards platinum complexes as potential anticancer drugs due to the success of cisplatin [6]. 

Currently, cisplatin and related compounds (carboplatin and oxaliplatin) are the most frequently 

used chemotherapeutics against different types of cancer [1]. Besides that, four more platinum-

containing compounds have obtained regulatory approval locally: lobaplatin (China), heptaplatin 

(Korea), nedaplatin (Japan) and miriplatin (Japan) [1]. However, platinum compounds, as well as 

most of the organic chemotherapeutic drugs, have two major disadvantages, namely the 

appearance of serious side effects (e.g. nephrotoxicity, weakened immune system, vomiting) 

during the treatment and later on, and they often induce resistance in tumors, which decreases the 

efficacy of other chemotherapeutics as well [1,7-9]. Employing non-essential metal ions for cancer 

treatment also bears environmental implications, since the selected platinum agents end in natural 

water leading to the elevated concentration of water-soluble platinum [10,11]. This poses a high 

risk for all forms of life, switching to complexes of essential metal ions as means to overcome this 

threat [12,13].  

The abovementioned problems initiated the investigation of other non-platinum metal-

based anticancer compounds with different mechanisms of action. In spite of the fact that none of 

the non-platinum metal-containing drugs has been approved till now for cancer chemotherapy, a 

significant progress has been achieved in this field [14-19]. Several metal-containing compounds, 

such as motexafin lutetium, palladium bacteriopheophorbide and purlytin, showed promising 

anticancer activity in photodynamic therapy; however, finally they were not approved worldwide 
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due to their toxicity, photosensitivity or insufficient efficacy [20]. On the contrary, there are some 

potential metal-based compounds, which are currently in clinical trials, such as complexes of 

ruthenium(II/III), gallium(III), iron(II) and gold(I) [21-23]. Moreover, it should be noted that one 

of these compounds (sodium trans-[tetrachlorobis(1H-indazole)ruthenate(III)], BOLD-100) got 

orphan drug designation status from the U.S. Food and Drug Administration for the treatment of 

gastric and pancreatic cancer [24]. 

Taking these issues into consideration, another strategy was implemented. In the literature, 

there are some examples of anticancer compounds like 8-hydroxyquinolines, PAN inhibitors, 

adamantane sulfonamides, dithiocarbamates, salicylate metal-binding isosteres, 

hydroxypyridinethiones and hydroxamic acids [25-27], which can form stable metal complexes in 

situ with essential metal ions. These organic compounds can be involved in the inhibition of vital 

metalloenzymes, which participate in the proper functioning of the cell (e.g. cell division); or the 

formed metal complexes may catalyze processes, which can induce the production of reactive 

oxygen species (ROS) and disrupt the redox homeostasis [28].  

In this thesis, studies on thiosemicarbazones, semicarbazones and 2-aminophenols are 

reported, as these compounds also show affinity to essential metal ions (Cu(II) and Fe(II/III)) and 

may exert their anticancer effect in a similar way. To find out the most probable mechanism of 

action of the title compounds, detailed solution equilibrium studies are needed. 
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2. Literature overview 

 

2.1 Thiosemicarbazones 

Thiosemicarbazones (TSCs) are a class of compounds similar by structure to semicarbazones 

(SCs), in which the oxygen atom is substituted by a sulfur atom. They can be obtained by a 

condensation reaction between a thiosemicarbazide and an aldehyde or a ketone [29].  

 

Chart 1. General structural formula of thiosemicarbazones and semicarbazones. 

In general, the thiosemicarbazone scaffold contains (N,S) donor atoms (Chart 1) and can 

act as mono- or bidentate chelating agents. Moreover, their coordination capacity can be expanded, 

if aldehydes or ketones with additional functional groups are used for their preparation 

incorporating coordinating donor atoms in positions suitable for chelation [29]. It is also 

noteworthy to mention that TSCs can occur in the tautomeric thione and thiol forms (Scheme 1). 

They can coordinate to metal ions in neutral or anionic forms, where the latter can be obtained by 

the deprotonation of NH of the thiosemicarbazide moiety (or the SH group in the case of the thiol 

form, Scheme 1) [30]. The most commonly studied type of TSCs are the tridentate α-N-

heterocyclic TSCs, which contain an extra coordinating moiety (typically a pyridine ring) and can 

coordinate via (Npyridyl,N,S) binding set. Another type of TSCs are the salicylaldehyde derivatives, 

where a phenolate group can also participate in the coordination to metal ions besides the usual 

(N,S) donor atoms. 

 

Scheme 1. Structural formula of thiosemicarbazones in thione and thiol tautomeric forms. 

Although thiosemicarbazones were first mentioned in the end of the 19th century, interest 

on these compounds has appeared much later due to their diverse range of biological activity [31]. 

Namely, antitubercular, antibacterial, antimalarial, antileprosy, antiparasitic, antiviral, 

antiproliferative and antitumor activities were found [32]. The first compound, which was 

clinically approved from the group of TSCs, was thioacetazone (Chart 2) for the treatment of 

thiosemicarbazone semicarbazone

thiolthione
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tuberculosis [33]. Later on, another TSC derivative, methisazone (Chart 2) was developed and 

used against smallpox [33]. The anticancer activity of TSCs was mentioned for the first time in 

1956, where 2-formylpyridine thiosemicarbazone (FTSC (2-formylpyridine thiosemicarbazone), 

Chart 2) showed remarkable activity against leukemia in mice [33]. Based on that, further 

comprehensive structure-activity relationship studies revealed the most promising compound, 

namely 5-hydroxyl-2-formylpyridine thiosemicarbazone (5-HP, Chart 2), which was tested in 

phase I clinical trials. This compound showed significant anticancer activity against leukemia, 

however further evaluation was stopped due to the occurrence of severe side effects like 

gastrointestinal toxicity and the fast inactivation by glucoronidation [34]. 

 

Chart 2. Structural formula of some important thiosemicarbazones with abbreaviation of their names, 

highlighting the possible coordinating donor atoms. 

Currently, there are three α-N-heterocyclic TSC derivatives, which are in clinical trials. 

Namely, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (triapine, Chart 2), which has 

already been involved in ~30 different phase I–III clinical trials for the treatment of hematologic 

and gynecologic malignancies [35]. Triapine showed promising results in mono- and combined 

therapies (e.g. with cisplatin, gemcitabine, doxorubicin) in the treatment of myeloid leukemia but 

it was much less effective against solid tumors due to its short biological half-life [36-39]. 

However, triapine has also many side effects, such as vomiting and methemoglobinemia [36]. 

Based on these findings, the development of new TSC derivatives is required to overcome these 

problems. In 2015, the α-N-heterocyclic TSC derivative COTI-2 ((E)-N'-(6,7-dihydroquinolin-

8(5H)-ylidene)-4-(pyridin-2-yl)piperazine-1-carbothiohydrazide) (Chart 2) entered to phase I 

clinical trials against advanced or recurrent gynecologic malignancies [33]. This compound 

showed strong anticancer activity in the nanomolar concentration range. The last currently tested 

thiosemicarbazone is DpC (Chart 2), which also entered to clinical phase I investigations in 2016 

methisazone thioacetazone FTSC 5-HP

triapine COTI-2 DpC Dp44mT
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[33]. It should be noted that each of these compounds has distinct mode of action, making the 

elucidation of their underlying anticancer activity an area of high interest [33]. 

 

2.2 Mode of action of (thio)semicarbazones 

The anticancer activity of thiosemicarbazones usually corresponds to their metal chelating ability 

[33,40]. Based on the proposed mechanism of action, activity of triapine is connected to the 

inhibition of the ribonucleotide reductase (RNR) enzyme [41]. This enzyme catalyzes the 

reduction of ribonucleotides to deoxyribonucleotides, which are the building blocks required for 

the replication and repair of DNA in all living cells [41]. There are three classes of RNRs, namely 

the members of the first class contain a diiron-oxygen cluster, while in the second and third classes 

vitamin B12 or an iron-sulfur cluster coupled to S-adenosylmethionine is present as cofactor, 

respectively [42]. Human ribonucleotide reductase belongs to the first class and has two subunits: 

R1 (RRM1) and R2 (RRM2) (Fig. 1) [43]. The first subunit (R1) binds allosteric effectors and 

substrates, whereas the second subunit (R2) is much smaller than subunit (R1) and contains the 

diiron centre. This centre takes part in the tyrosyl radical stabilization, what is essential for the 

enzymatic activity [44]. It should be noted that RNR plays a crucial role in anticancer therapy, 

since a strong dependence was found between its activity and the development of cancer [45]. 

Based on this finding, many chemotherapeutic agents were developed including triapine, which 

are used to sequester the iron from the diiron centre of the enzyme and to quench the tyrosyl radical 

leading to the inhibition of the enzyme [46]. It was proposed that triapine can form a very stable 

redox active iron(II)-triapine complex in situ, which generates ROS inhibiting RNR by quenching 

the active-site tyrosyl radical [41]. 

 

Figure 1. a) Structure of ribonucleotide reductase; b) the schematic active center of ribonucleotide 

reductase [47]. 

a) b)
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Another mechanism of action was suggested for COTI-2, which can restore the function of 

the mutant p53 and inhibit the PI3K/AKT/mTOR pathway [48]. The multifunctional protein p53 

mostly operates as a tumor suppressor, regulating many important cellular responses like apoptosis 

and cell growth arrest [48]. It was found that zinc chelation by COTI-2 allows for mutant p53 a 

conformation change similar to the wild type that restores sequence-specific p53 transcription and 

promote apoptosis [48]. 

Moreover, another mechanisms of action have been suggested for other anticancer 

thiosemicarbazones. For instance, Dp44mT (di-2-pyridylketone-4,4-dimethyl-3-

thiosemicarbazone, Chart 2) forms metal complex with the intracellular copper ions, which seems 

to be crucial in the mechanism [49-51]. In the case of certain TSCs, the Cu(II) complexes show 

higher cytotoxic activity than the free ligands [52-54]. The anticancer activity of these compounds 

is related to their redox properties, particularly to their redox reaction with physiological reductants 

such as glutathione (GSH) and ascorbic acid (AA) [49]. GSH is one of the most abundant non-

protein thiol (0.5−15 mM) in mammalian cells [55], and it is responsible for the defense against 

oxidative stress, control of the thiol oxidation state of proteins and detoxification. Moreover, it can 

behave as an antioxidant by directly scavenging ROS and then repairing received damage via 

enzymatic processes [56]. That is why GSH is an important compound for living organisms, and 

also the disturbances in the homeostasis of GSH have been involved in tumor initiation, 

progression and treatment response for fighting cancer [55,56]. It should be noted that cancer cells 

have higher GSH concentrations than healthy cells, which can be an indicator of tumor progression 

and increased drug resistance [51]. GSH can be found in its reduced and oxidized forms 

(GSH/GSSG), namely under physiological conditions GSH exists mostly in the reduced form with 

a ratio of GSH:GSSG = 1000:1 in nucleus and cytosol; the higher amount of the oxidized form 

can lead to apoptosis or necrosis [57]. Based on these findings, depletion of GSH can be utilized 

as a valuable strategy in anticancer treatment especially in combined therapy [58]. For example, it 

was reported that GSH can reduce Cu(II) complexes of α-N-pyridyl TSCs and the formed Cu(I) 

species can interact with oxygen generating intracellular ROS [49,59,60]. In more details, this 

process was reported by Faller et al. for Dp44mT (Scheme 2), where the reaction between its 

Cu(II) complex and GSH at high excess (50 equivalents) was studied spectrophotomerically under 

strictly anaerobic conditions and similar reactions were reported for other related TSCs [51,61,62]. 

First of all, a ternary [Cu(II)-Dp44mT-GS] complex (Scheme 2, where GS− is the deprotonated 

form of GSH) was formed immediately after mixing the reagents. Afterwards, unbound Dp44mT 

appeared because of the dissociation of the generated Cu(I) complex in the presence of the high 

excess of GSH, as Cu(I) forms a stable complex with GSH. It should be noted that O2 bubbled 

through the sample can reoxidize Cu(I) to Cu(II) regenerating the initial Cu(II) complex. 
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Moreover, the suggested mechanism was confirmed by electron paramagnetic resonance (EPR) 

spectroscopy as well [63].  

  

Scheme 2. Suggested redox cycle for the interaction of Cu(II) complex of Dp44mT with GSH [49,51]. 

Another important reducing agent in the living tissue is ascorbic acid with a concentration 

in the nucleus and cytosol between 1 and 5 mM, and in the blood serum within a range of 0.050-

0.15 mM, depending on several factors such as dietary intake, individual metabolism and health 

status [64-67]. Ascorbic acid stimulates hydroxylation reactions (cytochrome P450 activity, 

cholesterol metabolism, collagen synthesis, etc.) and it also participates in the catalysis of other 

enzymatic reactions like amidation, which is crucial for the hormonal activity of cholecystokinin, 

vasopressin, oxytocin and α-melanotropin [68,69]. Moreover, AA is also a possible endogenous 

reducing agent for Cu(II) and can enhance ROS production [70,71]. However, AA is a weaker 

reducing agent than GSH, thus no reaction could be observed between AA and the most of the Cu-

TSC complexes [61,63]. Otherwise, it was reported that several Cu(II)-semicarbazone complexes 

can cleave DNA in the presence of AA, which is most probably also related to the formation of 

ROS as it was described above [72]. The reason for this behavior can be connected with the redox 

activity of Cu(II) complexes of TSCs and SCs. Namely, the formal redox potential of Cu(II)-TSC 

complexes is usually much higher than that of Cu(II)-SCs, therefore it can explain the stronger 

reactivity toward GSH in comparison to AA [63]. 

Based on these findings, it can be concluded that the characterization of the stability and 

redox properties of the Cu(II) complexes of (T)SCs is necessary to understand better their 
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mechanism of action. These types of studies can provide comprehensive information about 

chemical form (e.g. protonation processes, lipophilicity, stability, solution structure), in which the 

tested compounds are present predominantly under physiological conditions. These data also can 

help us to get information about the possible transformations, however, there are still some 

unanswered questions in the field, especially for the newly developed compounds. Our research 

group is dedicated to investigate this field over a decade, and the upcoming chapter serves as a 

summary of the most significant findings the group has made so far. 

 

2.3 Recent results in solution chemical studies of (thio)semicarbazones  

Behavior in the aqueous solution of the two main classes of (thio)semicarbazones, namely α-N-

pyridyl and salicylaldehyde (T)SCs was investigated in details until now. In Chart 3 the structural 

formulae of the already tested (T)SCs are presented. Solution chemical properties such as 

protonation and isomerization processes, lipophilicity, stability and solution structure were 

investigated by pH-potentiometry, UV-visible (UV-vis) spectrophotometry, 1H NMR (nuclear 

magnetic resonance) spectroscopy and spectrofluorimetry. These parameters can provide 

information about the actual form of compounds under physiological conditions and help to 

understand better the mechanism of action of the given compound [73,74]. 

Based on the literature data, solution equilibrium studies of the (T)SCs were usually 

performed mostly in 30% (v/v) DMSO (dimethyl sulfoxide)/H2O solvent mixture due to the poor 

solubility of the complexes in water, while the ones with improved aqueous solubility like L-Pro-

STSC ((R,E)-1-(3-((2-carbamothioylhydrazono)methyl)-2-hydroxy-5-methylbenzyl)pyrrolidine-

2-carboxylic acid), L-Pro-FTSC ((S,E)-1-((6-((2-carbamothioylhydrazono)methyl)pyridin-2-

yl)methyl)pyrrolidine-2-carboxylic acid), Morf-PTSC ((E)-N,N-dimethyl-2-((6-

(morpholinomethyl)pyridin-2-yl)methylene)hydrazinecarbothioamide) and mPip-PTSC ((E)-N,N-

dimethyl-2-((6-((4-methylpiperazin-1-yl)methyl)pyridin-2-yl)methylene)hydrazine-

carbothioamide) were tested in aqueous solution [61,63,75-82]. The proton dissociation constants 

(Ka) and n-octanol/water distribution coefficients (D) are collected for comparison in Table 1, 

determined by UV-vis spectrophotometric methods in the different media. The fully protonated α-

N-pyridyl-TSCs have two dissociable protons, namely the pyridinium nitrogen (N1H+) and the 

CH=N-N3H-hydrazonic nitrogen from the thiosemicarbazide moiety. During the deprotonation of 

the latter group the negative charge is mainly localized on the sulfur atom thanks to the thione-

thiol tautomerism (Chart 3). 
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Chart 3. The structural formula and abbreviation of recently examined (thio)semicarbazones. (See 

structures also in Chart 2.) 

R1 R2 R3 R4 R5 X

FTSC H H H H H S

PTSC H H H CH3 CH3 S

triapine NH2 H H H H S

O-triapine NH2 H H H H O

Se-triapine NH2 H H H H Se

Me-triapine NH2 H CH3 H H S

AcFTSC H CH3 H H H S

AcPTSC NH2 H H CH3 CH3 S

FATSC H NH2 H H H S

H2NNHMe NH2 CH3 H CH3 H S

H2NNMe2 NH2 CH3 H CH3 CH3 S

MeHNNMe2 NH-CH3 CH3 H CH3 CH3 S

Me2NNH2 N(CH3)2 CH3 H H H S

Me2NNHMe N(CH3)2 CH3 H CH3 H S

Me2NNMe2 N(CH3)2 CH3 H CH3 CH3 S

1

2
3 4

Basic α-N-pyridyl (T)SCs

X = O: Morf-PTSC;

NCH3: mPip-PTSC
L-Pro-FTSC

COTI-2 derivatives

R1 = R2 = H : COTI-NH2;

R1 = R2 = CH3 : COTI-NMe2;

R1 = CH3; R2 = cyclohexyl : COTI-MeCy

STSC and its derivatives

X = S: STSC; O: SSC

L-Pro-STSC

R1 = H : NaH2L
H;

R1 = CH3 : NaH2L
Me;

R1 = C2H5 : NaH2L
Et;

R1 = C6H5 : NaH2L
Ph;

R1 = CH3; R2 = H; R3 = H: HL1;

R1 = CH3; R2 = H; R3 = CH3 : HL2;

R1 = CH3; R2 = H; R3 = C6H5 : HL3;

R1 = H; R2 = CH3; R3 = H : HL4;

R1 = H; R2 = CH3; R3 = CH3 : HL5;

R1 = H; R2 = CH3; R3 = C6H5 : HL6

Imidazole-TSC derivatives
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It is worth to mention that the presence of methyl and amino groups clearly affects the pKa 

values of the ligands, and the position of the substituents also can vary these values. Namely, the 

N-terminal electron-donating methyl groups (R4 or R5 in Chart 3) increase pKa1, while the value 

of the dissociation constant of the second proton decreases by ca. half an order of magnitude (e.g. 

FTSC vs. PTSC (2-pyridinecarboxaldehyde thiosemicarbazone), Table 1). Similar effect was 

found for pKa2 in the case of COTI-2 and their derivatives. COTI-2 (Chart 2) has three dissociable 

groups: pyridinium-NH+, dihydroquinolinium-NH+ and hydrazonic-NH, while its derivatives 

(COTI-NH2, COTI-NMe2, and COTI-NMeCy, Chart 3) have the latter two groups only 

(dihydroquinolinium-NH+ and hydrazonic-NH). The functionalization of N-terminal NH2 group 

by dimethyl and cyclohexyl groups or conjugation with piperazine also decreases the dissociation 

constant of the hydrazonic-NH group [75]. Furthermore, the presence of a methyl group in the R2 

and/or R3 positions increases both pKa values (e.g. FTSC vs. AcFTSC (2-acetylpyridine TSC), 

DpC and Dp44mT; triapine vs. Me-triapine, Table 1). Besides that, the amino group (R1) in triapine 

significantly increases the basicity of the pyridinium nitrogen compared to FTSC but decreases 

the pKa of the hydrazonic nitrogen (Table 1). Similar effect was found for the same amino group 

substituted by one or two methyl groups (MeHNNMe2, Me2NNH2, Me2NNHMe and Me2NNMe2). 

Notably, the exchange of the sulfur atom (triapine) for oxygen (O-triapine) and selenium (Se-

triapine) causes a change in the pKa in the opposite direction in values according to the changing 

electronegativity: in the case of Se-triapine they are lower, whereas for O-triapine they are higher 

than those of triapine. Huge difference was also found when pyridyl moiety was exchanged for 

imidazole, where pKa2 was higher by ca. half an order of magnitude (e.g. FTSC vs. imidazole-

TSC-HL1, Table 1). 

Moreover, exchange of the pyridyl scaffold to phenol moiety also affects the 

(de)protonation processes. Namely salicylaldehyde thiosemicarbazone (STSC) has two 

dissociable groups (phenolic hydroxyl and hydrazonic nitrogen), where the fully protonated form 

(H2L) is neutral. The first deprotonation step takes place on the phenolic hydroxyl group, while 

pKa2 is the same as for α-N-pyridyl (T)SCs. The negative charge of the HL‒ form, which appears 

after deprotonation of the phenolic hydroxyl group, is responsible for the increase of the second 

proton dissociation constant by more than one order of magnitude compared to FTSC. Similarly, 

the exchange of the sulfur atom to oxygen (STSC to salicylaldehyde semicarbazone (SSC)) 

increases the pKa of the hydrazonic nitrogen, where pKa2 of SSC belongs to the dissociation of the 

phenolic hydroxyl group and pKa1 belongs to the carbamoyl group (Table 1). It should be noted 

that the attachment of a sulfonate group to the phenol moiety considerably lower the pKa value of 

phenolic-OH group in comparison to STSC (NaH2L
H-Ph vs. STSC; Table 1), what could be 

explained by the large electron withdrawing effect of the sulfonate substituent [76].  
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It is noteworthy that the medium has also an effect on the pKa values. For example, the 

pKa1 value for α-N-pyridyl-TSCs decreases, while the pKa2 increases in the presence of DMSO, 

which can be explained by the Born electrostatic solvent model [83]. Based on that, the pKa of 

cationic acids (such as pyridinium nitrogen) decreases, while that of neutral acids increases as the 

relative permittivity of the solvent decreases. In this particular case, DMSO can solvate the neutral 

forms better than charged ones, which makes deprotonation more favorable in the first case and 

less favorable in the second one. In the case of STSC, pKa1 increases in the DMSO/H2O mixture 

due to the charge neutralization by protonation of phenolic OH group, which belongs to the anionic 

bases. 

TSCs possess another important feature that is the intrinsic fluorescence due to the 

conjugated electron system and rigid structure, which makes possible the determination of proton 

dissociation constants in water (e.g. for STSC, L-Pro-STSC, FTSC, PTSC) [78,79,82]. Moreover, 

this characteristic property can be used for monitoring the uptake and intracellular accumulation 

of TSCs in living human cancer cells by fluorescence microscopy [84]. 
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Table 1. pKa values of some selected (T)SCs determined by UV-vis spectrophotometric titrations in H2O 

and/or 30% (v/v) DMSO/H2O (I = 0.1 M (KCl)); logD7.4 (n-octanol/H2O) (partition coefficient at pH = 7.4), 

at 25 °C. Data taken from references [61,63,75-82], n.d. = not determined. 

 medium pKa1 pKa2 logD7.4 

FTSC DMSO/H2O 

H2O 

3.13 

3.48 

11.13 

10.72 +0.73 

PTSC DMSO/H2O 

H2O 

3.38 

3.61 

10.54 

10.22 +1.15 

triapine DMSO/H2O 

H2O 

3.92 

4.25 

10.78 

10.58 +0.85 

O-triapine DMSO/H2O 4.24 >12.5 +0.22 

Se-triapine DMSO/H2O 3.87 9.48 +0.85 

Me-triapine DMSO/H2O 4.30 >12.5 +1.17 

AcFTSC DMSO/H2O 3.64 11.52 +1.02 

AcPTSC DMSO/H2O 
H2O 

4.31 
4.64 

10.29 
10.09 +1.30 

H2NNHMe H2O 4.40 11.03 n.d. 

H2NNMe2 H2O 4.64 10.09 n.d. 

MeHNNMe2 H2O 4.87 9.87 n.d. 

Me2NNH2 H2O 4.43 10.87 n.d. 

Me2NNHMe H2O 4.53 10.98 n.d. 

Me2NNMe2 H2O 4.93 10.69 n.d. 

Dp44Mt H2O 3.44 10.44 n.d. 

DpC DMSO/H2O 3.03 11.38 n.d. 

Imidazole-TSC-HL
1
 H2O 5.64a 11.53 n.d. 

Imidazole-TSC-HL
4
 H2O 5.34a 11.56 n.d. 

COTI-2 DMSO/H2O 3.23 10.97 n.d. 

COTI-NH2 DMSO/H2O n.d. 12.22 +1.64 

COTI-NMe2 DMSO/H2O n.d. 12.09 n.d. 

COTI-NMeCy DMSO/H2O n.d. 12.40 n.d. 

STSC DMSO/H2O 
H2O 

8.89b 
8.53b 

12.59 
˃11.5 +1.74 

SSC DMSO/H2O ~1.9c 9.32 +1.04 

L-Pro-STSC DMSO/H2O 7.79b 11.66 n.d. 

NaH2L
H
 H2O 7.73b n.d. n.d. 

NaH2L
Me

 H2O 7.82b n.d. n.d. 

NaH2L
Et

 H2O 7.79b n.d. n.d. 

NaH2L
Ph

 H2O 7.73b n.d. n.d. 

a pKa1 corresponds to deprotonation process of imidazole NH+ group 

b pKa1 corresponds to deprotonation process of phenolic-OH group 

c pKa1 corresponds to deprotonation process of carbamoyl group 
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Another crucial property of TSCs was found during the solution studies; it is the Z/E 

isomerism (Chart 4) formed along the C=N double bond of TSCs, which can be investigated 

mainly by 1H NMR spectroscopy and DFT (density functional theory) calculations [79]. Usually, 

isomer E is the dominant species in the solution, although the distribution of isomers is extremely 

influenced by the pH and the solvent [85-87]. For instance, the presence of isomers for FTSC, 

PTSC, AcFTSC and AcPTSC ligands was examined by 1H NMR spectroscopy in DMSO-d6, D2O 

and 30% (v/v) DMSO-d6/H2O solvent mixture (at pH = 6, where the HL forms are dominant). It 

was found that only E form occur (e.g. in the case of FTSC) in polar solvents.  

 

Chart 4. Proposed structure of the E, Z and E' isomers of the AcPTSC ligand (HL). The structures were 

taken from ref. [79]. 

In the N-terminal dimethyl substituted derivatives, the presence of the Z isomer is also 

significant, e.g. the ratio of the Z isomer around ~40% for PTSC in 30% (v/v) DMSO-d6/H2O 

mixture at pH = 6. In the case of the AcPTSC ligand, besides Z and E isomers, a third species 

appears (E', Chart 4), which is a thioamide-type intramolecular bridged form with an extensively 

delocalized π electron system. PTSC derivatives such as morpholine and methylpiperazine 

conjugates (Chart 4) contain extra groups capable for deprotonation (Morf-PTSC: morpholinium-

NH+, mPip-PTSC: two piperazinium-NH+) in addition to the pyridinium and hydrazonic nitrogens. 

For them the ratio of E and Z isomers were determined as well as the microconstants associated 

with their deprotonation. In those cases, where the pKa values of the same process greatly differ 

for the two isomers, a hydrogen bond system is supposed. Namely, the pKa microconstant of the 

given deprotonation process markedly increases due to the stabilization of the proton by more 

intramolecular hydrogen bonds (e.g. Morf-PTSC: pKa3 (hydrazonic nitrogen) = 10.14 (E); >11.5 

(Z)) [88]. 

Moreover, lipophilicity of (T)SCs was also investigated and their logD7.4 are listed in 

Table 1. These ligands are present in their neutral HL form at physiological pH except STSC, 

which is partially negatively charged (in H2O: 93% H2L, 7% L‒). On one side, if a compound has 

E isomer Z isomer

E’ isomer
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no charge, it can pass through cell membranes more easily than charged species, on the other side, 

it is accompanied with low aqueous solubility. It is important to take into account the current 

protonation state and the charge of the compounds during the comparison of logD7.4 determined 

at physiological pH, which can be easily specified with the help of the determined pKa values. 

Taking into consideration the published data of some of them, it can be concluded that they depend 

on the substituents. Comparing FTSC with its derivatives, increased lipophilicity can be seen; the 

amino group at the R1 position only slightly, while the N-terminal dimethyl substitution greatly 

increased it (Table 1). Moreover, methylation of the amino group of the pyridine ring also increases 

lipophilicity. It is worth to mention that changing the chalcogen atom also has an effect: O-triapine 

has decreased lipophilicity compared to that of triapine and Se-triapine, which were similar. The 

presence of the phenolic OH group instead of the pyridine nitrogen scaffold increases D7.4 value 

by one order of magnitude (see Table 1, FTSC vs. STSC), and exchange of sulfur to oxygen 

reduces it (see in Table 1 STSC vs. SSC). It was an attempt to modify the hydrophilic-lipophilic 

property by pharmacophore substituents containing dissociable protons like L-Pro, morpholine, 

methylpiperazine, which were attached to the FTSC, PTSC and STSC ligand scaffolds. Indeed, it 

was possible to obtain much more hydrophilic compounds in water (logD7.4 values: Morf-PTSC = 

+0.61, mPip-PTSC = ‒0.03, L-Pro-FTSC < ‒1.7, L-Pro-STSC = ‒0.60), which also resulted in 

remarkable aqueous solubility [82,88,89]. 

