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Abstract 

This work reports on the research activities that I’ve carried out during these three years, 

which covered the following topics: i) Fluorescent probes for environmental and biological 

applications; ii) Bioactive ligands and metal complexes.  

As regards the first research line (Part 1 of the present work) I’ve prepared a series 

substituted derivatives of 3-(pyridin-2-yl)coumarin and evaluated their potential 

application as fluorescent chemosensors for the recognition and quantitation of 

environmentally and biologically relevant analytes. Interestingly, I’ve found out how these 

compounds show a “ratiometric” and “turn-on” fluorescent behaviour towards Fe(III), a 

paramagnetic metal ion that usually quenches the fluorescence of organic molecules. The 

most promising ligand of the series shows selectivity towards this metal ion, with a limit of 

detection in the micromolar concentration range and a fluorescent response that has been 

observed both in solution and on cellulose paper strip. These results suggest a potential 

application of this chemosensor for the determination of Fe(III) in liquid samples. 

As regards the second research line (Part 2 of this PhD thesis), I’ve designed, synthesized, 

and characterized a series of ternary Cu(II) bis-phenanthroline complexes bearing different 

classes of organic auxiliary ligands, (e.g., imidazolidine-2-thiones, coumarin-based 

oxylacetic acids, ER-stress modulators) with the aim of obtaining novel potential anticancer 

metallodrugs that might overcome currently approved Pt(II)-based chemotherapeutics. 

These studies were carried out in collaboration with Prof. Vanhara’s Group, Masaryk 

University, Brno (CZ). These complexes show high anticancer potency (at micromolar/sub-

micromolar) level in-vitro on different cancer cell lines. Interestingly, these compounds 



6 
 

induce cell death by activating the pro-apoptotic branch of the Unfolded Protein Response 

(UPR), a signalling pathway that is activated in cells that undergo to a prolonged or severe 

condition of Endoplasmic Reticulum (ER) stress.  

I’ve also prepared a series of hydroxylated derivatives of 3-(pyridin-2-yl)coumarin and 

evaluated their antioxidant and inhibitory activity towards lipoxygenases, a class of 

enzymes that are commonly known to be involved in the pathogenesis of several 

inflammatory disorders and cancers. These compounds have proved to possess potent 

lipoxygenase inhibitory activity, with tuneable antioxidant properties according to the 

number and relative position of the hydroxyl groups in the coumarinic backbone. In 

addition, I’ve evaluated the potential sites of absorption and distribution properties of these 

molecules by merging the protonation constants, determined experimentally, with selected 

in-silico molecular descriptors. 

Finally, I’ll report on the preliminary data regarding the antioxidant and anti-tyrosinase 

activity of a panel of thiosemicarbazones of 3-acetylcoumarin that I’ve prepared and 

characterized (in collaboration with Prof. Fais’s Group, University of Cagliari). These 

compounds show promising anti-tyrosinase activity, with variable antioxidant properties 

according to the substituents in the coumarinic skeleton.  
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Part 1. Fluorescent probes for environmental and biological 

applications 

Introduction 

Chemosensors as tools for metal ions sensing and quantitation  

A chemosensor is typically defined as a molecule that undergoes to a change of one or more 

properties (e.g., redox potential, absorption and/or fluorescence spectra) upon selective and 

reversible binding with an analyte.1  

The design of these molecules might follow two different methodologies. In the first one 

(“receptor – spacer - active unit “approach), chemosensors are schematized as the sum of 

three main components (Figure 1A): i) a receptor, which is the moiety that selectively 

interacts with the analyte (e.g., complexation); ii) an active unit, whose properties might 

vary upon interaction with the analyte; iii) a spacer, that influence the 3D arrangement and 

the electronic interaction between the other two components. In the second one (“integrated 

system” approach), the roles of receptor and active unit will be covered by the same 

functional groups in the chemosensor structure (Figure 1B).1,2 

 

Figure 1. Schematic representation of a generic chemosensor designed following the 

“receptor – spacer - active unit” (A) and “integrated system” (B) approaches. 
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Detection and quantitation of metal ions in complex samples constitute an important (and 

often challenging) task with applications in many fields (e.g., chemistry, geology, biology, 

medicine, environmental sciences): the presence of exogenous metal ions (e.g., Pb(II), Hg(II), 

Cr(VI)), but also essential ones (e.g., Cu(II), Fe(III)) in high concentrations could lead to 

serious consequences for living organisms (diseases) and the ecosystems (pollution). 

Traditional instrumental analytical techniques (e.g., inductively coupled plasma-mass 

spectrometry, atomic absorption spectroscopy, electrochemical-based methods) generally 

offer good detection and quantitation limits, which makes them suitable for both qualitative 

and quantitative analysis of trace metal ions. However, they usually require expensive 

instrumentation, and the sample preparation process might be complex and time-

consuming.  

On the contrary, fluorescence-based analytical methods are commonly cheaper while 

offering high selectivity and sensibility, with detection limit in micromolar or nanomolar 

concentration range.3 Thanks to these features, the interest towards fluorescence-based 

chemosensors has been increasing over the years, with applications that include not only 

the detection and quantitation of cationic, anionic, and neutral analytes, but also as probes 

for imaging studies in medicine.2,4,5  

The fluorescence properties of such chemosensors might be altered in the following  ways 

upon interaction with an analyte (Figure 2): i) increase of the fluorescence intensity (“turn-

on” mode); ii) decrease of the fluorescent intensity (“turn-off” mode); iii) shift of the 

fluorescent emission maximum towards higher/lower wavelengths (“ratiometric” mode). 
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Figure 2. Representations of “turn-on” (A), “turn-off” (B)  and “ratiometric” (C) 

mechanisms for a generic fluorescent chemosensor. 

These different behaviours might be originated by one of the following mechanistic 

pathways: 1,6 

Paramagnetic fluorescence quenching, where the rate of the formally forbidden 

intersystem crossing (isc) is increased when the chemosensor binds to a paramagnetic 

species (the metal ion). This is the reason why the intensity of many fluorescent 

chemosensors is usually quenched upon binding to paramagnetic Cu(II), Fe(III), Co(II) 

species (Figure 3).  

 

Figure 3. Schematic representation of Paramagnetic fluorescence quenching. Adapted 

from Ref.6 

Photoinduced Electron Transfer (PET), a deactivation pathway that is originated by an 

internal redox process between the excited state of the fluorophore and another species 
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having electron donating/accepting ability. A key point that explains this pathway is the 

different behaviour of species at their excited states compared to the ground state itself. In 

fluorescent probes for cations, PET generally takes place from the lone pair of the 

coordinating atoms (e.g., N, O, S, P) to the HOMO of the fluorophore at the excited state. 

The coordination of a metal ion determines the stabilization of the orbital containing the 

lone pair, thus making such electron transfer not feasible and determining an increase in 

fluorescent intensity (Figure 4).  

 

Figure 4. Schematic representation of Photoinduced Electron Transfer. Adapted from Ref.1 

Photoinduced Charge Transfer (PCT), which requires the presence of an electron releasing 

group (ERG) and an electron withdrawing group (EWG) in a π-conjugated system. The 

fluorescence phenomenon takes place thanks to the charge transfer from the donor to the 

acceptor of the molecule at its excited state, which produces a variation of the dipole 

moment. When the chemosensor binds to a metal ion, the entity of this charge transfer might 

be altered according to the “site” (donor or acceptor) of interaction with this analyte. In 

general, when the ion interacts with the ERGs, the frontier molecular orbitals (FOM) of these 

functional groups are increased in energy, with a consequent reduction of their electron 

donating ability and the blue shift of fluorescent wavelengths (Figure 5). The exact opposite 
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will happen when the metal interacts with the EWGs, since the electron accepting ability of 

these functional groups will be accentuated. 

 

Figure 5. Photoinduced Charge Transfer upon interaction of the metal ion with the donor 

group. Adapted from Ref.1 

Fluorescent Resonance Energy Transfer (FRET). This is a distance-dependent phenomenon 

that takes place thanks to the energy transfer from an excited fluorophore to another one, in 

which the exciting energy is transferred from a donor to an acceptor without the emission 

of photons. When FRET takes place, the excitation of the donor fluorophore determines the 

emission of the acceptor one. FRET requires some conditions to be observed: i) both donor 

and acceptor must be in proximity (10-100 Å are commonly required); ii) there must be an 

overlapping between the absorption spectrum of the acceptor and the emission spectrum of 

the donor; iii) dipole moments of both donor and acceptor must be close to parallel. The 

presence of a metal ion can modify the geometry of the ligand (through complexation), thus 

influencing the efficiency of the FRET according to the initial spatial arrangement of the 

probe (Figure 6).  
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Figure 6. Activation of Fluorescent Resonance Energy Transfer upon metal ion binding. 

Adapted from Ref.6 

Coumarins as fluorescent chemosensors 

Coumarins constitute a widespread class of molecules, of both natural and synthetic origin, 

that share a 2-H-chromen-2-one moiety (Figure 7). Thanks to their synthetic accessibility 

and degree of biocompatibility (for both living organisms and the environment), many 

coumarin-based derivatives have found numerous biological and technological 

applications.7–9  

 

Figure 7. Structure of 2-H-chromen-2-one (coumarin). 

Several of these molecules have shown to possess interesting photophysical properties, such 

as high fluorescent emission, quantic yield and photostability, that has them allowed to be 

employed in the production of lasers, probes for imaging studies, chemosensors for the 

recognition of charged and neutral species. From a structural perspective, these feature are 

attributed to the lack of photoisomerization (under UV light) of the C3-C4 double bond in 

the 2-pyrone  portion, which is guaranteed thanks to the presence of the lactonic structure.9  
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Many coumarin-based molecules have been proposed as fluorescent chemosensor for metal 

ion sensing. For instance, Wang et al. tested the fluorescence properties of the coumarin 

derivative A1 (Figure 8) towards many metal ions in EtOH:H2O (95:5, V:V), evidencing that 

the studied probe shows a selective and reversible  turn-off behaviour towards Fe(III) (even 

in excess of competing metal ions), with a fast response in the pH 3.3 – 9.2 range, and 

linearity in the micromolar range (3.3 – 16.7 µM). The authors proposed the formation of a 

1:1 complex between Fe(III) and the ligand as the possible cause for the fluorescence 

quenching observed. The reported molecule was proposed as potential probe for Fe(III) 

imaging studies by cultivating single mice microglia in presence of Fe(III), the ligand and 

EDTA.10 

 

Figure 8. Schematic representation of fluorescence behaviour of A1 towards Fe(III) and 

reversibility in presence of EDTA. 

Mizukami et al. have prepared a series of 7-hydroxycoumarin derivatives (A2-6, Figure 9) 

having a selective ratiometric response towards Zn(II). The observed fluorescent behaviour 

could be attributed to the formation of 1:1 Zn(II):ligands complexes in solution, as 

experimentally observed. One of this derivatives (A6) was proposed as probe for 

intracellular Zn(II) detection in RAW264 cells thanks to its ability at crossing cellular 

membranes.11  
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Figure 9. Structures of A2-6 fluorescent probes. 

The coumarin-based probe A7 (Figure 10), developed by Maity et al., shows a selective 

“turn-on” behaviour towards Al(III) (even in excess of competing metal ions) with a limit 

of detection (LOD) in the sub-micromolar concentration range ( 1.0∙10-7 M).  The formation 

of a 1:1 Al(III):ligand complex, as evidenced by merging results from different spectroscopic 

techniques, determines the fluorescence increase in intensity observed by suppressing the 

PET in the ligand.12 

 

Figure 10. Schematic representation of fluorescence behaviour of A7 towards Al(III). 

 

The two coumarin-based derivatives A8 and A9 (Figure 11) of Sakamoto et al. shows a 

selective turn-off fluorescence response towards Ag(I), which is attributable to the 

formation of a 1:1 complex with this metal ion. The authors demonstrated the feasibility of 
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this probes in liquid-liquid (water-dichloromethane) extraction of Ag(I), showing that these 

probes can extract this metal ion up to 2∙10-8 M concentration level.13 

 

Figure 9. Structures of A8 and A9 fluorescent probes. 
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Aim of the Work 

With the aim of developing the first research line of my PhD project (“Fluorescent probes for 

environmental and biological applications”), I focused my attention on the preparation of a 

series of variably substituted derivatives of 3-(pyridin-2-yl)-2-H-chromen-2-one, whose 

fluorescent properties were evaluated.  

Since their fluorescence properties appear to be altered upon interaction with Fe(III), I 

decided to investigate more in depth the nature of this interaction at both solid and solution 

state. For this reason, I synthesized the Fe(III) complexes with the studied ligands and 

hypothesized their structure by combining experimental and computational results. Then, 

I extended these studies at solution state by determining formation constants of Fe(III) 

complexes by means of spectrophotometric titrations.  