 

2.4 The latest results of solution chemical studies of Cu(II)-(T)SC complexes 

Copper(II) complexes of TSCs often show anticancer activity, which can be even stronger than 

that of their corresponding free ligands [32,59,60,90-93]. At the same time, different mechanisms 

of action were suggested for Cu(II)-(T)SCs, in which the redox properties of Cu(II) ions play a 

crucial role [49,50,59,93]. A high number of Cu(II)-(T)SC complexes were developed, even so 

their behavior in aqueous solution has not always been thoroughly explored. Nevertheless, 

numerous data were reported by our research group over the past few years [33,40,61-63,75,77-

82,88,89,94-98]. 

The Cu(II)-TSC complexes have different coordination modes and compositions 

depending on the type of the metal binding moiety, the actual pH and the metal-to-ligand ratio in 

the samples, however, the common feature of them is that they showed high stability in aqueous 

medium under biologically relevant conditions (pH = 7.4). Several methods were applied such as 

pH-potentiometry, EPR spectroscopy and UV-visible spectrophotometry for the investigation of 

the solution speciation of Cu(II)-(T)SC complexes in solution. These studies were performed 

usually in aqueous solution or in 30% (v/v) DMSO/H2O solvent mixture depending on the aqueous 

solubility of the compounds. For example, the α-N-pyridyl FTSC with (N,N,S) and the 
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salicylaldehyde STSC with (O,N,S) donor sets, respectively, mainly form mono-ligand complexes 

with Cu(II) ions; and different types of Cu(II) complexes were found by varying the pH [78,79]. 

In the case of the complexation of STSC, three different species of Cu(II) complexes was found, 

namely the protonated complex [CuLH]+ in the acidic pH range, in which the ligand is coordinated 

via (O‒,N,S) donor atoms and the hydrazonic nitrogen is still protonated (Scheme 3).  

 

Scheme 3. Suggested structures for the Cu(II) complexes formed with STSC ligand [78]. 

Following the deprotonation of the hydrazonic nitrogen, the neutral [CuL] complex is 

formed with increasing pH, in which the ligand coordinates via (O‒,N,S‒) donor set and a mixed 

hydroxido [CuL(OH)]‒ complex appears in the basic pH range (Scheme 3) [78]. Similar behavior 

was observed for the L-Pro-STSC and sodium 5-sulfonate-STSC (NaH2L) derivatives [76,82]. In 

the case of α-N-pyridyl-TSC derivatives (e.g. FTSC, triapine) mono complexes with similar 

compositions were also found, the only difference is the coordination of the neutral pyridine-N 

instead of the negatively charged phenolato-O‒, thus the [CuL]+ complex has a positive charge. It 

is worth to mention that the excess of α-N-pyridyl-TSCs can lead to the formation of bis-ligand 

complexes and a dinuclear complex [Cu2L3]
+ [77].  

Introduction of proline, morpholine and methylpiperazine moieties to the α-N-pyridyl and 

salicylaldehyde scaffolds provides extra donor atoms, which can participate in the coordination to 

Cu(II) ions [88,94-98]. It was confirmed by single-crystal X-ray diffraction (SXRD) analysis that 

the ligands L-Pro-FTSC, Morf-PTSC and mPip-PTSC are penta- or tetradentately coordinated to 

Cu(II) ions, and form only mono-ligand complexes (Fig. 2) [88,95].  

 

Figure 2. (a) L-Pro-FTSC, (b) Morf-PTSC and (c) mPip-PTSC ligands [CuL(Cl)] complexes; structures 

determined by X-ray crystallography and taken from ref. [88,95]. 

[CuLH]+ [CuL] [CuL(OH)]-

+
-

Ka1
Ka2

- -
-

-
-

a) b) c)
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The stability of the reported Cu(II)-(T)SC complexes in solution usually expressed by the 

comparison of pCu(II) values, which is the negative decadic logarithm of the equilibrium 

concentration of the unbound Cu(II) ions under a chosen condition. It provides a solid basis for 

comparison of the stability of the complexes as the higher pCu value indicates stronger metal 

binding ability. In Fig. 3 some selected pCu values are presented for Cu(II)-(T)SC complexes at 

physiological pH. Based on these data, several trends can be observed, namely: the presence of the 

NH2 group on the pyridine ring of triapine does not increase stability compared to FTSC; the 

stability of Cu(II)-(T)SC complexes decreases significantly with the S → O exchange (e.g. triapine 

vs. O-triapine, STSC vs. SSC); the N-terminal disubstitution by methyl groups increases the 

stability of Cu(II) complexes (e.g. triapine vs. AcPTSC); the replacement of the pyridine nitrogen 

with a phenolic OH group also increases the Cu(II)-binding capacity (e.g. FTSC vs. STSC); N-

terminal substitution by methyl group of the amino group of the pyridine ring also increases the 

stability of Cu(II) complexes (e.g. triapine vs. Me2NNH2; AcPTSC vs. Me2NNMe2); the stability 

of the complexes in solution increases in the case of TSCs with extra donor atoms participating in 

the coordination [61,63,78,81]. It should be noted that the presence of DMSO can decrease the 

complex stability due to the possible competitive coordination of DMSO to the Cu(II) ions [99]. 

 

Figure 3. pCu values of some selected Cu(II)-(T)SC complexes a) determined in 30% (v/v) DMSO/H2O 

and b) in H2O. {cL=cCu = 1 µM; pH = 7.4}. Figures were made based on the refs. [61,63,88,95,96]. 

Numerous in vitro cytotoxicity data measured for (T)SCs and their Cu(II) complexes on 

human cancer cell lines have been already published. Whereas in the case of triapine and its 

analogoues, primarily the anticancer activity was suggested to be related to the inhibition of RNR 

enzymes and the affinity towards iron ions (as mentioned above), other mechanisms of action was 

also assumed especially for the Cu(II) complexes of certain TSCs, which are formed intracellularly 

(e.g. Dp44mT, Me2NNMe2, see chapter 2.2) [60,92,100]. Furthermore, ligands such as, STSC, 

Morf-PTSC, mPip-PTSC and L-Pro-FTSC were practically non-toxic but their anticancer activity 

a) b)
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significantly increased in the presence of Cu(II) [78,88,95]. All these four ligands form highly 

stable complexes with Cu(II) ions at physiological pH as well as α-N-pyridyl TSCs. However, an 

opposite trend was found for triapine, PTSC and Me2NNMe2, where the complexation with Cu(II) 

ions decreased the anticancer activity. It should be noted that the Cu(II) complexes of the latter 

two ligands exhibited the slowest reduction by GSH, which is most probably linked to their 

mechanism of action [61]. 

The presence of methyl substituent in different positions has also strong influence on the 

biological activity of TSCs. For example, the N-terminal dimethyl substitution of α-N-pyridyl-

TSCs significantly increased cytotoxicity, while the same substitution of the amino group of the 

pyridine ring led to the opposite effect [61]. It is noteworthy that the conjugation of proline, 

methylpiperazine and morpholine to α-N-pyridyl and salicylaldehyde rings diminished the 

cytotoxicity, most probably due to the strongly increased aqueous solubility [88,94-98], 

highlighting the importance of the optimization of the hydrophilic-lipophilic character of the 

ligands for the proper activity.  

 

2.5 Aminophenols 

Aminophenols and their derivatives are important and well-known compounds due to their 

pharmaceutical, photographic and chemical dye industrial applications [101,102]. They possess a 

broad spectrum of biological activity, namely antiviral, antioxidant, antimalarial, antibacterial and 

even anticancer effects [103-108]. Also, several aminophenol derivatives are widely used as 

common drugs such as acetaminophen (paracetamol) and aminosalicylate compounds: para-

aminosalicylic acid, balsalazide, olsalazine, sulfasalazine and mesalazine [101,109] 

Acetaminophen is one of the most frequently used drugs in the world, which shows analgesic and 

antipyretic effect [110,111]. Aminosalicylate compounds are commonly used for the treatment of 

inflammatory bowel disease, such as ulcerative colitis and Crohn's disease, and besides that 

sulfasalazine is also used against rheumatoid arthritis, para-aminosalicylic acid is used for the 

treatment of tuberculosis [112-114]. 

Aminophenols can behave as weak acids or weak bases, although their basic character 

predominates mostly. These compounds are also assigned as one of the most common class with 

redox active properties. These properties are originated from their two functional groups (NH2 and 

OH), which could be oxidized and show similar behavior like anilines, phenols or hydroquinones. 

It should be noted that the relative position of the amino and hydroxyl group in the aromatic ring 

has a crucial role for the redox properties of these compounds [115]. 

The unsubstituted aminophenols have three isomeric forms, which depend on the positions 

of the amino and hydroxyl groups around the benzene ring, namely 2-aminophenol, 3-
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aminophenol and 4-aminophenol (Chart 5). 3-Aminophenol is air-stable but 4-aminophenol and 

2-aminophenol are oxidized easily under aerobic conditions [101]. It was found that 2-

aminophenol and 4-aminophenol can act as a pro-oxidant in the presence of transition metals, 

however 3-aminophenol did not show this activity, what most probably could explain the 

pharmacological and toxicological properties of drugs with aminophenol scaffold [101]. 

 

Chart 5. The three isomers of aminophenols. 

Thanks to the amino and hydroxyl groups they can form coordinative bonds with metal 

ions, and 2-aminophenols usually bind to metal ions via (N,O) donor set and can form stable 

complexes. Metal complexation can enhance the biological activity of drugs, as it may result in 

higher lipophilicity leading to greater intracellular accumulation in addition to altered size, charge 

and redox properties. Various Zn(II), Cu(II), Ni(II), Co(II), VO(II)/(IV) and Mn(II) complexes 

bearing aminophenol derivatives were reported to possess antibacterial, antifungal and 

antimicrobial activities [116-121].  

Despite the fact that until now many compounds with aminophenol derivatives and their 

metal complexes were synthesized displaying some biological activity, a comprehensive 

investigation on their behavior in solution was lacking. In the literature a few data were found 

about proton dissociation constants for some aminophenol derivatives and stability constants of 

their metal complexes [122-125], which are still quite incomplete, presumably due to the limited 

solubility of the compounds in water and their complicated redox nature. 

2-aminophenol 3-aminophenol 4-aminophenol
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3. Aims and objectives of the thesis 

 

Unlike organic drug molecules, metal complexes usually behave as prodrugs, since their 

physiologically active form is different from the solid one due to the possible various 

transformation processes in biological systems. The pH of the extracellular and intracellular 

biological fluids (e.g. gastric and gastrointestinal fluid, blood, interstitial fluid and cytoplasm in 

cells) might change significantly, and various endogenous molecules are present as well, which 

can differ from the original form of compounds. Especially in the case of metal complexes, 

transformation processes show a wider diversity compared to the corresponding organic 

molecules. For example, in solution (de)protonation, ligand exchange, mixed ligand complex 

formation, redox reactions or irreversible decomposition can occur. These processes can change 

the original composition of the metal complex and have a strong impact on the physico-chemical 

properties as well. Moreover, in order to understand better the mechanism of action of biologically 

active compounds and establish their structure-activity relationships, it is important to know their 

behavior in aqueous solutions. Thus, detailed solution equilibrium studies can help in the structure 

optimization, specific targeting of bioactive compounds and successful development of future 

drugs. 

In my doctoral thesis I have studied the behavior of anticancer (thio)semicarbazones, 2-

substituted sterane-based compounds and their Cu(II) complexes in solution, where the main goals 

were the following: 

i) Synthesis and characterization of Cu(II) complexes with (thio)semicarbazones and 2-

aminophenols bearing (N,N,S), (O,N,S), (O,N,O) and (N,O) donor atoms. ii) Preparation of single 

crystals suitable for determining the structure of complexes by X-ray crystallography. iii) Detailed 

solution equilibrium studies with the combined use of different methods for ligands and their 

Cu(II) complexes. Namely, determination of proton dissociation constants of the ligands, the 

formation constants of the metal complexes, lipophilicity, membrane permeability, the 

stoichiometry of the formed species and the most plausible forms of the ligands and Cu(II) 

complexes at biologically relevant conditions. iv) Investigation of the redox properties of some 

selected Cu(II)-(T)SC complexes and interaction with physiological reductants such as GSH and 

AA in order to understand better their mechanism of action. v) Characterisation of antioxidant 

activity with 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. 

Based on the obtained data, I tried to find correlations between the determined 

thermodynamic/kinetic parameters, physico-chemical properties, redox activity, crystallographic 

data and the biological effectiveness. 
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4. Materials and Methods 

 

4.1 Chemicals 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), GSH, AA, 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (trolox), DPPH, CuCl2, ethylenediaminetetraacetic acid 

(EDTA), tetrabutylammonium hexafluorophosphate (nBu4NPF6), STSC, SSC, triapine, estradiol, 

2-aminophenol, Eagle’s Minimum Essential Medium cell culture (EMEM), Roswell Park 

Memorial Institute (RPMI) 1640 medium cell culture and human blood serum (HBS) were 

purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Methanol (MeOH), ethanol 

(EtOH), diethyl ether (Et2O), n-octanol, DMSO, KCl, KOH, KH-phthalate, HCl, NaH2PO4 

(sodium dihydrogen phosphate) and Na2HPO4 (disodium hydrogen phosphate) were obtained from 

Reanal Laborvegyszer Kft (Budapest). All these compounds were used without further 

purification. 

Sterane-based compounds and their models: estrone-TSC (2-((3-hydroxy-estra-1,3,5(10)-triene-

2-yl)methylene)hydrazine-1-carbothioamide), estrone-SC (2-((3-hydroxy-estra-1,3,5(10)-triene-

2-yl)methylene)-hydrazine-1-carboxamide), Me-estrone-TSC (2-((3-hydroxy-estra-1,3,5(10)-

triene-2-yl)methylene)-N-methylhydrazine-1-carbothioamide), Me2-estrone-TSC (2-((3-hydroxy-

estra-1,3,5(10)-triene-2-yl)methylene)-N,N-dimethylhydrazine-1-carbothioamide), thn-TSC (2-

((1-hydroxy-5,6,7,8-tetrahydronaphthalene-2-yl)methylene)hydrazine-1-carbothioamide), thn-SC 

(2-((1-hydroxy-5,6,7,8-tetrahydronaphtalene-2-yl)methylene)hydrazine-1-carboxamide), Me-thn-

TSC (2-((1-hydroxy-5,6,7,8-tetrahidronaphthalene-2-yl)methylene)-N-methylhydrazine-1-

carbothioamide), Me2-thn-TSC (2-((1-hydroxy-5,6,7,8-tetrahidronaphthalene-2-yl)methylene)-

N,N-dimethylhydrazine-1-carbothioamide), estradiol-TSC (2-((3,17β-dihydroxy-estra-1,3,5(10)-

triene-2-yl)methylene)hydrazine-1-carbothioamide), estradiol-SC (2-((3,17β-dihydroxy-estra-

1,3,5(10)-triene-2-yl)methylene)hydrazine-1-carboxamide), Me-estradiol-TSC (2-((3,17β-

dihydroxy-estra-1,3,5(10)-triene-2-yl)methylene)-N-methylhydrazine-1-carbothioamide), Me2-

estradiol-TSC (2-((3,17β-dihydroxy-estra-1,3,5(10)-triene-2-yl)methylene)-N,N-

dimethylhydrazine-1-carbothioamide), 2-aminoestradiol (2-aminoestra-1,3,5(10)-triene-3,17β-

diol), imidazole-TSC (2-((1H-imidazol-4-yl)methylene)hydrazine-1-carbothioamide), Me-

imidazole-TSC (2-((1H-imidazol-4-yl)methylene)-N-methylhydrazine-1-carbothioamide), Me2-

imidazole-TSC (2-((1H-imidazol-4-yl)methylene)-N,N-dimethylhydrazine-1-carbothioamide) 

and benzimidazole-TSC (2-((1H-benzimidazol-2-yl)methylene)hydrazine-1-carbothioamide) 

were synthesized and characterized in the research group of Dr. Éva Frank (University of Szeged, 

Department of Molecular and Analytical Chemistry). 
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Triapine analogues: 2-formylpyridine 4-(4-hydroxy-3,5-dimethylphenyl)-thiosemicarbazone 

(VA1), 2-acetylpyridine 4-(4-hydroxy-3,5-dimethylphenyl)-thiosemicarbazone (VA2), 3-amino-

2-formylpyridine 4-(4-hydroxy-3,5-dimethylphenyl)thiosemicarbazone (VA3); 5-

methylenetrimethylammonium-thiosemicarbazonates: (E)-1-(3-((2-

carbamothioylhydrazono)methyl)-4-hydroxyphenyl)-N,N,N trimethylmethanaminium (VA4), 

(E)-1-(4-hydroxy-3-((2-(methylcarbamothioyl)hydrazono)methyl)phenyl)-N,N,N-

trimethylmethanaminium (VA5), (E)-1-(3-((2-(ethylcarbamothioyl)hydrazono)methyl)-4-

hydroxyphenyl)-N,N,N-trimethylmethanaminium (VA6), (E)-1-(4-hydroxy-3-((2-

(phenylcarbamothioyl)hydrazono)methyl)phenyl)-N,N,N-trimethylmethanaminium (VA7); 

morpholine conjugates with 2,6-dimethylphenol substituent: (E)-N-(4-hydroxy-3,5-

dimethylphenyl)-2-((4-(morpholinomethyl)pyridin-2-yl)methylene)hydrazinecarbothioamide 

(VA8), (E)-N-(4-hydroxy-3,5-dimethylphenyl)-2-((5-(morpholinomethyl)pyridin-2-

yl)methylene)hydrazinecarbothioamide (VA9), (E)-N-(4-hydroxy-3,5-dimethylphenyl)-2-((3-

(morpholinomethyl)pyridin-2-yl)methylene)hydrazinecarbothioamide (VA10), (E)-N-(4-

hydroxy-3,5-dimethylphenyl)-2-((6-(morpholinomethyl)pyridin-2-

yl)methylene)hydrazinecarbothioamide (VA11) and their Cu(II) complexes were synthesized at 

the Institute of Inorganic Chemistry of the University of Vienna in the research group of Prof. 

Vladimir B. Arion.  

The stock solutions of the tested compounds were prepared on a weight-in-volume basis 

dissolved in DMSO or H2O. Their concentration was determined by pH-potentiometric titrations 

or based on the elemental analysis data of these compounds. CuCl2 stock solution was made by 

the dissolution of anhydrous CuCl2 in water and its exact concentration was determined by 

complexometry using EDTA. The stock solution of DPPH was stored in a place protected from 

light to avoid photolytic decomposition of the compound. The stock solutions of DPPH, GSH and 

AA were prepared freshly every day, before the measurements on a weight-in-volume basis in 

volumetric flask, where DPPH was dissolved in absolute EtOH, GSH and AA were dissolved in 

H2O. 

 

4.2 Preparation and characterization of Cu(II) complexes 

4.2.1 Preparation of Cu(II) complexes of imidazole/benzimidazole-TSCs containing (N,N,S) donor 

atoms 

Imidazole/benzimidazole thiosemicarbazone Cu(II) complexes were obtained in a good yield (up 

to 84%) after the reaction between the corresponding TSC (1 equiv.) and CuCl2×2 H2O (1 equiv.) 

in the presence of triethylamine (Et3N) (1 equiv.). Afterwards, the solution was allowed to stand 
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in an open beaker at room temperature. The green crystalline product was filtered off, washed with 

Et2O (5-10 mL) and dried in air. Compounds were characterized by electrospray ionization mass 

spectrometry (ESI-MS) and UV-vis spectroscopy. 

Cu(II)-imidazole-TSC: yield: 69%; ESI-MS (MeOH, positive): m/z 230.9635, 230.9639 calcd. 

for [C5H6CuN5S]+; m/z 498.8938, 498.8950 calcd. for [C10H12Cu2N10S2]Cl-; λmax in MeOH: 284, 

338 nm. 

Cu(II)-Me-imidazole-TSC: yield: 74%; ESI-MS (MeOH, positive): m/z 244.9786, 244.9796 

calcd. for [C6H8CuN5S]+; m/z 526.9239, 526.9263 calcd. for [C12H16Cu2N10S2]Cl-; λmax in 

MeOH: 294, 334 nm. 

Cu(II)-Me2-imidazole-TSC: yield: 81%; ESI-MS (MeOH, positive): m/z 258.9948 , 258.9952 

calcd. for [C7H10CuN5S]+; m/z 554.9562, 554.9576 calcd. for [C14H20Cu2N10S2]Cl-; λmax in 

MeOH: 298, 342 nm. 

Cu(II)-benzimidazole-TSC: yield: 84%; ESI-MS (MeOH, positive): m/z 280.9794, 280.9796 

calcd. for [C9H8CuN5S]+; m/z 598.9256, 598.9263 calcd. for [C18H16Cu2N10S2]Cl-; λmax in 

MeOH: 316, 407 nm. 

4.2.2 Synthesis of Cu(II) complexes of the thn-(T)SCs and estrone/estradiol (T)SCs containing 

(O,N,S) and (O,N,O) donor atoms 

These Cu(II) complexes were prepared by reaction between thn-(T)SCs or estrone/estradiol-

(T)SCs (1 equiv.) with CuCl2; the ligands were dissolved in MeOH (10 mL) and then the aqueous 

solution of CuCl2×2 H2O (1 equiv.) was added. The pH was adjusted to pH ~ 7.4 by the addition 

of HEPES (10 mM, 5 mL). Green precipitate was formed. The precipitate was decanted, washed 

four times with water (5 mL each) and dried overnight at 50 °C. The Cu(II) complexes were 

characterized by ESI-MS, UV-vis spectrophotometry and elemental analysis. 

Complex [Cu(thn-TSCH−2)]: yield: 45%; ESI-MS (MeOH, positive): m/z 311.0156, 311.0154 

calcd. for [C12H14CuN3OS]+; λmax in MeOH: 305, 396 nm. 

Complex [Cu(Me-thn-TSCH-2)]: yield: 49%; ESI–MS (MeOH, positive): m/z 325.0313, 

325.0310 calcd. for [C13H16CuN3OS]+; λmax in MeOH: 318, 328, 397 nm. 

Complex [Cu(Me2-thn-TSCH-2)]: yield: 52%; ESI–MS (MeOH, positive): m/z 339.0452, 

339.0467 calcd. for [C14H18CuN3OS]+; λmax in MeOH: 322, 333, 402 nm. 

Complex [Cu(estrone–TSCH−2)]: yield: 61%; ESI-MS (MeOH positive): m/z 433.0883, 

433.0891 calcd. for [C20H24CuN3O2S]+; λmax in MeOH: 318, 328, 392 nm. 

Complex [Cu(Me-estrone-TSCH-2)]: yield: 66%; ESI–MS (MeOH, positive): m/z 447.1028, 

447.1042 calcd. for [C21H26CuN3O2S]+; λmax in MeOH: 318, 329, 396 nm. 
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Complex [Cu(Me2-estrone-TSCH-2)]: yield: 72%; ESI–MS (MeOH, positive): m/z 461.1196, 

461.1198 calcd. for [C22H28CuN3O2S]+; λmax in MeOH: 322, 335, 402 nm. 

Complex [Cu(estradiol-SCH-1)]: yield: 62%; Anal. calcd. for C20H25CuN3O3 × 1.75H2O: C, 

53.32; H, 6.38; N, 9.33. Found: C, 53.32; H, 6.06; N, 9.14. ESI-MS (MeOH, positive): m/z 

419.1261, 419.1270 calcd. for [C20H25N3O3Cu]+; λmax in MeOH: 265, 303 and 383 nm. 

Complex [Cu(estradiol-TSCH-1)]: yield: 68%; Anal. calcd. for C20H25CuN3O2S × 1.3H2O × 

0.4CH3OH: C, 51.99; H, 6.25; N, 8.92; S, 6.8. Found: C, 52.24; H, 6.4; N, 8.45; S, 6.4. ESI-

MS (MeOH, positive): m/z 435.1038, 435.1042 calcd. for [C20H26CuN3O2S]+; λmax in MeOH: 

318 and 390 nm. 

Complex [Cu(Me-estradiol-TSCH-1)]: yield: 73%; Anal. calcd for C21H27CuN3O2S × 1.3H2O: 

C, 53.38; H, 6.31; N, 8.89; S, 6.79. Found: C, 53.60; H, 6.3; N, 8.56; S, 6.51. ESI-MS (MeOH, 

positive): m/z 449.1193, 449.1198 calcd. for [C21H28CuN3O2S]+; λmax in MeOH: 322 

and  400 nm. 

Complex [Cu(Me2-estradiol-TSCH-1)]: yield: 85%; Anal. calcd for C22H29CuN3O2S × 1.5 H2O: 

C, 53.91; H, 6.58; N, 8.57; S, 6.54. Found: C, 53.55; H, 6.44; N, 8.69; S, 6.81. ESI-MS (MeOH, 

positive): m/z 463.1345, 463.1355 calcd. for [C22H30CuN3O2S]+; λmax in MeOH: 320 

and  401 nm. 

 

4.3 Methods used for the investigation of solution equilibrium processes 

4.3.1 pH-potentiometry 

pH-potentiometry is one of the main methods for determining overall protonation constants of the 

ligands (β(HrL)) and the overall stability constants of the metal complexes β(MpLqHr) by 

equilibrium titrations. In addition, determining the exact concentration of stock solutions of the 

ligands can also give information about the purity of the synthesized compounds by using this 

method. The competition between H+ and the metal ion for the binding sites of the ligand allows 

us to perform pH-potentiometric studies: 

                                        qHL + Mm+ ⇌ MLq
(m-q)+ + qH+                                               (1) 

Therefore, the stability of the metal complex can be determined via the changes in the 

concentration of the H+. The charges of the species are omitted for simplicity in the following 

equations. Equilibrium equations for the formation of the metal complex can be described in the 

following way: 

                                          pM + qL + rH ⇌ MpLqHr                                                         (2) 

where, M denotes the metal ion, L the completely deprotonated ligand and H the proton. 

The overall stability constants of the species can be defined as follows on the basis of the equations 

above: 
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                                           β=
[MpLqHr]

[M]p[L]q[H]r
                                                         (3) 

However, in order to obtain good-quality data from pH-potentiometric titrations, a trustable 

calibration of the electrode is required. For that purpose, a set of titrations with strong acid (HCl) 

and strong base (KOH) should be done, where titration data were evaluated using the Gran method 

[126] and the measurement system was calibrated using the Irving method [127]. 

The pH-potentiometric measurements for determination of the protonation constants and 

the overall stability constants of the metal complexes were carried out at 25.0 ± 0.1°C in water 

and/or in DMSO/H2O solvent mixtures (30:70 and/or 60:40 v/v) at an ionic strength (I) of 0.10 M 

(KCl) to keep the activity coefficients constant. The titrations were performed with carbonate-free 

KOH solution of a known concentration (0.10 M). The exact concentration of the KOH solution 

was determined by pH-potentiometric titrations using a standard solution of potassium hydrogen 

phthalate, and the HCl solution was standardized with the KOH titrant. An Orion 710A pH meter 

equipped with a Metrohm combined electrode (type 6.0234.100) and a Metrohm 665 Dosimat 

burette were used for the pH-potentiometric measurements. The electrode system was calibrated 

to the pH = –log[H+] scale in water and in the DMSO/H2O solvent mixtures by the same method 

as it was mentioned above. The average water-ionization constants are 13.75 ± 0.01 in water, 

14.53 ± 0.05 in 30% (v/v) DMSO/H2O and 16.22 ±0.05 in 60% (v/v) DMSO/H2O at 25°C, which 

corresponds well to the literature data [128-130]. The reproducibility of the titration points 

included in the calculations was within 0.005 pH units. The pH-potentiometric titrations were 

performed in the pH range 2.0–11.5 in water, 2.0–12.5 and 2.0–14.5 in 30% (v/v) and 60% (v/v) 

DMSO/H2O mixtures, respectively. The initial volume of the samples was 10.0 mL. The ligand 

concentration was in the range 1–2 mM, and metal-to-ligand ratios of 1:1–1:3 were used, where 

the initial concentration of the ligand was constant. Samples were deoxygenated by bubbling 

purified argon through them for approximately 10 min prior to the measurements. Argon was also 

passed over the solutions during the titrations. The proton dissociation constants of the ligands, the 

stoichiometry and overall stability constants of the complexes were determined with the computer 

program Hyperquad2013 [131]. The program gives the refined stability products by solving the 

mass balance equations (equations 4-6) written for the M, L and H components, where n denotes 

the number of associates formed in the system: 

cL=[L]+∑ 𝑞𝑖
𝑛
𝑖=1 𝛽𝑞𝑟𝑝[L]i

q[H]i
r[M]i

p         (4) 

                    cH=[H]+∑ 𝑟𝑖
𝑛
𝑖=1 𝛽𝑞𝑟𝑝[L]i

q[H]i
r[M]i

p        (5) 

              cM=[M]+∑ 𝑝𝑖
𝑛
𝑖=1 𝛽𝑞𝑟𝑝[L]i

q[H]i
r[M]i

p      (6) 
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4.3.2 UV-vis spectrophotometry  

Ultraviolet-visible spectrophotometry is a fast analytical technique that measures the absorbance 

(or transmittance) of light. UV wavelength (200–380 nm) and visible light (380-800 nm) were 

used. Compounds absorb photons at specific wavelengths, whose energy is equivalent with the 

electronic transition energy differences. When UV-vis radiation interacts with chromophores, the 

electrons in the ground state will be excited, which we refer to as electron-excitation. In the case 

of metal complexes, absorption can be caused by the d-d transitions of the metal ions, the charge 

transfer band (CT band) between the metal ion and the ligand, or electron transitions within the 

ligand molecule (ligand band). 

UV-vis spectrophotometry was used for determination of protonation (or proton 

dissociation) constants of the ligands, the overall stability constants of the Cu(II) complexes, and 

for the characterization of the prepared ligands and their Cu(II) complexes. For that purpose, an 

Agilent Cary 8454 diode array spectrophotometer was used to record the UV-vis spectra at an 

interval of 200–800 nm. The path length was 0.5-2 cm. Spectrophotometric titrations were 

performed at 25.0 ± 0.1⁰C using a 0.1 M KOH titrant solution with or without 30% (v/v) DMSO 

content. Ionic strength of 0.10 M (KCl) was used in all UV-vis titrations and they were performed 

in the pH range 1.0–11.5 in water, 1.0–12.5 in 30% and 1.0–14.5 in 60% (v/v) DMSO/H2O 

mixture. The ligand concentration was varied between 20 μM and 120 μM concentration in the 

absence or in the presence of 1 or 0.5 equiv. Cu(II) ions. Proton dissociation constants (Ka) of the 

tested ligands, the overall stability constants (β) of the Cu(II) complexes and the UV-vis spectra 

of the individual species were calculated by the computer program PSEQUAD [132]. During 

titrations, pH was measured with the tools described in the pH-potentiometry section (chapter 

4.3.1). Calculations were based on equations 1-6, with the addition of the molar absorbances of 

the light-absorbing species approximated by the program. 

The redox reaction of the Cu(II) complexes with GSH and AA was studied at 25.0 ± 0.1 °C, 

at pH 7.40 (10 mM HEPES with 0.1 M KCl) on an Agilent Cary 8454 diode array 

spectrophotometer using a special, tightly closed tandem cuvette (Hellma Tandem Cell, 238-QS). 

The complex and the reducing agent were separated until the reaction was triggered. Both isolated 

pockets of the tandem cuvette were completely deoxygenated by bubbling argon for 10 min before 

mixing the reactants. Spectra were recorded before and then immediately after the mixing, and 

changes were followed till no further absorbance change was observed. 

During the calculations, the absorbance (A)−time (t) curves were fitted and analyzed at the 

λmax of the complex. (A0 − Afinal) × e (−a×t) + Afinal equation was used, where A0, Afinal and a 

parameters were refined and accepted at the minimal value of the weighted sum of squared 

residuals (difference between the measured and calculated absorbance values) at the given 
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wavelength. Then observed rate constants (kobs) of the redox reaction were obtained from the data 

points of the simulated absorbance–time curves as the slope of the ln(A/A0) versus t plots. 

The DPPH free radical scavenging capacity was studied at 25.0 ± 0.1 °C on an Agilent 

Cary 3500 spectrophotometer with tightly closed tandem cuvette. The reactants were separated 

until the reaction was triggered. UV-vis spectra were recorded before and then immediately after 

the mixing, and changes were followed till no further absorbance change was observed. From the 

stock solution of DPPH (100 µM) 0.5 mL was added to one pocket of the cuvette and 0.5 mL of 

the tested compound in different concentrations in EtOH was added to the other pocket. The final 

concentration of the studied compounds was in the range 5–50 µM, where the DPPH concentration 

was always 50 µM. A standard compound (trolox) was used as a positive control. The percentage 

of the scavenging activity, IC50 values (the concentration of compound at which it reduced 50% 

of DPPH (half-maximal inhibitory concentration)) and trolox equivalent antioxidant capacity 

(TEAC, IC50(trolox)/IC50(compound)) were calculated [133]. 

D7.4 values of ligands and the complexes were determined by the traditional shake-flask 

method in n-octanol/buffered aqueous solution at pH 7.40 (20 mM phosphate buffered saline 

(PBS)) at 25.0 ± 0.2 °C [134]. 

Parallel artificial membrane permeability assay (PAMPA) was applied for the ligands and 

complexes with a Corning Gentest pre-coated PAMPA Plate System [135]. In summary, the 96-

well filter plate was used as the permeation acceptor and the 96-well bottom plate was used as the 

permeation donor. For simplicity, PBS (containing 4% (v/v) DMSO) was used both as donor and 

acceptor buffer throughout this study. The initial donor solutions were prepared by diluting DMSO 

stock solutions (500 μM) in PBS (25-fold dilution). The donor plate was filled with 300 μL of the 

donor solutions (containing the tested compounds). Each well of the filter plate contained 200 μL 

buffer as acceptor phase. The resulting ‘sandwich’ was protected with parafilm to prevent 

evaporation and incubated at room temperature at 25 °C for 5 h. Then, solutions from the donor 

and acceptor wells were transferred to Eppendorf microcentrifuge tubes and their UV-vis spectra 

were recorded to determine the concentration of the components. Effective permeability (Peff) 

values were calculated according to the equation reported by Yu et al. [136]. 

4.3.3 Fluorescence spectroscopy 

Fluorescence spectroscopy is a type of electromagnetic spectroscopy, which analyzes the 

fluorescence from a sample. In this spectroscopy, light passes through the sample and interacts 

with the fluorophore; during the relaxation of the excited state the molecule emits photons with 

lower energy (and longer wavelength) than the excitation wavelength, which are detected in 90° 

from the light source. Fluorescence is the molecular absorption of light energy at one wavelength 
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and its nearly instantaneous reemission at another longer wavelength. Fluorescent compounds 

have two characteristic spectra: an excitation spectrum (the wavelength and amount of light 

absorbed) and an emission spectrum (the wavelength and amount of light emitted). These spectra 

are often referred to as a compound's fluorescence signature or fingerprint. No two compounds 

have the same fluorescence signature. This is the principle that makes fluorometry a highly specific 

analytical technique. This has contributed to the use of this spectroscopy successfully in the 

detection of many organic compounds, numerous active substances in drugs, in the field of 

biochemical and medical analysis of organic compounds [137]. 

Herein fluorescence spectroscopy was used for recording three-dimensional spectra for the 

ligands and in some cases the deprotonation processes of the ligands were followed. The emission 

fluorescence spectra were recorded for ligands on a Hitachi-4500 spectrofluorometer using a 1 cm 

quartz cell. The fluorometric titrations were performed on samples containing the ligands at 1 μM 

concentration in the pH range from 5.0 to 11.5 titrated by KOH solution in pure aqueous solution. 

The titration system was the same as used for pH-potentiometry and UV-vis titrations (4.3.1 and 

4.3.2). Spectra were corrected by the inner filter effect [137]. Proton dissociation constants (Ka) of 

the ligands were calculated by the computer program PSEQUAD [132] as it was discussed in 

chapter 4.3.2. 

The fluorescence three-dimensional spectra for the ligands were recorded on the same 

spectrofluorometer using a 1 cm quartz cell. Samples contained 10 µM ligand in water at pH 7.40 

(adjusted by PBS buffer) at 25.0 ± 0.1 °C. 

4.3.4 Nuclear magnetic resonance spectroscopy 

NMR spectroscopy is a method, which registers transitions between magnetic energy levels of 

atomic nuclei, caused by radio frequency radiation. Herein, 1H NMR spectroscopy was used for 

the investigation of the (de)protonation processes of the ligands.  

NMR is the resonant absorption of electromagnetic waves by atomic nuclei, which occurs 

when the orientation of the vectors of their own moments of momentum (spins) changes. The only 

NMR-active nuclei are those whose spin quantum number (I) ˃ 0 (in case of 1H I = 1/2). The 

simple explanation of this method is that all nuclei are electrically charged and have multiple spins. 

Based on this, the external magnetic field creates the possibility of an energy transfer. When the 

proton is placed into an external magnetic field, the proton's magnetic dipole moment will orient 

itself along that magnetic field. However, since the proton can spin in one of two ways in any 

external magnetic field, it has two magnetic dipole moment orientations and so will align with the 

external magnetic field in one of two ways. One of these orientations will be along the same 

direction as the magnetic field and this is known as the spin-up (+1/2). This will be the lower in 
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energy and more stable spin state. The other orientation will be along the same axis as the magnetic 

field but in the opposite direction and this is known as the spin-down state (-1/2). This will be the 

higher in energy and less stable quantum spin state. If we now direct electromagnetic waves with 

just the right frequency at the spin-up state, the spin-up proton will absorb energy and transition 

to the spin-down state. Depending on the local electronic environment, the different protons in the 

molecule resonate at different frequencies. This frequency shift is converted into a dimensionless 

quantity independent of the magnetic field, known as the chemical shift (δ). The position and 

number of chemical shifts are characteristics of the structure of the molecule.  

Herein, 1H NMR was used for performing pH-dependent NMR titrations in order to 

determine proton dissociation constants (Ka) of the ligands. 1H NMR spectroscopic studies were 

carried out on a Bruker Avance III HD instrument. All spectra were recorded with the 

WATERGATE water suppression pulse scheme using sodium trimethylsilylpropanesulfonate 

(DSS) internal standard. Samples usually contained 1 mM concentration of the ligand in a 10% 

(v/v) D2O/H2O, 30% or 60% (v/v) DMSO-d6/H2O mixture and were titrated at 25.0 °C, at I = 

0.10 M (KCl). During the titrations the changing of chemical shifts of the different group of the 

molecules were observed, which were sensitive for deprotonation processes. Since deprotonation 

processes are fast on the NMR time scale, deprotonated and protonated forms cannot be detected 

separately. This is the result of the fast exchange between two forms, where only one signal is 

observed reflecting the population-weighted averages of chemical shifts, intensity and linewidth. 

Afterwards, chemical shifts of the protons were collected in all measured pH values, which were 

sensitive for deprotonation process and from these data the pKa proton dissociation constant of 

ligands were calculated with the PSEQUAD program [132]. The pH was measured with the tools 

described in the case of pH-potentiometry (chapter 4.3.1).  

4.3.5 Electron paramagnetic resonance spectroscopy  

This type of spectroscopy is used to study systems containing unpaired electrons (paramagnetic 

compounds). The basic concepts of EPR are analogous to those of NMR (see chapter 4.3.4), 

however, the difference is that the spin of the electrons are excited instead of the atomic nuclei. 

Herein, EPR spectroscopy was used to study the structures of paramagnetic Cu(II) complexes, 

since this technique is extremely sensitive to the chemical environment of the unpaired electron. 

EPR spectra were recorded at room temperature (isotropic spectra) and at 77 K (anisotropic 

spectra) in DMSO solution in order to confirm the coordination modes of isolated Cu(II) 

complexes. Evaluation of the obtained EPR spectra by simulation software [138] provides the 

isotropic and anisotropic parameters. Namely, isotropic parameters reveal the types of the 

coordinating donor atoms around the Cu(II) and g-factor relates the energy of an unpaired electron, 
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whereas anisotropic parameters provide information about the geometry and symmetry (the 

number, identity and distance of the coordinating donor atoms) of the complexes.  

For that purpose, a BRUKER EleXsys E500 spectrometer (microwave frequency 

9.54 GHz, microwave power 13 mW, modulation amplitude 5 G, modulation frequency 100 kHz) 

was used. Powder of the Cu(II) complexes was dissolved in pure DMSO to obtain ~3 mM 

concentration in the solutions. The room temperature EPR spectra were recorded in capillaries 

applying 12 scans. For the frozen solution spectra 0.10 mL samples were diluted with 0.10 mL 

water and transferred into EPR tubes and the spectra were recorded in Dewar containing liquid 

nitrogen (77 K). Also, in order to obtain information about the major species at physiological pH 

EPR spectra of the frozen solutions of CuCl2 in EMEM, RPMI 1640 cell culture media and in HBS 

were recorded at a concentration of 2 mM and in HEPES (0.6 mM, pH 7.4). The Cu(II) complexes 

were dissolved in HEPES, EMEM, RPMI 1640 media and in serum in 1.7 mM concentration and 

measured in frozen solution (77 K). The room temperature spectra were corrected by substracting 

the background spectrum of pure DMSO. The spectra were simulated by the “EPR” program [138] 

using the parameters go, Ao copper hyperfine (ICu = 3/2) coupling and four linewidth parameters. 

The anisotropic EPR spectra were analyzed with the same program. Rhombic g-tensor (gx, gy, gz) 

and copper hyperfine tensor (ACu
x, ACu

y, ACu
z) have been used. The nitrogen superhyperfine 

structure was taken into account with a rhombic hyperfine tensor (aN
x, a

N
y, a

N
z), where the xyz 

directions referred to the g-tensor orientations. Orientation-dependent linewidth parameters (α, β, 

and γ) were used to fit the linewidths through the equation σMI = α + βMI + γMI
2, where MI denotes 

the magnetic quantum number of Cu(II) ion. Since CuCl2 was used for the measurements, all 

spectra were calculated by the summation of spectra 63Cu and 65Cu weighted by their natural 

abundances. The hyperfine and superhyperfine coupling constants and the relaxation parameters 

were obtained in field units (1 G = 10−4 T).  

All these measurements and data evaluation were perfomed with the help of Dr. Nóra V. 

May (Research Centre for Natural Sciences, Budapest). 

4.3.6 Cyclic voltammetric and spectroelectrochemical studies 

Cyclic voltammetry (CV) is a simple and direct method for measuring the formal potential of a 

half-reaction when both oxidized and reduced forms are stable during the time required to obtain 

the voltammogram (current-potential curve). A CV system includes an electrolysis cell, a 

potentiostat, a current-to-voltage converter and a data acquisition system. The electrolysis cell 

requires three electrodes: reference electrode, working electrode and counter electrode. The 

potential of the working electrode is varied linearly with time, while the reference electrode 

maintains a constant potential. The counter electrode conducts electricity from the signal source 
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to the working electrode. In addition, the electrolytic solution is required to provide ions to the 

electrodes during oxidation and reduction. A potentiostat is an electronic device, which used as a 

power source to produce the needed potential, which can be maintained and accurately determined, 

while allowing small currents to be drawn into the system without changing the voltage. The 

current-to-voltage converter measures the resulting current, and the data acquisition system 

produces the resulting voltammogram. 

Herein, CV was used in combination with UV-vis spectrophotometry, which can provide 

comprehensive information about the chemical processes driven by the electron transfer for 

investigation the redox properties of Cu(II) complexes. The method of UV-vis spectrophotometry 

was described in the chapter 4.3.2.  

Cyclic voltammograms of Cu(II) complexes were recorded at 25.0 ± 0.1 °C. nBu4NPF6 

was used as supporting electrolyte and measurements were performed at different pH values (2, 3, 

5, 7.4 and 12). The complexes were obtained in situ by mixing the ligand (dissolved in DMSO) 

with aqueous solution of CuCl2 in 1:1 ratio. The final concentration of the complexes in the stock 

solution was 1 mM. Measurements were performed on a conventional three-electrode system 

under argon atmosphere using an Autolab PGSTAT 204 potentiostat/galvanostat monitored with 

Metrohm’s Nova software [139]. Samples were purged for 10 min with argon before recording the 

cyclic voltammograms. Platinum electrode was used as the working and auxiliary electrode and 

Ag/AgCl/3 M KCl as the reference electrode. The electrochemical system was calibrated with an 

aqueous solution of K3[Fe(CN)6] (E1/2 = +0.458 V vs. NHE (normal hydrogen electrode)) [140]. 

Redox potentials were obtained at different scan rates between 10-100 mV/s in the range of −1.3 

to +1.0 V. 

In situ UV-vis spectroelectrochemical measurements were performed on a spectrometer 

(Avantes, Model AvaLight-DHc light source) equipped with an AvaSpec-UL2048XL-EVO in the 

spectroelectrochemical cell kit (AKSTCKIT3) with the Pt-microstructured honeycomb working 

electrode, purchased from Pine Research Instrumentation (Lyon, France). The cell was positioned 

in the CUV-UV cuvette holder connected to the diode-array UV-vis spectrometer by optical fibers. 

The spectra were processed using the AvaSoft 8.1.1 software package. 

Measurements and data evaluation for Cu(II) complexes of imidazole-derived 

thiosemicarbazones were done with the help of Prof. Peter Rapta (Slovak University of 

Technology, Institute of Physical Chemistry and Chemical Physics, Bratislava, Slovakia). 

 

4.4 Other experiments 

Several single crystals of the Cu(II) complexes were synthesized by me, which were used for the 

single-crystal X-ray diffraction analyzed and solved by Dr. Nóra V. May (Research Centre for 



38 
 

Natural Sciences, Budapest, Hungary). Elemental analysis was performed for Cu(II)-estradiol-

(T)SCs and Cu(II)-Me-thn-TSC complexes by Mr. Johannes Theiner (Institute of Inorganic 

Chemistry, University of Vienna, Vienna, Austria). ESI-MS measurements were performed by 

Dr. Zoltán Kele (Department of Medicinal Chemistry, University of Szeged) and by the Mass 

Spectrometry Centre (University of Vienna, Austria). Our collaborating partners performed 

antibacterial activity and in vitro cytotoxicity assay measurements. Different cell lines and 

bacterial strains were used. Determination of anticancer activity on Colo205 doxorubicin-sensitive 

colon adenocarcinoma, Colo320 doxorubicin-resistant colon adenocarcinoma, MCF-7 breast 

cancer, HeLa cervical cancer, SH-SY5Y neuroblastoma and non-cancerous MRC-5 embryonal 

lung fibroblast cells were done by Dr. Gabriella Spengler (Department of Medical Microbiology, 

Albert Szent-Györgyi Health Center and Albert Szent-Györgyi Medical School, University of 

Szeged). Moreover, she tested antibacterial activity on Gram-positive (Staphylococcus aureus and 

Enterococcus faecalis) and Gram-negative (Escherichia coli and Klebsiella pneumoniae) bacterial 

strains. MCF-7 breast cancer, MCF-7KCR multidrug-resistant breast cancer, DU145 prostate 

cancer, A549 lung carcinoma cells were used by Dr. Mónika Kiricsi (Department of Biochemistry 

and Molecular Biology, University of Szeged). 3D spheroids were also used for investigation of 

anticancer activity such as A549 lung carcinoma, CH1/PA ovarian carcinoma, SW480 colonic 

adenocarcinoma, HCT-116 colorectal carcinoma cells by Dr. Debora Wernitznig (Institute of 

Inorganic Chemistry, University of Vienna, Vienna, Austria). MES-SA (human uterine sarcoma) 

and in its multidrug-resistant counterpart (MES-SA/Dx5) cells by Dr. Gergely Szakács (Medical 

University of Vienna). 
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5. Results and discussion 

 

5.1 Formaldehyde TSCs with 2,6-dimethylphenol substituent and their Cu(II) complexes 

5.1.1 Triapine analogues with 2,6-dimethylphenol substituent  

In the introduction, triapine was already mentioned as a well-known representative of the α-N 

heterocyclic TSCs class, which is currently under clinical studies. Nevertheless, its efficacy and 

physico-chemical properties can be improved for a better pharmacokinetic profile and to overcome 

adverse effects via structural modifications (chapter 2.2). Novel derivatives with a redox active 

phenolic moiety at the terminal nitrogen atom were developed by our collaboration partner (V.B. 

Arion, University of Vienna). The solution chemical properties of three triapine analogues 

(Chart 6) were studied as well as the stability and redox properties of their Cu(II) complexes. 

 

Chart 6. Chemical structures of the studied ligands with 2,6-dimethylphenol substituent: VA1, VA2 and 

VA3. 

5.1.1.1 Investigation of the proton dissociation processes and lipophilicity of VA1-3  

First of all, solution stability of the VA1-3 ligands was studied in the presence of 30% (v/v) 

DMSO/H2O at various pH values under argon due to the redox activity of the aminophenolic 

moiety [115]. For that purpose, UV-vis spectra were recorded during 3 h at pH 1.5, 7.4 and 12. It 

is worth to mention that at pH 1.5 the relatively slow decomposition (around 6%) was observed 

for the ligand VA2 (Fig. 4), which is most probably due to the cleavage of the C=N imine bond, 

whereas for VA1 and VA3 no significant spectral changes were observed. This hydrolytic 

decomposition was already reported for AcFTSC [79]. On the contrary, all studied ligands were 

stable at pH 7.4. However, significant spectral changes were detected at pH 12 for all ligands, 

VA1

VA2

VA3
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which is a consequence most probably of the oxidation 4-aminophenyl moiety to p-benzoquinone 

imine. 

 

Figure 4. a) UV-vis absorption spectra recorded for VA2 at pH 1.5 over 3 h. b) Absorbance values at 

354 nm plotted against the time. {cL = 100 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 25 °C; ℓ = 

1 cm}. These figures were adapted from publication [P4]. 

Investigation of the (de)protonation processes of bioactive compounds is an important task, 

since they have the major effect on the actual protonation form and charge of the dominant species 

at a given pH. The proton dissociation constant (Ka) is one of the main parameters, which has an 

impact on aqueous solubility and lipophilicity. Herein, proton dissociation processes of VA1-3 

were studied by UV-vis spectrophotometry in 30% (v/v) DMSO/H2O solvent mixture at fairly low 

concentrations (50 μM) due to the limited aqueous solubility of the ligands. The protonated forms 

of these α-N-pyridyl TSCs have three dissociable groups, namely pyridinium-NH+, the 

hydrazonic-NH and the phenolic-OH; however, only two pKa values could be determined in the 

studied pH-range (1.0  12.5). Representative UV-vis spectra for VA2 are shown in Fig. 5. 

Significant spectral changes can be observed, and two individual steps were distinguished by 

deconvoluting the spectra. Due to the structural similarity to triapine, the first deprotonation 

process can be attributed to pyridinium-NH+, where the shift of the absorption band was observed 

to the higher wavelengths with λmax = 316 nm in the acidic pH range (Fig. 5.a). The second step 

was seen at pH > 7, where the λmax moved from 316 nm to 390 nm (Fig. 5.b) belonging most 

probably to the deprotonation of hydrazonic-NH. Moreover, irreversible alteration of the spectra 

was seen at pH > 11 in the range 370-570 nm, which can be explained by the oxidation of the 

ligand by the atmospheric oxygen to 4-aminophenoxyl radical and/or to 4-benzoquinone imine, 

which hindered the accurate determination of the pKa of the phenolic-OH group. 
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Figure 5. UV-vis absorption spectra recorded for VA2 in the pH range a) 1.00 – 6.10 and b) 6.96 – 12.33. 

{cL = 50 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 

Similar processes were observed for the VA1 and VA3 ligands. Accordingly, two pKa 

values were determined based on the measured UV-vis spectra for the ligands VA1 and VA2 

(Table 2). Only one pKa value was determined for VA3 ligand, namely for pyridinium-NH+, due 

to the fact that the deprotonation process of hydrazonic-NH partly overlapped in the pH range of 

the oxidation of the 4-aminophenyl moiety. Taking into account the differences between the pKa 

values of the ligands, the following trend was found for pyridinium-NH+: VA3 ˃ VA2 ˃VA1. This 

can be explained by the electron-donating effect of methyl group in the VA2 ligand and amino 

group at the pyridine ring in the VA3 ligand, respectively. A similar trend was observed for FTSC 

and AcFTSC analogues [79,141]. The obtained individual molar UV-vis spectra of the VA2 

species in the different protonation states are shown together with concentration distribution curves 

computed on the basis of the obtained pKa values in Fig. 6. At physiological pH the charge-

neutrality of the studied ligands can be seen.  

 

Figure 6. a) Concentration distribution curves of VA2 plotted together with the absorbance changes at 

316 nm (●) with the fitted curve (dashed line). b) Molar absorbance spectra of VA2 ligand species in the 

different protonation states. {cL = 50 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 
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In addition, the lipophilicity of the studied compounds was investigated as well, which 

provides information about the ability of compounds to penetrate through biological membranes. 

First of all, logD7.4 values were determined using the traditional shake-flask method in n-

octanol/HEPES buffered aqueous solution at pH 7.40 (Table 2). Based on the obtained data, it can 

be concluded that these compounds showed high lipophilic character. The highest lipophilicity 

was found in case of VA2, which might be the result of the presence of the methyl substituent. 

These ligands were found more lipophilic than their structural models (logD7.4(FTSC) = +0.73; 

logD7.4(AcFTSC) = +1.02; logD7.4(triapine) = +0.85) [79] due to presence of the lipophilic 2,6-

dimethyl-4-aminophenyl moiety.  

Table 2. pKa values determined by UV-vis titrations in 30% (v/v) DMSO/H2O and logD7.4 (n-octanol/water) 

values of the ligands VA1, VA2 and VA3 and their Cu(II) complexes. Conditional stability constants 

(logK’5.9) of the complexes determined by UV-vis EDTA displacement studies in 30% (v/v) DMSO/H2O and 

observed rate constants (kobs) obtained for the redox reaction of the complexes with GSH (pH = 7.4 (50 mM 

HEPES); cCu = cL = 25 µM; cGSH = 1.25 mM). (n.d. = not determined) {T = 25 C; I = 0.1 M (KCl)} This 

table was adapted from publication [P4]. 

 method VA1 VA2 VA3 

pKa (NpyridiniumH+) UV-vis 3.01±0.01 3.59±0.02 3.95±0.04 

pKa (NhydrazonicH) UV-vis 10.55±0.01 11.08±0.02 n.d. 

logD7.4 (ligand) partitioning +1.30±0.03 +2.1±0.1 +1.67±0.01 

logK’5.9 (complex) EDTA displacement 9.67±0.01 n.d. 9.78±0.01 

logD7.4 (complex) partitioning ‒0.40±0.06 n.d. ‒0.42±0.03 
kobs (min

‒1
) (complex) UV-vis (with GSH) 0.033±0.004 n.d. 0.035±0.004 

 

5.1.1.2 Stability of Cu(II) complexes of VA1-3 in solution and their redox properties  

The stability and solution speciation of the Cu(II) complexes of the triapine analogues were studied 

by UV-vis spectrophotometry. Previously published data for 2-formylpyridine TSC and triapine 

showed the formation of Cu(II) complexes with considerably high stability, in which the ligands 

are coordinated through (Npyridine,N,S‒) donor set, which predominates in a wide pH range [77,79]. 

In acidic pH range, these complexes are protonated bearing (Npyridine,N,S) donors, and in the basic 

pH range mixed hydroxido species with (Npyridine,N,S‒)(OH) coordination mode were reported. For 

studying the complex formation processes of VA1-3 with Cu(II) ions, UV-vis spectrophotometric 

titrations were conducted in 30% (v/v) DMSO/H2O solvent mixture. Representative UV-vis 

spectra recorded for the Cu(II)-VA1 system are presented in Fig. 7, which show that significant 

complex formation undergoes already at low pH values (pH ~ 1) as the obtained spectra are 

considerably different from that of the ligand. In the pH range between 1 and 3 only one process 

was observed, which was assigned to the deprotonation of the hydrazonic nitrogen in the bound 

ligand (Chart 7: [CuLH]2+  [CuL]+) with an estimated upper limit for the pKa value of complex 
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[CuLH]2+ < 1.5. Afterwards, in a wide pH range (2.7  7.6) no spectral changes were found 

indicating the presence of only one type of complex with the tridentate coordination mode 

(Npyridine,N,S‒), where the hydrazonic nitrogen is fully deprotonated and corresponds to the 

suggested structure [CuL]+ as it is shown in Chart 7. This suggested structure was proved by X-

ray crystallography, where the ligand coordinates to Cu(II) in a square-planar coordination 

geometry and the coordination sphere is completed by a chlorido ligand. (The crystallization was 

done by the group of V.B. Arion, University of Vienna.) 

By increasing the pH, two overlapping processes are displayed at pH > 8. Based on these 

spectral changes two proton dissociation constants (pKa = 9.80±0.01 and pKa = 11.02±0.01) were 

computed. These processes can be attributed to the deprotonation of aqua ligand resulting in a 

mixed hydroxido complex parallel to the deprotonation of the phenolic OH of the bound ligand. 

 

Figure 7. UV-vis absorption spectra recorded for Cu(II)-VA1 (1:1) system in the pH range 1.01 – 12.27. 

{cL = cCu= 50 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 

For the Cu(II)-VA3 system similar spectral changes were observed. Nevertheless, 

precipitation was observed at pH > 8, which hindered the determination of the proton dissociation 

constants of the complexes. It should be noted that during the titration of the Cu(II)-VA2 system, 

precipitation was observed already in the acidic pH range, which hindered data evaluation. 

0.0

0.2

0.4

0.6

0.8

1.0

260 360 460 560 660

A
b

s
o

rb
a

n
c

e

λ / nm

1.01- 3.49

3.93 - 7.26



44 
 

 

Chart 7. Suggested structures for the Cu(II) complexes formed with VA1 ligand (Notably, the chloride 

ions are originally coordinated in solid phase and most likely replaced by water molecules in aqueous 

solution due to the very weak Cu–Cl coordinative bond.). Chart was taken from publication [P4]. 

For the sake of comparison, EDTA displacement experiments were performed to 

characterize the stability of the Cu(II) complexes of VA1 and VA3 in solution using UV-vis 

spectrophotometry. This study was done at pH 5.9, where all complexes have the dominant [CuL]+ 

species. Since the displacement of the VA1 and VA3 ligands by EDTA is relatively slow based on 

the time dependence measurements, a two-hour-equilibration time was applied. The spectral 

change in Fig. 8.a shows that the absorbance of the S→Cu CT band at λmax = 444 nm decreases 

due to the fact that EDTA replaces the VA3 ligand, while the absorption band of the free ligand 

increases at λmax = 372 nm. Taking into account these spectral changes, the conditional stability 

constant for the Cu(II)-VA3 complex was computed (Figs. 8.a,b, Table 2). Similarly, the 

conditional stability constant for the Cu(II)-VA1 complex was obtained (Table 2). These constants 

are rather similar to each other and just slightly higher than that of the complex of triapine (logK’5.9 

= 9.47 calculated based on previously published data [61]). It can be concluded that the 2,6-

dimethylphenol moiety does not have significant influence on the thermodynamic stability of these 

-N-pyridyl TSC complexes. Obtained data revealed the formation of highly stable complexes 

based on the logK’5.9 values. The conditional stability constant for the Cu(II)-VA2 complex was 

not determined due to the formation of precipitation, which was observed during the EDTA 

displacement experiment. 