I chose the most promising ligand of the series and used fluorescence spectroscopy to assess 

a series of important analytical parameters, such as selectivity, reversibility, range of 

linearity, limit of detection (LOD). Based on these results I deemed interesting to evaluate 

the potential analytical applications in solution and on cellulose paper strips. 
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Results and discussion 

 

Article 1.  

A novel ratiometric and turn-on fluorescent coumarin-based probe for 

Fe(III). 
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Abstract 

With the aim of preparing novel fluorescent probes for the recognition of analytes of 

environmental and/or biological interest, I prepared 5 coumarin-based derivatives based on 

the structure of 3-(pyridin-2-yl)-2-H-chromen-2-one (L1-L5, Figure 12) and evaluated their 

fluorescence properties.  

 

Figure 12. Structure and acronyms of the studied molecules: L1 ( Y = -H), L2 ( Y = -Cl), L3 ( 

Y = -OCH3), L4 ( Y = -F), L5 ( Y = -OH). 

Interestingly, all of them showed a ratiometric and turn-on behaviour towards Fe(III) 

(Figure 13), a metal ion commonly known to deactivate the fluorescence emission of organic 

molecules through the “paramagnetic fluorescence quenching” mechanism. 

 

Figure 13. Ratiometric and turn-on fluorescence behaviour observed for L3 upon 

interaction with Fe(III). 

Based on these results and considering that the formation of metal complexes could be 

related with the fluorescence response observed, I decided to study the complex formation 
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processes with this analyte at both solid and solution states. In particular, I prepared Fe(III) 

complexes of different stoichiometries (1:2 and 1:3 metal:ligand molar ratio) and 

hypothesized their structure by merging experimental (elemental analysis, IR, mass 

spectrometry) and theoretical (DFT calculations)* results. In addition, I determined the 

complex formation constants in solution by means of UV-Vis spectroscopy. 

I then selected the most promising ligand of the series (L3) and evaluated its analytical 

applications, evidencing that L3 shows selectivity towards Fe(III) even in presence of excess 

competing metal ions, with an LOD of 2.4 µM and a linear response towards Fe(III) up to 

35 µM. The fluorescence response towards Fe(III) in solution was further confirmed on 

simple cellulose paper-strip (Figure 14). The results obtained suggest a potential application 

of this chemosensor for the determination of Fe(III) in liquid samples.  

 

Figure 13. Fluorescence response of L3-coated strips alone (A) and in the presence of 1 

mM (B), 10 mM (C), 20 mM (D), 50 mM (E), and 70 mM (F) Fe(III) water solutions.  

Fluorescence response of Fe(III)-coated strip (G) is reported for comparison. The outline of 

(G) is highlighted to make it more visible (emission wavelength 365 nm). 

  

 
* DFT calculations were performed in collaboration with Dr. Anna Pintus, Department of Chemical and 

Geological Sciences, University of Cagliari. 
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Reproduced from Ref. “New J. Chem., 2019, 43, 12032—12041” with permission from the 

Centre National de la Recherche Scientifique (CNRS) and the Royal Society of Chemistry 

(RSC). 
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Part 2. Bioactive ligands and metal complexes 

Introduction 

Cancer: definition, features, and incidence 

Cancer (neoplasia) comprises a large group of diseases that share some common traits, such 

as a high cell division rate and the inhibition of cell death (apoptosis), which results in the 

constitution of abnormal masses, commonly named as tumours (neoplasms). These tissue 

masses could persist in the region where they have developed of invade other 

compartments of human body through a process commonly known as metastasis.1  

The formation of tumoral masses generally arises from repeated mutations at DNA level, 

which can originate from inherited genetical factors or being caused by external ones, such 

as the prolonged exposition to pollutants or other toxic substances (mutagens). Moreover, 

it is known that certain viruses can be involved in the pathogenesis of at least 6 types of 

cancers: for instance, exposition to Human papillomavirus can lead to cervix cancer.2,3 

All those genes that are involved in the transcription of proteins that regulate the cell 

division or differentiation are called proto-oncogenes. When the same genes are mutated, 

they then become oncogenes. When DNA damage occurs in a healthy cell, its division is 

purposely interrupted to repair it prior to next cell division. If the repairing system fails at 

its scope, then the cell commits suicide undergoing to apoptosis. In a cell having a highly 

damaged DNA, the repairing system becomes less efficient, and the defects are transferred 

to the next generation. A cell having a high degree of DNA damage have more chances to 

become cancerous.2 
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 The casualty of these mutations results in a high degree of heterogeneity among cancer 

cells, even when deriving from the same tissue or organ. That’s the reason why, from the 

same tissue/organ, there are many cancer cell lines having their own morphological and 

molecular profile. 

At present days, cancer still represents one of the leading causes of death in our society: 

according to the GLOBOCAN statistics of the International Agency for Research of Cancer 

(IARC), 19.3 million new cases and 10 million deaths were estimated in 2020. Breast cancer 

has become the most diagnosed (11.7 % new cases last year), thus surpassing lung cancer 

which became the second one (11.4 %) while still remaining the main cause of cancer death 

(18% deaths in 2020).4 

Cancer treatments include many methods, such as surgical removal, chemotherapy, 

radiotherapy, and immunotherapy, that are commonly chosen considering the type, 

location, severity of the cancer, but also and patience’s health. These treatments are often 

combined: for instance, surgical removal coupled by chemotherapy represents one of the 

first treatments for many cancers, such as ovarian ones. 

Anticancer chemotherapy strategies 

Anticancer chemotherapy (commonly abbreviated as chemotherapy) consists of the use of 

one or more anticancer drugs with the aim of curing the patient or alleviating the symptoms. 

Chemotherapeutic treatments are often administered after surgical removal of the primary 

tumoral mass to reduce the risks of relapse. Anticancer chemotherapeutics are commonly 

designed as cytotoxic molecules that can interfere at specific targets, such as DNA, key 

proteins, or enzymes.1  
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The simultaneous use of drugs having different molecular targets (combinatorial therapy) 

is often preferred since it usually results in higher efficacy with lower side effects and drug-

resistance phenomena. However, the identification of specific targets for cancerous cells is 

quite challenging since cancer cells derive from healthy ones. That’s the reason why most 

anticancer agents will target both types of cells, especially those having high proliferation 

rates since they tend to accumulate nutrients and drugs more rapidly.2  

 Many cancer cells tend to grow rapidly, but unfortunately there are also healthy one that 

does the same, such as bone narrow cells. Bone marrow toxicity is a common side effect 

encountered after chemotherapeutic treatments, which results in a weakening of the 

immune  and a higher probability to get secondary infections.2,5 

For these reasons, chemotherapeutic treatments are commonly scheduled as multiple cycles 

spaced out by rest periods to allow the patient to recover. In addition, each drug (or drug 

combinations) dose never reaches the ideal value, determined from in-vitro or in-vivo 

studies. 

Anticancer chemotherapeutics can be classified according to many features, such as the 

chemical structure, the molecular target (e.g., DNA, enzymes) and the mechanism of 

interaction towards it (DNA intercalators, DNA alkylators, DNA topoisomerase inhibitors, 

etc.), their selectivity towards certain cell cycle phases (specific and non-specific cell cycle 

drugs). 

 Cisplatin (cis-diamminedichloroplatinum(II)) is the first example of anticancer 

chemotherapeutic coordination compound, whose biological properties were fortuitously 

discovered by Rosemberg et al. in 1965.6 The introduction of cisplatin in the clinical practice 
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(1978) represented a milestone in cancer treatment, thanks to its broad spectrum of 

applications and high anticancer potency.  Cisplatin is administered intravenously, due to 

its low biological stability, while its distribution through the bloodstream is guaranteed by 

thiol-containing plasma proteins.7,8 Cellular uptake of cisplatin occurs via passive diffusion 

or thanks to active transporters, such as the human copper transport proteins (hctr1).9 In 

cytoplasm cisplatin undergoes to substitution of one of the chloride ligands with a water 

molecule, forming the species [Pt(Cl)(OH2)(NH3)2]+, which metalates DNA (by attacking at 

N7 position of adenine and guanine or N3 of cytosine) forming the monofunctional adduct 

[Pt(Cl)(DNA)(NH3)2]+. This intermediate can form the bifunctional adducts 

[Pt(DNA)(NH3)2]+ by direct substitution of the second chloride ligand or through hydrolysis 

to afford the species  [Pt(OH2)(DNA)(NH3)2]+. Cisplatin can form bifunctional adducts with 

DNA in several ways, such as by 1,2- intrastrand with two adjacent guanines (1,2-d(GpG)), 

1,2-intrastrand with a guanine and an adjacent adenine (1,2-d(ApG)), 1,3-intrastrand 

adducts with two non-adjacent guanines, and by interstrand adducts (Figure 1). These 

species are not recognized by the DNA repairing systems, thus forcing the cells affected to 

undergo apoptosis.10–12  
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Figure 1. Molecular mechanism of cisplatin. Adapted from Ref.1 

Despite its advantages, cisplatin shows low selectivity towards healthy cells. That’s why 

patients treated with this drug often experience side effects, such as nausea and vomiting 

as the less acute, and nephrotoxicity among the most severe. Moreover, cisplatin efficacy is 

often decreased by the development of drug-resistant cancer cells.13 

In the design of novel anticancer coordination compounds, a commonly exploited approach 

is to substitute Pt(II) with endogenous metal ions. The rationale behind this choice is that 

complexes of such metal ions could target cancer cell by interfering at alternative molecular 
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targets and pathways compared to cisplatin. In addition, the systemic toxicity of these 

compounds could be alleviated thanks to the molecular machinery in charge of the transport 

and homeostasis of endogenous metal ions in biological systems.1 

Copper constitutes a typical example of endogenous metal ions that has been studied under 

this perspective, since its presence as cofactor in many biochemically relevant enzymes (e.g., 

cytochrome-c oxidase, superoxide dismutase, tyrosinase, etc.). After being reduced as Cu(I) 

by cellular metalloreductases and endogenous ascorbate, Copper is absorbed in the stomach 

and small intestine, while its transport through the bloodstream is guaranteed by albumin, 

ceruloplasmin and transcuprein.14,15 In analogy with cisplatin, cellular uptake mainly takes 

place through by the hCtr1 active transporter.11 Cellular Copper homeostasis through its 

transporters and molecular chaperones (e.g., GSH, ATOX-1, COX17 and CCS1), since an 

excess concentration of this essential metal ion could be dangerous for human organisms.  

 It is known that the toxicity of free Copper derives from its involvement in the production 

of Reactive Oxygen Species (ROS), which is related to the accessibility of both Cu(II) and 

Cu(I) redox states under biological conditions.16 Free Copper in excess is associated with the 

pathogenesis of Wilson disease, but it is also believed to enhance tumour progression, 

metastasis, and angiogenesis.17,18 Moreover, high concentrations of Copper were evidenced 

in serum and tissues of various human tumours.19  

Based on these evidences, two different approaches are usually followed when novel 

anticancer Copper-based drugs are developed: (i) sequestration of free Copper ions in excess 

through the use of selective metal chelators; (ii) design and synthesis of Copper complexes 
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that induce the apoptosis through metal ion accumulation and induction of ROS 

production.20 

The second tactic has been extensively followed in the last decades, since the discovery of 

the artificial nuclease activity of the [Cu(phen)2]+ complex.21 The molecular mechanisms of 

many of these compounds haven’t been completely revealed yet. However, based on the 

information available at present moment, we can conclude that is multi factored a (e.g., 

proteasome, topo-isomerase inhibition, induction of the apoptosis, etc.) and not necessarily 

restricted to DNA interaction.1,22–24 Despite the huge number of Copper complexes screened 

in-vitro as for anticancer activity, only a few number underwent to clinical trials. For 

instance, compounds Cas-II-gly and Cas-III-ia (Figure 2), belonging to the family of the 

Casiopeinas®25 (molecular formula [Cu(N-N)(A-A)](NO3), where N-N is a neutral diimine 

ligand and A-A an essential amino acid) have been recently selected as candidates for Phase 

I studies.26,27 

 

Figure 2. Structures of Cas-II-Gly (left) and Cas-III-ia (right). 
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Aim of the Work 

In the framework of the second research line of this PhD project (“Bioactive ligands and metal 

complexes”), I decided to study different classes of organic molecules and metal complexes 

with potential biological applications. 

In particular, I designed a series of heteroleptic Cu(II)-phenanthroline complexes bearing 

different types of auxiliary ligands (imidazolidine-2-thiones, ER stress modulators, 

coumarin-based ligands) with the aim of finding novel potential anticancer metallodrugs 

that might overcome Pt(II)-based compounds in the future. For each compound, I studied 

the complex formation process on both solid and solution state and determined their 

structures my merging different spectroscopic and computational data. The anticancer 

activity in-vitro and the biochemical molecular mechanisms were also preliminary assessed. 