[CuHL]2+

[CuL]+
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Figure 8. a) UV-vis absorption spectra recorded for Cu(II)-VA3 (1:1) system in the presence of increasing 

concentration of EDTA. b) Measured (●) and fitted (blue line) at 441 nm plotted against the EDTA-to-

complex ratio. {cL = cCu = 25 M; cEDTA = 0-150 M; pH = 5.90; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); 

T = 25 °C; ℓ = 1 cm} 

The redox properties of Cu(II) complexes of TSCs are usually linked to their 

pharmacological activities, as it was mentioned in the chapters 2.2 and 2.4. Based on these 

findings, the direct redox reaction between the Cu(II) complexes and GSH and AA was followed 

in order to investigate their reactivity. This reaction was followed under strictly anaerobic 

condition with the high excess of the reducing agent (50 equiv.) by UV-vis spectrometry in 

30% (v/v) DMSO/H2O solvent mixture at pH 7.4 using a tandem cuvette. In Fig. 9.a representative 

spectral changes are shown for Cu(II)-VA3 system in the presence of high excess of GSH. These 

recorded spectra reveal that after mixing the reactants a fast and significant change is observed 

(see spectra at 0 and 0.2 min). This change might be explained by the formation of a ternary 

complex via the coordination of GSH, what was reported earlier for several TSC complexes 

[49,61]. Afterwards, an absorbance decrease can be seen at the max, which belongs to the 

STSC→Cu CT band of the complex and formation of a new band with new max, which corresponds 

to the free ligand. Bubbling of the oxygen into the system could regenerate the Cu(II) complexes 

(Fig. 9.b). Similar behavior with GSH was found for the Cu(II)-VA1 system. Based on the 

obtained data, observed rate constants (kobs) were calculated using the measured absorbance−time 

curves (Table 2), which show similar reduction rates of the two measured Cu(II) complexes. 

Investigation of the direct redox reaction of the Cu(II)-VA2 complex with GSH was hindered due 

to precipitation, which appeared immediately after mixing of the reactants. It should be noted that 

AA was not able to reduce these complexes under the used conditions. 
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Figure 9. Time dependent changes of the UV-vis spectra of a) Cu(II)-VA3 (1:1) system in the presence of 

50 equiv. GSH at pH 7.4 under anaerobic conditions; the inserted figure shows the absorbance values at 

460 nm plotted against the time. {cL=cCu = 25 µM; cGSH = 1.25 mM; pH = 7.40; 30% (v/v) DMSO/H2O; I = 

0.1 M (KCl); T = 25 °C; ℓ = 1 cm}; b) Effect of bubbling of O2 through the sample following the reaction 

of the complex with GSH; the inserted figure shows the absorbance values at 460 nm plotted against time. 

5.1.1.3 Anticancer activity of VA1-3 and their Cu(II) complexes 

The anticancer activity of the tested compounds was investigated in the doxorubicin-sensitive 

Colo205, the multidrug-resistant Colo320 human colonic adenocarcinoma cell lines and normal 

human embryonal lung fibroblast cells (MRC-5) by our partner (G. Spengler, University of 

Szeged). Obtained data (Table S1) revealed that the Cu(II) complexes were much more active on 

the cancer cells (IC50 = 0.159  27.6 μM) than the ligands alone (IC50 = 6.32  100 μM). Moreover, 

the Cu(II)-VA3 complex showed no toxicity on non-cancerous cells (IC50 > 100 μM), although, 

the other two were cytotoxic also on these cells. 

 

5.1.2 Formaldehyde TSCs-morpholine conjugates with 2,6-dimethylphenol substituent (VA4-7) 

and their Cu(II) complexes 

In the previous chapter, triapine analogues were discussed and their Cu(II) complexes with redox 

active aminophenol moiety at the terminal nitrogen atom of the TSC scaffold. The ligands and 

their Cu(II) complexes displayed significant antiproliferative effect in cancer cells, although, they 

have limited aqueous solubility. It was already reported for some TSC derivatives that the aqueous 

solubility can be increased by the attachment of polar organic molecules, such as morpholine, 

homoproline, L(D)-proline amino-esters conjugated to the aromatic moiety of TSCs [88,94-

98,142]. Based on these results, a morpholine moiety, which confers excellent aqueous solubility 

as well can improve pharmacological effect, was introduced at the pyridine ring to improve the 
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solubility of formaldehyde based TSCs with 2,6-dimethylphenol substituent. Herein, the influence 

of the morpholine moiety at the pyridine ring was studied in four different positions (positions 3-

6, Chart 8) of the novel TSCs with redox aminophenol moiety on their solution behavior. Namely, 

we investigated how proton dissociation processes, stability in solution, lipophilicity, 

stoichiometry and redox properties of the ligands and Cu(II) complexes are affected by 

introduction of the morpholine moiety. 

 

Chart 8. Chemical structure of the studied ligands VA4-7. 

5.1.2.1 Proton dissociation processes and lipophilicity of the ligands VA4-7 

The fully protonated forms of the ligands VA4-VA7 contain four proton dissociable groups, 

namely the pyridinium-NH+ and hydrazonic-NH, which are from the TSC scaffold and in addition 

to the phenolic-OH and morpholinium-NH+ of the substituents. pH-potentiometric titrations were 

used for the determination of the proton dissociation constants in 30% (v/v) DMSO/H2O solvent 

mixture. Based on the obtained data, only one pKa2 value could be determined accurately from the 

recorded titration curves in the range of 5.2 ‒ 5.6 (Table 3), and two other deprotonation processes 

were also observed at pH < 2.5 and pH > 10. According to it, the deprotonation steps were further 

studied using 1H NMR spectroscopy for pH-dependent titration of VA4 in 30% (v/v) 

DMSO-d6/H2O in the pH range from 0.7 to 10.1 (Fig. 10.a). Collected data reveals broad signals, 

which appeared in the spectra between pH 2.0 and 7.9, and may indicate isomer formation. 

Moreover, significant changes of the chemical shifts of the different protons could be seen with 

increasing pH. In particular, the peaks of the methyl substituents and CH protons of the 

dimethylphenol ring showed changes only at pH > 9.5 demonstrating the deprotonation of the 

phenolic-OH in this pH range. However, these peaks are sensitive as well to the deprotonation 

process of the hydrazonic-NH group. New peaks also appeared at pH > 10, most probably due to 

oxidation processes involving the potentially redox active 2,6-dimethyl-4-aminophenyl unit of the 

ligand. Since the methylene-morpholine protons were sensitive to the deprotonation process in the 

VA4 VA5

VA6 VA7
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pH range 4 ‒ 6 (Figs. 10.a,c), a pKa2 = 5.2±0.1 was calculated based on these changes. This pKa2 

value most likely attributed to the deprotonation of the morpholinium-NH+ group. It should be 

noted that the peaks in the low-field region of the spectra (Figs. 10.a,b) (CH aromatic protons of 

the pyridine ring and CH=N) were high-field shifted upon the first and second deprotonation steps 

but they remained unchanged between pH ~7 and ~10.  

 

Figure 10. a) 1H NMR spectra for VA4 ligand in the low-field range at various pH values with symbols 

used for proton resonance assignment, * denotes the new peaks appearing upon oxidation; b) pH-

dependence of the chemical shifts of peaks belonging to the pyridine-ring protons (●,▲,♦) and the CH=N 

(■) moiety and c) to the methylene-morpholine protons: N-CH2-Cmorpholine (×), CH2-CH2-N (□), CH2-CH2-

N (○). {cL = 1 mM; I = 0.1 M (KCl); T = 25 °C; 30% (v/v) DMSO-d6/H2O} 

Taking into account these findings, it can be concluded that the first deprotonation step can be 

attributed to the pyridinium-NH+ group, while the deprotonation of the hydrazonic-NH was not 

observed up to pH 10. Above pH >10 the overlapping deprotonation processes of the hydrazonic-

NH and the phenolic-OH might take place, although in this pH range the oxygen-sensitivity of the 

ligand is strongly increased. The suggested deprotonation steps at pH < 10 are shown in Scheme 4.  
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Scheme 4. Deprotonation steps of VA4 at pH <10. 

Besides pH-potentiometry and 1H NMR spectroscopy, UV-vis spectrophotometry was also 

used for investigation of proton dissociation processes. UV-vis spectra were recorded at various 

pH values and representative spectra for VA4 are shown in Fig. 11. Determination of the lowest 

pKa1 was done by preparing samples, in which KCl was partially or completely replaced by HCl 

(while keeping the ionic strength constant) and actual pH values, varying in the range of ca. 1.0 – 

2.0, were calculated from the HCl content of the solution. In the pH range 1.0 – 3.4 (Fig. 11.a) 

characteristic spectral changes were observed, which are accompanied by the appearance of an 

isosbestic point at 350 nm. It is worth to mention that the other ligands (VA5-7) showed similar 

behavior. Based on the obtained data, pKa1 value for the deprotonation process of the pyridinium-

NH+ was determined for each ligand using the spectra recorded at pH < 3.4 (Table 3). 

Unfortunately, pKa1 value for the deprotonation process of the pyridinium-NH+ for the ligand VA7 

could not be obtained, since deprotonation takes place even at a more acidic pH range than what 

was used. These pKa1 values were lower by ca. one and half units than those of triapine analogues 

with 2,6-dimethylphenol substituent (chapter 5.1.1.1) due to the electron withdrawing effect of 

methyl-morpholine group. However, deprotonation process of the morpholinium-NH+ caused only 

minor changes in the UV-vis spectra, what was expected for this non-chromophoric unit. 

Table 3. Proton dissociation constants (pKa) of the studied ligands by the different methods. {30% (v/v) 

DMSO/H2O; I = 0.1 M (KCl); T = 25 °C} 

 method VA4 VA5 VA6 VA7 

pKa1  pH-potentiometry 
pH-potentiometry 

pH-potentiometry 

< 2 < 2 < 2 < 2 

pKa2  5.16 ± 0.04a 5.57 ± 0.05 5.62 ± 0.06 5.64 ± 0.03 

pKa3  ~ 10.5 ~10.5 > 10.5 ~10.6 

pKa1  UV-vis 1.49 ± 0.01 1.16 ± 0.01 1.53 ± 0.01 < 0.8 
a pKa2 (HL+) = 5.2 ± 0.1 determined by 1H NMR titrations. {cL = 1 mM; I = 0.1 M (KCl); T = 25 °C; 

30% (v/v) DMSO-d6/H2O} 
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Furthermore, in the pH range between 2 and 8 the development of an overlapping and less intense 

band is seen in the range between 370 and 450 nm most probably due to the concomitant existence 

of Z and E isomers (similarly to related TSCs in ref. [79]). In the basic pH range, the deprotonation 

of the 2,6-dimethylphenolic group is observed accompanied by the development of a strong band 

with λmax = 394 nm simultaneously with the decrease of the absorption at 324 nm (Fig. 11.b). At 

pH > 10.9 irreversible alteration of the spectra was seen, most probably due to the oxidation of the 

4-aminophenolate unit to 4-aminophenoxyl radical (1e– oxidation) and/or to 4-benzoquinone imine 

(2e– oxidation with release of two protons in total) by the oxygen traces. These processes hindered 

the accurate determination of pKa3 values in the basic pH range. Based on these findings it can be 

concluded that all studied ligands are present in their neutral form at physiological pH due to the 

fact that morpholinium-NH+ moiety becomes deprotonated, and this feature contributes to their 

fairly lipophilic character of the ligand.  

 

Figure 11. UV-vis absorption spectra recorded for VA4 at various pH values a) in the pH range 0.99 – 3.40 

and b) 3.50 – 11.61. {cL = 73.7 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 

Nevertheless, investigation of the lipophilic character by the traditional n-octanol/water 

partitioning failed, only a lower limit (logD7.4 > +2) could be estimated since practically the whole 

amount of the compounds remained in the octanol phase. 

5.1.2.2 Stability of Cu(II) complexes of VA4-7 in solution and their reduction by GSH and AA 

The solution behavior of the Cu(II) complexes of VA4-7 was studied primarily by UV-vis 

spectrophotometric titrations in 30% (v/v) DMSO/H2O. Representative UV-vis spectra are shown 

for the Cu(II)-VA6 system in Fig. 12.  
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Figure 12. a) UV-vis absorption spectra recorded for Cu(II)-VA6 (1:1) system at various pH values 

together with the spectrum of the ligand at pH 1.05 (dashed green line); b) absorbance changes at 440 (●) 

and 540 nm (●) as a function of pH. {cL = cCu(II) = 67 µM; 30% (v/v) DMSO/H2O; I = 0.1 M (KCl); T = 

25 °C; ℓ = 1 cm} 

Comparing the spectra of the ligand in the absence and in the presence of one equivalent 

of Cu(II) at pH ~1 significant differences can be seen. It indicates the large extent of complex 

formation already at that low pH. Based on this finding, the direct determination of the stability 

constant of the complex is not possible; and the same behavior was observed for all complexes. It 

can be assumed that complex formation, pronounced with the increase of the pH, is supposed to 

be complete at pH ~3. The ligand binds to the Cu(II) ion via (Npyridine,N,S‒) donor set in the 

complex, and this coordination mode could be proved by SXRD studies (the crystallization was 

done by the group of V.B. Arion, University of Vienna). Somewhat smaller spectral changes were 

observed in the pH range 3 ‒ 6, where the λmax was shifted from 419 to 413 nm and the isosbestic 

points at 297 and 334 nm also appeared. This can indicate an equilibrium between two species. 

One pKa value for each Cu(II) complex was calculated from data collected in the pH range 4.2 and 

4.7 (Table 4).  

It is worth to mention that no spectral changes were observed in the case of VA7 

(morpholine moiety at ortho position) and pKa could not be determined. It can be explained by the 

involvement of morpholine moiety in the coordination to Cu(II) revealed by the structure 

determined by X-ray diffraction analysis. Based on these findings, pKa values of the Cu(II) 

complexes of VA4, VA5 and VA6 are attributed to the deprotonation of the non-coordinating 

morpholinium NH+ group in the [CuL]2+ complex leading to the formation of [CuLH‒1]
+, in which 

the pyridinium-, the morpholinium and the hydrazonic nitrogens become deprotonated, while the 

phenolic-OH remains protonated. 
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Table 4. Conditional stability constants (logK’5.9) determined by EDTA displacement UV-vis studies (in 

water or in 30% (v/v) DMSO/H2O) and pKa values of the Cu(II) complexes (studied in 30% (v/v) 

DMSO/H2O; T = 25 °C), pCu (= ‒log[Cu(II)]) values calculated at pH 5.9 (cL = cCu(II) = 1 µM) in addition 

of the observed rate constants (kobs) obtained for the redox reaction of the complexes with GSH. {pH = 7.4 

(50 mM HEPES); cL = cCu = 25 µM; cGSH = 1.25 mM; in water}. {I = 0.1 M (KCl); T = 25 °C} (n.d. = not 

determined) 

 method VA4 VA5 VA6 VA7 

logK’5.9 
a

 

(H2O) 
UV-vis 13.35 ± 0.02 13.39 ± 0.01 13.82 ± 0.04 13.73 ± 0.02 

logK’5.9 
b
 

(DMSO/H2O) 
UV-vis 10.07 ± 0.01 9.99 ± 0.01 10.33 ± 0.01 10.09 ± 0.04 

pKa [CuL]
2+

 UV-vis 4.48 ± 0.01 4.75 ± 0.01 4.23 ± 0.01 n.d. 

pKa [CuL]
2+

 
pH-

potentiometry 
4.60 ± 0.02 4.95 ± 0.04 n.d. n.d. 

pCu5.9 calculated 8.06 8.02 8.20 8.07 

kobs (min
‒1

) UV-vis 0.079 ± 0.019 0.058 ± 0.010 0.059 ± 0.004 0.165 ± 0.011 

a Data for pKa of EDTA and its Cu(II) complex taken from ref. [143] and logK’5.9 = 13.89 was calculated 

for [Cu(EDTA)]2- in pure water. b logK’5.9 = 10.19 for the Cu(II)-EDTA complex in the 30% (v/v) 

DMSO/H2O mixture was determined via triapine displacement reaction [61].  

The suggested structures for the [CuL]2+ and [CuLH‒1]
+ complexes of VA6 are shown in 

Chart 9. Besides UV-vis titrations, pH-potentiometric titrations were also performed for the Cu(II) 

complexes of VA4 and VA5 (Table 4), and the pKa values of [CuL]2+ obtained by the two different 

methods are in good agreement.  

 

Chart 9. Suggested structures for [CuL]2+ and [CuLH‒1]
+ complexes of VA6. 

By further increasing the pH, significant changes of the UV-vis spectra were observed. 

Notably, at pH > 8.7 (Fig. 12), the λmax at 516 nm for VA6 was shifted to the higher wavelengths, 

most probably due to the deprotonation of the phenolic group, where this process results in the 

formation of the neutral complex [CuLH‒2]. Deprotonation of the phenolic group increases the 

sensitivity of the complex to oxidation (a similar process is demonstrated in chapter 5.1.1.2). For 

Cu(II) complexes with ligands VA4, VA5 and VA7, the absorbance values decreased in this pH 

range at λ > 340 nm, when an increase of absorbance was seen at ~310 nm most probably due to 

precipitation parallel with the oxidation of the phenolate group. Thus, spectral data collected in the 

basic pH range could not be used for evaluation. In the pH range between 5.5 and 8.7 in the Cu(II) 

– VA6 sytem (or between 5.5 and ~7 in the case of the other three Cu(II)-ligand systems) the 
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spectra remained unchanged because of the formation of the predominant [CuLH‒1]
+ complexes. 

For the determination of the stability constant of this species, EDTA competition was applied at 

pH 5.9 ([CuLH‒1]
+ is dominant) followed by UV-vis spectrophotometry. This displacement 

reaction was performed in the same way as it was described in chapter 5.1.1.2, where the 

absorbance of the characteristic STSC→Cu CT band at 400–460 nm decreased upon increasing the 

concentration of the EDTA (Fig. 13). These experiments were conducted in both aqueous solution 

and 30% (v/v) DMSO/H2O solvent mixture.  

 

Figure 13. a) UV-vis spectra recorded for Cu(II)-VA4 (1:1) system in the presence of increasing 

concentration of EDTA. b) Measured (●) and fitted (dashed line) absorbance values at 420 nm plotted 

against the cEDTA-to-cL ratio. {cL = 25 μM, cCu = 25 μM, cEDTA = 0-62.5 μM, 30% (v/v) DMSO/H2O; pH = 

5.90, I = 0.1 M (KCl), T = 25 °C; ℓ = 1 cm} 

The obtained conditional formation constants (logK’5.9) are collected in Table 4 and show 

strong similarity. It is worth to mention that the values obtained in the DMSO/H2O solvent mixture 

are lower most likely due to the competitive coordination of DMSO to Cu(II). This finding was 

already reported for the Cu(II) complex of triapine [61]. However, ligands studied here show 

somewhat higher logK’5.9 values compared to that of the the triapine Cu(II) complex in 30% (v/v) 

DMSO/H2O (logK’5.9 = 9.47 was calculated by taking the data from ref. [61]). These constants 

were also higher in comparison to Cu(II) complexes with triapine analogues with 2,6-

dimethylphenol substituent, which were discussed above. It can be assumed that the presence of 

morpholine unit can change slightly the thermodynamic stability of these α-N-pyridyl TSC 

complexes (see Tables 2 and 4). In order to compare the Cu(II) binding ability of the studied TSCs 

at pH 5.9 (at which the conditional constants were determined), pCu values were also computed 

using the experimentally determined equilibrium constants (Table 4) and reflect that the ligands 

have similar Cu(II) binding ability. Moreover, these data show that the additional coordination of 

the morpholine nitrogen in the Cu(II) complex of VA7 does not result in higher thermodynamic 
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stability. Similar situation was described for aqueous solutions of the N-terminally dimethylated 

derivative of PTSC [77] and its morpholine-conjugate Morf-PTSC [88]. 

It was already suggested that the anticancer activity of the Cu(II) complexes of TSCs is 

often related to their redox reaction with cellular thiols such as GSH [49]. Herein the direct 

reduction of Cu(II) complexes with GSH was investigated as well under strictly anaerobic 

condition at pH 7.4 in aqueous solution. At this pH, the complex [CuLH‒1]
+ predominates based 

on the speciation studies. Moreover, AA was also tested revaling a very slow reaction. Thus, it can 

be concluded that these Cu(II) complexes cannot be reduced by this reducing agent efficiently. It 

should be noted that remarkable spectral changes were detected in the case of GSH as Fig. 14.a 

shows for the Cu(II) complex of VA7. 

Similar behavior was found for the Cu(II) complex of VA7 with GSH as it was shown in 

chapter 5.1.1.2, where the first recorded spectrum after mixing the reactants showed minor shifts 

of the absorbance bands most likely due to the formation of a ternary complex with GSH [49,56]. 

Notable decrease of the absorbance was observed at λmax = 406 nm, and the absorbance was 

increased at the λmax of the free ligand (~316 nm). Bubbling oxygen into the solution could 

regenerate the Cu(II) complex (more specifically its GSH adduct) in all cases (Fig. 14.a for Cu(II) -

VA7), which suggests a reversible redox process. Based on the absorbance ‒ time curves (Fig. 

14.b), observed rate constants (kobs) were calculated (Table 4) as a semi-quantitative description 

of the reaction kinetics.  

Figure 14. a) Time-dependent UV-vis absorption spectra of the Cu(II)-VA7 (1:1) system in the presence 

of 50 equiv. GSH before (green line) and after mixing their solutions (blue lines) in a tandem cuvette under 

anaerobic conditions. b) Plot of absorbance changes at 406 nm (blue line) for the Cu(II)-VA7 (1:1) system, 

at 396 nm (red line) for the Cu(II)-VA4 (1:1) system, at 398 nm (violet line) for the Cu(II)-VA5 (1:1) 

system and at 398 nm (green line) for the Cu(II)-VA6 (1:1) system vs. time. {pH = 7.4 (50 mM HEPES); 

in water; cL = cCu = 25 µM; cGSH = 1.25 mM; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 
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It can be concluded that the studied Cu(II) complexes can be reduced by GSH with a similar 

reaction rate, although the Cu(II) complex with the ligand VA7 can be reduced somewhat faster 

compared to the others. It is worth to mention that these Cu(II) complexes can be reduced by GSH 

much faster than those of triapine analogues VA1-3 under the same conditions.  

5.1.2.3 Anticancer activity of the tested ligands and their Cu(II) complexes 

The cytotoxic activity of ligands VA4-VA7 and their Cu(II) complexes was investigated in MES-

SA (human uterine sarcoma) and in its multidrug-resistant counterpart (MES-SA/Dx5). These 

measurements were performed by G. Szakács (Medical University of Vienna). The cytotoxicity of 

the ligands falls into the low micromolar concentration range (Fig. 15). The results are remarkable, 

especially in the case of VA7 with ca. 3 times stronger effect than triapine for the free ligand, and 

its Cu(II) complex exhibited ca. 7 times stronger cytotoxic effect in MES-SA cell line compared 

to the Cu(II)-triapine complex. The Cu(II) complexes are less cytotoxic against the MES-SA cells 

than the corresponding ligands, the values are comparable only in the case of the VA7 and its 

Cu(II) complex. The same effect was observed for triapine and its Cu(II) complex [61]. In contrast 

with the results in MES-SA cells, the complexes are more cytotoxic than the ligands in the MES-

SA/Dx5 cells.  

 

Figure 15. In vitro cytotoxicity data (IC50 expressed in µM) determined for the ligands and their Cu(II) 

complexes in MES-SA and MES-SA/Dx5 (120 h exposure). 

 

5.3 Imidazole and benzimidazole-derived thiosemicarbazones and their Cu(II) complexes: impact 

of N-terminal substitution and hybridization  

To explore the impact of the ligand scaffold exchange on the physico-chemical properties of TSCs, 

the α-N-pyridyl moiety was replaced with imidazole and benzimidazole units. Such modifications 
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may improve the pharmacokinetic characteristics of TSCs and optimize their solubility and 

bioavailability [80]. Moreover, substitution of the terminal amino group in the analogous TSCs 

usually lead to enhanced anticancer activity and formation of high stability Cu(II) complexes (see 

chapter 2.4). Four imidazole and benzimidazole-based TSCs (Chart 10) were investigated, and 

their Cu(II) complexes were prepared and characterized. 

 

Chart 10. Chemical structures of imidazole- and benzimidazole-TSCs in HL form (donor atoms 

highlighted by red that coordinate to Cu(II) ions in mono complexes). Ligands were provided by the group 

of É. Frank, University of Szeged. 

The previously published results of methyl imidazole-derived TSCs showed anticancer 

effect on several cancer cells (A549, MDA-MB-453, LS174 and BEAS-2B), which was enhanced 

by the coordination to Cu(II) and with dichloroacetate as a co-ligand [80]. Based on this finding, 

anticancer and antibacterial activities of the compounds in Chart 10 and their Cu(II) complexes 

were investigated by our partner (G. Spengler, University of Szeged). Anticancer activity was 

tested in two cell lines for all compounds (Colo205 and Colo320). The obtained results showed 

that ligands alone were not cytotoxic on cancer cells except Me2-imidazole-TSC, which showed 

high-to-moderate activity (IC50: 8.97 – 29.14 μM), especially on Colo205 and Colo320 (Table S2). 

In the meantime, the presence of the copper salt increased the anticancer activity in all cases, 

namely, the highest activity was shown by Cu(II) – Me2-imidazole-TSC complex on Colo205 

(IC50: 2.81 μM) and Cu(II) – benzimidazole-TSC systems on Colo320 cells (IC50: 15.70  μM).  

Moreover, antibacterial activity was tested as well on the Gram-positive S. aureus and the 

Gram-negative E. coli and K. pneumoniae strains, and only moderate activity was found on S. 

aureus for complexes of Me2-imidazole-TSC and benzimidazole-TSC (minimal inhibitory 

concentration (MIC) ~50 μM).  
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5.3.1 Proton dissociation processes and lipophilicity of the imidazole and benzimidazole-derived 

thiosemicarbazones 

The proton dissociation processes of the tested compounds were monitored by pH-potentiometric 

titrations at 1–2 mM concentrations in 30% (v/v) DMSO/H2O. Although, the protonated ligands 

have three dissociable protons, namely two on the imidazolium- and one on the hydrazonic 

nitrogens, only two pKa values (pKa1 and pKa2, Table 5) could be determined. pKa1 is attributed to 

the deprotonation process of one of the imidazolium nitrogens (N3), which is involved in the 

coordination to Cu(II) ions (see Chart 10), while pKa2 belongs to the hydrazonic nitrogen.  

Table 5. Protonation (log β HL) and proton dissociation constants (pKa)
a of the studied ligands determined 

by pH-potentiometric titrations in 30% (v/v) DMSO/H2O {I = 0.1 M (KCl)} and their n-octanol/water 

distribution coefficients (logD7.4 values) at T = 25 °C. a 

 imidazole-TSC Me-imidazole-

TSC 

Me2-imidazole-

TSC 

benzimidazole-

TSC 

log β HL 11.26 ± 0.02 11.48 ± 0.04 10.85 ± 0.01 10.38 ± 0.02 

log β H2L
+
 15.62 ± 0.02 15.97 ± 0.05 15.30 ± 0.01 13.51 ± 0.05 

pKa1 4.36 4.49 4.45 3.13 

pKa2 11.26 11.48 10.85 10.38 

logD7.4 +0.03 ± 0.03 +0.64 ± 0.02 +0.25 ± 0.02 > +2 
a Triapine (for comparison): pKa1(pyridinium-NH+) = 3.92; pKa2(hydrazonic-NH) = 10.78; logD7.4 = +0.85 

[77]  

The benzimidazole analogue possesses lower pKa values than the imidazole derivatives, 

which can be explained by the electron-withdrawing effect of the fused benzene ring. The N-

terminal monomethylation does not have a strong influence on the proton dissociation constants 

of the compounds, whereas dimethylation results in undoubtedly lower pKa2 value of the 

hydrazonic nitrogen. It should be noted that triapine has somewhat lower pKa values in comparison 

to imidazole-TSC (Table 5).  

As it was mentioned in chapter 2.3, the TSCs are recognized for their ability to exist as 

both E and Z isomers around the C=N double bond, which were also detected for imidazole-TSCs 

by 1H NMR spectroscopic titrations [79,80]. The 1H NMR spectra of imidazole-TSC recorded in 

the pH range 1.3  12.7 in 30% (v/v) DMSO-d6/H2O solvent mixture are shown in Fig. 16. 
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Figure 16. 1H NMR spectra of imidazole-TSC at various pH values with symbols used for proton 

resonances assignment in case of the major Z isomer (blue symbols) and minor E isomer (green symbols), 

where ligand is shown in its HL form. {cL = 3 mM; I = 0.1 M (KCl); T = 25 °C; 30% (v/v) DMSO-d6/H2O} 

Three sets of signals (see Fig. 16) were registered in the whole studied pH range, where CH2 and 

CH5 protons (indicated as ■ and * in Fig. 16, respectively) were very sensitive for both 

deprotonation steps. The pKa1 calculated for the minor isomer is ca. half logarithm unit lower than 

that of the major isomer (minor: 3.94 vs. major: 4.47) probably due to the formation of 

intramolecular hydrogen bond(s) that makes the deprotonation of the imidazole NH group more 

feasible. The pKa2 of the minor isomer is 11.18, whereas it was not possible to calculate a constant 

for the major isomer (>11.5). The high pKa2 value for the major isomer is most probably connected 

with a strong intramolecular hydrogen bonding. The identification of the isomers was mostly based 

on the determined pKa values. Considering the possible hydrogen bonds in the different protonated 

species (Scheme 5), the Z isomer is able to form more stable hydrogen bonds in the whole pH 

range, and it is the more favorable species. It is assumed to be the major ligand form in the whole 

pH range: its molar fraction is ~ 99% at pH 1.31, which decreases to ~ 78% at pH > 12.  