I have also evaluated the possible biological mechanisms of action of Cu(II) phen-based 

complexes reported in the literature in the recent years, and I have prepared a review for 

the special issue “Coordination Chemistry in Cancer Therapy” of the journal Molecules. 

Considering the involvement of oxidoreductases like lipoxygenase and tyrosinase in the 

pathogenesis of several disease (e.g., cancer, inflammatory and skin-related disorders), I 

focused my attention on the preparation of novel potential coumarin-based inhibitors of 

such enzymes. 

In particular, I prepared a series of hydroxylated derivatives of 3-(pyridin-2-yl)-2-H-

chromen-2-one and evaluated their antioxidant and soybean lipoxygenase inhibitory 

properties by combining different experimental and theoretical results. Considering the 

importance of the protonation state of a molecule in understanding the potential absorption 
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and biological properties, I evaluated the protonation constants and sequencies of the 

studied molecules by combining experimental (potentiometry and spectroscopy) with 

computational (DFT) data. 

Finally, I’ll show the preliminary results on the antioxidant and mushroom tyrosinase 

inhibitory activities of a panel of hydroxylated thiosemicarbazones of 3-acetylcoumarin that 

I’ve prepared and characterized. 
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Results and discussion 

 

Article 2. 

Mixed copper(II)–phenanthroline complexes induce cell death of  ovarian 

cancer cells by evoking the unfolded protein response. 
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Abstract 

In this study, the molecular mechanism of the mixed Cu(II) complexes C0 (molecular 

formula: [Cu(phen)2(OH2)](ClO4)2, Figure 3) and C1-3 (molecular formula: 

[Cu(phen)2(L)](ClO4)2, where L are imidazolidine-2-thione and its N-alkylated derivatives, 

Figure 3) have been partially unveiled on ovarian (A-2780, SKOV-3) and kidney (HEK-293) 

cancer cell lines1.  

 

Figure 3. Molecular structures of C0 and C1-3 complexes  

These compounds interfere at the Endoplasmic Reticulum (ER) level activating the pro-

apoptotic branch of the Unfolded Protein Response (UPR). UPR is a coordinating adaptive 

program that is activated by cells that undergoes to a condition of ER stress due to the 

accumulation of incorrectly processed proteins in this organelle. The final cell response 
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depends on the specific pathways that are activated under UPR and can lead to adaptation 

or apoptosis, especially in a condition of prolonged and severe ER stress condition.  

The studied compounds alter the cell morphology even at sublethal concentrations, 

interfering with the expressions of typical biomarkers of the UPR, such as BiP, CHOP, IRE1 

and PERK, whose expression has been evaluated by means of microscopical and 

electrophoretic methods.  

Interestingly, the activity of the reported molecules is partially reverted (Figure 4) when the 

studied cells are co-treated with the ER-modulator Taursodeoxycholic Acid (TUDCA).*  

 

Figure 4. Schematic representation of the cytoprotective effect of TUDCA in co-treatment 

with the studied compounds  

 
* These studies were performed in collaboration with the research group of Prof. Petr Vaňhara, Masaryk 

University (MUNI). 
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These results could provide a better understanding of the molecular mechanism of Cu(II) 

phenanthroline-based complexes and might constitute a novel strategy to currently 

approved anticancer metallodrugs.  
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Reproduced from Ref. “Metallomics, 2019, 43, 11, 1481-1489” with permission from the Royal 

Society of Chemistry (RSC) and Oxford University Publishing (OUP) . 
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Results and discussion 

 

Article 3. 

The first copper(II) complex with 1,10-phenanthroline and salubrinal with 

interesting biochemical properties 
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Abstract 

Preliminary in-vitro results on C0 with ER-stress modulator Salubrinal (SAL, Figure 5A) 

have shown how the anticancer potency of this Cu(II) complex is tuneable according to the 

concentrations of both compounds. Considering that Salubrinal shares with imidazolidine-

2-thione a thioamide moiety, I deemed interesting to investigate on the reactivity between 

these two compounds. As a results, a novel ternary Cu(II) complex named C0SAL 

(molecular formula: [Cu(phen)2(SAL)](ClO4)2, Figure 5B) has been isolated at solid state, 

and its structure has been hypothesized by merging results from different experimental 

(Vis-NIR, FT-IR, MS) and computational (DFT) techniques. 

 

Figure 5. Molecular structures of SAL (A) and C0SAL (B)  

 Interestingly, the cytoprotective ability of SAL on ovarian (A-2780, SKOV-3) cancer cells is 

reverted when complexed to the [Cu(phen)2]2+ core, as in C0SAL, which is more potent (1.4-

fold more) than parent compound C0. The cytotoxicity of C0SAL is alleviated in co-presence 

of TUDCA, thus suggesting that cell death undergoes though UPR activation, as further 

confirmed by the expression of typical markers such as BiP and CHOP. Moreover, cellular 
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DNA damage was observed, in different extent according to the cell line considered, by the 

accumulation of the phosphorylated histone γ-H2AX (Figure 6).* 

 

Figure 6. Intracellular levels of phosphorylated histone γ-H2AX after 

C0SAL treatment on A-2780 and SKOV-3 cells 

The novel Cu(II) complex possess also higher antioxidant and lipoxygenase inhibitory 

potencies compared to the parent compounds C0 and SAL.  

 
* These studies were performed in collaboration with the research group of Prof. Petr Vaňhara, Masaryk 

University (MUNI). 
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Results and discussion 

 

Article 4. 

A novel heteroleptic Cu(II)-phenanthroline complex with the ER-stress 

modulator Ursodeoxycholic Acid with anticancer properties 
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Abstract 

By reacting the anticancer [Cu(phen)2(OH2)](ClO4)2 (C0) with the bile acid Ursodeoxycholic 

Acid (UDCA), the novel heteroleptic [Cu(phen)2(UDCA-H)](ClO4) (C0UDCA) complex was 

obtained. The coordination mode for the novel C0UDCA complex has been proposed by 

merging results from different experimental (MS, UV-Vis, FT-IR) and theoretical (DFT) 

techniques. This complex inhibits cell growth and affects cell viability of both ovarian 

(SKOV-3) and pancreatic (PANC-1) cancer cells at micromolar concentration level. 

Moreover, it interferes at the Endoplasmic Reticulum (ER) level, inducing the Unfolded 

Protein Response (UPR), as evidenced from Western Blot results.* Although being devoid 

of antioxidant activity, this compound can inhibit soybean lipoxygenase at micromolar 

level, with an IC50 value that is 15.7 and 12.5-fold lower than its synthetic precursors UDCA 

and C0, respectively. C0UDCA could inhibit this enzyme via allosteric modulation, as 

indicated  from docking calculation results.  

 

  

 
*These studies were performed in collaboration with the research group of Prof. Petr Vaňhara, Masaryk 

University (MUNI). 
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Introduction 

Bile acids are hydroxylated steroid acids biosynthesized from cholesterol and 

predominantly found in the bile of mammal and other vertebrates. They are classified in 

primary (i.e. cholic acid CA, chenodeoxycolic acid CDA), whose biosynthesis take place in 

liver cells, and secondary (i.e. deoxycholic acid DCA, ursodeoxycholic acid UDCA), which 

are the results of biochemical modifications on the primary ones by intestinal bacteria.1 Bile 

acids are involved in cholesterol catabolism and emulsification of lipid in the intestinal tract. 

In addition, thanks to their steroidal backbone, these compounds work as endocrine 

mediators activating several receptors (e.g. nuclear farnesoid X receptor (FXR) and 

pregnane X receptor (PXR), the G-protein coupled receptor TGR5, etc) that are involved in 

pathways, such as glucose and lipid metabolisms.2 UDCA (Figure 1A), currently approved 

for the treatment of primary biliary cirrhosis and other cholestatic disorders,3,4 have shown 

to possess both cytoprotective and cytotoxic activities, as evidenced by several studies. The 

mechanism of action has proved to be mostly cell-type dependent and multifactored.1 

Studies of UDCA in combination with conventional anticancer drugs have pointed out that 

some common side effects of the former ones are attenuated by the presence of UDCA.5  

Since the discovery of cisplatin cytotoxic properties, and with the perspective of designing 

novel metal based anticancer compounds with a better toxicological profile, several copper 

based metallodrugs have been prepared and tested on different cell lines.6–8 Previous studies 

carried out in our research group have shown that Cu(II) complexes such as 

[Cu(phen)2(H2O)](ClO4)2 (C0, Figure 1B), [Cu(phen)2(L)](ClO4)2 (where L are imidazolidine-

2-thione and some N-alkylated derivatives) and [Cu(phen)2(Salubrinal)](ClO4)2 are able to 
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induce massive cell death in ovarian cancer cells (A2780, SKOV-3) by activating the pro-

apoptotic branch of the Unfolded Protein Response (UPR).9,10 UPR is a coordinating 

adaptive program that responds to accumulation of improperly folded proteins in the 

endoplasmic reticulum (ER), a condition known as ER stress. Initiation of UPR can lead to 

adaptation or apoptosis, especially in a condition of prolonged or severe ER stress.11 UDCA 

and its taurine-conjugated derivative (taursodeoxycholic acid, TUDCA), have been 

extensively studied as ER stress modulator, and proved to exert its cytoprotective activity 

acting as chemical chaperone.12,13 Previous studies of TUDCA in combination with the 

mixed Cu(II) phenanthroline complexes cited above have evidenced how the cytotoxicity of 

the former compounds might be tuned  by the presence of TUDCA itself.9,10 

Given these premises and considering that UDCA comprises a carboxylic group that might 

interact with Cu(II), we deemed to verify if C0 and UDCA could chemically react to show 

interesting biological properties. The reactivity of C0 and UDCA (as sodium salt) was 

studied, and the novel mixed complex C0UDCA (Figure 1C) was obtained. Coordination 

around the metal ion was speculated by combining solution and solid-state studies with 

theoretical calculations. The antioxidant and lipoxygenase inhibition profile of the novel 

mixed complex were evaluated and compared with its precursors C0 and UDCA. 

Cytotoxicity of C0, UDCA and C0UDCA against ovarian (SKOV-3) and pancreatic (PANC1) 

cancer cells was studied.  
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Ursodeoxycholic Acid 

UDCA 

[Cu(phen)2(H2O)](ClO4)2 

C0 

[Cu(phen)2(UDCA-H)](ClO4) 

C0UDCA 

Figure 1. Molecular structures and acronyms of the studied compounds. 

Experimental 

Reagents  

Acetonitrile, isopropanol, absolute ethanol, sodium linoleate, lipoxygenase, 

tris(hydroxymethyl)aminomethane hydrochloride (TRIS), dimethyl sulfoxide (DMSO), 

butylated hydroxytoluene (BHT), were purchased from Merck (Milan, Italy). Basic copper 

carbonate and ursodeoxycholic acid were purchased from Alfa-Aesar. 3- (4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-

Aldrich (Czech Republic). The commercial reagents were used as received, without any 

further purification. Ultrapure water was obtained with MilliQ Millipore.  

Mass spectrometry studies 

Mass spectra were recorded using a triple quadrupole QqQ Varian 310-MS mass 

spectrometer by using the atmospheric-pressure ESI technique. All the sample solutions 

were infused into the ESI source with a programmable syringe pump (1.25 mL/h constant 
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flow rate). A dwell time of 14 s was used, and the spectra were accumulated for at least 

10 min to increase the signal-to-noise ratio. Mass spectra were recorded in the m/z 100 – 1000 

range. The experimental conditions were: needle voltage 3500 V, shield 800 V, source 

temperature 60 °C, drying gas pressure 20 psi, nebulizing gas pressure 20 psi, detector 

voltage 1450 V. Tandem MS experiments were performed using argon as the collision gas 

(1.8 psi). The collision energy was varied from 5 to 50 V. High resolution mass spectra were 

recorded on a Thermofisher ESI-MS/MS-ORBITRAP-ELITE and Velos PRO. The sample 

solutions were infused directly into the ESI source using a programmable syringe pump at 

a flow rate of 5 μL/min. Mass spectra were recorded in the m/z 600 – 850 range. The 

experimental conditions were needle voltage 2.5 kV, shield 0.8 kV, source temperature 50 

°C, drying gas pressure 20 psi, nebulizing gas pressure 20 psi, detector voltage 1.3 kV. The 

isotopic patterns of the measured peaks in the mass spectra were analysed using the mMass 

5.5.0 software package.14,15 All the mass values are indicated as monoisotopic masses, 

computed as the sum of the masses of the primary isotope of each atom in the molecule 

(note that the monoisotopic mass may differ from the nominal molecular mass, in particular 

for big molecules). 

Spectroscopic studies 

UV–Visible spectrophotometric measurements were performed with an Agilent Cary 60 

spectrophotometer, in the range 200 – 1100 nm, with a 1 cm quartz cell at 25 °C. The complex 

formation between C0 and UDCA was studied at 25 °C by spectrophotometric titration in 

phosphate buffer 0.05 M, pH 7.4 The number of linearly independent absorbing species was 

obtained by applying eigenvalues analysis on the absorbance data matrix. The complex 
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formation constant was calculated using the Hyperquad 2006 program.16 The equilibrium 

constant is expressed as overall association constant. The stoichiometry of the formed 

complex was studied also by continue variation method (Job’s plot).17,18 IR spectra were 

acquired with a Bruker Vector 22 spectrophotometer, preparing the samples as KBr pellets. 

Synthesis 

C0: The precursor [Cu(phen)2(OH2)](ClO4)2 (C0) was prepared as previously described.19 In 

brief, perchloric acid was added to an ethanolic suspension of Cu2(CO3)(OH)2, the resulting 

blue solution was cooled and an ethanolic solution of 1,10-phenanthroline, at 1:2 

metal:ligand molar ratio, was slowly added, the formed blue-green precipitate was filtered 

off, washed with ethanol and dried at room temperature (Yield 85 %). 

Sodium Ursodeoxycholate (prepared for FT-IR measurements): UDCA (0.2318 mmol) was 

suspended in acetonitrile (5.0 mL), then 1 eq of NaOH 1.0 M water solution (232 µL) was 

added to the suspension. The reaction mixture was left under stirring at r.t. for 1hr. The 

product was recovered by filtration, washed with acetonitrile, and dried. 0.0411 g (Yield 

43%).  Elemental analysis % for C24H39NaO4 was expected C 69.53, H 9.48, found C 69.55, H 

9.52. FT-IR (KBr), cm-1:1561 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂),  1406 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂). 

C0UDCA: [Cu(phen)2(UDCA-H)](ClO4) was prepared as following: UDCA (0.2385 mmol) 

was treated with 1 eq of NaOH to obtain the corresponding sodium salt. This solution was 

slowly added to a water suspension of C0 (1 eq, 10 mL). The progressive formation of a pale 

blue precipitate was observed. The reaction mixture was stirred at room temperature for 24 

hrs. The desired product was recovered by filtration in vacuum, washed with water, diethyl 

ether and dried. 1.1302 g (Yield 69 %). Elemental analysis % for C48H55ClCuN4O8 was 
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expected C 63.01, H 6.06, N 6.12, found C 63.12, H 6.11, N 6.09. ESI-MS. m/z found (calc.): 

814.2 (814.3) for [Cu(phen)2(UDCA-H)] +, with the expected isotopic pattern. FT-IR (KBr), 

cm-1:1565 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂),  1375 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂). UV-Vis (PB 0.05M, pH 7.4) ε, M-1 cm-1 (λ, nm): 2.29 

105 (205), 5.4 .104 (271). 

Determination of the reducing activity of the stable radical 1,1-diphenyl-picrylhydrazyl (DPPH) 

Test compounds were dissolved in DMSO at 1.0 mM concentration, then a 1:10 dilution was 

performed with absolute ethanol. DPPH solution (0.1 mM, absolute ethanol) was prepared 

freshly, stored in the dark and used in a few hours. 1500 µL of the test solutions were added 

to an equal volume of DPPH, inside the cuvette, and the absorbance in the range 200 - 650 

nm was recorded, at room temperature, for 70 minutes. The absorbance at 517 nm was 

evaluated to examine the time-dependence of the radical scavenging activity(RA).20,21  

Soybean lipoxygenase inhibition study in-vitro 

Stock solution of C0, UDCA and C0UDCA were dissolved in DMSO at ≈ 0.1 mM 

concentration, then the proper dilution was performed with TRIS buffer at pH 7.4. Sodium 

linoleate (0.00200 g, V 10.0 mL, ≈ 0.65 mM) and soybean lipoxygenase (0.00200 g, V 10.0 mL, 

≈ 2∙10-6 M) were dissolved in TRIS buffer at pH 7.4, then the required dilutions were 

performed with TRIS buffer at pH 7.4. Solutions of sodium linoleate, soybean lipoxygenase 

and UDCA or C0UDCA were prepared daily and kept in the dark at 5°C. The conversion 

of sodium linoleate to 13-hydroperoxylinoleic acid was monitored recording the absorbance 

at 243 nm and compared with the appropriate standard inhibitor caffeic acid. The 

absorbance at 243 nm and not at 234 nm (maximum) was chosen since at 234 nm the 

contribution of C0 or C0UDCA absorbance was not negligible.  
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DFT calculations 

Geometry optimization of  deprotonated UDCA (UDCA-H) and [Cu(phen)2(UDCA-H)]+ 

were performed on an Intel-i7 based system using the release 4.2.0 of ORCA.22 Input files 

for DFT calculations were prepared using Avogadro 1.2.0.23 Geometry optimizations were 

performed at DFT level, using the hybrid PBE0 functional24 and def-2 TZVP basis set.25  The 

choice of the computational setup has been made based on the results previously reported 

for similar Cu(II)-phenanthroline systems.26 IR frequency calculations were carried out to 

verify the nature of the minima of each optimization by assessing the absence of calculated 

negative frequencies. Atomic charges at natural population analysis (NPA) level were 

calculated by means of JANPA software package.27 Molecular orbital shapes and energies 

were investigated using Chemcraft v1.8.28 

Molecular Docking 

Molecular docking calculations were performed using Autodock Vina software.29 DFT-

optimized structure of Ursodeoxycholate and C0UDCA were exported as PDB files. The X-

ray structure of soybean lipoxygenase LOX-1 (PDB:3PZW) was chosen as the receptor. Prior 

to docking, both ligands and receptor were processed using MG Labs Autodock Tools.30 In 

the receptor structure, water molecules were removed, while polar hydrogens and 

Gasteiger charges were added. The atomic charge for the Fe2840 cofactor was manually 

adjusted in the generated pdbqt file. For all the ligands, polar hydrogens and Gasteiger 

charges were added, while no rotational constraints were applied. Atomic charges for 

copper were manually adjusted in the generated pdbqt files. The ligands were docked using 

a grid cube of 30 × 30 × 30 points centred at Iron cofactor coordinates (x = 24.527, y = 44.349, 
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z = 10.587), or using a grid cube of  30 × 25 × 20 points at coordinates x = 24.970, y = 11.444, z 

= -0.936. A spacing of 1.0 Å and an exhaustiveness value of 100 was chosen in both cases. 

Molecular interactions and docked poses were evaluated using Biovia Discovery Studio 

Viewer v19.31 

Cell viability assay 

Cells were cultured for 24 h on a 96-well plate at a density of 10 000 cells per well in medium 

containing C0, TUDCA or C0UDCA at the indicated concentrations. DMSO was used as a 

control. Then, the MTT reagent (3- (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (Sigma-Aldrich, Czech Republic) was added directly to the culture medium for 4 

h. Then, medium including MTT reagent was aspirated, and the cells lysed by addition of 

90% isopropanol, 0.04 M HCl and 10% Triton/Tween. Absorbance was recorded at 570 nm 

by a Synergy HTX multi-mode reader (BioTek Instruments, VT, USA). All measurements 

were performed in technical pentaplicates and repeated in three independent experiments. 

Cell growth assay 

Cells were cultured for 24-72 h on a 6-well plate at a density of 20 000 cells per well in 

medium containing C0, TUDCA or C0UDCA at the indicated concentrations. DMSO was 

used as a control. Cells were enzymatically detached, washed in Phosphate Buffer Saline 

(PBS) and counted using Bürker counting chamber. Growth experiments were repeated in 

three independent experiments. 

Flow cytometry 

Vital staining of apoptotic cells was performed using FITC-conjugated annexin V (Roche 

Diagnostics, Mannheim, Germany) and propidium iodide. The cells were washed twice 
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with staining buffer (10 mM Hepes, 140 mM NaCl, 10 mM CaCl2, pH 7.4), incubated with 

annexin V-FITC (0.5 ll/sample) and propidium iodide (5 lg/ml) for 15 min and analysed by 

flow cytometry (BD FACS AriaTM II Cell Sorter). At least 10,000 viable cells were collected 

for each sample. Flow cytometric data were analyzed using FlowJoTM 7.2.2. software 

(Becton– Dickinson). Results were evaluated as a percentage of double-negative cells 

(intact), annexin V-positive cells (early apoptotic), and double-positive (necrotic or late 

apoptotic) cells. 

 SDS-PAGE and western blotting 

SKOV-3 Cells were incubated with C0UDCA at 2.0 µM concentrations for 24 hrs using 

DMSO as control. Cells were washed twice with PBS and lysed with SDS lysis buffer 

(100mM TRIS-HCl pH 7.4, 1% SDS, 10% glycerol). Protein content in the cell extract was 

quantified using the Bradford-based BioRad protein Assay Kit. Cell extracts were then 

mixed with 2×Laemmli sample buffer (100 mM Tris pH 6.8, 4% SDS, 200 mM DTT, 20% 

glycerol, and 0.1% bromophenol blue) and boiled for 5 min. An equivalent of 10 µg proteins 

was resolved using 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-

PAGE). Resolved proteins were then electroblotted onto a 0.45 mm polyvinylidene 

difluoride (PVDF) membrane (Millipore, Czech Republic) and incubated with the indicated 

primary antibodies diluted 1:1000 at 4 °C overnight (Actin cat. no: Ab1801, from Abcam, 

UK; CHOP #2895 and BiP #3177; from Cell Signaling, MA, USA). Blots were developed 

using horseradish peroxidase (HRP)-conjugated anti-rabbit HRP #7074 or anti-mouse HRP 

#7076 (both Cell Signaling, USA) secondary antibodies, diluted 1:7500, and ECL plus (GE 
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Healthcare) according to manufacturer’s protocol. Results were visualized using a 

ChemiDoc® Touch Imaging System (Bio-Rad). 

Results and Discussion 

Synthesis 

By reaction between C0 and the sodium salt of UDCA (NaC24H39O4), the novel complex 

[Cu(phen)2(C24H39O4)](ClO4) (C0UDCA) was obtained. The stoichiometry of the novel 

complex has been proposed based on the elemental analysis, Job’s plot and ESI-MS 

spectrometry. The coordination mode around the metal ion in was assessed using UV-Vis, 

I.R. spectroscopy, MS-MS experiments and theoretical calculations. In the ESI-MS spectrum 

of C0UDCA (Figure 2) a peak at 814 m/z due to the species [Cu(phen)2(UDCA-H)]+ ion was 

observed, as a charged fragment of the neutral precursor [Cu(phen)2(UDCA-H)](ClO4). In 

addition, a peak at 634 m/z of the ion [Cu(phen)(UDCA-H)]+, originated from 814 m/z by loss 

of a phenanthroline unit, was highlighted. Some fragments of minor intensity containing 

Cu(I) complexes were also observed in the mass spectrum (the reduction of Cu(II) to Cu(I) 

is widely observed in ESI phase, depending on the used solvent).32 The identity of the 

reported ions was confirmed by matching between calculated and experimental isotopic 

patterns (Figure S1) and tandem mass experiments (see Mass spectrometry). 
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Figure 2: ESI-MS spectrum of [Cu(phen)2(UDCA-H)](ClO4) (methanol:water 1:1). All the 

mass values are expressed as monoisotopic masses, computed as the sum of the masses of 

the primary isotope of each atom in the molecule (note that the monoisotopic mass may 

differ from the nominal molecular mass, especially for big molecules). 

High-resolution mass spectrum of C0UDCA in the range 600-850 was recorded in order to 

further confirm the composition of the peaks at 814 and 634 m/z, (Figure 3A). As can be 

observed, the fitting of the isotopic pattern (Figure 3B) and the matching of the experimental 

exact masses with the calculated ones (814.3532 u vs 814.3519 u and 634.2844 u vs 634.2832 

u) confirm the proposed stoichiometry. 
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Figure 3: (A) High-resolution mass spectrum of C0UDCA in the 600-850 m/z range, (B) 

experimental and calculated isotopic pattern for peaks at 814 and 634 m/z, (methanol:water 

1:1). All the mass values are expressed as monoisotopic masses. 

The novel copper complex is stable in the solid state at room temperature. It is soluble in 

DMSO at 0.1 M concentration level, in CH3CN at 0.01 M, and in the H2O:CH3CN mixture 

(1:1) at 8 mM. Solubility in water could be enhanced by dissolving the title compound in a 

minimal amount of DMSO at 40 °C prior to water addition. In this case, sonication or 

vigorous mixing should be avoided to prevent the formation of emulsions. Solubility in 

aqueous solutions prepared under this experimental setup is up to 0.5 mM. Stock solutions 

of C0UDCA in DMSO and CH3CN are stable at 4 °C up to 6 months, while stock solutions 

in H2O:CH3CN mixture (1:1) could be stored at r.t. for 2 weeks. In order to check the stability 

of the novel complex in an aqueous medium that better resemble a biological fluid, 

C0UDCA was dissolved in phosphate buffer (0.05 M pH 7.4) at 4.2 µM and spectral 

variation in the 200–325 nm range was followed for 24 h by recording 1 spectrum every 60 
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minutes (Figure S2). No significant variations in the shape and intensity of the spectra were 

observed.  