Although both isomers may have hydrogen bond in the protonated H2L
+ form as it is shown 

in Scheme 5, the bond in E isomer forms a more strained ring thus it is weaker than the one in the 
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Z isomer. After deprotonation of imidazolium nitrogen (N3), a sterically preferable hydrogen bond 

will be formed between imidazolium nitrogen and hydrazonic NH group in Z isomer, while in E 

isomer no hydrogen bond will be present. Based on this, the first deprotonation step has higher 

impact on chemical shifts in Z isomer, which is clearly visible in NMR spectra (see Fig. 16, blue 

symbols).  

  

Scheme 5. E/Z isomers of imidazole-TSC in their H2L
+, HL and L- forms, where the suggested hydrogen 

bonds indicated with dashed lines based on ref. [79]. 

The lipophilic character of the studied imidazole-TSC derivatives was investigated and 

expressed as logD7.4 values (Table 5). Obtained data reveal that the introduction of the methyl 

groups and benzene ring annulation increases the lipophilic character as expected, especially in 

the latter case (benzimidazole-TSC), where only threshold limit could be estimated due to its high 

value. Imidazole-TSC and its mono- and dimethylated derivatives are less, whereas 

benzimidazole-TSC is much more lipophilic than triapine at pH 7.4.  

5.3.2 Stability of Cu(II) complexes in solution formed with imidazole and benzimidazole-TSC 

derivatives 

The complex formation processes of imidazole and benzimidazole-TSC derivatives with Cu(II) 

ions were investigated by UV-vis spectrophotometry in 30% (v/v) DMSO/H2O. The overall 

stability constants (log β) and pKa values of the studied Cu(II) complexes are collected in Table 6. 

Data obtained from pH-potentiometric titrations for the imidazole-TSC-Cu(II) (1:1, 1:1.5, 1:2 and 

1:3) systems reveal that the complex formation is almost complete already at the starting pH value 

of the titrations (pH = 2). 

E isomers

Z isomers

-H+

-H+

H2L
+

H2L
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Table 6. Overall stability constants (log β), pKa of the Cu(II) complexes of imidazole/benzimidazole-TSC 

determined by UV-vis titrations in 30% (v/v) DMSO/H2O and calculated pCu values at pH 5.0 using cCu = 

20 μM and cL = 20 μM together with triapine for comparison; (n.d. = not determined). a{T = 25 °C; I = 

0.1 M (KCl)} 

 imidazole-TSC Me-imidazole-

TSC 

Me2-imidazole-

TSC 

benzimidazole-

TSC 

log β [CuLH]
2+

 19.87±0.01 19.48±0.02 19.47±0.05 n.d. 

log β [CuL]
+
 17.25±0.02 16.82±0.02 16.68±0.05 14.04±0.01 

log β [Cu4L4H4] 56.89±0.07 56.78±0.08 n.d. 41.28±0.04 

log β [CuLH2]
 2.29±0.04 n.d. n.d. -2.91±0.02 

pKa [CuLH]
2+

 2.62 2.66 2.79 n.d. 

pCu5.0 7.9 7.5 7.8 6.8 
a Triapine: pCu5.0 = 6.4 under the same conditions. 

Based on this finding, UV-vis spectrophotometric titrations were performed starting at 

pH < 2 for all studied compounds. The spectrum recorded at pH 1.59 represents significant 

complex formation, as it is completely different from the spectrum of the free ligand (Fig. 17.a). 

At this pH, [CuLH]2+ is formed and its formation is completed to pH ~2.7. Then the subsequent 

process starts, which corresponds to the formation of [CuL]+ species (Fig. 17.a). Remarkable 

spectral changes were seen in the pH range 5 ‒ 7, which is dedicated to the deprotonation process 

of the non-coordinated imidazole nitrogen (NH1, see Fig. 16) and the formation of a tetrameric 

species [Cu4L4H4] (Fig. 17.b). The formation of this tetrameric species was assumed based on the 

literature data, where similar tetrameric species were found for Cu(II) complexes with imidazole 

derivatives in solution [144-146]. Moreover, dimeric species were detected for the isolated Cu(II) 

complex by ESI-MS (MeOH, positive, m/z for Cu(II)-imidazole-TSC: C10H12N10S2Cu2]Cl-: 

theoretical: 498.8950, measured: 498.8938), which was formed most probably due to the 

decomposition of the tetramer under the conditions of the ESI-MS analysis (Fig. S1). Additional 

process was observed at pH ˃ 9, which corresponds most probably to the formation of a mixed 

hydroxido complex [CuLH2]. This species is formed by the deprotonation of the water molecule 

that coordinates in the fourth equatorial position, as it is drawn in Fig. 17.b. 
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Figure 17. UV-vis absorption spectra recorded for the Cu(II)-imidazole-TSC (1:1) in the pH range a) 1.59 

– 4.15 together with a ligand’s spectrum at pH 1.79 (grey line) and b) between pH 5.16 and 12.66 in 30% 

(v/v) DMSO/H2O together with the suggested structures of species formed. {cL = 117 μM; cCu = 114 μM; 

I = 0.1 M (KCl); T = 25.0 °C; ℓ = 0.5 cm} 

Concentration distribution curves were computed for the Cu(II)-imidazole-TSC (1:1) 

system using the obtained formation constants (Table 6, Fig. 18.a), where [CuLH]2+ and [CuL]+ 

species were found predominant in the acidic pH values. [Cu4L4H4] species was found 

predominant in pH range 5 – 9 (also including the physiological pH), while [CuLH2] species was 

the most abundant at pH ˃  10. [CuLH]2+ contains the protonated ligand, where the proton is present 

on the non-coordinating hydrazonic nitrogen. In the [CuL]+ complex the ligand coordinates most 

probably via the (Nimidazole,N,S) tridentate donor set. Moreover, the suggested coordination mode 

was confirmed by X-ray crystallography for the Me2-imidazole-TSC complexes, which 

coordinates through (Nimidazole,N,S) chelating mode, and the fourth position is occupied by a 

chlorido ligand (Fig. 18.b; coordination of Cl- is assumed only in the solid phase).  
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Figure 18. a) Concentration distribution curves for the Cu(II)-imidazole-TSC (1:1) system plotted together 

with the absorbance changes at 350 nm (●) with the fitted curve (dotted line). {cligand = 117 μM; cCu(II) = 

114 μM; T = 25.0 °C; I = 0.1 M (KCl); ℓ = 0.5 cm }; b) Molecular structure and atom labeling of the 

Cu(II) – Me2-imidazole complex as [CuL]Cl. 

It is worth to mention that only [CuLH]2+ and [CuL]+ species were detected for Me2-

imidazole-TSC due to appearance of precipitation at pH ˃  6.0 that hindered further data evaluation. 

In order to compare the stability of the investigated Cu(II) complexes in solution, pCu values were 

calculated at pH 5.0, where no precipitation occurred (Table 6). Obtained data show that there are 

minor differences between the calculated pCu values for the studied imidazole-TSCs, and the N-

terminal substitution does not have significant effect on the stability. However, lower value was 

found for benzimidazole-TSC. In contrast, triapine exhibits a lower pCu value, indicating that the 

substitution of the pyridine ring with the imidazole moiety significantly increases the Cu(II) 

binding affinity at pH 5.0.  

5.3.3 Redox properties of the Cu(II) complexes of imidazole-TSC derivatives 

To investigate the redox properties of the Cu(II) complexes, detailed electrochemical and 

spectroscopic studies were performed using CV and UV-vis spectroelectrochemistry. The cyclic 

voltammograms of Cu(II) complexes of imidazole-TSCs were recorded in 99% (v/v) DMSO/n-

Bu4NPF6/H2O in which all tested compounds exhibit good solubility and for the sake of 

comparison, the Cu(II)-triapine complex was tested as well. Cyclic voltammograms of all tested 

compounds were collected in Fig. 19 and the complexes showed similar redox behavior. Namely, 

the electrochemical analysis reveals the presence of a single reduction peak accompanied by a 

strongly shifted re-oxidation peak.  
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Figure 19. a) Cyclic voltammograms of the Cu(II)-(T)SC (1:1) systems in 99% (v/v) DMSO/H2O at 

100 mV/s scan rate {cL = 1 mM, cCu(II) = 1 mM, T = 25 °C, I = 0.1 M (n-Bu4NPF6)} E’ vs. NHE; b) UV-vis 

absorption spectra recorded for the Cu(II)-Me2-imidazole (1:1) system at the various potential values using 

the spectroelectrochemical cell. {cCu(II) = cL = 100 µM; I = 0.1 M (n-Bu4PF6); T = 25.0 °C, scan rate: 

20 mV/s; ℓ = 0.17 cm} 

These complexes showed very similar reduction peaks in the range –0.09 – + 0.1 V vs. 

NHE and a sharp oxidation peak during the reverse scan in the range +0.4 – + 0.74 V vs. NHE. 

The electrochemical process is irreversible. It can be explained by an electrochemical dual-

pathway square scheme (Scheme 6), where the electron transfer processes in Cu(II/I) systems were 

accompanied by strong changes in their coordination geometry [147]. Herein, Cu(II)L and Cu(I)L 

forms are the thermodynamically stable species with their usual coordination geometry (square-

planar and pseudo-tetrahedral, respectively), whereas Cu(II)L’ and Cu(I)L’ are metastable 

intermediates in which the coordination geometry nearly resembles that of the thermodynamically 

stable species of the opposite oxidation state (pseudo-tetrahedral and square-planar, respectively).  

 

Scheme 6. Electrochemical dual-pathway square scheme, where L indicates the tested ligands [147]. 

In order to better understand these processes, UV-vis spectroelectrochemical 

measurements were performed and the result is shown for Cu(II)-Me2-imidazole-TSC complex in 

Fig. 19.b. In the UV-vis spectra two absorption bands are present with the wavelength maxima 

300 and 360 nm, whereas the first is assigned as the ligand absorption band and the second is 
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considered as the S → Cu charge transfer band. During the reduction, simultaneous decrease of 

the initial UV-vis absoption band at 360 nm and increase at 300 nm through an isosbestic point at 

316 nm was observed (Fig. 19.b). The reoxidation process leads to the complete restoration of the 

initial bands (in Fig. 19.b). This observation confirms the stability of the Cu(I) complex of Me2-

imidazole-TSC generated cathodically, and demonstrates the chemical reversibility of this redox 

process. Slightly different behavior was found for all other compounds tested here, where a nearly 

full recovery of the initial optical bands was detected. 

Our findings are consistent with the results obtained from the direct reduction of the Cu(II)-

TSC complexes with GSH. This reaction was followed by UV-vis spectrophotometry under 

anaerobic conditions at pH 7.4 in an aqueous solution. All Cu(II) complexes were reduced by GSH 

in a relatively fast reaction (< 1 h), and the final spectrum corresponded to that of the free ligand 

(Fig. 20.a).  

 

Figure 20. a) Time-dependent UV-visible absorption spectra of Cu(II)-imidazole-TSC (1:1) system in the 

presence of 50 equiv. GSH at pH = 7.4 (50 mM HEPES); {cCu = cL = 25 µM; cGSH = 1.25 mM; I = 0.1 M 

(KCl); ℓ = 1 cm; T = 25 °C}. b) Absorbance values at 360 nm (●) for Cu(II)-imidazole, (●) for Cu(II)-Me-

imidazole-TSC, (●) for Cu(II)-Me2-imidazole-TSC, at 416 nm (●) for Cu(II)-benzimidazole-TSC 

complexes with GSH in dependence of time. Absorbance read from the first spectrum recorded after mixing 

is considered as 100%. 

Reaction rates of the tested Cu(II) complexes were found to be somewhat different 

(Fig. 20.b), e.g. the benzimidazole-TSC complex reacted the fastest, reaching equilibrium in less 

than 2 min. Furthermore, passing oxygen through the solutions of the reduced complexes could 

regenerate the complex, what was also observed in spectroelectrochemical studies (Fig. 19.b). 
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5.4 Salicylaldehyde thiosemicarbazones (STSCs) with methylenetrimethylammonium moiety and 

their Cu(II) complexes 

5.4.1 STSC analogues with 5-methylenetrimethylammonium substituent 

As it was already mentioned in chapter 2, STSCs are a class of thiosemicarbazones, which behave 

as tridentate ligands with (O,N,S) donor set. The presence of a phenol OH group at a chelation 

position instead of the pyridyl nitrogen might provide a different and more favourable coordination 

for harder Lewis-acid metal ions. However, STSC derivatives have usually lower aqueous 

solubility than α-N heterocyclic TSCs [78]. Based on this finding, the increase of their aqueous 

solubility was aimed by introducing a positively-charged methylenetrimethylammonium group to 

the aromatic unit. Moreover, the presence of this group in the TSCs gave opportunity to be 

mediated through the cell membrane by organic cation transporters (OCTs), which provides a more 

efficient cellular uptake [148]. The N-terminal substitution of the NH2 groups in the case of several 

α-N-pyridyl TSCs increased the anticancer activity (e.g. N-terminal derivatives of triapine), thus 

similar modifications were done for STSC analogoues. Herein, four new STSC derivatives 

(Chart 11) and their Cu(II) complexes were studied (provided by our collaborating partner: V.B. 

Arion, University of Vienna). Anticancer activity of these compounds was tested by our partner 

(G. Spengler, University of Szeged) on the doxorubicin-sensitive Colo205, the multidrug-resistant 

Colo320 human colonic adenocarcinoma cell lines, neuroblastoma SH-SY5Y and normal human 

embryonal lung fibroblast cells MRC-5 (Table S3). It was found that Cu(II) complexes of the 

tested compounds VA8-11 showed higher anticancer activity (IC50 = 8.93  100 μM) compared to 

the ligands alone (IC50 = 31.46  100 μM). It was also suggested that interaction with OCTs can 

be responsible for the anticancer activity and are considered as possible targets for TSCs. In order 

to elucidate the influence of the methylenetrimethylammonium group and the N-terminal 

substitution of the NH2 group on physico-chemical properties, detailed solution equilibrium 

studies were performed, where the proton dissociation constants of the ligands were determined, 

stability and redox properties of their Cu(II) complexes and lipophilicity of ligands and complexes 

were characterized. 
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Chart 11. Chemical structures of the investigated ligands with methylenetrimethylammonium moiety: 

VA8, VA9, VA10 and VA11. 

5.4.2 Characterization of the proton dissociation processes and lipophilicity of the ligands  

VA8-11 

The main aim of this ligand design was to enhance the aqueous solubility of the ligands. 

Lipophilicity was measured at pH 7.4 and the obtained data were expressed as logD7.4 (Table 7). 

It was found that the insertion of phenyl, ethyl and methyl groups increases the lipophilicity in the 

following order: VA8 < VA9 < VA10 < VA11. Comparison of these compounds to their structural 

analogue STSC (logD7.4: +1.59) [149] revealed that the tested compounds are indeed much more 

hydrophilic than the unsubstituted counterpart.  

The protonation processes of the ligands VA8-11 were investigated mainly by UV-vis 

spectrophotometric titrations in the pH range 1.0−11.5 in water. Representative spectra are shown 

recorded for VA10 in Fig. 21.a. Taking into account the spectral changes, which were detected in 

the pH range 5−10, only one deprotonation process was observed. The spectra reveal the 

appearance of the isosbestic points at 227, 279 and 348 nm. Based on this finding, one pKa value 

was calculated for each ligand (Table 7). This process is most probably attributed to the 

deprotonation of the phenolic OH group [78]. It should be noted that these compounds have one 

more proton dissociable group (hydrazonic-NH), which is expected to deprotonate at higher pH 

values and pKa could not be determined under the used conditions. 

VA8 VA9

VA10 VA11

+ +

+ +
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Figure 21. a) UV-vis absorption spectra recorded for the ligand VA10 at various pH values; b) 

concentration distribution curves plotted together with the absorbance changes at 370 nm (●) and the fitted 

curve (dotted line). {cL = 46.9 µM; I = 0.1 M (KCl); T = 25 °C; ℓ = 1 cm} 

It is worth to mention that the pKa value for the same deprotonation process of STSC is 

8.53 determined in aqueous solution [149]. All of the tested derivatives showed lower proton 

dissociation constants by more than one order of magnitude compared to STSC. This can be 

explained by the electron-withdrawing effect of the methylenetrimethylammonium group. The 

unsubstituted ligand VA8 has a similar pKa value compared to the methyl (VA9) and ethyl (VA10) 

N-terminally substituted derivatives, whereas the ligand VA11 with phenyl group at the N-terminal 

position showed somewhat stronger acidity. Using these data, concentration distribution curves 

were computed (Fig. 21b for ligand VA10), which show that these compounds are partly 

deprotonated at the physiological pH.  

Table 7. Proton dissociation constants (pKa) of the studied ligands; overall stability constants (logβ), pKa 

of their Cu(II) complexes, pCu values calculated (I = 0.1 M (KCl); T = 25 °C), logD7.4 of the ligands and 

complexes at pH 7.4 at cCu(II) = cL = 10 µM, in addition of the observed rate constants (kobs) obtained for the 

redox reaction of the complexes with GSH (pH = 7.4; ccomplex = 25 µM; cGSH = 1.25 mM). Table was adapted 

from publication [P6]. 

 VA8 VA9 VA10 VA11 

pKa (HL
+
) 7.46 ± 0.01 7.54 ± 0.01 7.31 ± 0.01 7.03 ± 0.01 

% L at pH 7.4 47% 42% 55% 70% 

logD7.4 (ligand) −0.84 ± 0.03 −0.39 ± 0.01 +0.06±0.04 +0.68 ± 0.04 

log [CuL]
2+

 12.00 ± 0.01 11.73 ± 0.02 11.66 ± 0.03 11.26 ± 0.02 

log [CuLH−1]
+
 8.14 ± 0.01 7.76 ± 0.02 7.67 ± 0.03 8.55 ± 0.02 

log [CuLH−2]  −1.66 ± 0.02 −1.48 ± 0.08 −1.65 ± 0.09 −1.31 ± 0.05 

pKa [CuL]
2+

 3.86 3.97 3.99 2.71 

pKa [CuLH−1]
+
 9.80 9.24 9.32 9.86 

pCu 
a
 12.21 11.79 11.82 12.80 

logD7.4 (complex)b −1.00 ± 0.01 −0.79 ± 0.01 −0.40 ± 0.01 −0.17 ± 0.01 

kobs (min
−1

) 0.061 ± 0.022 0.073 ± 0.002 0.058 ± 0.001 0.025 ± 0.005 
a pCu = −log[Cu(II)] at pH = 7.4; cCu(II) = 10 μM; cL = 10 μM, pCu(STSC) = 11.9; 
b logD7.4 (Cu(II) – STSC) = +0.97 ± 0.01. 

0.01

0.11

0.21

0.31

0.41

0

20

40

60

80

100

2 4 6 8 10

L
ig

a
n

d
%

pH

A
b

s
o

rb
a

n
c

e
 (3

7
0

n
m

)

HL+ L

0.0

0.4

0.8

1.2

200 270 340 410

A
b

s
o

rb
a

n
c

e

 / nm

pH = 2-5.18

6.56

7.84

10.07-11.5

a) b)



68 
 

Namely, 42-55% of the ligands VA8, VA9 and VA10 are in the neutral L form, whereas 

for VA11 70% was found in this form. It can be concluded that this neutral form is a zwitterionic 

structure (phenolate and trimethylammonium moieties), which explains the excellent aqueous 

solubility. 

The proton dissociation process was also studied by 1H NMR spectroscopy in the case of 

VA8. Moreover, formation of E/Z isomers with respect to the C=N double bond could be 

determined by this method as well. 1H NMR spectroscopic titration was performed in the aqueous 

solution (Fig. 22), and two sets of signals were detected in the pH range from 1.0 till 11.9. It is 

worth to mention that the extent of peak separation was dependent on the type of protons, and 

some peaks were strongly overlapping (CH=N; CH2; CH3). Taking into account the integrated 

peaks, the molar fraction of the major isomer was found around 70% at pH ~1. At pH > 4 the 

molar fraction was increased and did not change up to ~85%. Isomers were identified based on the 

chemical shifts of the NH proton of the hydrazonic group, whereas the pKa values were determined 

for the isomers (Fig. 22) assumed on the pH-dependence of the chemical shifts (Fig. 23).  

 

Figure 22. 1H NMR spectra recorded for ligand VA8 (with different enlargement of the selected regions 

for the better visibility) at various pH values with symbols used for proton resonances assignment in case 

of the major E isomer (black symbols) and minor Z isomer (grey symbols) and their pKa values calculated 

on the basis of the chemical shift changes. {cL = 200 µM; I = 0.1 M (KCl); T = 25 °C; 10% (v/v) D2O/H2O}. 

Figure was taken from the publication [P6]. 

This hydrazonic NH group is quite sensitive for the isomer identification. Taking into 

account literature data [61,79,150], the major species was defined as the E isomer characterized 

by a NH peak at 10.02 ppm at pH ~1 shifted up to 10.09 ppm with increasing pH parallel to the 

deprotonation of the phenolic OH group. The NH peak (at 11.08 ppm) of the minor, Z isomer 

could be detected only in the acidic pH range, most probably as a consequence of the hydrogen 

bond formation between this NH moiety and the deprotonated phenolate (L form of the minor 
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isomer in the Fig. 22). Furthermore, pKa value which was calculated for the minor isomer was 

approximately half logarithm unit lower (6.95 vs. 7.51) than that of the other isomer. This can be 

due to the formation of the intramolecular hydrogen bond, which makes the deprotonation of the 

OH group easier. Interestingly, 1H NMR spectra recorded in DMSO-d6 for the same VA8 ligand 

did not show isomer formation and also isomers were not found in case of STSC in 30% 

DMSO-d6/H2O [78]. 

 

Figure 23. Chemical shifts of the CH3 proton of the major (●) and minor (●) isomers of VA8 plotted 

against the pH values in addition to the fitted curves (dashed lines). {cL = 200 µM; I = 0.1 M (KCl); T = 

25 °C; 10% (v/v) D2O/H2O}. Figure was adapted from the publication [P6] 

5.4.3 Stability of Cu(II) complexes in aqueous solution, lipophilicity and their reduction by GSH 

Solution speciation of Cu(II) complexes with VA8-11 compounds was evaluated by 

spectrophotometric titrations at various metal-to-ligand ratio in water. The main goal was to 

characterize the stability and stoichiometry of Cu(II) complexes in aqueous solution, specifically 

at physiological pH and to monitor the influence of the N-terminal substitutions and the presence 

of the methylenetrimethylammonium moiety on the stability of the Cu(II) complexes. The 

complex formation processes of the structurally analogous compound STSC with Cu(II) ions were 

already investigated in a previous work by our group [78]. Since the same coordinating donor 

atoms are present in these ligands than in that work, similar binding modes and solution speciation 

were expected here. Data obtained from UV-vis spectra, which were recorded at different pH 

values, showed that the complex formation occurs already at pH ~ 1, similarly to the reference 

compounds STSC. In the monitored pH range two well-separated processes were observed. 

Particularly, in the acidic pH range the protonated species (denoted as [CuL]2+ in Chart 12) 

complex is formed, in which the ligand binds to Cu(II) through (O−,N,S) donor atoms and the 

hydrazonic nitrogen, which does not participate in the coordination, is still protonated. The 
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complex [CuLH−1]
+, in which the ligand is bound via (O−,N,S−) mode, is very likely formed due 

to the deprotonation of the hydrazonic nitrogen. 

 

Chart 12. Suggested structures for the Cu(II) complexes formed with VA9 ligand and its molecular 

structure confirmed by SXRD study [P6]. 

Furthermore, complex [CuLH-2] which is a mixed hydroxido species with (O−,N,S−)(OH−) 

donors set (Chart 12) is formed in the basic pH range for all derivatives. It is worth to mention that 

the coordination of the chloride ion was found in the single-crystal of the complex confirmed by 

SXRD (Chart 12) (the crystallization was done by the group of V.B. Arion, University of Vienna.). 

Overall stability constants (logβ, Table 7) for all Cu(II) complexes, which were mentioned above, 

were calculated by the analysis of the UV-vis spectra. These equilibrium constants were used for 

computation of concentration distribution curves and individual molar absorbance spectra; and as 

an example, the Cu(II)-VA11 system is shown in Figs. 24.a,b. 

Based on the concentration distribution curves computed, the species [CuLH−1]
+ was found 

predominant in a wide pH range involving the physiological pH. The stability of this type of Cu(II) 

complexes was compared through pCu values. These data were calculated at pH 7.4 and presented 

in Table 7, where the following trend of Cu(II) affinity of the studied ligands and their reference 

compund was found: VA9 ~ VA10 < STSC < VA8 << VA11. It can be concluded that only the N-

terminal phenyl substitution could increase the Cu(II) complex stability considerably. 
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Figure 24. a) Concentration distribution curves for the Cu(II)-VA11 system plotted together with the 

absorbance changes at 350 nm (●) and the fitted curve (dotted line) {cligand = 50 μM; cCu(II) = 48.4 μM; T = 

25.0 °C; I = 0.1 M (KCl); ℓ = 1 cm}; b) Individual UV-vis absorption spectra of the different complexes 

and ligand species calculated for the same system in water. 

The lipophilicity (logD7.4, Table 7) of the studied Cu(II) complexes was characterized as 

well and compared to their corresponding ligands showing their more hydrophilic nature due to 

the positive charge. The same trend in lipophilicity was found for Cu(II) complexes as for ligands. 

It should be noted that the Cu(II) complex of the structural analog STSC was much more lipophilic 

compared to the Cu(II) complexes with VA8-VA11 ligands (Table 7), since that complex is charge 

neutral. 

Direct redox reaction between the studied Cu(II) complexes and reducing agents such as 

GSH was also followed in order to analyze their reactivity. Herein, reaction was followed by UV-

vis spectroscopy under anaerobic condition at pH 7.4 with high excess of reducing agent (50 

equivalents) as it was applied for the previously described systems. Moreover, interaction of the 

studied Cu(II) complexes with AA was tested as well, where reaction was quite slow. In a different 

manner, significant spectral changes were found during the reaction with GSH, which are shown 

for Cu(II) complex of VA8 in the Fig. 25.a. 
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Figure 25. Time-dependent UV-visible absorption spectra of Cu(II)-VA8 system in the presence of 50 

equivalents of GSH (pH = 7.4 (50 mM HEPES); {ccomplex = 25 µM; cGSH = 1.25 mM; I = 0.1 M (KCl); T = 

25 °C; ℓ = 1 cm} and the inserted figure shows effect of bubbling by O2 the absorbance values at 374 nm 

plotted against the time. b) Absorbance values at 366 nm (●) for Cu(II)-VA8, at 370 nm (●) for Cu(II)-

VA9, at 368 nm (●) for Cu(II)-VA10 and at 376 nm (●) for Cu(II)-VA11 complexes with GSH in 

dependence of time. Absorbance read from the first spectrum recorded after mixing is considered as 100%. 

After mixing the reactants, the first recorded spectrum reveals significant and fast change 

of the absorbance band, which is most probably connected to the formation of a ternary complex 

with GSH as it was discussed above. Afterwards, the spectral changes represent significant 

decrease at λmax = 366 nm for Cu(II) complex of VA8, whereas new bands appear with the λmax of 

the free ligand (~298 nm). This can be the result of the decomposition of the reduced Cu(I) 

complex due to the presence of high excess of GSH replacing the TSC ligand. It is worth to 

mention that bubbling oxygen into the solution can regenerate the Cu(II) complex (Fig. 25.a), 

which shows the reversibility of the redox process. All the studied Cu(II) complexes showed 

similar behavior, although the Cu(II)-VA11 complex was somewhat less sensitive to GSH, where 

less efficient reduction was seen (Fig. 25.b). Observed rate constants (kobs) (Table 7) were 

calculated by analyzing the recorded absorbance ‒ time curves at the λmax for comparison of 

differences in the reaction rates. Obtained kobs values were somewhat different, where the 

following trend was found: VA9 > VA8 ~VA10 > VA11, which corresponds to the stability order 

of the complexes. 
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5.5 Sterane-based salicylaldehyde (thio)semicarbazones and their Cu(II) complexes: impact of 

hybridization and N-terminal substitutions 

5.5.1 S(T)SC analogues with sterane- and 5,6,7,8-tetrahydronaphthalene based moieties 

In the previous chapter, the discussion centered around salicylaldehyde TSC (STSC) derivatives 

and their Cu(II) complexes exhibiting enhanced aqueous solubility. It was found that the 

incorporation of a positively-charged methylenetrimethylammonium group into the aromatic unit 

did not significantly affect the complex stability compared to the STSC-Cu(II) complex. 