Solution studies 

All solution equilibria experiments were performed in phosphate buffer (0.05M, pH 7.4) to 

study the equilibria involved between C0 and UDCA in an aqueous medium. In this 

experimental setup UDCA will be almost present as monoanionic species due to the proton 

loss from the carboxylic moiety. The method of continuous variation (Job’s method) was 

initially applied in order to determine the number and stoichiometry of the complexes 

formed between C0 and UDCA.17,18 In Figure 4A absorption spectra in the 200 – 325 nm 

range collected varying from 0 to 1 the deprotonated UDCA molar fraction, are reported; 

absorbance data at 207 and 219 nm, corrected for the absorbance of the pure reactants, 

reported as a function of the deprotonated UDCA molar fraction (Figure 4B), clearly 

indicates a 1:1 (χL = 0.49) ligand to metal complex. In Figure S3, uncorrected absorption data 

at the same wavelengths are reported.  

 

Figure 4. (A) Absorption spectra collected varying the deprotonated UDCA molar fraction 

from 0 to 1 for the system C0 - deprotonated UDCA (2.14∙10-5 M, phosphate buffer 0.05 M, 
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pH 7.4, 25 °C, 1 cm optical path length); (B) Normalized Job's plot for C0 - deprotonated 

UDCA. 

Once defined the complexation model, the complex formation constant was determined by 

spectrophotometric titration. Equilibrium studies of C0 and deprotonated UDCA were 

carried at 20 μM concentration. In Figure 5A selected spectra recorded in the 200 – 325 nm 

range during the titration of C0 with deprotonated UDCA, are reported. By adding 

increasing amounts of the ligand, a decrease in absorbance accompanied with a gradual 

shift at 204 nm of the band initially centred at 208 nm was observed. From eigenvalue 

analysis of the spectrophotometric data, three significant eigenvalues were found, 

indicating three linearly independent absorbing species in solution. By fitting the 

experimental data considering the species [Cu(phen)2]2+, deprotonated UDCA and 

[Cu(phen)2(UDCA-H)]+, the complex formation constant expressed as log β was determined 

(5.17 ± 0.19). Calculated pure spectra, expressed as Absorptivity against wavelengths, for all 

the absorbing species are reported in Figure 5B. 
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Figure 5: Selected spectra collected during the titration of (A) 2.12∙10-5 mmol of C0 with 

deprotonated UDCA (2.55∙10-5 M) in 200-325 nm range; (B) absorptivity spectra of C0, 

deprotonated UDCA (UDCA-H) and C0UDCA in 200 - 325 nm range (phosphate buffer 

0.05 M, pH 7.4, 25 °C, 1 cm optical path length).   

Coordination mode in C0UDCA  

Since any attempt to obtain single crystals suitable for X-ray analysis was unsuccessful, 

coordination mode around the metal ion for the novel C0UDCA complex was proposed by 

combining the experimental data, Vis-NIR and IR spectroscopy, ESI-MS and tandem MS 

spectrometry, with the theoretical calculations.  

Vis-NIR. Vis-NIR spectrum of C0UDCA in the region 450 - 1100 nm is reported in Figure S4 and 

features a maximum at 686 nm and a shoulder at 928 nm. A In analogy with the absorption 

spectra of variously ternary Cu(II) bis-phenanthroline complexes previously 

characterized,19 a penta-coordinated geometry might be proposed also for the novel 

complex C0UDCA.  

IR. FT-IR spectrum of C0UDCA (Figure S5C) shows a large and intense band at 3410 cm-1, 

attributed to the hydroxyl groups of the UDCA moiety, while the two peaks at 2933 and 

2865 cm-1 are relative to the backbone stretching frequencies of the same ligand. Asymmetric 

and symmetric stretching peaks of oxygen carboxylate group ( 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂) and 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂)) 

fall at 1565 and 1375 cm-1 respectively. In the FT-IR spectrum of sodium ursodeoxycholate 

(Figure S5A) the same bands appear at 1561 and 1406 cm-1 respectively. The parameter 

Δ(𝑂𝐶𝑂) = 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂) − 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂) is commonly used to gain more insights regarding the 

coordination mode of carboxylate functional groups in metal complexes. In particular, a 

Δ(𝑂𝐶𝑂)𝑐𝑜𝑚𝑝𝑙𝑒𝑥 > Δ(𝑂𝐶𝑂)𝑙𝑖𝑔𝑎𝑛𝑑 is indicative of an unidentate coordination mode of the 
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titled coordinating group.33,34 Considering that Δ(𝑂𝐶𝑂) for C0UDCA equals to 190 cm-1, 

which is higher than the same value for sodium ursodeoxycholate (155 cm-1), we can assume 

that also for C0UDCA coordination of carboxylate group to the metal centre takes place in 

mono-dentate fashion. Signals of the phen moieties are visible at 3068, 1519, 1430, 1386, 851, 

724, 624 cm-1 (see for comparison IR spectrum of the precursor C0, Figure S5B), while the 

wide band in the region 1150-1030 is due to the perchlorate anion. 

Mass spectrometry. Tandem MS experiments at different collision energies (CE) were 

performed to identify the nature of the peaks containing Copper (II), phenanthroline and 

UDCA and give more insights about the structure of the novel C0UDCA complex. As 

regards the ion [Cu(phen)2(UDCA-H)]+ (m/z 814), the formation of a product ion at m/z 634 

is evidenced from CE 5V (Figure 5). The former ion, whose formula was previously 

proposed as [Cu(phen)(UDCA-H)]+, is originated from precursor at m/z 814 by loss of one 

phenanthroline unit (Figure S6A). As observed in Figure 5, a gradual decrease in intensity 

for the peak at m/z 634 is observed, as CE is increased, a feature consistent with further 

fragmentation processes of the former ion. In particular, from CE 35V, two peaks at m/z 260 

([Cu(phen)(OH)]+) and 243 ([Cu(phen)]+)  were observed. The first product ion might come 

from its precursor by the rearrangement showed in Fig S6B, i.e. transposition of a Hα from 

UDCA moiety and subsequent closure of a Cα=Ccarbonyl double bond with loss of a 

neutral ketene. The second fragment is originated instead by the radical process depicted in 

Figure S6C, which brings to a Cu(I) ion with the loss of the UDCA moiety as radical. CID 

experiments performed on the ion at m/z 634 (Figure S7) showed the same pattern, thus 

confirming the fragmentation scheme previously reported.  
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Figure 5: Tandem MS fragmentations at different collision energies of the peak at 450.5 m/z 

([Cu(phen)2(UDCA-H)]+). All the mass values are expressed as monoisotopic masses 

DFT calculations. Geometry optimization for both UDCA-H and Cu(II) complex 

[Cu(phen)2(UDCA-H)]+ were performed using the same computational setup employed for 

the parent copper complex [Cu(phen)2(H2O)]+ and other similar Cu(II) complexes, as 

previously reported.26 In particular, assessment of the DFT performance for 

[Cu(phen)2(H2O)]+ (whose coordinates were taken starting from C0 single X-Ray structural 

data) revealed a very good agreement between experimental and calculated data. In Figure 

S8A DFT optimized geometry for UDCA-H ligand is reported. As observable from frontier 
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molecular orbital analysis (Fig S8B), HOMO and HOMO-1 molecular orbitals are highly 

centred on oxygen carboxylate moiety, thus supporting a coordination from this functional 

group. Selected bonds, angles and dihedrals are reported in Table S1. Geometry 

optimization at DFT level for   [Cu(phen)2(UDCA-H)]+  reveals a geometry closer to a square 

pyramidal than a trigonal bipyramidal, as suggested by the value of geometrical parameter 

𝜏 =
𝛽−𝛼

60°
 of 0.22.35 The former distortion is also evident at bond lengths level, where 

elongation of Cu-N2 (2.309 Å) is accompanied by shortening of Cu-N3, Cu-N1 and Cu-O1 

(2.040, 2.059 and 1.958 Å respectively). These results are in agreement with several mono 

and binuclear Cu(II) bis-phenanthroline complexes coordinated by carboxylate functional 

groups.36–39 Selected bonds, angles and dihedrals are reported in Table S2. 

Atomic charges, computed at NPA level (Table S3), show on copper ion a significant lower 

atomic charge (1.39) compared with its formal charge +2, while on N1-4 and O1 atoms high 

negative calculated charges were evidenced. This trend suggests a partial charge transfer to 

the metal centre from the coordinating atoms of ligands, as evidenced at frontier Molecular 

Orbital level, where both α and β SOMOs are centred on UDCA moiety, while α and β 

LUMOs are redistributed among the metal centre and one of the phenanthroline ligands 

(Figure 6). 
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Figure 6. Molecular drawings and atom labelling schemes for [Cu(phen)2(UDCA-H)]+ (A) at 

the DFT-optimized geometry. Isosurface drawings of selected frontier molecular orbitals 

calculated (B) for [Cu(phen)2(UDCA-H)]+ (contour value: 0.05). Non-polar hydrogen atoms 

in (A) are omitted for clarity 

Determination of the reducing activity of the stable radical 1,1-diphenyl-picrylhydrazyl 

(DPPH) 

DPPH may accept a radical hydrogen to be converted in a diamagnetic form, which 

absorption spectrum differs from the previous one. Following the change in the optical 

absorption at 520 nm it is possible to monitor the course of the reaction during the time and 

compare the scavenger ability of different compounds.40 C0, UDCA and C0UDCA did not 

show any reducing activity, providing evidence to be unable to give a H●.  

Soybean lipoxygenase inhibition study in vitro  
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Lipoxygenases constitute a widespread group of Iron dioxygenases that are involved in the 

production of leukotrienes  through the arachidonic cascade pathway.41 Increased levels of 

human lipoxygenases, such as 5-LOX have been observed in several types of cancers, and 

some 5-LOX inhibitors have shown the ability to arrest the tumour cell proliferation and 

induce apoptosis.42 

For this reason, we deemed important to evaluate the inhibition of the studied compounds 

towards these enzymes using Soybean Lipoxygenase as model. Several experiments were 

performed keeping constant the concentration of substrate and enzyme and varying that of 

UDCA, or C0UDCA. The results obtained were compared with  the ones previously 

reported for C0.26 

i) In presence of increasing amount of UDCA, the decrease of absorbance during time 

is observed, with all the curves following similar trend. The conversion of sodium linoleate 

to 13-hydroperoxylinoleic acid ends in approx. 60–80 min in the presence of UDCA and the 

conversion percentage never reaches 100 % (Figure S9A). 

ii) In presence of increasing amount of C0UDCA, the absorbance decreases with time 

following similar trend the curves. The conversion of sodium linoleate to 13-

hydroperoxylinoleic acid ends in approx. 60–80 min in the presence of C0UDCA and the 

conversion percentage never reaches 100 % (Figure S9B). 

Reporting the inhibition percentage (IP) as function of the inhibitor concentration (Figure 

7), it was observed that IP varies with time for every given concentration. This trend became 

invariant after 35 min for C0UDCA and 50 min for UDCA. These times were chosen as the 

reference to calculate the IC50  value, i.e., the concentration required to inhibit 50% of enzyme 



152 
 

activity. For the two compounds, IC50 resulted to be 69 ± 7 μM (UDCA) and 4.4 ± 0.1 μM 

(C0UDCA). The IC50 previously reported for C0 was 55 ± 5 μM,26 12.5 higher than C0UDCA 

ones, thus suggesting that the insertion of an auxiliary ligand in the [Cu(phen)2] core will 

positively affects inhibition ability towards this enzyme. This result is consistent with the 

ones obtained for the mixed complex [Cu(phen)2(Salubrinal)](ClO4)2.26 The trends shown in 

Figure 7 suggest different mechanisms involved in the reaction with the enzyme. 

 

Figure 7. Inhibition percentage observed at different concentrations of UDCA (A) and 

C0UDCA (B) at different times after the mixing of the reactants; linoleic acid 32 μM, 

lipoxygenase 0.88 nM, pH 7.4 TRIS buffer, 25 °C. 

Molecular Docking 
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Molecular docking calculations were performed for UDCA-H and [Cu(phen)2(UDCA-H)]+ 

using the structure of Soybean Lipoxygenase-1 (PDB:3PZW) as receptor model. Both 

compounds were initially docked using a grid box centred on the Iron cofactor considering 

the ability of various molecules at inhibiting Soybean Lipoxygenase by targeting their 

catalytic binding site. Results obtained for UDCA-H (Figure S10) show that the ligand is 

placed in proximity of the catalytic site of the enzyme with a docking score, expressed as 

binding affinity, of -7.3 kcal/mol. A closer view of the intermolecular interactions with the 

surrounding residues of Soybean Lipoxygenase (Figure 8A) reveals mainly alkyl 

interactions (e.g. with CYS357 and LEU689) along with hydrogen bonds (e.g. with LEU581 

and TRP 684). In the case of [Cu(phen)2(UDCA-H)]+, high positive docking score values ( 17 

kcal/mol) were obtained using the same docking protocol. This result come from the 

hindering shape effects derived to the bulky nature of the ligands of the mixed Cu(II) 

complex. For this reason, docking calculations on the former compound were repeated 

using a grid box located between the C-terminus and N-terminus domains of Soybean 

Lipoxygenase, as previously reported for similar systems, obtaining a scoring function of -

11.1 kcal/mol (Figure S11). A closer inspection of the intermolecular interactions with the 

surrounding residues of the receptor (Figure 8B) reveals mainly alkyl/π-alkyl interactions 

(e.g., with LEU20 and TRP130), along with a π-anion interaction with ASP768 and the 

formation of a hydrogen bond with ASN128 residue. These findings a potential allosteric 

inhibition mode exerted by the studied compound that might take place, for instance, by 

reducing the affinity for the enzyme substrate. 
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Figure 8. Docked poses of UDCA-H (A) and [Cu(phen)2(UDCA-H)]+ (B) and intermolecular 

interactions with the surrounding residues of soybean lipoxygenase. 

Biological studies 

To reveal whether C0UDCA interferes with cell proliferation, the ovarian (SKOV-3) and 

pancreatic (PANC-1) cancer cells were treated with C0UDCA, C0, TUDCA or left untreated. 

The cell number was then determined after 48 hrs (Figure 9A). The C0 and C0UDCA 

decrease the proliferation rate of SKOV-3 cells. The same trend, even if it wasn’t statistically 

significant, was observed in PANC-1 cells. Then we were curious whether the drop in cell 

numbers can be caused by the cytotoxicity of the C0UDCA. We stained the intact cells with 

FITC-conjugated Annexin V (binding to externalized phosphatidylserine of the plasma 

membrane) and propidium iodide (binding to DNA). Results are shown in Figure 9B. 

C0UDCA induced significant cell death as indicated by a decrease of negative (viable) cells. 

Interestingly, in the SKOV-3 cells, C0UDCA preferentially induced the programmed cell 

death as indicated by increase in Annexin V positive, propidium iodide negative cell. In 

PANC-1 the propidium iodide positive cells prevailed of over double positive cells, 

indicating secondary necrosis. Then we performed a metabolic assay, documenting 
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mitochondrial performance by the MTT assay (Figure S12). For each cell line, the IC50 values 

of the studied compounds were determined from MTT results (Table 1).  

 

Figure 9. A. The cell numbers of SKOV-3 and PANC-1 cells after 48 hrs culture in presence 

of C0, TUDCA and C0UDCA. The starting number of cells was 20 000. Plot shows means 

and SDs from three independent experiments. B. C0UDCA increases externalization of 

phosphatidylserine in SKOV-3 cells. The cells were cultured as described in (A), then the 

exposure of phosphatidylserine on the cell surface was assessed by FACS using FITC-

conjugated Annexin V probe. Cell viability was measured by propidium iodide staining. 

Typical results of three independent experiments are shown.  

Table 1. Anticancer activity of the studied compounds reported as IC50 values 

(concentration of drug able to induce cell death by 50%).  

Compound IC50 (µM) 

SKOV-3 PANC-1 

C0 7.89 13.04 

C0UDCA 6.75 6.96 

 

With the aim of gaining more information regarding the mechanism of action of the novel 

C0UDCA complex and considering that structurally related Cu(II) complexes have already 
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shown to interfere at UPR level, we decided to evaluate the expression of specific UPR 

biomarkers (BiP, CHOP, ATF6, XBP-1)  by means of Western Blots (Figure S13).  

Notable, we observe in SKOV-3 cells a significative increase in the expression of CHOP, 

ATF6 and XBP-1 proteins, while in PANC-1 cell the entity of these variation appear more 

modest. Considering that both the controls have different levels of expression of the studied 

biomarkers, as better evidenced from relative densities in Figure 10,  this behaviour could 

be indicative of the different origin and features of the cell lines considered.  

These evidence are indicative of the involvement of the UPR pathway in exerting the 

anticancer properties of the novel C0UDCA compound.  

 

Figure 10. Relative densities calculated from immunoblotting results on SKOV-3 and 

PANC-1 cells. 

Conclusions 

The reaction between the anticancer [Cu(phen)2(OH2)](ClO4)2 (C0) complex and the bile acid 

Ursodeoxycholic Acid (UDCA) leads to the formation the new heteroleptic complex 

[Cu(phen)2(UDCA-H)](ClO4)2 (C0UDCA), whose structure was assessed by merging 

different experimental and theoretical techniques.  
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Interestingly, this compound interferes on cell growth and viability at micromolar level on 

both SKOV-3 and PANC-1 cell lines, as observed from cell growth and MTT studies. 

Mechanistic studies suggest an involvement of the UPR in exerting the anticancer properties 

of this novel metal complex.  

Studies on soybean lipoxygenase evidence that the concentration of C0UDCA required to 

inhibit the enzymatic activity of 50% was 15.7 and 12.5-fold lower compared to its synthetic 

precursors UDCA and C0 respectively, thus indicating how presence of an auxiliary ligand 

in the [Cu(phen)2] core will enhance the  lipoxygenase inhibitory activity. Docking results 

suggest for C0UDCA a potential allosteric mechanism in exerting its enzymatic inhibitory 

abilities.  

The results achieved in this work and its interdisciplinary approach might provide novel  

insights about the mechanism of action of these compounds and will give new hints for the 

design and synthesis of novel biologically active Cu(II) coordination compounds. 
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Figure S1. Experimental (blue line) and calculated (red line) isotopic patterns of the peaks 

at m/z (A) 814 ([Cu(phen)2(UDCA-H)(ClO4)]+), (B) 634 ([Cu(phen)(UDCA-H)]+). 

 

 

Figure S2. UV-Vis spectra of C0UDCA (4.20×10-6 M) in the range 200-325 nm recorded in 

24h, each spectrum was acquired every 60 minutes. 
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Figure S3. Job’s plot for the system C0 - deprotonated UDCA. Uncorrected (left) and 

corrected (right) absorbances measured at different C0:deprotonated UDCA  molar ratio at 

207 and 219 nm (C0 1.07∙10-5 M, UDCA 1.07∙10-5 M, phosphate buffer 0.05 M, pH 7.4, t 25 °C, 

1 cm optical path length). 

 

Figure S4. Vis-NIR spectrum of C0UDCA (4.58∙10-3 M) in the region 450-1100 nm, 

CH3CN:H2O (1:1); 25°C, 1 cm path length. 
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Figure S5. IR spectra of sodium ursodeoxycholate (A), C0 (B) and [Cu(phen)2(UDCA-

H)](ClO4) (C) 
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A) 

 

B) 

 

C) 
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Figure S6. Proposed fragmentation patterns for product ions at 634 (A), 260 (B), 243 (C) m/z 

generated from 814 m/z under CID conditions. All masses are referred to the monoisotopic 

peaks. 

 

 

Figure S7. Tandem mass spectra at different collision energies of (A) 634 m/z 

([Cu(phen)(UDCA-H)]+) . All masses are referred to the monoisotopic peaks. 
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Figure S8. Molecular drawings and atom labelling schemes for [Cu(phen)2(UDCA-H)]+ (A) 

at the DFT-optimized geometry. Isosurface drawings of selected frontier molecular orbitals 

calculated (B) for [Cu(phen)2(UDCA-H)]+ (contour value: 0.05). Non-polar hydrogen atoms 

in (A) are omitted for clarity 
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Figure S9. Absorbance at 243 nm of solutions containing sodium linoleate, lipoxygenase 

enzyme and UDCA (A) or C0UDCA (B) at different molar concentration; sodium linoleate 

32 µM, lipoxygenase 0.88 nM, pH 7.4 TRIS buffer, T 25°C. 

 

 

Figure S10. Full view of the complex between the highest-ranking score of 

[Cu(phen)2(UDCA-H)]+ and Soybean Lipoxygenase (A); zoom of the binding pocket 

occupied by the highest ranking score of [Cu(phen)2(UDCA-H)]+ and Soybean 

Lipoxygenase (B). 
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Figure S11. Full view of the complex between the highest-ranking score of 

[Cu(phen)2(UDCA-H)]+ and Soybean Lipoxygenase (A); zoom of the binding pocket 

occupied by the highest ranking score of [Cu(phen)2(UDCA-H)]+ and Soybean 

Lipoxygenase (B). 

 

 

Figure S12. Mitochondrial metabolism as determined by conversion of the 4-nitro blue 

tetrazolium chloride to formazan followed by measurement of OD at 570 nm (MTT assay). 

The plots represent means and SEMs from three independent experiments performed in 

technical pentaplicates. 
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Figure S13. Protein expression of BiP, CHOP, ATF6 and XBP-1 in SKOV-3 and PANC-1cells 

treated for 24 hrs with C0UDCA at 2.0 μM. β-Actin was used as a control of equal loading. 

 

Table S1. Selected optimized bond distances (Å), angles (°) and dihedrals (°) for the DFT 

optimized structure of UDCA-H and corresponding structural data. Atom labelling scheme 

as in Figure S8A. 

UDCA-H DFT UDCA-H DFT 

C1-O1 1.248 O1-C1-C2-C3 -25.1 

C1-O2 1.245 O2-C1-C2-C3 156.7 

C1-C2 1.565 C2-C3-C4-C5 61.7 

C2-C3 1.519 C5-C4-C6-C7 -178.2 

C2-C3-C4 115.8 C5-C4-C6-C10 -56.8 

O1-C1-O2 129.2 C7-C6-C10-C12 -154.5 

O1-C1-C2 116.1 C14-C19-C21-C22 66.7 

O2- C1-C2 114.7 C16-C17-C18-C24 72.1 

O3-C16-C15 112.8 O3-C16-C17-C18 175.3 

O3-C16-C17 104.8 O3-C16-C15-C9 70.4 

O4-C23-C22 112.6 O4-C23-C24-C18 179.1 

O4-C23-C24 107.7 O4-C23-C22-C21 -176.6 
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Table S2. Selected optimized bond distances (Å), angles (°) and dihedrals (°) for the DFT 

optimized structure of [Cu(phen)2(UDCA-H)]+ and corresponding structural data. Atom 

labelling scheme as in Figure 6. 

[Cu(phen)2(UDCA-H)]+ DFT [Cu(phen)2(UDCA-H)]+ DFT 

Cu-O1 1.958 N1-Cu-N2 76.1 

Cu-N1 2.059 N1-Cu-N3 176.7 

Cu-N2 2.309 N1-Cu-N4 96.6 

Cu-N3 2.040 N1-Cu-O1-C25 -84.6 

Cu-N4 2.082 N1-Cu-N3-C13 -169.0 

O1-C25 1.289 N1-Cu-N3-C24 13.5 

O2- C25 1.238 N2-Cu-N3-C13 -84.4 

Cu-O1-C25 101.3 N1-Cu-N3-C24 98.1 

Cu-N1-C1 123.1 N3-Cu-N1-C1 -95.7 

Cu-N1-C12 117.0 N3-Cu-N1-C12 89.9 

Cu-N2-C10 131.9 N3-Cu-N2-C11 178.8 

Cu-N2-C11 109.2 N3-Cu-N2-C10 4.4 

Cu-N3-C13 127.0 N4-Cu-N2-C11 -99.4 

Cu-N3-C24 113.6 N4-Cu-N2-C10 86.2 

Cu-N4-C22 129.4 N4-Cu-N2-C25 36.8 

Cu-N4-C23 111.9 N3-Cu-N2-C25 95.2 

N1-Cu-O1 92.0 N2-Cu-N2-C25 -161.4 

N2-Cu-O1 97.7 N1-Cu-N2-C25 -84.6 

N3-Cu-O1 91.2 Cu-O1-C25-O2 -0.5 

N4-Cu-O1 163.4   

 

Table S3. Selected calculated atomic charges at NPA level for [Cu(phen)2(UDCA-H)]+. 

Atom labelling scheme as in Figure 6. 

[Cu(phen)2(UDCA-H)]+ Natural Charges 

Cu 1.390 

N1 -0.498 

N2 -0.474 

N3 -0.485 

N4 -0.487 

O1 -0.774 
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Results and discussion 

 

Article 5. 

Ternary Copper (II) complexes of 1,10-phenanthroline and coumarin-based 

oxylacetates as potential anticancer metallodrugs 
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Abstract 

A panel of novel ternary Cu(II) complexes of general formula [Cu(phen)2(Lx)](ClO4) 

complexes  (x: 1 – 6) have been obtained from reaction between the anticancer 

[Cu(phen)2(OH2)](ClO4)2 with a series of variably substituted coumarin-based oxylacetic 

acids. The coordination around the metal ion for these new complexes have been assessed 

by combining results coming from different experimental (MS, UV-Vis, FT-IR) and 

computational (DFT) techniques. Interestingly, these heteroleptic complexes show high 

anticancer potency in ovarian (SKOV-3) cancer cells, while the coumarin-based auxiliary 

ligands are devoid of any cytotoxicity. Mechanistic studies on the most promising 

compounds of the series have pointed out that these compounds exert their biological 

activity by inducing the pro-apoptotic branch of the Unfolded Protein Response (UPR). 