Moreover, STSC-based compounds usually display lower cytotoxic activity in cancer cells in 

comparison to α-N-pyridyl TSCs, while complexation with Cu(II) ions generally increases their 

anticancer activity, which is most probably linked to their redox properties [52-54,78]. The 

antiproliferative activity of the STSC-based compounds can be also enhanced by the attachment 

of electron-donating substituents or by the molecular hybridization with various biologically active 

molecules. Herein, novel salicylaldehyde (T)SCs with sterane backbone (Chart 13) and their Cu(II) 

complexes were developed (the ligands were developed by our collaboration partner É. Frank, 

University of Szeged). The steroidal hybridization can display significant antitumor activity with 

negligible hormonal effect [151]. Besides that, simpler bicyclic derivatives as structural models 

were also prepared for the sake of comparison.  

In this chapter a detailed comparative study of the prepared sterane (T)SCs with their 

structural models and Cu(II) complexes is reported. The primary aim was to investigate the effect 

of hybridization and the substitution of sulfur (TSC) to oxygen (SC) on several aspects, including 

the proton dissociation processes, stability in solution and redox properties of the corresponding 

Cu(II) complexes.  

 

Chart 13. Chemical structures of thn-S(T)SCs, estrone-(T)SCs and estradiol-(T)SCs (X = S or O). 

 

 

thn-(T)SC estrone-(T)SC

estradiol-(T)SC
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5.5.1.1 Characterization of the solution chemical properties of non-methylated STSC derivatives 

In order to characterize the behavior of these ligands (Chart 13) in solution and compare them to 

their lead compounds such as STSC and SSC, detailed equilibrium studies were performed by UV-

vis spectrophotometry in 30% (v/v) DMSO/H2O at relatively low ligand concentration due to their 

limited aqueous solubility. The protonated forms of these compounds have two proton-dissociable 

groups, namely the phenolic OH and the hydrazonic NH group of the thiosemicarbazone moiety, 

while in the estradiol-(T)SCs one extra OH group is also present, which can deprotonate as well 

in the highly basic pH range. Representative UV-vis spectra recorded for estradiol-TSC and 

estradiol-SC in the pH range 2.0-11.7 are presented in Figs. 26.a,b. 

 

Figure 26. UV-vis absorption spectra of a) estradiol–TSC and b) estradiol-SC in the pH range 2.0–11.7 in 

30% (v/v) DMSO/H2O. {cL = 20 μM; T = 25.0 °C; I = 0.1 M (KCl); ℓ = 1 cm}. These figures were adapted 

from publication [P1]. 

The UV-vis spectra recorded at various pH values show only a single deprotonation 

process, which appears at pH > 7 up to pH ∼ 12. The development of a new intense absorption 

band with a higher wavelength of maximum absorbance was observed (thn-TSC: λmax = 360 nm, 

thn-SC: λmax = 366 nm, estrone-TSC: λmax = 374 nm; estrone-SC: λmax = 362 nm, estradiol-TSC: 

λmax = 381 nm, estradiol-SC: λmax = 374 nm), which can be dedicated to the deprotonation of the 

phenolic-OH group. Based on these finding only one pKa value was computed for each ligand 

(Table 7) by the analysis of the UV-vis spectra. 
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Table 8. pKa values determined by UV-vis and fluorimetric titrations in 30% (v/v) DMSO/H2O and in 

water, respectively, logD7.4 (n-octanol/water) and Peff values of compounds studied. {T = 25 °C; I = 0.1 M 

(KCl)} 

 pKa 

(UV-vis) 

30% (v/v) 

DMSO/H2O 

pKa (fluorimetry) 

H2O 

logD7.4 

n-octanol/H2O, 

pH 7.4 

Peff 

H2O, pH 7.4 

(×10
−6

 cm×s
-1

) 

SSC 9.30±0.03 n.d. +0.94a n.d. 

STSC 8.53a 8.74±0.01 1.59a 5.7±0.6  

thn-TSC 9.40±0.01 9.15±0.01 > +1.7 19±6 

thn-SC 10.10±0.03 n.d. n.d. n.d. 

estrone-TSC 9.00±0.01 8.94±0.01 > +2 n.d. 

estrone-SC 9.50±0.04 n.d. n.d. n.d. 

estradiol-TSC 9.23±0.03 n.d. n.d. n.d. 

estradiol-SC 10.02±0.03 n.d. n.d. n.d. 
a
 Data taken from ref [149]. 

Based on the obtained proton dissociation constants of the phenolic OH groups, it can be 

concluded that the studied SCs have higher pKa values by approximately half logarithmic units in 

comparison to the corresponding TSCs. Moreover, the conjugation to the estrone/estradiol scaffold 

increases pKa values most probably due to the electron-donating effect of the neighboring 

cyclohexyl moiety in sterane-based (T)SCs and thn-(T)SC. Moreover, the neutral HL form 

predominates in a wide pH range (28) also including the physiological pH. 

All studied compounds possess intrinsic fluorescence as the representative 3D spectra 

recorded for estradiol-TSC and estradiol-SC show in Fig. 27.a,b. Taking into account this finding, 

fluorimetric titrations were performed for STSC, estrone-TSC and thn-TSC in aqueous solutions, 

as the emission spectrum was found to be sensitive to the deprotonation of the OH group (Fig. 28). 

 

Figure 27. Three-dimensional fluorescence spectra of a) estradiol-SC and b) estradiol-TSC in H2O at pH 

7.4. {cL = 10 μM; I = 0.1 M (KCl); T = 25.0 °C; ℓ = 1 cm}. These figures were adapted from publication 

[P1]. 

b)a)
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Based on these spectral changes, pKa values were determined in the aqueous solution for 

the phenolic hydroxyl group as well (Table 8). It is worth to mention that the pKa values are higher 

in the presence of DMSO compared to those obtained in the aqueous solution, what was expected, 

since the formation of anionic bases (L−) is less favorable in the DMSO/H2O mixture making the 

proton dissociation more difficult. 

 

Figure 28. Emission spectra recorded at 390 nm excitation wavelength for estrone-TSC in the pH range 6–

12 in aqueous solution. {cL = 1 μM; T = 25.0 °C; I = 0.1 M (KCl); ℓ = 1 cm}; b) change of measured (●) 

and calculated (dotted line) intensity at 505 nm emission wavelength. These figures were adapted from 

publication [P7]. 

The lipophilic character and membrane permeability were also investigated in order to 

monitor the ability of these compounds to pass through biological membranes passively, which is 

an important step to reach their intracellular targets. The determination of the lipophilic character 

using the traditional n-octanol/water partitioning method failed, as only a lower limit could be 

estimated (logD7.4 > +1.7), since mostly the whole amount of the compounds retained in the n-

octanol phase. Afterwards, the in vitro cell-free PAMPA was used, where the Peff coefficients 

(Table 8) for thn-TSC and STSC at pH 7.4 were determined based on UV-vis spectra recorded for 

the donor and acceptor phases. Formation of precipitate in the case of estrone-TSC under the 

experimental setup hindered the determination of its Peff value. (The value obtained for thn-TSC 

is merely an estimated value due to the high level of retention.) Data obtained for thn-TSC and 

STSC reveal that these compounds exhibit high membrane permeability (Peff ≥ 1.5 × 10−6 cm s−1). 

5.5.1.2 Solution equilibrium of Cu(II) complexes with estradiol-(T)SCs, estrone–(T)SCs and thn-

(T)SCs 

The complex formation processes of the analogous STSC and SSC were already investigated 

previously [78,81], and based on the structural similarity of the metal binding moieties of these 

compounds similar coordination modes and solution speciation were expected. Interaction of 
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S(T)SC derivatives with Cu(II) ions was studied by UV-vis spectrophotometric titrations in a 

30% (v/v) DMSO/H2O solvent mixture due to the limited aqueous solubility. Based on the 

variation of the pH values, the characteristic spectral changes revealed the formation of three 

different species [CuL]+, [CuLH-1] and [CuLH-2]
- (Scheme 7). 

 

Scheme 7. Suggested structures for the Cu(II) complexes formed with thn-(T)SC ligands (X = S or O). 

Namely, in the acidic pH range a protonated species [CuL]+ is formed with (O−,N,S) donor 

set, where the non-coordinating hydrazonic nitrogen is still protonated. The complex [CuLH−1], in 

which the ligand is coordinated in the (O−,N,S−) mode due to the deprotonation of the hydrazonic 

nitrogen, is found in the pH range 6–9. A mixed hydroxido species [CuLH−2]
− with 

(O−,N,S−)(OH−) coordination mode is present in the basic pH range. It should be noted that in the 

case of estradiol-SC and estradiol-TSC some precipitate was observed at pH > ~8 even at fairly 

low ligand concentrations (20 μM) hindering the determination of the formation constants for 

[CuLH-2]
- species, which appears in the basic pH range. In order to prove the suggested 

coordination modes, Cu(II) complexes were isolated from a MeOH/H2O mixture at pH ~ 7.4. After 

washing and drying, the green products were characterized by UV-vis, EPR spectroscopy, 

elemental analysis and ESI-MS. EPR spectroscopy (N.V. May, Research Centre for Natural 

Sciences Research Centre for Natural Sciences, Budapest) supported the same coordination mode 

in the isolated [CuLH-1] complexes, which was suggested for the solution structure of the studied 

SC and TSC complexes above (Scheme 7). Simulation of the EPR spectra (Figs. S2-6) resulted in 

the isotropic and anisotropic EPR parameters (g and A values in Tables S4-6), which were 

compared to each other and to the isotropic values of the complexes of STSC and SSC [78,81]. 

The Cu(II) complexes of estrone-TSC and thn-TSC have similar Hamiltonian EPR parameters 

with well-resolved hyperfine coupling of one nitrogen donor atom, where similar binding mode is 

suggested based on these parameters.  

The coordination mode was also confirmed by X-ray crystallographic analysis for the solid 

complex [CuL]Cl formed with thn-TSC, [CuL]Cl × H2O for thn-SC and [Cu(HL)Cl2] × H2O × 

2 CH3OH for estradiol-SC (Fig. 29). In the crystal [CuL]Cl formed with thn-TSC, the ligand 

coordinates to the Cu(II) ion through the deprotonated O- and its N1 and S atoms and the fourth 

[CuL]+ [CuLH-1] [CuLH-2]
-

Ka[CuLH-1]Ka[CuL]+

+ -
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position is occupied by a chloride ion in a square planar arrangement. Similarly, in the case of 

semicarbazone analogue, Cu(II) ions are coordinated by the monoanionic form of the ligand via 

(O-,N,O) donor set and in the fourth position a chlorido co-ligand and the coordination is 

supplemented with an axial water molecule (Figs. 29.a,b). It is worth to mention that in the case 

of crystal structure for the Cu(II) complex of estradiol-SC different species was found. Namely, 

the complex forms a square pyramidal system where estradiol-SC coordinates to the Cu(II) ion via 

the (O,N,O) donor set, and two coordinated chloride ions neutralize the charge of the central ion 

(Fig. 29.c). Crystal data and structure refinement data are collected for these crystals in Table S7-

8. 

 

Figure 29. Molecular structures and atom labeling of the Cu(II) complexes of a) thn-TSC as [CuL]Cl, b) 

thn-SC as [CuL]Cl × H2O and c) estradiol-SC as [Cu(HL)Cl2], where HL is full protonated form. These 

figures were adapted from publications [P1,P5,P7]. 
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Figure 30. a) Individual UV-vis absorption spectra of the different complexes (green lines) and ligand 

species (black lines) calculated for the same system in 30% (v/v) DMSO/H2O solvent mixture. 

b) Concentration distribution curves for the Cu(II)-estrone-TSC (1:1) system plotted together with the 

absorbance changes at 380 nm (●) with the fitted curve (dotted line). {cligand = 52.8 μM; cCu = 52.6 μM; T = 

25.0 °C; I = 0.1 M (KCl); ℓ = 1 cm} 

Overall stability constants were calculated on the basis of the recorded spectra for [CuL]+, 

[CuLH−1] and [CuLH−2]
− species (Table 9) together with their individual molar spectra (Fig. 30.a). 

Concentration distribution curves were also computed using these obtained stability constants (for 

the Cu(II)-estrone-TSC system, Fig. 30 b). 

Table 9. Overall stability constants (logβ), pKa of the Cu(II) complexes of estrone-TSC, thn-TSC and 

STSC
a
/SSC for comparison determined by UV-vis titrations in 30% (v/v) DMSO/H2O. LogD7.4 and Peff 

values determined for the complexes. {T = 25 °C; I = 0.1 M (KCl)} 

 logβ [CuL]
+
 logβ [CuLH−1] logβ [CuLH−2]

−
 logD7.4 P eff 

(×10
−6

 cm s
−1

) 

SSC 10.58b  4.30b  n.d +1.04b n.d 

thn-SC 11.71 ± 0.01 5.29 ± 0.02 -5.01 ±0.02 n.d n.d 

thn-TSC 13.58 ± 0.01 9.35 ± 0.01 -1.15 ± 0.02 +1.23 ± 0.2 5.6 ± 0.2 

estrone-SC 11.26 ± 0.01 4.82 ± 0.02 -5.51 ± 0.04 n.d n.d 

estrone-TSC 13.18 ± 0.01 9.44 ± 0.01 -1.26 ± 0.04 n.d n.d 

estradiol-SC 11.63 ± 0.03 5.16 ± 0.03 n.d n.d n.d 

estradiol-TSC 13.79 ± 0.03 9.84 ± 0.03 n.d n.d n.d 

aSTSC: logβ [CuLH]+ = 23.03; logβ [CuL] = 19.02; logβ [CuLH-1]- = 8.75 [78], where; [CuLH]+ corresponds to 

[CuL]+, [CuL] to [CuLH-1] and [CuLH-1]- to [CuLH-2]- in the case of STSC and thn/estrone/estradiol-(T)SCs 

derivatives; STSC: logD7.4 = +0.97 ± 0.01; Peff = 1.5 ± 0.4. b Data taken from ref [81]. 

In order to compare the conditional stability of the complexes, pCu values were calculated 

at pH 5 at 50 μM concentrations of both the ligand and the metal ion, using the overall stability 

constants (Fig. 31). First of all, stronger binding ability was found for all studied TSC compounds 

compared to their model STSC and slightly stronger for the studied SC derivatives compared to 

SSC. Furthermore, obtained data reveal that the studied TSC ligands have much stronger affinity 
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to Cu(II) ions than the corresponding SCs. Moreover, similar stability was found for the estradiol-

(T)SC complexes compared to the corresponding estrone-(T)SC derivatives, while somewhat 

lower stability was for thn-(T)SCs.  

 

Figure 31. pCu values calculated for the Cu(II)-ligand (1:1) systems at pH 5 in 30% (v/v) DMSO/H2O. {cL 

= cCu(II) = 20 μM; T = 25 °C; I = 0.10 M (KCl)} 

 

5.5.2 Impact of stepwise NH2-methylation of STSC analogues with sterane-and 5,6,7,8-

tetrahydronaphthalene based moieties 

The stepwise NH2-methylation was already studied in the case of some α-N-pyridyl 

thiosemicarbazones and results showed the improvement of anticancer activity (e.g. dimethylated 

triapine, DpC, Dp44mT) [61]. Based on this finding, terminal N-mono- and dimethylated 

derivatives of estrone-TSC, estradiol-TSC, thn-TSC (Chart 14) and their Cu(II) complexes were 

developed in order to obtain compounds with better anticancer properties. Moreover, impact of 

these substitutions was analyzed in order to show their influence on the proton dissociation 

processes, the stability and redox properties of the complexes formed with Cu(II) ions.  

 

Chart 14 Chemical structures of the investigated compounds (X = S or O). 
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5.5.2.1 Solution chemical behavior of the sterane and 5,6,7,8-tetrahydronaphthalene based STSC 

derivatives with N-terminal substitutions 

In order to evaluate the actual protonation state of the N-terminal mono- and dimethylated estrone-

TSC, estradiol-TSC and thn-TSC derivatives at various pH values, the pKa values were determined 

spectrophotometrically in the same way as in the case of the non-substituted analogues. The 

obtained pKa values assigned to the OH group are found in Table 10.  

It can be concluded that the N-terminal substitution by methyl group(s) and also estrone/estradiol-

hybridization have only a minor influence on the ligand acidity (9.02 – 9.34). Namely, N-

terminally substituted estrone-TSCs have lower pKa values compared to thn- and estradiol-TSC 

derivatives. The introduction of a second methyl group on N-terminal nitrogen decreased the pKa 

values. Similar finding was reported for a series of α-N-pyridyl TSCs [61]. 

 

Table 10. pKa values and overall stability constants (logβ) determined by UV-vis titrations. {30% (v/v) 

DMSO/H2O; T = 25.0 °C; I = 0.1 M (KCl)} 

 pKa 

 

logβ 

[CuL]
+
 

logβ 

[CuLH−1] 

logβ 

[CuLH−2]
−
 

Me-thn-TSC 9.34 ± 0.04 13.73 ± 0.02 9.56 ± 0.02 -0.69 ± 0.04 

Me-estrone-TSC 9.21 ± 0.03 13.70 ± 0.08 9.71 ± 0.08 n.d. 

Me-estradiol-TSC 9.28 ± 0.03 13.68 ± 0.03 9.59 ± 0.03 n.d. 

Me2-thn-TSC 9.12 ±0.03 13.75 ± 0.03 9.56 ± 0.03 -0.68 ± 0.02 

Me2-estrone-TSC 9.02 ± 0.03 13.36 ± 0.08 9.44 ± 0.07 n.d. 

Me2-estradiol-TSC 9.20 ± 0.03 13.96 ± 0.03 10.11 ± 0.03 n.d. 

 

Notably, the N-monomethyl and N,N-dimethyl derivatives of estrone-TSC, estradiol-TSC 

and thn-TSC also possess intrinsic fluorescence, which can be useful for the monitoring of the 

cellular uptake or intracellular distribution of the ligands by fluorescence microscopy [84]. 

5.5.2.2 Complex formation of N-terminally substituted thn-TSC, estrone-TSC and estradiol-TSC 

derivatives with Cu(II) ions 

In order to characterize the speciation and stability in solution of the Cu(II) complexes of N-

terminal substituted derivatives of estradiol-TSCs, estrone-TSCs and thn-TSCs, solution 

equilibrium studies were performed by UV-vis spectrophotometric titrations in 30% (v/v) 

DMSO/H2O, and EPR spectroscopy was also applied. In the previous chapter, the complex 

formation processes of the analogous estradiol-TSC, thn-TSC and estrone-TSCs have been already 

discussed. Based on the obtained results, formation of the same type of complexes was found. 

Namely, only mono-ligand species such as [CuL]+, [CuLH-1] and [CuLH-2]
- (Scheme 7) were 

detected in similar pH range as it was found for the non-substituted analogues. The determined 

overall stability constants are collected in Table 10. It should be mentioned that some precipitation 
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was observed at pH > 8 at both 1:1 and 1:2 metal-to-ligand ratios in the case of estrone- and 

estradiol-TSC derivatives, which hindered the determination of the formation constants for species 

present in the basic pH range. EPR spectra were recorded for isolated Cu(II) complexes of studied 

ligands in DMSO at 77 K and room temperature (Figs. S7-9), where preparation of them was done 

with the same approach as it was described in chapter 5.5.1.2. The isotropic and anisotropic EPR 

parameters (g and A values) were obtained by simulation of the EPR spectra and were collected in 

Tables S9-S10. The isotropic values were compared to those of the Cu(II) complexes of estrone-

TSC, estradiol-TSC and thn-TSC, and the similar isotropic EPR parameters reveal the same 

(O−,N,S−) coordination mode in the isolated species. 

For comparison of the Cu(II) binding ability of the studied ligands, pCu values were 

computed on the basis of the stability constants at pH 5 at 20 μM concentrations of both the ligand 

and the metal ion (Fig. 32). 

 

Figure 32. pCu values calculated for the Cu(II)-ligand (1:1) systems at pH 5 in 30% (v/v) DMSO/H2O. 

{cL = cCu(II) = 20 μM; T = 25 °C; I = 0.10 M (KCl)} 

Based on the pCu values, it can be concluded that the Cu(II) binding ability of the sterane-

based derivatives is somewhat stronger than that of the thn-based compounds, and the stability of 

the complexes is increased with the N-terminal substitution. 

5.5.3 Redox properties of the Cu(II) complexes of thn-TSCs, estrone-(T)SCs and estradiol-(T)SC 

derivatives 

For a better understanding of the redox behavior of the complexes, CV and spectroelectrochemical 

experiments were performed for some selected systems. The voltammograms showed redox 

activity in both cathodic and anodic regions (Fig. 33.a). The initial reduction step can be attributed 

to the Cu(II) → Cu(I) process. The strongly shifted reoxidation peak during the reverse scan is in 

agreement with significant rearrangement of the coordination environment around Cu(I). The TSC 

complexes showed very similar irreversible reduction peaks: Epc for Cu(II)-estrone-TSC = 

+0.18 V; Cu(II)-estradiol-TSC = +0.18 V; Cu(II)-Me-estradiol-TSC = +0.19 V; Cu(II)-Me2-
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estradiol-TSC = +0.21 V vs. Ag/AgCl/3M KCl. However, somewhat different Epc for Cu(II)-

estradiol-SC = –0.03 V was obtained, which most probably due to the different coordination mode 

of estradiol-SC. The oxidation peaks during the reverse scan are also similar: Epa for Cu(II)-

estrone-TSC = +0.41 V; Cu(II)-estradiol-TSC = +0.44 V; Cu(II)-Me–estradiol-TSC = +0.39 V; 

Cu(II)-Me2-estradiol-TSC = +0.46 V vs. Ag/AgCl/3M KCl, whereas for Cu(II)-estradiol-SC = 

+0.24 V. These values indicate the slightly stronger oxidizing power of the TSC complexes in 

comparison to SC complex. These processes can be explained by an electrochemical dual-pathway 

square scheme, which was already introduced in the chapter 5.3, Scheme 6. 

 

Figure 33. a) Cyclic voltammograms of the Cu(II)-(T)SC (1:1) chemical systems in 90% (v/v) DMSO/H2O 

at 10 mV/s scan rate {cCu(II) = cL =1 mM, pH = 7.40 (10 mM HEPES), T = 25 °C, I = 0.1 M (nBu4NPF6)}: 

b) UV-vis absorption spectra recorded for the Cu(II)-estradiol-SC system at the various potential values 

using the spectroelectrochemical cell. Inserted figure shows the absorbance values at 388 nm plotted against 

the potential. {cCu(II) = 100 µM; I = 0.1 M (NBu4PF6); T = 25.0 °C, scan rate: 10 mV/s; ℓ = 0.17 cm}; This 

figure was taken from publication [P1]. 

Furthermore, in order to elucidate the chemical transformations taking place during the 

Cu(II)/Cu(I) one-electron transfer process, in situ UV-vis spectroelectrochemical measurements 

were carried out together with CV. The UV-vis spectra measured upon cathodic reduction revealed 

decreasing absorbance at 388 nm, accompanied by an increase at 330 nm (Fig. 33 b). Upon the 

reverse scan, the product that was formed upon the reduction of Cu(II) to Cu(I) was re-oxidized to 

the initial state (Fig. 33 b inserted). This finding definitely indicates that Cu(I) species are most 

probably stable, dissociation of the metal complex does not occur during the process. Similar 

behavior was observed for all tested Cu(II) complexes of sterane-based TSCs. 

In addition, the direct redox reaction of the Cu(II) complexes with physiological reductants, 

such as GSH and AA, was monitored in order to check their reactivity and the time-dependence 

of the redox reaction. The reaction was followed by UV-vis spectrophotometry under strictly 
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anaerobic conditions in 30% (v/v) DMSO/H2O solvent mixture at pH 7.4 with the approach 

described in details in the previous chapters.  

An example is provided for the reaction of the Me-thn-TSC complex with GSH (Fig. 34.a). 

The spectra, recorded immediately after mixing the reactants, revealed a significant spectral 

change (see spectra at 0 and 0.2 min). This change most probably due to the formation of a mixed-

ligand complex with GSH as it was reported for other TSCs [61,63]. Later on, a notable decrease 

in the absorbance of the STSC→Cu CT band at λmax = 380 nm was observed, while the absorbance 

was increased at the λmax of the free ligand. This behavior can be explained by the liberation of the 

TSC ligand, where Cu(I) forms complex with GSH, which is present in a high excess in the 

solution. 

 

Figure 34. Time-dependent UV-visible absorption spectra of Cu(II)-Me-thn-TSC (1:1) system in the 

presence of 50 equivalents of GSH at pH = 7.4 (50 mM HEPES); {cCu = cL = 25 µM; cGSH = 1.25 mM; I = 

0.1 M (KCl); T = 25 °C; ℓ = 1 cm}; b) Absorbance values at 380 nm (●) for Cu(II)-STSC, (●) for Cu(II)-

thn-TSC, (●) for Cu(II)-estrone-TSC, (●) for Cu(II)-estradiol-TSC, (●) for Cu(II)-Me-thn-TSC, (●) for 

Cu(II)-Me-estrone-TSC, (●) for Cu(II)-Me-estradiol-TSC, (●) for Cu(II)-Me2-thn-TSC, (●) for Cu(II)-Me2-

estrone-TSC and (●) for Cu(II)-Me2-estradiol-TSC complexes with GSH in dependence of time. 

Absorbance read from the first spectrum recorded after mixing is considered as 100%. 

Moreover, bubbling oxygen into the solution could regenerate the complex (Fig. 34.a). 

Similar behavior was found for all other Cu(II) complexes, which were investigated here, except 

for the Cu(II) complexes with SCs, where fast reduction of Cu(II) complexes was observed. 

Basically, the first recorded spectrum after mixing the reactants showed the disappearance of the 

Cu(II) complex and the presence of the free semicarbazone. Furthermore, the reaction was not 

fully reversible during bubbling O2 into the sample, where in case of TSCs reaction was reversible. 

In order to compare obtained data, the recorded absorbance-time curves were further analyzed and 

the observed rate constants (kobs) were calculated (Table 11).  
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Table 11. Observed rate constants (kobs) obtained for the redox reaction of the studied Cu(II) complexes 

{cCu = cL = 25 µM} with 1.25 mM of GSH at pH 7.4 under anaerobic conditions. {T = 25 °C; I = 0.1 M 

(KCl); 30% (v/v) DMSO/H2O} 

 kobs (min‒1)  kobs (min‒1) 

Cu(II)-STSC 0.11 ± 0.02 Cu(II)-estrone-TSC 0.13 ± 0.02 

  Cu(II)-Me-estrone-TSC 0.05 ± 0.02 

Cu(II)-thn-TSC 0.10 ± 0.02 Cu(II)-Me2-estrone-TSC 0.05 ± 0.02 

Cu(II)-Me-thn-TSC 0.05 ± 0.01 Cu(II)-estradiol-TSC 0.07 ± 0.03 

Cu(II)-Me2-thn-TSC 0.04 ± 0.01 Cu(II)-Me-estradiol-TSC 0.22 ± 0.02 

  Cu(II)-Me2-estradiol-TSC 0.31 ± 0.06 

 

The kobs values for the estradiol-TSCs somewhat differ, namely, the following trend was 

found: estradiol-TSC < Me-estradiol-TSC < Me2-estradiol-TSC, which interestingly follows the 

stability order of the complexes. Whereas thn- and estrone-based Cu(II) complexes behaved 

similarly, as the observed rate constants do not differ significantly.  

In addition, the reaction with AA was also carried out, revealing a notably slow process for 

the studied Cu(II)-TSC complexes. It suggests that the studied Cu(II) complexes cannot be reduced 

efficiently by this reducing agent, which is weaker than GSH. On the other hand, remarkable 

spectral changes were detected for the Cu(II)-estradiol-SC system, similar to the findings for the 

Cu(II)-estradiol-TSC complexes during their reaction with GSH.  

5.5.4 Antioxidant activity of thn-(T)SCs, estrone-(T)SCs and estradiol-(T)SCs 

Estradiol and its related compounds were reported to possess antioxidant activity due to the 

phenolic structure of the A ring [152]. Based on this finding, estradiol-(T)SCs were examined for 

free radical scavenging activity using the DPPH assay. Moreover, STSC and estradiol were tested 

as basic models of estradiol-(T)SCs. In order to check the influence of the exchange of 17-ketone 

to 17-OH on the D-ring of the sterane skeleton estrone-TSC was also screened.  

The reaction between the tested compounds and DPPH was studied by UV-vis 

spectrophotometry at various concentrations in EtOH, where the process was followed till the 

redox equilibrium was reached. As an example, the UV-vis spectral changes for Me2-estradiol-

TSC are presented in Fig. 35.a.  
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Figure 35. a) Time-dependent changes of the UV-vis spectra of the DPPH• (c = 50 μM) in the presence of 

Me2-estradiol-TSC (50 µM) in EtOH. (T = 25 °C); b) Absorbance changes of DPPH at 517 nm upon 

reaction with Me2-estradiol-TSC at different concentrations in EtOH plotted against the time. {cDPPH = 

50 µM; cL = 50, 37.5; 25; 15; 5 µM; T = 25°C; ℓ = 1 cm}; These figures were taken from publication [P1]. 

Absorbance changes followed at the λmax of DPPH (517 nm) at different DPPH: Me2-

estradiol-TSC ratios (from 1:0.1 until 1:1) are compared in Fig. 35.b. The antioxidant capacity was 

assessed using IC50 values, which show the concentration, at which the compound reduces 50% of 

DPPH in the reaction mixture. These values were compared to that of the reference compound 

trolox, a well-known antioxidant [153]. The results of the DPPH assay are collected in Table 12, 

where the lower IC50 and the higher TEAC values indicate a stronger antioxidant effect of the 

compound tested.  

Table 12. DPPH free radical scavenging activity of estradiol-(T)SC, estrone-TSC, STSC, estradiol and 

trolox expressed as IC50 and TEAC values, and % scavenging effect at 1:1 DPPH-to-compound ratio after 

30 min. {T = 25 °C; in EtOH, cDPPH = 50 µM; ccompound = 5 ‒ 50 µM}; This table was taken from publication 

[P1]; (n.d. = not determined). 

 IC50 (µM) % scavenging effect 
a
  TEAC 

estradiol-SC >50 b 6.5 n.d. 

estradiol-TSC 14.6 72.0 0.8 

Me-estradiol-TSC 15.4 31.0 0.8 

Me2-estradiol-TSC 13.6 100 0.9 

estrone-TSC 17.8 49.8 0.7 

STSC 19.0 23.4 0.6 

estradiol >50 b 0.5 n.d. 

estradiol-SC+1 equiv. Cu(II) >50 b  8.5 n.d. 

estradiol-TSC+1 equiv. Cu(II) 15.7 90.8 0.8 

Me-estradiol-TSC+1 equiv. Cu(II) 20.3 33.6 0.6 

Me2-estradiol-TSC+1 equiv. Cu(II) 16.4 40.4 0.7 

estrone-TSC+1 equiv. Cu(II) 34.8 11.1 0.3 

STSC+1 equiv. Cu(II) >50 b 29.4 n.d. 

trolox 12.0 100 1 
a At DPPH:compound = 1:1 ratio after 30 min.;b It did not reach 50% inhibition under the conditions used.  
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These data reveal that Me2-estradiol-TSC displays the ability to behave as antioxidant agent 

among other tested (thio)semicarbazones. It is worth to mention that the presence of Cu(II) ions 

does not improve the antioxidant activity, even decreases it. 

5.5.5 Biological properties of the strerane-based (T)SCs and their Cu(II) complexes 

The antibacterial activity of estrone-(T)SCs, thn-(T)SCs, estradiol-(T)SCs, and STSC and SSC for 

comparison, was studied on the Gram-positive Staphylococcus aureus, Enterococcus faecalis and 

the Gram-negative Escherichia coli and Klebsiella pneumoniae strains (performed by G. Spengler, 

University of Szeged). In addition, influence of the presence of one equivalent of Cu(II) on the 

antibacterial activity was tested as well. Antibacterial activity is expressed as MIC value, which is 

the lowest concentration of a compound that inhibits the growth of the bacteria; these values are 

presented in Table S11. Estradiol-SC and estradiol-TSC showed some activity on the Gram-

positive S. aureus bacterial strain (50 and 25 μM, respectively). Complexation with Cu(II) did not 

induce an antibacterial effect in the case of the semicarbazone, while the Cu(II) complexes formed 

with the thiosemicarbazones displayed a remarkable antibacterial effect. It is worth to mention that 

the Cu(II) complexes of thn-TSC and STSC had a potent activity on Gram-positive bacteria, 

especially on Staphylococcus aureus strain (MIC: 3.125 μM, 6.25 μM for thn-TSC and STSC, 

respectively). Besides that, Cu(II) complexes of estradiol-TSC also had a potent activity on Gram-

positive bacteria, in particular on the S. aureus strain (MIC: 3.125 μM for Cu(II)-estradiol-TSC, 

6.25 μM for Cu(II)-Me-estradiol-TSC and 0.78 μM for Cu(II)-Me2-estradiol-TSC complexes). 

The anticancer activity of the tested compounds was investigated by three different 

research groups using various cell lines. Namely, STSC, thn-TSC and estrone-TSC series was 

tested by G. Spengler, University of Szeged; SSC, thn-SC, estrone-SC and N-terminal substituted 

derivatives of thn-TSC and estrone-TSC by D. Wernitznig, University of Vienna; and estradiol-

(T)SCs were investigated by M. Kiricsi, University of Szeged. Therefore, the obtained IC50 values 

determined by the different groups cannot be compared directly.  

The anticancer activity of the STSC, estrone-TSC and thn-TSC ligands and their Cu(II) 

complexes were studied in the doxorubicin-sensitive Colo205, the doxorubicin-resistant Colo320 

human colonic adenocarcinoma and the hormone-responsive MCF-7 breast cancer cell lines. It 

was found that estrone-TSC and thn-TSC ligands are cytotoxic against Colo205 and Colo320 

human colon adenocarcinoma cell lines (IC50: 10–84 μM), and especially significant activity was 

seen against MCF-7 breast cancer cells (IC50: 3.73–6.42 μM). Moreover, their Cu(II) complexes 

were found much more cytotoxic (IC50: 0.26-1.99 μM). 

Cytotoxicity of SSC, estrone-SC, thn-SC and their Cu(II) complexes was tested against 

A549, SW480 and CH1/PA human cancer cell lines. Estrone-SC and thn-SC were more active in 
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all tested cell lines (IC50: 3.8-149 μM) in comparison to SSC (IC50: 89.3 - >200 μM), with the 

highest anticancer activity against CH1/PA, followed by SW480 and A549. It was found that the 

addition of one equivalent of Cu(II) ions to the ligands increased the cytotoxicity significantly 

(IC50: 1.53-111 μM). Based on these results, Cu(II) complexes were selected for further 

investigation, where apoptosis induction was investigated on SW480 cells. The results (Fig. S10) 

demonstrated that the Cu(II) complex of estrone-SC was the only compound able to induce 

apoptosis among other Cu(II)-SC complexes. As the Cu(II) complexes of the SC ligands were 

found to be redox active, their ability to generate ROS was also investigated. The complexes were 

not able to induce high levels of ROS (Fig. S11), whereas complex of estrone-SC showed the 

strongest effect on the induction of ROS compared to other tested systems. 

Me-estrone-TSC, Me2-estrone-TSC, Me-thn-TSC, Me2-thn-TSC and their complexes were 

tested on 3D multicellular spheroids of HCT-116, A549 and CH-1 cell lines. The ligands displayed 

weak cytotoxic activity under the used conditions (IC50: 19.6 – >25 μM). Among these Cu(II) 

complexes, the Cu(II)-Me-thn-TSC complex was found to be the most cytotoxic (IC50: 3.90 – 

10.16 μM), and was the only compound which was able to induce a pronounced reduction in 

spheroid size (Fig. 36) compared to untreated cells.  

 

Figure 36. Morphological evaluation of A-549 and HCT-116 spheroids treated by tested Cu(II) complexes 

at the IC50 concentration. 

The complexes induced measurably more ROS than the untreated control except to the 

Cu(II)-Me-estrone-TSC complex, and resulted in the induction of apoptosis in all cases. The 

results also indicated that the Cu(II)-Me-thn-TSC complex possibly induces cell death in a 

caspase-3- and caspase-7-independent manner.  

Estradiol-(T)SCs and their Cu(II) complexes together with estrone-TSC and its Cu(II) 

complex for comparison were tested on MCF-7, MCF-7 KCR, DU-145 and A549 cells, where 

Cu(II) complexes were much more cytotoxic than their ligands. Estradiol-SC and its Cu(II) 

complex did not show cytotoxic effect. A significant difference was observed between the 

Untreated

Me-estrone-TSC Me-thn-TSC

Me2-estrone-TSC Me2-thn-TSC

Cu(II) complexes of
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cytotoxicity of estradiol-TSC and Cu(II)-estradiol-TSC and estrone-TSC and Cu(II)-estrone-TSC 

complexes on MCF-7 cells (Table S12). Cu(II)-estradiol-TSC showed remarkable activity on 

MCF-7 (IC50 = 8.40 µM), MCF-7 KCR (IC50 = 12.95 µM) and on A549 (IC50 = 10.03 µM), 

nevertheless, on DU-145 and A549, Cu(II)-Me2-estradiol-TSC was the most effective complex. 

Also the Cu(II)-estradiol-TSC complex showed large ROS formation in A549 (Figs. S12-14), 

MCF-7 and DU-145 cells after treatment.  

 

5.6 Impact of domain-integrated hybridization of 2-aminophenol with estradiol on cytotoxicity and 

complexation with Cu(II) ions 

In the previous chapter, novel (thio)semicarbazones conjugated with sterane moiety were 

discussed, where the beneficial effect of this conjugation strategy on the anticancer activity of 

TSCs was introduced. Taking into account this finding, another class of compounds was chosen, 

namely 2-aminophenols, which are the most common members of redox active ligands [101] with 

a broad spectrum of pharmacological activities (chapter 2.5). In order to study the impact of 

domain-integrated hybridization, 2-aminoestradiol has been developed by the group of É. Frank, 

University of Szeged (Chart 15), and used for an in-depth solution chemical investigation. 

Additionally, 2-aminophenol (2AP, Chart 5, 15) was applied as a structural model for comparison. 

As a starting point, the in vitro anticancer activity was tested on some cancerous and non-cancerous 

cell lines, namely on doxorubicin-sensitive Colo205, doxorubicin-resistant Colo320, MCF-7, 

HeLa and MRC-5 cells, and the determined IC50 values are shown in Table S13 (these studies were 

performed by G. Spengler, University of Szeged). Obtained results showed that 2-aminophenol 

was not active on the tested cell lines (IC50 > 100 μM), whereas 2-aminoestradiol displayed 

moderate cytotoxicity on the human cancer cells (IC50: 17.3–100 μM), and showed selectivity to 

these cancer cells over the non-cancerous MRC-5 cells (selectivity ratios for Colo205 = 5.8 and 

for Colo320 = 4.1). On the contrary, complexation with Cu(II) ions increased the cytotoxic activity 

of 2-aminophenol on all tested cancer cells, meanwhile lower IC50 values were obtained for 2-

aminoestradiol only in the case of MCF-7 cells. Moreover, the addition of Cu(II) to 2-

aminoestradiol was able to induce early apoptosis, while no apoptosis was detected in the absence 

of the metal ion. 

In order to understand better the differences between the anticancer activity of the ligands 

and the influence of the complexation with Cu(II) on their behavior, a detailed solution equilibrium 

study was performed.  
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Chart 15. Chemical structures of the tested compounds: 2-aminophenol (2AP) and 2-aminoestradiol (2AE) 

in their neutral forms (HL). 

5.6.1 Investigation of proton dissociation processes, lipophilicity and membrane permeability of 

2-aminophenol and 2-aminoestradiol 

As a starting point, the solution stability of the ligands was studied, since aminophenol derivatives 

have usually high sensitivity to molecular oxygen [154]. For that purpose, UV-vis 

spectrophotometry was used and compounds were tested in the presence of 30% (v/v) DMSO/H2O 

at pH 2.0, 7.4 and 12.0 over 3 h. We could conclude that oxidation appeared only at pH 12 for 

both ligands (Figs. 37.a,b). 

 

Figure 37. UV-vis absorption spectra of a) 2AP and b) 2AE recorded over 3 h at pH 12.0 in 30% (v/v) 

DMSO/H2O together with inserted time dependence of absorbance values at 432 nm for 2AP and at 374 nm 

for 2AE (cL = 100 μM; I = 0.1 M (KCl); T = 25°C; ℓ = 1 cm). These figures were adapted from publication 

[P2]. 

The significant increase of the absorbance band in the visible wavelength range at pH 12.0 

for 2AP (Fig. 37.a) can be explained most probably by the subsequent oxidation, tautomerization 

and conjugate addition  reactions, which led to the generation of 2-amino-3H-phenoxazin-3-one 

through an o-quinone imine intermediate [154]. 2AE was also sensitive to O2 at pH 12.0, although, 

the oxidation reaction was faster for the 2AP than for the 2AE (Figs. 37.a,b), indicating the 

increased solution stability of the compound in the alkaline pH because of estradiol conjugation, 

which most probably prevents further polymer conjugation of the compound. 
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Proton dissociation processes of 2AP and 2AE were investigated by pH-potentiometry, UV-vis 

spectrophotometric, and 1H NMR spectroscopic titrations. Measurements were carried out with 

different DMSO solvent ratios such as 30% and 60% (v/v) DMSO/H2O mixtures due to the limited 

aqueous solubility of 2AE, whereas the reference compound 2AP was measured also in water. The 

protonated forms of these compounds have two functional groups (aromatic NH3
+ and phenolic 

OH), which can dissociate in the studied pH range. Based on the data obtained from pH-

potentiometric titrations, proton dissociation constants were defined and collected in Table 13, 

where pKa values determined for 2AP in water and in 30% (v/v) DMSO/H2O mixture are in good 

agreement with the published data [123]. 

Table 13. Proton dissociation constants (pKa) of the studied compounds determined by the different 

methods in the different media. {30%, 60% (v/v) DMSO/H2O and in water; I = 0.10 M (KCl); T = 25 °C}. 

This table was taken from publication [P2]. 

method  medium 2-aminophenol 2-aminoestradiol 

p
H

-p
o
te

n
ti

o
m

et
ry

 pKa1 
H2O 

4.77±0.03a ~4.9b 

pKa2 9.60±0.05a  ~10.2b 

pKa1 
30% (v/v) 

4.45±0.02 4.90±0.01 

pKa2 10.36±0.02 10.63±0.02 

pKa1 
60% (v/v) 

4.06±0.02 4.77±0.04 

pKa2 11.71±0.02 11.99±0.07 

U
V

-v
is

 pKa1 
30% (v/v) 

4.41c 4.91±0.01 

pKa2 10.36c 10.74±0.01 

pKa1 
60% (v/v) 

n.d. 4.56±0.01 

pKa2 n.d. 11.82±0.01 

1
H

 

N
M

R
 

pKa1 60% (v/v) n.d. 4.61±0.02 

pKa2  n.d. n.d. 

partitioning 
logD7.4 

n-octanol/aqueous 

buffer, pH 7.4 
+0.67±0.03 ˃2 

PAMPA Peff (cm/s) H2O, pH 7.4 15.5±5×10−6 n.d. 
apKa1 = 4.91 and pKa2 = 9.78, for 2AP in water, reported in ref [124]. bData obtained by extrapolation 
and considered as estimated values. cpKa1 = 4.41 and pKa2 = 10.36 for 2AP in 30% (v/v) DMSO/H2O 

mixture reported in [121]. 

Herein, the first proton dissociation constant (pKa1) belongs to the protonated aromatic-

NH3
+ group and another constant (pKa2) is attributed to the deprotonation of the phenolic OH. It 

was found that pKa values of 2AE were somewhat higher in comparison to 2AP, which can be 

explained by the electron-donating effect of the condensed cyclohexane moiety. It is worth to 

mention that the DMSO content also has an effect on the pKa values, namely, pKa1 becomes lower, 

while pKa2 values are higher by increasing DMSO content, as it is explained in section 2.3.  

For better visualization of this dependence, the pKa values determined in water, 30% and 60% (v/v) 

DMSO/H2O solvent mixtures were plotted against the reciprocal value of the relative permittivity 

(or dielectric constant, εr) of the medium (Fig. 38). It was found that the curves for 2AP and 2AE 
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have similar slopes due to their structural similarity, and based on this finding, the pKa values of 

2-aminoestradiol in water were obtained by extrapolation from the values determined in the 30% 

and 60% of DMSO/H2O mixtures (Table 13). The pKa values in water indicate that in the dominant 

species is the neutral HL for both compounds at physiological pH. 

 

 

Figure 38. Correlation diagram for the pKa values measured at various DMSO content plotted against the 

1/εr values of the solvent medium for 2-aminoestradiol (pKa1: ▲; pKa2: ∆) and 2-aminophenol (pKa1: ●; 

pKa2: ○). The εr values are interpolated data taken from ref. [155]. (T = 25.0 ˚C, I = 0.10 M (KCl) in water, 

30% and 60% (v/v) DMSO/H2O). This figure is adapted from publication [P2]. 

UV-vis spectrophotometry was also applied for determination of proton dissociation 

constants, where UV-vis spectra were recorded in 30% and 60% (v/v) DMSO/H2O mixtures 

(Fig. 39.a) for 2AE. Two well-separated deprotonation processes were seen as it was expected 

based on the results obtained by the pH-potentiometric titrations.  

 

Figure 39. a) UV-vis absorption spectra recorded for 2AE in the pH range 3.0 – 12.6. b) Concentration 

distribution curves plotted together with the absorbance changes at 310 nm (●) with the fitted curve (dashed 

line) at various pH values. (cL = 50 µM; 30% (v/v) DMSO/H2O; I = 0.10 M (KCl); T = 25.0 °C; ℓ = 1 cm). 

These figures were adapted from publication [P2]. 
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Thus, two pKa values could be calculated which are in good agreement with data obtained 

by pH-potentiometry (Table 13). Based on the obtained results, for 2-aminoestradiol concentration 

distribution curves were computed and shown as an example (Fig. 39.b) plotted together with the 

absorbance changes at the λmax of the fully deprotonated form of ligand. 

In addition, the proton dissociation processes of 2AE were followed by 1H NMR 

spectroscopic titrations in 60% (v/v) DMSO-d6/H2O, where the chemical shifts (δ) of the aromatic 

ring protons were found to be very sensitive to the protonation state of the compound (Fig. 40). 

 

Figure 40. 1H NMR spectra recorded for 2AE at various pH values with symbols used for proton resonances 

assignment, * denotes the new peaks appearing upon oxidation; pH-dependence of the chemical shift of 

peaks belonging to the aromatic ring protons (●,♦). {cL = 1 mM; I = 0.1 M (KCl); T = 25°C; 60% (v/v) 

DMSO-d6/H2O}. This figure was adapted from publication [P2]. 

The first deprotonation step occurred between pH 3 and 6, where upfield shift was detected 

for the aromatic protons. The most sensitive protons for both deprotonation processes were found 

in positions 1-CH(●) and 4-CH(♦) and based on these spectral changes, pKa1 could be calculated 

(Table 13). Afterwards, notable changes were seen at pH > 11 in parallel with the oxidation 

process, which hindered the determination of pKa2. The new peak found at 5.7 ppm can be linked 

to the oxidation of the compound to the o-benzoquinone derivative.  

We attempted to determine the lipophilicity and membrane permeability of 2AP and 2AE 

(Table 13), however, only a lower limit of logD7.4 for 2AE could be estimated due to the fact that 

almost all amount of the compound remained in the n-octanol phase in the partitioning experiment. 
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Moreover, Peff value for 2AE could not be determined either due to its insufficient aqueous 

solubility. Based on the obtained data, hybridization of 2-aminophenol with estradiol significantly 

increases the lipophilicity, which may be associated with the increased anticancer activity of 2AE 

compared to 2AP.  

5.6.2 Investigation of the complex formation of 2AP and 2AE with Cu(II) ions 

The complex formation equilibrium processes of the 2AP and 2AE with Cu(II) ions were studied 

by pH-potentiometry in 60% (v/v) DMSO/H2O, and strictly anaerobic conditions were applied. 

Moreover, pH-potentiometric titrations were also performed for 2AP in water and 30% (v/v) 

DMSO/H2O. The obtained overall stability constants of the complexes are collected in Table 14. 

Both 2AP and 2AE form Cu(II) complexes with high stability, since the complex formation 

processes start already at pH ~2 in the 60% (v/v) DMSO/H2O solvent mixture.. Formation of the 

mono, bis and mixed hydroxido species was found for 2-aminoestradiol ([CuLH]2+, [CuL]+, 

[CuL2], [CuL2H-1]
− and [CuL2H-2]

2−), whereas for 2-aminophenol the titration data could be fitted 

with a somewhat different speciation model ([CuL]+, [CuL2] and [CuLH-1]). (L− denotes fully 

deprotonated form of the ligands.) Herein, ligands coordinate in a bidentate way via (N,O) binding 

mode.  

Table 14. Overall stability constants (logβ), of the Cu(II) complexes of 2AP and 2AE (where L  is the 

completely deprotonated form of the ligand) determined by pH-potentiometric titrations in H2O, 30%, 

60% (v/v) DMSO/H2O. {T = 25 °C; I = 0.1 M (KCl)}. This table was adapted from the publication [P2]. 

 medium Cu(II)  2AP 

logβ [CuL]
+
  

H2O 

8.18±0.03a 

logβ [CuLH‒1] 0.75±0.06 

logβ [CuL]
+
  

30% (v/v) DMSO/H2O 
9.58±0.03 

logβ [CuL2] 16.30±0.09 

logβ [CuL]
+
  

 

60% (v/v) DMSO/H2O 

 

12.63±0.03 

logβ [CuLH‒1] 1.29±0.07 

logβ [CuL2] 16.41±0.26 

 medium Cu(II)  2AE 

logβ [CuLH]
2+

  

 

60% (v/v) DMSO/H2O 

17.03±0.05 

logβ [CuL]
+
 12.73±0.04 

logβ [CuL2] 17.99±0.09 

logβ [CuL2H1]
‒
 6.23±0.07 

logβ [CuL2H‒2]
2-

 7.38±0.08 
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Overall stability constants were used for computation of concentration distribution curves for both 

Cu(II)-ligand systems (Figs. 41.a,b) for comparison of the stoichiometry and stability of the 

species, which formed in various media. It is seen in Fig. 41.a that the complex formation process 

starts at lower pH, especially at higher DMSO content, whereas the fractions of bis complexes 

decrease at higher percentage of DMSO. 

It is shown in Fig. 41.b that species [CuLH]2+ is formed in the acidic pH range, where a 

coordinated hydroxyl group is present (as -OH group) , and [CuL]+ is formed in the pH range 5-

10. In particular, inclusion of complex [CuLH]2+ in the speciation model yielded a significantly 

improved agreement between the experimental and computed data. The complexation reaction of 

Cu(II) was already reported with neutral monodentate ligands, such as aniline and pyridine, where 

the same type of species (with the coordination of an aromatic NH2 to Cu(II)) was detected [156]. 

Nevertheless, for 2AP only [CuL]+ was found in the acidic region (Fig. 41.b), where both of the 

aromatic NH3
+ and the phenolic OH groups became deprotonated in this species. The bis complex 

[CuL2] was found for both ligands in the alkaline pH range. It is noteworthy that precipitation was 

formed during the titration of the Cu(II) − 2AP system in water at pH > 7, which process hindered 

the determination of stability constant for the bis complex. In the highly basic pH range, mixed 

hydroxido species were detected, such as [CuL2H-1]
− and [CuL2H-2]

2− for 2AE, and [CuLH-1] for 

2AP. 

 

Figure 41. Concentration distribution curves for the a) Cu(II)-2AP (1:2) system in the three applied 

different media and b) Cu(II)-2AE (1:2) system in 60% (v/v) DMSO/H2O and. Dashed lines show the pH 

range where the speciation becomes more uncertain due to the putative hydrolysis of the metal ion. {c2AE = 

c2AP = 1 mM; cCu(II) = 0.5 mM; I = 0.10 M (KCl); T = 25.0 °C}. These figures were adapted from publication 

[P2]. 

For comparison, Fig. 42 shows the predominance curves calculated for Cu(II)-2AP and Cu(II)-

2AE systems at 1:2 metal-to-ligand ratio using equilibrium constants (60% (v/v) DMSO/H2O) 
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from Table 14. Based on these calculations, 2AP binds Cu(II) stronger than 2AE in a wide pH 

range (pH 4 and 10) including the physiological pH. 

 

Figure 42. Predominance curves for the hypothetic Cu(II)-2-aminophenol (blue line)-2-aminoestradiol 

(green line) system calculated using the determined overall stability constants. {c2AE = c2AP = 1 mM; 

cCu(II) = 0.5 mM; T = 25.0°C; I = 0.1 M (KCl); 60% (v/v) DMSO/H2O}. This figure was adapted from 

publication [P2]. 

In order to prove the proposed binding mode, I successfully isolated the mono complex of 

2-aminoestradiol from a mixture of MeOH and buffered aqueous solution (pH ∼ 7.4), using 1:1 

metal-to-ligand ratio. UV-vis and EPR spectroscopies were applied for the analysis (Fig. S15). 

The complex formation was confirmed by the appearance of a CT band with λmax = 436 nm in the 

UV-vis spectrum. The EPR spectrum of the isolated complex was recorded in DMSO solution at 

77 K. Two kinds of Cu(II) species were found, namely 50% mono and 50% bis complexes. It 

indicates that in the isolated solid compound the Cu(II)-2AE ratio is ~2:3, which differs from the 

applied 1:1 ratio. Most probably the unreacted Cu(II) salt and 2AE remained in the solution under 

the preparation conditions. The anisotropic EPR parameters are collected in Table S14, confirming 

the suggested (N,O) coordination mode. Synthesis and characterization of Cu(II) complexes of 2-

aminophenol were already reported, where the (N,O) binding mode was proved [157].  

5.6.3. Electrochemical studies of 2AP, 2AE in the absence and presence of Cu(II) ions  

The redox properties of 2-aminoestradiol, 2-aminophenol and the influence of the presence of 

Cu(II) ions on them were investigated at different pH values in 60% (v/v) DMSO/H2O mixture by 

CV. It was already reported that the electrochemical oxidation of aminophenol derivatives usually 

involves proton transfer to form quinone and also the electrochemical response of aminophenols 

is strongly dependent on the pH [158]. In order to check the dependence from the pH of the tested 

compounds, cyclic voltammograms of 2-aminoestradiol and 2-aminophenol were recorded at pH 
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2, 3, 5, 7.4 and 12 (Figs. 43.a-d). Analysis of these voltammograms revealed a shift to negative 

potential by increasing the pH. 

The electrochemical oxidation of 2-aminophenol was already described in details, where it 

was found that at more acidic pH values C-N or N-N coupling of 2AP cation radicals results in the 

formation of cyclic dimer 2-amino-3H-phenoxazin-3-one [158]. On the contrary, in the basic pH 

range N-N coupling results in the formation of azo species 2,2’-dihydroxyazobenzene [158]. It 

should be noted that only the one-electron oxidation process of 2-aminophenol can be seen at pH 

7.4, which is most likely due to the charge neutrality of the molecule [158]. Due to the structural 

similarity of the tested compounds, analogous mechanism of electrochemical oxidation of 2AE 

would have been expected.  

In the acidic pH range for 2AP (Fig. 43.a), two reversible electron transfer processes are 

visible and one single anodic peak appears, which shifts to negative potential by increasing pH 

similarly to 2-aminoestradiol (Fig. 43.c).  

 

Figure 43. Cyclic voltammograms in 60% (v/v) DMSO/H2O at pH 2, 3, 5 for a) 2-aminophenol and b) 2-

aminoestradiol; at pH 7.4 and 12 for c) 2-aminoestradiol and d) 2-aminophenol using Pt working electrode. 

{T = 25.0°C, I = 0.1 M (n-Bu4NPF6), cL = 1 mM; scan rate = 50 mV/s}. These figures were adapted from 

the publication [P2]. 
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However, only a single anodic peak was observed for both ligands at pH 7.4, whereas, all 

another signals disappeared. It can be explained by the formation of an aromatic ammonium cation 

radical (Figs. 43.b,d). It is worth to mention that different shape and intensity of the peaks were 

found in all systems at pH 12, where one reversible electron transfer process and one single anodic 

peak were detected. These processes can be attributed to the formation of azo species.  

The impact of the complexation with Cu(II) ions was studied under the same conditions at 

pH 7.4. The cyclic voltammograms recorded for Cu(II)-2-aminoestradiol and Cu(II)-2-

aminophenol systems are presented at Fig. 44. Voltammograms reveal redox processes in both 

cathodic and anodic regions. The first reduction peaks are at +0.28 V and +0.15 V vs. 

Ag/AgCl/KCl for 2-aminoestradiol and 2-aminophenol, respectively; most probably they belong 

to the Cu(II) → Cu(I) reduction process. This is followed by the ligand release from the [Cu(I)L] 

complex of low stability at –0.27 V for 2-aminoestradiol and –0.52 V for 2-aminophenol, 

respectively. Furthermore, a sharp oxidation peak during the reverse scan at around −0.03 V and 

–0.13 V for Cu(II)-2AP and Cu(II)-2AE systems, respectively, was observed, which is the typical 

for the redissolution process.  

 

Figure 44. Cyclic voltammograms of a) Cu(II)-2-aminoestradiol and b) Cu(II)-2-aminophenol systems at 

pH 7.4 using Pt working electrode. (cL = 1 mM, cCu(II) = 1 mM, T = 25.0°C, I = 0.1 M (n-Bu4NPF6) in 60% 

(v/v) DMSO/H2O; scan rate = 50 mV/s). These figures were adapted from publication [P2]. 

Afterwards, the second oxidation peak under the reverse scan at +0.57 V for 2-

aminoestradiol and +0.31 V for 2-aminophenol can be attributed for the regeneration of the Cu(II) 

complex. In order to check the chemical reversibility of the tested systems, several scans were 

recorded, which revealed negligible changes in the shape of the corresponding cyclic 

voltammograms in both the cathodic and anodic regions. Considering these findings, it can be 

assumed that all tested compounds exhibit redox activity, likely associated to their antioxidant 

capacities. This aspect has been further studied and will be presented in the next chapter.  
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5.6.4 Antioxidant activity of 2AE and 2AP and impact of presence of Cu(II) ions 

It is well-known that aminophenol derivatives exhibit antioxidant activity [101]. Based on this 

finding, the free radical scavenging activity of 2-aminoestradiol and 2-aminophenol was screened 

through DPPH assay. The same methodology was employed as described in the previous chapter. 

Representative UV-vis spectra of 2-aminoestradiol with DPPH are shown in Fig. 45.a. In Fig. 45.b 

changes of absorbance at the λmax of DPPH (517 nm) in time at the different ratios DPPH-to-2AP 

are compared.  

 

Figure 45. a) UV-vis spectra of 2AP (c = 50 μM) (red line), DPPH• (c = 50 μM) (purple line) and the time-

dependent spectra of the reaction mixture (DPPH (c = 50 μM), 2AP (c = 15 μM)) (blue lines) in EtOH. (T 

= 25 °C; ℓ = 1 cm). b) Time dependence of absorbance of DPPH• at 517 nm upon reaction with different 

ratios of 2AP in EtOH. {cDPPH = 50 µM; c2AP = 15; 12.5; 5; 2.5 µM; T = 25°C}. These figures were adapted 

from publication [P2]. 