Studies on calf thymus (ct) DNA shows that the studied compounds can interact with this 

target through electrostatic interactions and groove binding, as evidenced on both 

experimental (UV-Vis) and theoretical (molecular docking) basis. The electrochemical 

behaviour of the studied complexes in presence of human DNA was investigated by means 

of Differential Pulse Voltammetry (DPV), showing how they are more stable in their 

oxidized form (as Cu(II)).* 

 

  

 
*These studies were performed in collaboration with the research groups of Prof. Petr Vaňhara (Masaryk 

University, MUNI) and Dr. Martin Bartosik (Masaryk Memorial Cancer Institute). 
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Introduction 

The accidental discovery of the antiproliferative activity of cisplatin (cis-

diaminodichloroplatin (II)) in 1960s has provided a new perspective in terms of application 

of coordination compounds in medicine.1 However, if from the one hand cisplatin and 

derivatives are currently used in the treatment of several types of cancers, from the other 

hand their efficacy is affected by several dose-dependent side effects, along with a high 

incidence of developing resistance after some treatment.2–5 In the design of new potential 

metal-based drugs that might overcome these limitations, substitution of Pt(II) with 

endogenous metal ions has been commonly chosen. The rationale behind this approach is 

that complexes of these ions might interact with DNA differently than Pt(II)-based drugs, 

or that might trigger cell death  by targeting different molecular pathways and 

biomolecules. In addition, their systemic toxicity might be reduced exploiting the molecular 

machinery in charge of the transport and homeostasis of endogenous metal ions in 

biological system.6 Copper constitutes a typical example of endogenous ion, that shares with 

cisplatin a common cellular transporter protein (hCtr1).7 Many nitrogen-based ligands, such 

as 1,10-phenantroline have been tested for antitumor activity on different human cancer cell 

lines, both alone or as metal complexes. In the former case, an increase in potency compared 

to the ligand alone is commonly observed, that might be related to an enhanced ability of 

crossing biological barrier (due to a modification in the physico-chemical properties 

compared to the ligand alone) and/or in a different mechanisms of action. Additional 

modulation in terms of biological properties might also be achieved through the insertion 

of auxiliary ligands.8–11 
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We have previously synthesized several mixed Cu(II)-phenanthroline complexes bearing 

different auxiliary ligands, showing that these compounds possess potent anticancer 

properties in several human cancer cells.12,13 Recent studies on some of these complexes have 

pointed out how their molecular mechanism in ovarian (A-2780 and SKOV-3) cancers 

involves the induction of pro-apoptotic branch of UPR (Unfolded Protein Response), which 

is activated in condition of prolonged or severe Endoplasmic Reticulum (ER) stress.14,15 

These remarks have prompted us to further investigate on the cytotoxicity of ternary Cu(II)-

phenanthroline complexes having coumarin-based oxylacetates as auxiliary ligands. As 

commonly known, coumarins comprise a large class of molecules (of both natural and 

synthetic origin) bearing 2-H-cromen-2-one scaffold that have shown high versatility in 

terms of pharmacological properties (e.g. antimicrobial, anti-inflammatory, antioxidant and 

anticancer).16–19 Naturally occurring coumarins, such as coumarin (2-H-cromen-2-one) and 

umbelliferone (7-hydroxy-2-H-cromen-2-one), have shown potent cytotoxic and cytostatic 

activity.20 Moreover, previous studies on mixed complexes containing a dioxylacetate 

derivative of aesculetin (6,7-dihyroxy-2-H-cromen-2-one) have proved to possess high 

potency in terms of antiproliferative activity.21 

In this study, we aimed to prepare a small library of [Cu(phen)2(Lx)](ClO4) complexes  (x: 1 

– 6) where the auxiliary ligands are coumarin carboxylate derivatives bearing an oxylacetate 

moiety in the 6th or 7th position and different substituents in the 3rd  or 4th position (Figure 1). 

The stoichiometries and coordination modes of the mixed complexes were studied at both 

solid and solution state by means of different experimental and computational techniques. 

In-vitro anticancer studies on ovarian (SKOV-3) cancer cells show that the ternary complexes 
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(D1-6, Figure 1) possess high anticancer potency (in the micromolar order), while the 

coumarin-based ligands (HL1-6, Figure 1) are devoid of cytotoxic activity. Mechanistic 

studies on the most promising compounds of the series have pointed out how they can 

interfere at ER level inducing the pro-apoptotic branch of the UPR.  

Moreover, considering that DNA constitutes a potential target for exerting the biological 

properties of several anticancer compounds, we decided to preliminary evaluate the affinity 

towards this biomolecule and the potential mechanism of interaction by combining the 

results of spectroscopic (UV-Vis, DPV) techniques with molecular docking simulations. 
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Figure 1. Structure and acronyms of the ligands (HL1-6) and Cu(II) complexes (D1-6) 

studied. 

Experimental 

Materials and methods  

Reagents 
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Acetonitrile, methanol, ethanol, isopropanol, acetone, calf thymus DNA (ct-DNA), tris 

(hydroxymethyl)aminomethane hydrochloride (TRIS-HCl), sodium chloride, deuterated 

chloroform, sodium hydroxide, dimethyl sulfoxide and hydrochloric acid were purchased 

from Merck (Milan, Italy). MTT reagent (3- (4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) and Tween-20 were purchased from Merck (Czech 

Republic). Potassium carbonate, copper(II) carbonate hydroxide, ethyl bromoacetate, 

deuterated dimethyl sulfoxide, 7-hydroxycoumarin, 6-hydroxycoumarin, 7-hydroxy-4-

methylcoumarin, 6-hydroxy-4-methylcoumarin 2,4-dihydroxybenzaldehyde, 2,5-

dihydroxybenzaldehyde and pyridine 2-acetonitrile were purchased from Alfa-Aesar. The 

commercial reagents were used as received, without any further purification. Ultrapure 

water was obtained with a MilliQ Millipore apparatus. 

NMR 

1H and 13C NMR spectra were recorded on Varian 500 and Bruker Avance III HD 600 

spectrometers at room temperature with tetramethylsilane (TMS) as internal standard in 

DMSO d6 or CDCl3. Chemical shifts, multiplicity and coupling constants were reported. 

FT-IR 

Infrared spectra were recorded with a Bruker Vector 22 spectrophotometer, preparing the 

samples as KBr pellets. 

Solution equilibria 

UV–Visible spectrophotometric measurements were performed on an Agilent Cary 60 

spectrophotometer in the range 200–500 nm using a 1 cm quartz cell at 25 °C. The formation 

constants of the complexes formed by C0 with the studied ligands were determined at 25 
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°C by spectrophotometric titration in phosphate buffer 0.05 M solution. Complex 

stoichiometries were also evaluated by means of the Job’s method.22,23 

The number of linearly independent absorbing species was obtained by applying 

eigenvalues analysis on the absorbance data matrix. The complex formation constants 

(expressed as overall association constants) were calculated using the Hyperquad 2006 

program.24  

The intrinsic binding constants (Kb) between ct-DNA and the studied compounds were 

determined at 25 °C by spectrophotometric titrations in TRIS-HCl buffer (TRIS-HCl 0.05 M, 

NaCl 0.05 M) at pH 7.1. Stock solutions of ct-DNA were prepared in TRIS-HCl buffer at pH 

7.1 and stored at 4.0 °C within 96 hrs. The concentration of DNA per nucleotide was checked 

by UV absorption at 260 nm using its molar absorption coefficient (6600 M−1 cm−1). DNA 

purity was verified by determining the A280nm/A260nm ratio: a value ≥ 1.8 is indicative of a 

sufficiently protein-free DNA.25,26 Solutions having a fixed amount of ligand/metal complex 

(9.78∙10-6 M to 1.24∙10-5 M according to compounds solubility and absorptivity) were titrated 

at 25 °C by adding increasing volumes of ct-DNA (2.27∙10-4 M) and recording the UV-Vis 

spectrum. The Kb values were determined by applying the modified version of the Benesi- 

Hildebrand equation reported down below.27 

𝐴0

𝐴 − 𝐴0
 =

𝜀𝑓

𝜀𝑏 – 𝜀𝑓
+

𝜀𝑓

𝜀𝑏 – 𝜀𝑓
∙

1

𝐾𝑏  ∙  [𝐷𝑁𝐴]
 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (1) 

Where 𝐴0 and 𝐴 are the absorbances in absence and presence of ct-DNA respectively, while 

𝜀𝑓 and 𝜀𝑏 are the molar absorptivity values in absence and presence of ct-DNA respectively. 

Reporting in graph 
𝐴0

𝐴−𝐴0
 values (𝜆 =  260 𝑛𝑚) versus 

1

 [𝐷𝑁𝐴]
 ones, the intrinsic binding 
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constants were calculated as the ratio between the intercepts and the slopes coefficients 

determined from linear regression analysis. 

Mass spectrometry  

Mass spectra were recorded using a triple quadrupole QqQ Varian 310-MS mass 

spectrometer using the atmospheric pressure ESI technique. The sample solutions were 

infused directly into the ESI source using a programmable syringe pump at a flow rate of 

1.25 mL/h. A dwell time of 14 s was used, and the spectra were accumulated for 5 min to 

increase the signal-to-noise ratio. Mass spectra were recorded in the m/z 100–1000 range. 

The experimental conditions for positive and negative ion mode were needle voltage ±3500 

V, shield ±800 V, source temperature 100 °C, drying gas pressure 20 psi, nebulizing gas 

pressure 20 psi. Tandem MS experiments were performed using argon as the collision gas 

(1.8 psi). The isotopic patterns of the measured peaks in the mass spectra were analysed 

using the mMass 5.5.0 software package.28,29 

Electrochemical measurements 

Electrochemical measurements were carried out with an Autolab PGSTAT101 

potentiostat/galvanostat, equipped with a glassy carbon electrode (GCE) as working 

electrode, Ag/AgCl/ KCl 3.0 M as reference electrode and a carbon wire as auxiliary 

electrode. All measurements were performed at 25 °C, using TRIS-HCl buffer (TRIS-HCl 

0.05 M, NaCl 0.05 M, pH 7.1) as supporting electrolyte. All solutions were deoxygenated by 

purging Argon prior to each measurements. GCE surface was regenerated after each 

measurement by mechanical polishing using 1 μm, 0.3 μm and 0.05 μm alumina slurry, 

respectively. 
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The interaction between redox-active compounds C0 and D1-6 with genomic DNA was 

evaluated by means of Differential Pulse Voltammetry (DPV). The following equation has 

been applied to determine in which redox state the studied complexes are more stable upon 

interaction with this biomolecule.30 

𝐸𝑏
0′

− 𝐸𝑓
0′

= 59.1 ∙ 𝐿𝑜𝑔 (
𝐾+

𝐾2+
) [𝑚𝑉] 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2) 

Where 𝐸𝑏
0′

 and 𝐸𝑓
0′

 are the standard redox potentials of the Cu(II)/Cu(I) couple in the bound 

and free forms respectively, while 𝐾+ and 𝐾2+are the equilibrium DNA-binding constants 

for the Cu(I) and Cu(II) forms respectively. When a K+/K2+ ratio lower than 1 is observed 

upon increasing additions of DNA, then the studied Copper complexes will be more stable 

in their oxidized form (as Cu(II)), otherwise they will interact more likely with this 

biomolecule in their reduced form (as Cu(I)). 

Theoretical calculations 

DFT calculations were performed using the release 4.2.0 of the ORCA software package.31 

Input files for DFT calculations were prepared using Avogadro 1.2.0.32 Geometry 

optimizations were performed using the hybrid PBE0 functional33 and def-2 TZVP basis 

set,34 as previously reported for similar systems.15 The nature of the minima in each 

optimization was evaluated by assessing the absence of negative frequencies in calculated 

IR spectra. Atomic charges at natural population analysis (NPA) level were calculated by 

means of JANPA software package.35 Molecular orbital shapes and energies were 

investigated using Chemcraft v1.8.36 
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Molecular docking calculations were performed using the Autodock Vina software,37 The 

X-Ray structure of BNA (PDB: 1BNA) was chosen as receptor. Both ligands and receptor 

were prepared using MG Labs Autodock Tools before docking.38 In the receptor water 

molecules were removed, while polar hydrogens and Gasteiger charges were added. For all 

the ligands, non-polar hydrogens were removed, Gasteiger charges were added while no 

rotational constraints were applied. In the complexes, the atomic charges for copper were 

manually adjusted in the generated pdbqt files. All the tested compounds were docked 

using a grid cube of 30 × 30 × 42 points, centred at coordinates x = 14.780, y = 20.976, z = 

8.807, with a spacing of 1.0 Å and an exhaustiveness value of 100. Molecular interactions 

and docked poses were evaluated using USCF Chimera 1.15.39 

Synthesis 

Ligands 

Synthesis of hydroxy-3-(pyridin-2-yl)coumarin derivatives 1b and 1d. 