2AP reacted slower with DPPH than 2AE, since the reaction with the latter compound was 

immediately completed after the reactants were mixed. The free radical scavenging activity was 

expressed through IC50 values (Table 15) which were compared to the reference compound trolox 

[153]. Slightly lower IC50 of 2AP was found in comparison to the trolox, while 2AE displayed a 

somewhat higher IC50 value. Furthermore, the presence of Cu(II) ions significantly increased the 

antioxidant activity of both tested compounds and also the isolated Cu(II) complex showed similar 

influence for scavenging effect as in the case of the ‘pre-mixed’ complex. 
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Table 15. DPPH free radical scavenging activity of 2-aminoestradiol, 2-aminophenol in the absence or in 

the presence of one equivalent of Cu(II), the isolated Cu(II)-2-aminoestradiol complex and trolox. IC50 

values; (n.d. = not determined). {T = 25 °C; EtOH, cDPPH = 50 µM; ccompound = 2.5 ‒ 100 µM} 

Sample % of scavenging effect  

at DPPH:compound = 1:0.3 ratio 

IC50 (µM) 

2AE 47.8 15.8 

2AP 77.0 9.9 

2AE+1 equiv. Cu(II)a 95.8 n.d. 

2AP+1 equiv. Cu(II) 93.3 n.d. 

CuCl2 5.7 n.d. 

trolox 63.0 12.0b 

a Scavenging effect at DPPH:compound = 1:0.3 ratio obtained for the isolated Cu(II) – 2AE complex: 

93.6%; b The obtained data corresponds well to IC50 = 16 μM reported in ref [153]. 
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6. Conclusions 

Nowadays, there is high interest in the development of metal complexes as therapeutic and 

diagnostic agents. The mechanisms of action always need to be clarified for those metal 

compounds, which are already in use or entered to clinical trials and not only from the biological 

points of view but also on the molecular level. For the rational development and optimization 

process of active pharmaceutical ingredients, the behavior of these metal complexes is important 

to know in solution, i.e. exploring their aqueous solution stability, speciation and redox properties. 

These characteristics significantly influence their pharmacokinetic properties, as well as their 

interaction with various endogenous molecules. The main goal of my thesis was the synthesis and 

characterization of anticancer Cu(II) complexes and the investigation of their solution chemical 

behavior. Also redox properties, antioxidant activity and interaction with physiological reductants 

(GSH and AA) were studied for some selected Cu(II) complexes in order to understand better their 

mechanism of action. Based on these results, the following conclusions were made: 

1. Triapine derivatives (VA1-3) were characterized bearing a redox active phenolic 

moiety at the terminal nitrogen atom and additionally attached morpholine moiety to N-pyridyl 

scaffold (VA4-7). Namely, their proton dissociation processes and lipophilicity were investigated, 

where pKa values of pyridinium-NH+ for (VA1-3) set of compounds were in the following order: 

VA3 ˃ VA2 ˃ VA1. It can be explained by the presence of the electron-donating effect of methyl 

group in the VA2 ligand and amino group at the pyridine ring in the VA3 ligand, respectively. 

Whereas, pKa values were much lower (ca. one and half units) for the same group in VA4-7 set in 

comparison to VA1-3 of triapine analogues due to the electron withdrawing effect of methyl-

morpholine group. It was found that introduction of a redox active phenolic moiety at the terminal 

nitrogen atom is increasing lipophilicity (logD7.4 > +2) and the attachment of the positively charged 

protonated morpholine moiety does not make compounds more hydrophilic. The stability of the 

complexes in solution was higher than for Cu(II)-triapine complex based on the obtained 

conditional stability constants. It is worth to mention that the cytotoxic effect was enhanced by the 

introduction of the redox active phenolic group and by complexation, especially in the case of 

Cu(II)-VA7; this effect is most probably linked to the coordination of morpholinium group to 

Cu(II) ions. 

2. Exchange of the α-N-pyridyl moiety to imidazole and benzimidazole units 

undoubtedly has effect on lipophilicity and E/Z isomer distribution in aqueous solution. Although 

E form is dominant for the α-N-pyridyl-TSCs, the Z form is predominant for imidazole-TSC 

derivatives. Moreover, imidazole-TSCs were more hydrophilic than the corresponding α-N-

pyridyl-TSCs. Interaction of imidazole-TSCs with Cu(II) ions showed the formation of mostly 

mono complexes in different protonation states ([CuLH]2+, [CuL]+ and [CuLH-2]
‒), in which the 
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ligand is tridentately coordinated. However, tetrameric species [Cu4L4H4] was found predominant 

in the pH range 5 – 9 (also including the physiological pH). Furthermore, N-terminal substitution 

did not significantly increase the stability of Cu(II) complexes. 

3. It was already reported that STSC derivatives have generally lower aqueous 

solubility than α-N heterocyclic TSCs. Whereas, attachment of a positively-charged 

trimethylammonium group to the aromatic unit definitely increased their aqueous solubility. It 

should be noted that the trimethylammonium group significantly decreases the pKa values of the 

phenolic OH group by more than 1 order of magnitude compared to STSC, due to the electron-

withdrawing effect of the attached group. It should be emphasized that N-terminal substitution by 

methyl and ethyl groups does not enhance Cu(II) binding ability, although N-terminal phenyl 

substitution can increase it. 

4. The anticancer activity of S(T)SC is increased by conjugation with sterane 

backbone and complexation with Cu(II) ions. It was found that conjugation by estrone/estradiol 

moiety increases pKa values and the studied SCs have higher pKa values by ca. half logarithmic 

units in comparison to the corresponding TSCs. The determined stability constants indicate 

significant difference in the Cu(II) binding ability between the tested SCs and TSCs, where the 

latter ones showed the formation of Cu(II) complexes with high stability in solution. In addition, 

the stability of the Cu(II) complexes was further increased by N-terminal dimethylation. 

5. Aminophenols are widely known by their redox properties and versatility of 

biological activities. Cytotoxic activity of 2-aminophenol was improved by estradiol conjugation, 

complexation with Cu(II) ions and also that modification could make the compound less sensitive 

for oxidation. The proton dissociation constants of 2-aminoestradiol were determined in 30 and in 

60% (v/v) DMSO/H2O mixtures and extrapolated for the water medium. The obtained pKa values 

in three different media confirm the fact that DMSO content has an effect on proton dissociation 

constants, where pKa1 becomes lower and pKa2 values are higher by increasing DMSO content. 

Interaction with Cu(II) ions showed low complex stability for both 2-aminophenol and 2-

aminoestradiol based on the determined stability constants. 

6. It should be pointed out that a significant difference was found in the reaction rates 

for Cu(II)-TSCs and Cu(II)-SCs systems with GSH. It can be explained by the formal redox 

potential of Cu(II)-TSC complexes, which is usually much higher than that of Cu(II)-SCs. 

Accordingly, the latter one can be reduced faster by GSH. It was observed that the higher the 

stability of complexes the slower the reduction by GSH and the N-terminal substitution by 

dimethyl groups shows an outstanding affinity towards Cu(II) ions. Moreover, Cu(II) complexes 

with these substitutes demonstrate a higher anticancer effect and the activity of their Cu(II) 
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complex even exceeds that of their ligands. Based on this finding, it can be assumed that the in 

situ formed intracellular Cu(II) complexes play a crucial role in the mechanism of action. 

7. Antioxidant activity of some selected ligands and their Cu(II) complexes were 

determined by DPPH assays using spectrophotometry. Based on the obtained data, 2-aminophenol 

showed the potential to act as antioxidant agent since it was more active than reference compound 

trolox. However, 2-aminoestradiol and some tested (T)SCs showed a bit lower antioxidant activity 

compared to it. In the case of aminophenols, the presence of Cu(II) ions could increase the 

antioxidant activity, although for (T)SCs the opposite effect was observed.  

8. For all tested compounds it was found that the anticancer activity was usually 

enhanced by complexation with Cu(II) ions. In the case of triapine analogues, anticancer effect 

was increased by attachment of a redox active phenolic moiety at the terminal nitrogen atom. The 

cytotoxicity of STSC derivatives and 2-aminophenol was improved by sterane-based conjugation. 

It should be noted that N-terminal dimethylation of TSCs significantly enhances anticancer activity 

of their Cu(II) complexes. 
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10. Appendix 

Table S1. In vitro cytotoxicity (IC50 values in μM) of ligands VA1-3 and complexes Cu(II)-VA1, Cu(II)-

VA2 and Cu(II)-VA3 in Colo205, Colo320 and MRC-5 cell lines (72 h exposure). This table was taken 

from publication [P4]. 

IC50 (μM) Colo205 Colo320 MRC-5 

VA1 > 100 6.32 ± 0.49 > 100 

VA2 > 100 > 100 > 100 

VA3 48.2 ± 6.8 > 100 > 100 

Cu(II)-VA1 2.08 ± 0.12 2.21 ± 0.18 3.13 ± 0.17 

Cu(II)-VA2 0.181 ± 0.039 0.159 ± 0.009 0.276 ± 0.049 

Cu(II)-VA3 26.6 ± 1.6 27.6 ± 1.6 > 100 

CuCl2 19.7 ± 0.9 20.0 ± 2.3 24.5 ± 2.6 

doxorubicin 3.28 ± 0.22 3.12 ± 0.27 5.19 ± 0.21 

 

Table S2. IC50 values after inhibition of cell growth by the imidazole-TSC derivatives and their Cu(II) 

complexes in human colonic doxorubicin-sensitive (Colo205), multidrug resistant colon adenocarcinoma 

(Colo320). 

IC50 (μM) Colo205 Colo320 

imidazole-TSC 84±9 90±6 

Me-imidazole-TSC 98±8 88±4 

Me2-imidazole-TSC 9.98±0.37 8.96±0.33 

benzimidazole-TSC >100 >100 

triapine 3.28±0.63 2.17±0.15 

Cu(II)-imidazole-TSC 28.8±1.9 58.6±4.2 

Cu(II)-Me-imidazole-TSC 38.7±0.8 56.3±2.4 

Cu(II)-Me2-imidazole-TSC 14.45±1.66 28.2±1.2 

Cu(II)- benzimidazole-TSC 25.61±0.74 15.7±0.7 

Cu(II)-triapine 11.4±1.4 26.0±0.7 

 

 

Figure S1. ESI-MS spectra of the indicated Cu(II) complexes of the imidazole-TSC. Samples were 

prepared in MeOH. 

[Cu2L2H-2]Cl+2H+

[CuLH-1]
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Table S3. IC50 values after inhibition of cell growth by the ligands VA8-11 and their Cu(II) complexes in 

human colon doxorubicin-sensitive (Colo205), multidrug resistant colon adenocarcinoma (Colo320), 

neuroblastoma (SH-SY5Y) cell lines and non-cancerous human embryonic lung fibroblast (MRC-5). This 

table was taken from publication [P6]. 

IC50 (μM) Colo205 Colo320 SH-SY5Y MRC-5 

VA8 >100 88.77±5.32 >100 >100 

VA9 >100 74.43±3.85 >100 >100 

VA10 >100 53.30±2.44 49.86±3.97 >100 

VA11 >100 95.81±1.58 31.46±2.66 >100 

Cu(II)-VA8 >100 65.38±3.71 38.15±1.15 >100 

Cu(II)-VA9 53.34±3.31 80.64±1.57 15.35±1.74 51.53±4.67 

Cu(II)-VA10 28.59±2.02 35.41±1.87 8.93±0.50 22.6±1.81 

Cu(II)-VA11 42.81±4.23 65.14±2.93 58.64±7.18 25.64±2.57 

cisplatin 8.14±1.59 2.12±0.14 0.65±0.08 1.73±0.28 

 

 

Figure S2. Experimental (exp.) and simulated (sim.) isotropic EPR spectrum for complexes Cu(II)-estrone-

TSC a) and Cu(II)-thn-TSC b) in DMSO at room temperature. This figure was taken from publication [P7]. 

3100 3200 3300 3400 3500 3600 3700

Magnetic field (G)

(a)

(b)
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Figure S3. Experimental (exp.) and simulated (sim.) anisotropic EPR spectra of complexes of Cu(II)-

estrone-TSC a) and Cu(II)-thn-TSC b) in 50% (v/v) DMSO/H2O. Calculated component EPR spectra of a 

dimeric species c) and a monomer species d) taken in 76% and 24%, respectively, in the simulation of 

spectrum b). The dimeric species was simulated with an isotropic spectrum with go = 2.092. This figure was 

taken from publication [P7]. 

 

Figure S4. Experimental (black) and simulated (red) anisotropic EPR spectra for the a) Cu(II)-estrone-SC 

(1:1), b) Cu(II)-thn-SC (1:1) and c) Cu(II)-SSC (1:1) systems at room temperature. This figure was taken 

from publication [P5]. 
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Figure S5. Room temperature solution EPR spectra (black) recorded for Cu(II) complexes dissolved in 

DMSO of a) estradiol-SC, b) estradiol-TSC and simulated (red) spectra together with the obtained 

component spectra. Spectrum a) were simulated with 50% [CuL]+ and 50% [CuLH1], b) with 100% 

[CuLH1]. This figure was adapted from publication [P1]. 

 

Figure S6. Calculated frozen solution EPR spectra of Cu(II) complexes a) estradiol-SC, b) estradiol-TSC 

and c) an isotropic component originated from oligomerisation process. This figure was adapted from 

publication [P1]. 
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Table S4 Isotropic and anisotropic EPR spectroscopic parameters determined for the isolated Cu(II)-estrone-

TSC and Cu(II)-thn-TSC complexes in DMSO and for Cu(II)-STSC in 30% (v/v) DMSO/H2O. This table 

was taken from publication [P7]; (n.d. = not determined). 

 estrone-TSC thn-TSC STSC 

isotropic parameters     

go 2.0889(3) 2.0874(1) 2.0945 

Ao (G) 71.3(1) 72.8(1) 73.1 

aN (G) 18.1(1) 18.1(1) 17.7 

anisotropic parameters     

gx / gy / gz 2.018 / 2.048 / 2.182 2.026 / 2.052 / 2.203 n.d. 

Ax / Ay / Az (G) 36.0 / 23.3 / 180.8 30.8 / 17.2 / 174.4 n.d. 

aNx / aNy / aNz (G) 9.5 / 16.4 / 8.5 11.6 / 15.6 / 13.0 n.d. 

 

Table S5. Isotropic and anisotropic EPR parametersa determined for the Cu(II) complexes in DMSO. This 

table was taken from publication [P5]. 

ligand estrone-SC thn-SC SSC SSC
b
 

go 2.134 2.134 2.137 2.136 

Ao (G) 63.0 63.1 62.8 64.7 

a0
N
 (G) 14.6 14.9 14.6 14.6 

gx 2.049 2.049 2.049 2.053 

gy 2.060 2.056 2.059 2.065 

gz 2.285 2.277 2.289 2.290 

Ax (G) 8.5 7.9 7.3 9.87 

Ay (G) 10.6 12.2 10.6 15.1 

Az (G) 164.2 166.7 163.7 161.6 

ax
N
 (G) 10.2 8.7 6.5 n.d. 

ay
N
 (G) 15.8 15.5 14.7 19.9 

az
N
 (G) 14.2 12.7 13.2 n.d. 

g0,calc.
c 2.131 2.127 2.132 2.136 

a The experimental error was ±0.001 for g, ± 1 G for A and aN tensor values. b Data for complex [CuL]+ 

in 30% (v/v) DMSO/H2O taken from ref. [81]. c g0,calc. = (gx+gy+gz)/3 
 

Table S6. Isotropic EPR parameters obtained by the simulation of room temperature EPR spectra recorded 

in DMSO of Cu(II) complexes formed with estradiol-(T)SCs. This table was adapted from publication [P1]. 

Complexes Components g0 A0 a0
N
 α (G) β 

(G) 

γ (G) component 

ratio 

Cu(II) – estradiol-

SC 
[CuLH1] 2.099 56.6 15.4 36.0 -20 3.7 50% 

[CuL]+ 2.118 48.0 14.3 54.0 -25 1.8 50% 

Cu(II) – estradiol-

TSC 
[CuLH1] 2.090 70.2 17.5 35.7 -21.3 3 100% 

 

 

 

 

 

 
 

 

 

 



120 
 

Table S7. Crystal data and structure refinement for thn-TSC as [CuL]Cl and thn-SC as [CuL]Cl × H2O, 

where HL is the fully protonated form. This table was adapted from publications [P7 and P5]. 

 thn-SC as [CuL]Cl × H2O thn-TSC as [CuL]Cl 

Color/Shape Green/Platelet Blue/Platelet 

Empirical formula C12H18ClCuN3O3, H2O C12H14ClCuN3OS 

Moiety formula C12H18ClCuN3O4 [Cu(C12H14N3OS)(Cl)] 

Formula weight 367.28 347.31 

Temperature (K) 173(2) 168(2) 

Radiation and wavelength  (Å) Mo-K, 0.71075 Cu-K, 1.54187 

Crystal system triclinic orthorhombic 

Space group P-1 Pbca 

Unit cell dimensions    

a (Å) 6.3832(5) 12.3620(7) 

b (Å) 7.8947(6) 9.1718(5) 

c (Å) 15.8886(12) 24.3156(13) 

 °) 79.112(6) 90 

 °) 87.218(6) 90 

 °) 70.524(5) 90 

Volume (Å
3
) 741.19(10) 2756.9(3) 

Z/Z’ 2/1 8/1 

Density (calculated) (Mg/m
3
) 1.646  1.674 

Absorption coefficient,  (mm
-1

) 1.672  5.395  

F(000) 378 1416 

Crystal size (mm) 0.50 x 0.30 x 0.05  0.30 x 0.15 x 0.05 

Absorption correction numerical numerical 

Max. and min. transmission 0.785, 0.935 0.881059, 0.966635 

range for data collection (°) 3.285    26.022 3.636    68.244 

Index ranges -7  h  7;-9 k 9;-19  l  19 -14  h  13;-11 k 10;-29  l 

 29 Reflections collected 16265 37286 

Completeness to 2 0.999 0.996 

Independent reflections, (Rint) 2922 (0.0584) 2513, 0.2143 

Reflections I>2(I) 2493 1879 

Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 

Data / restraints / parameters 2922 /5 /206 2513 /15 /163 

Goodness-of-fit on F
2
 1.052 1.262 

Final R indices [I>2(I)], R1, wR2 0.0370, 0.1006 0.1434, 0.2733 

R indices (all data), R1, wR2 0.0483, 0.1058 0.1806, 0.2908 

Max. and mean shift/esd 0.000; 0.000 0.000;0.000 

Largest diff. peak and hole (e×Å
-3

) 0.485; -0.408 0.942; -0.544  

 

 



121 
 

Table S8. Crystal data and structure refinement for estradiol-SC as [Cu(HL)Cl2], where HL is full 

protonated form. This table was adapted from publication [P1]. 

 [Cu(HL)Cl2]×H2O×2CH3OH 

Empirical formula C22H38Cl2CuN3O6 

Formula weight 574.99 

Temperature (K) 103(2) 

Radiation and wavelength Mo-Kα, λ = 0.71073 Å 

Crystal system orthorhombic 

Space group P 21 21 21 

Unit cell dimensions  

a (Å) 7.2028(3)  

b (Å) 13.6795(6)  

c (Å) 26.1919(12)  

 °) 90 

 °) 90 

 °) 90 

Volume 2580.7(2) Å3 

Z 4 

Density (calculated) 1.480 Mg/m3 

Absorption coefficient, μ 1.095 mm-1 

F(000) 1208 

Crystal color brown 

Crystal description needle 

Crystal size 0.72 x 0.33 x 0.13 mm 

Absorption correction numerical 

Max. and min. transmission 0.8931.000 

range for data collection 5.157   25.347° 

Index ranges -8  h 8;-16  k  16;-31  l  31 

Reflections collected 71353 

Completeness to 2 0.988 

Absolute structure parameter 0.08(2) 

Friedel coverage 0.746 

Friedel fraction max. 0.996 

Friedel fraction full 0.996 

Independent reflections 4700 [R(int) =0.1398] 

Reflections I>2σ (I) 4148 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 4700 /1 /314 

Goodness-of-fit on F2 1.123 

Final R indices [I>2σ (I)] R1 =0.0512, wR2 =0.0818 

R indices (all data) R1 =0.0628, wR2 =0.0848 

Max. and mean shift/esd 0.000;0.000 

Largest diff. peak and hole 0.337;-0.351 e×Å-3 
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Figure S7. Experimental (black) and simulated (red) isotropic EPR spectra for complexes a) Cu(II)-Me2-

thn-TSC, b) Cu(II)-Me-thn-TSC, c) Cu(II)-thn-TSC, d) Cu(II)-Me2-estrone-TSC, e) Cu(II)-Me-estrone-

TSC, f) Cu(II)-estrone-TSC in DMSO at room temperature. Notably, the abbreviation of the ligands’ names 

stands for the HL forms, thus these complexes are [CuLH‒1] species. This figure was adapted from 

publication [P5]. 

Table S9 Isotropic EPR spectroscopic parametersa determined for the isolated Cu(II)-Me-estrone-TSC, 

Cu(II)-Me2-estrone-TSC, Cu(II)-Me-thn-TSC and Cu(II)-Me2-thn-TSC complexes in DMSO. This table 

was adapted from publication [P3]. 

 g0 A0
Cu

 (10
-4

cm
-1

) a0
N
 (10

-4
cm

-1
) 

Me-estrone-TSC 2.0887(3) 69.9(1) 17.9(1) 

Me2-estrone-TSC 2.0883(3) 69.9(1) 17.9(1) 

Me-thn-TSC 2.0873(1) 71.1(1) 17.7(1) 

Me2-thn-TSC 2.0869(1) 71.3(1) 18.0(1) 
a Uncertainties (SD) of the last digits are shown in parentheses. 

 
Figure S8. Room temperature solution EPR spectra (black) recorded for Cu(II) complexes dissolved in 

DMSO of a) Me-estradiol-TSC, b) Me2-estradiol-TSC and simulated (red) spectra together with the 

obtained component spectra. Spectrum a) with 100% [CuLH1] and b) with 18% [CuL]+ 82% [CuLH1]. 

This figure was adapted from publication [P1]. 
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Table S10. Isotropic EPR parameters obtained by the simulation of room temperature EPR spectra recorded 

in DMSO of Cu(II) complexes formed with estradiol-(T)SCs. This table was adapted from publication [P1]. 

Complexes Componen

ts 

g0 A0 a0
N
 α (G) β 

(G) 

γ (G) component 

ratio 

Cu(II)-Me-estradiol-

TSC 
[CuLH1] 2.088 68.7 18.0 36.9 -23.9 5.4 100% 

Cu(II)-Me2-estradiol-

TSC 
[CuLH1] 2.086 67.1 17.5 39.8 -22.3 3.2 82% 

[CuL]+ 2.102 56.3 17.0 35.2 -21.5 3.5 18% 

 

 

Figure S9. Calculated frozen solution EPR spectra of Cu(II) complexes a) Me-estradiol-TSC, b) Me2-

estradiol-TSC and c) an isotropic component originated from oligomerisation process. This figure was 

adapted from publication [P1]. 

Table S11. MIC values determined for the ligands in the absence and presence of one equiv. Cu(II) on 

various bacteria. This table was adapted from publication [P5]. 

MIC (M) 
S. aureus E. faecalis E. coli K. pneumoniae 

Gram-positive Gram-negative 

estrone-SC >100 >100 >100 >100 

thn-SC >100 >100 >100 >100 

SSC >100 >100 >100 >100 

estrone-TSC >100 >100 >100 >100 

thn-TSC >100 >100 >100 >100 

STSC >100 >100 >100 >100 

estrone-SC + Cu(II) >100 >100 >100 >100 

thn-SC + Cu(II) >100 >100 >100 >100 

SSC + Cu(II) >100 >100 >100 >100 

estrone-TSC + Cu(II) 3.125 50 >100 >100 

thn-TSC + Cu(II) 6.25 12.5 25 50 

STSC + Cu(II) 6.25 50 100 >100 

CuCl2 >100 >100 >100 >100 

 

a)

b)

c)
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Figure S10. Induction of apoptosis in SW480 cells treated for 24 h with the SC ligands premixed with one 

equiv. Cu(II). Mean + STD (**p≤0.01, ***p≤0.001; Tukey’s range test), not significant (ns). This figure 

was adapted from publication [P3]. 

 

 
Figure S11. Levels of ROS induced in SW480 cells after 24 h of treatment compared to untreated controls 

detected by flow cytometry. Mean + STD (**p≤0.01, ***p≤0.001; Tukey’s range test), not significant (ns). 

This figure was adapted from publication [P3]. 
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Table S12. IC50 values (µM) of the complexes and the ligands determined on various cancer cell lines. 

(24 h incubation time). This table was adapted from publication [P1]. 

 IC50 values (µM) on various cell lines 

 MCF-7 MCF-7 KCR DU-145 A549 

DMSO > 20 > 20 > 20 > 20 

Cu > 20 > 20 > 20 > 20 

estrone-TSC > 20 > 20 > 20 16.71 

Cu(II)-estrone-TSC 4.28 12.75 11.37 4.03 

estradiol-SC > 20 > 20 > 20 > 20 

Cu(II)-estradiol-SC > 20 > 20 > 20 > 20 

estradiol-TSC > 20 > 20 > 20 20.54 

Cu(II)-estradiol-TSC 8.40 12.95 > 20 10.03 

Me-estradiol-TSC > 20 > 20 > 20 15.79 

Cu(II)-Me-estradiol-TSC 16.74 > 20 15.84 3.71 

Me2-estradiol-TSC > 20 > 20 > 20 > 20 

Cu(II)-Me2-estradiol-TSC 10.05 > 20 7.85 3.44 

 

 
 

Figure 12. a) Representative fluorescence microscopic images show the DCFDA staining to determine 

ROS levels in A549 cells upon the treatment with estrone-TSC and estradiol-TSC and their Cu(II) 

complexes (20 M) in addition to the DMSO blank (90% DMSO-10% PBS buffer) and CuCl2 (20 M) as 

indicated in the figure using 6 h incubation time. b) Level of ROS generation measured by H2DCFDA 

staining on A549 cells. These figures were adapted from publication [P1]. 
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Figure S13. Fluorescence microscopic images show the DCFDA staining to determine ROS levels in 

MCF-7, MCF-7 KCR and DU-154 cells upon the treatment with estrone-TSC and estradiol-TSC and their 

Cu(II) complexes (20 M) in addition to the DMSO blank (90% DMSO-10% PBS buffer) and CuCl2 

(20 M) as indicated in the figure using 6 h incubation time. This figure was adapted from publication [P1]. 

 

 
Figure S14. Level of ROS generation measured by H2DCFDA staining on MCF-7, MCF-7 KCR and 

DU-154 cells upon the treatment with estrone-TSC and estradiol-TSC and their Cu(II) complexes (20 M) 

in addition to the DMSO blank (90% DMSO-10% PBS buffer) and CuCl2 (20 M) as indicated in the figure 

using 6 h incubation time. This figure was adapted from publication [P1]. 
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Table S13. In vitro cytotoxic effect (IC50 values in μM) of 2AE and 2AP without and with one equivalent 

of Cu(II) ions and for the controls (CuCl2, doxorubicin and cisplatin) in Colo205, Colo320, MCF-7, HeLa 

and MRC-5 cell lines. (n.d. = not determined). (72 h exposure) This table was adapted from publication 

[P2]. 

IC50 / μM Colo205 Colo320 MCF-7 HeLa MRC-5 

2AE 17.3±0.1 24±2 ˃100 29.6±0.6 ˃100 

2AP ˃100 ˃100 ˃100 ˃100 ˃100 

2AE+Cu(II) 39±1 28±3 51±2 ˃100 37±4 

2AP+Cu(II) 16.1±0.5 11±1 12.3±0.6 7.55±0.01 16±2 

CuCl2 38±1 37±3 ˃100 ˃100 21±1 

doxorubicin 0.05±0.01 0.19±0.02 0.21±0.03 n.d. 11±1 

cisplatin 23±1 1.0±0.03 1.4±1.1b 2.3±0.1b 1.1±0.2 

 

 
Figure S15. a) Frozen solution EPR spectra of the isolated Cu(II)-2-aminoestradiol complex dissolved in 

DMSO (lower spectrum) together with simulated curve (upper spectrum) which is the superposition of two 

components: b) the mono complex and c) the bis complex at 50% : 50% ratio. This figure was adapted from 

publication [P2]. 

Table S14. Anisotropic EPR parameters determined for the isolated product in the Cu(II)-2-

aminoestradiol.a {DMSO, 77 K} This table was adapted from publication [P2]. 

 g┴ gǁ A┴  

(×10
-4

cm
-1

) 

Aǁ  

(×10
-4

cm
-1

) 

ω┴ 

(×10
-4

cm
-1

) 

ωǁ 

(×10
-4

cm
-1

) 

go,calc
b
 

[CuL]
+
 2.056 2.262 8 173 29 33 2.124 

[CuL2] 2.046 2.231 14 192 21 29 2.108 
aThe experimental error were ±0.002 for g┴ and ±0.001 for gǁ, ± 2 ×10-4cm-1 for A┴ and ±1 ×10-4cm-1 for 

Aǁ.
 b Isotropic g0 parameters, calculated by the equation g0,calc = (2g┴+gǁ)/3.  

 