Both compounds were prepared as previously reported.40,41 

Synthesis of coumarin oxyacetic ethylic esters derivatives 2a-f 

 K2CO3 (5.83 mmol, 1.5 eq.) was added in one portion at r.t. to a suspension of hydroxylated 

coumarin 1a-f (3.89 mmol) in acetone (20 mL). After ca 15 minutes under stirring, ethyl 

bromoacetate (0.65 mL, 5.83 mmol, 1.0 eq.) was added to the reaction mixture. The former 

one was refluxed for 24 hours. The solution was filtered while hot and the solvent 

evaporated under reduced pressure, affording a solid that was recrystallized from ethanol. 

Ethyl 2-((2-oxo-2H-chromen-7-yl)oxy)acetate (2a). White solid. Yield was 67%. Spectral data 

are consistent with those reported in literature.42 1H-NMR (600 MHz, CDCl3, δ, ppm, Figure 
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S1): 7.64 (d, J = 9.5 Hz, 1H), 7.40 (d, J = 8.6 Hz, 1H), 6.90 (dd, J = 8.6, 2.5 Hz, 1H), 6.78 (d, J = 

2.5 Hz, 1H), 6.28 (d, J = 9.5 Hz, 1H), 4.68 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 1.32 (td, J = 7.1, 0.8 

Hz, 3H). ESI-MS, m/z, found (calcd) 249.0 (249.1) [M+H]+. 

Ethyl 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-7-yl)oxy)acetate (2b). White solid. Yield was 

44%. 1H-NMR (500 MHz, DMSO d6, δ, ppm, Figure S2): 8.86 (s, 1H), 8.69 (ddd, J = 4.8, 1.9, 

1.0 Hz, 1H), 8.27 (dt, J = 8.1, 1.1 Hz, 1H), 7.93 – 7.85 (m, 2H), 7.41 (ddd, J = 7.5, 4.7, 1.2 Hz, 

1H), 7.08 (d, J = 2.5 Hz, 1H), 7.04 (dd, J = 8.6, 2.5 Hz, 1H), 4.97 (s, 2H), 4.21 (q, J = 7.1 Hz, 2H), 

1.24 (t, J = 7.1 Hz, 3H). ESI-MS, m/z, found (calcd): 326.2 (326.1) [M+H]+.  

Ethyl 2-((2-oxo-2H-chromen-6-yl)oxy)acetate (2c). Beige solid. Yield was 67%. Spectral data 

are consistent with those reported in literature.43 1H-NMR (600 MHz, CDCl3, δ, ppm, Figure 

S3): 7.64 (d, J = 9.5 Hz, 1H), 7.28 (d, J = 9.0 Hz, 1H), 7.15 (dd, J = 9.0, 3.0 Hz, 1H), 6.94 (d, J = 

3.0 Hz, 1H), 6.44 (d, J = 9.5 Hz, 1H), 4.66 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.2 Hz, 

3H). ESI-MS, m/z, found (calcd) 249.1 (249.1) [M+H]+. 

Ethyl 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-6-yl)oxy)acetate (2d). Beige solid. Yield was 

45%. 1H-NMR (600 MHz, CDCl3, δ, ppm, Figure S4): 8.71 (s, 1H), 8.68 (ddd, J = 4.7, 1.9, 1.0 

Hz, 1H), 8.43 (dt, J = 8.1, 1.1 Hz, 1H), 7.82 – 7.77 (m, 1H), 7.34 (d, J = 9.0 Hz, 1H), 7.31 (ddt, J 

= 6.8, 4.8, 1.0 Hz, 1H), 7.20 (ddd, J = 9.0, 2.9, 0.8 Hz, 1H), 7.06 (d, J = 3.0 Hz, 1H), 4.67 (s, 2H), 

4.32 – 4.27 (m, 2H), 1.32 (td, J = 7.1, 0.8 Hz, 3H). ESI-MS, m/z, (calcd): 326.2 (326.1) [M+H]+.  

Ethyl 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)acetate (2e). White solid. Yield was 84%. 

Spectral data are consistent with those reported in literature.44 1H-NMR (600 MHz, CDCl3, 

δ, ppm): 7.53 (d, J = 8.8 Hz, 1H, Figure S5), 6.92 (dd, J = 8.8, 2.6 Hz, 1H), 6.78 (d, J = 2.6 Hz, 
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1H), 6.16 (q, J = 1.3 Hz, 1H), 4.68 (s, 2H), 4.29 (q, J = 7.1 Hz, 2H), 2.40 (d, J = 1.2 Hz, 3H), 1.32 

(t, J = 7.1 Hz, 3H). ESI-MS, m/z, found (calcd): 262.2 (262.1) [M+H]+. 

Ethyl 2-((4-methyl-2-oxo-2H-chromen-6-yl)oxy)acetate (2f). White solid. Yield was 88%. 

Spectral data are consistent with those reported in literature.44 1H-NMR (600 MHz, CDCl3, 

δ, ppm, Figure S6): 7.29 (d, J = 8.9 Hz, 1H), 7.12 (dd, J = 8.9, 3.0 Hz, 1H), 7.10 (d, J = 2.9 Hz, 

1H), 6.31 (d, J = 1.5 Hz, 1H), 4.67 (s, 2H), 4.29 (q, J = 7.2 Hz, 2H), 2.41 (d, J = 1.3 Hz, 3H), 1.31 

(t, J = 7.1 Hz, 3H). ESI-MS, m/z, found (calcd): 262.1 (262.1) [M+H]+. 

Synthesis of coumarin oxyacetic acid derivatives (HL1-6). 

Compound 2a-f (1.60 mmol) was dissolved in 7.0 mL of ethanol. 4.0 mL (3 eq.) of NaOH 5% 

solution were added in one portion at r.t. and the reaction mixture was refluxed for 24 hours. 

The solution was concentrated under reduced pressure to ca half the volume, then 6.0 mL 

of distilled water were poured and HCl 2.0 N were added drop by drop until acidic pH was 

reached. A solid slowly precipitated from the solution that was filtered under vacuum. The 

former one was recrystallized from ethanol.  

2-((2-oxo-2H-chromen-7-yl)oxy)acetic acid (HL1). White solid. Yield was 58%. Spectral data 

are consistent with those reported in literature.45 1H-NMR (600 MHz, DMSO d6, δ, ppm, 

Figure S7): 1H NMR (600 MHz, DMSO-d6) δ 13.09 (s, 1H), 8.00 (d, J = 9.5 Hz, 1H), 7.65 (dd, 

J = 9.0, 2.0 Hz, 1H), 6.97 – 6.95 (m, 2H), 6.31 (d, J = 9.4 Hz, 1H), 4.82 (s, 2H). ESI-MS, m/z, 

found (calcd) 218.5 (219.0) [M+H]+, 438.5 (439.0) [2M+H]+.  

2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-7-yl)oxy)acetic acid (HL2). Light yellow solid. Yield 

was 48%. 1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S8) 12.98 (s, 1H), 8.76 (s, 1H), 8.63 

(ddd, J = 4.7, 1.8, 0.9 Hz, 1H), 8.21 (dd, J = 8.1, 1.1 Hz, 1H), 7.84 (td, J = 7.8, 1.9 Hz, 1H), 7.44 
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(d, J = 3.0 Hz, 1H), 7.38 – 7.36 (m, 1H), 7.35 (d, J = 9.0 Hz, 1H), 7.21 (dd, J = 9.0, 3.0 Hz, 1H), 

4.69 (s, 2H). 13C-NMR (151 MHz, DMSO d6, δ, ppm, Figure S9): 170.35, 160.01, 154.72, 151.45, 

149.94, 148.52, 142.72, 137.24, 125.45, 124.17, 123.98, 120.81, 120.04, 117.41, 113.01, 65.42. ESI-

MS, m/z, found (calcd): 298.0 (298.1) [M+H]+, 320.2 (320.1) [M+Na]+.  

2-((2-oxo-2H-chromen-6-yl)oxy)acetic acid (HL3). Light pink solid. Yield was 65%. Spectral 

data are consistent with those reported in literature.43 1H-NMR (600 MHz, DMSO d6, δ, ppm, 

Figure S10): 1H-NMR (600 MHz, DMSO d6, δ, ppm): 13.15 (s, 1H), 8.01 (d, J = 9.6 Hz, 1H), 

7.35 (d, J = 9.0 Hz, 1H), 7.27 (d, J = 3.0 Hz, 1H), 7.22 (dd, J = 9.0, 3.0 Hz, 1H), 6.49 (d, J = 9.6 

Hz, 1H), 4.73 (s, 2H). ESI-MS, m/z, found (calcd) 218.5 (219.0) [M+H]+, 438.5 (439.0) [2M+H]+.  

2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-6-yl)oxy)acetic acid (HL4).  Brown solid. Yield was 

42%. 1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S11): 8.89 (s, 1H), 8.73 (ddd, J = 4.8, 1.9, 

0.9 Hz, 1H), 8.30 (dt, J = 8.1, 1.1 Hz, 1H), 7.93 (td, J = 7.8, 1.9 Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 

7.44 (ddd, J = 7.5, 4.7, 1.1 Hz, 1H), 7.09 – 7.03 (m, 2H), 4.88 (s, 2H).13C-NMR (151 MHz, DMSO 

d6, δ, ppm, Figure S12): 170.05, 162.12, 160.14, 155.61, 151.68, 149.81, 143.04, 137.18, 131.08, 

123.69, 123.52, 121.61, 113.62, 113.58, 101.39, 65.64. ESI-MS, m/z, found (calcd) 298.3 (298.1) 

[M+H]+, 320.0 (320.1) [M+Na]+, 335.9 (336.0) [M+K]+. 

2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)acetic acid (HL5). White solid. Yield was 72%. 

Spectral data are consistent with those reported in literature.44 1H-NMR (600 MHz, DMSO 

d6, δ, ppm, Figure S13): 13.22 (s, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.04 (dd, J = 8.7, 2.6 Hz, 1H), 

7.02 (d, J = 2.5 Hz, 1H), 6.29 (q, J = 1.3 Hz, 1H), 4.88 (s, 2H), 2.46 (d, J = 1.2 Hz, 3H). ESI-MS, 

m/z, found (calcd) 232.9 (233.0) [M-H]+, 467.2 (467.1) [2M-H]+. 
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2-((4-methyl-2-oxo-2H-chromen-6-yl)oxy)acetic acid (HL6). Brown solid. Yield was 62%. 

Spectral data are consistent with those reported in literature.44 1H-NMR (600 MHz, DMSO 

d6, δ, ppm, Figure S14): 13.09 (s, 1H), 7.37 – 7.33 (m, 1H), 7.24 (dt, J = 4.5, 2.4 Hz, 2H), 6.41 

(d, J = 1.4 Hz, 1H), 4.79 (s, 2H), 2.42 (d, J = 1.3 Hz, 3H). ESI-MS, m/z, found (calcd) 233.0 

(233.0) [M-H]+, 467.0 (467.1) [2M-H]+. 

Synthesis of sodium 2-((2-oxo-2H-chromen-7-yl)oxy)acetate (NaL1). 

Compound HL1 ( 0.104 mmol) was suspended in 3.0 mL of acetonitrile, then 104 µL of 

NaOH 1.0 M solution ( 0.104 mmol, 1.0 eq) were added to the reaction mixture, that was left 

under stirring at r.t. for 5 hrs. A light brown solid was isolated by filtration, which was 

washed repeatedly with acetonitrile and dried under vacuum. Yield was 56 %. Elemental 

analysis, exp (calc.): C 55.19% (54.16%), H 2.98% (2.91%). FT-IR (KBr), cm-1: 1696 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 

1615 (𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1416 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

Synthesis of Cu (II) - phenanthroline complexes  

[Cu(phen)2(OH2)](ClO4)2 (C0) was prepared as previously described.14,46 

[Cu(phen)2(L1)](ClO4) (D1) was prepared as follows: HL1 (0.46 mmol) was treated with 4.6 

mL of NaOH 0.1 M solution (0.46 mmol, 1.0 eq.) to obtain the correspondent sodium salt. 

The former solution was added to a suspension of C0 (0.46 mmol, 1.0 eq.) in 4.6 mL of 

methanol. The progressive formation of a pale blue precipitate was observed. Reaction 

mixture was left under stirring at room temperature for 24 hours. The desired product was 

recovered by filtration under vacuum, washed with water, ethyl ether and dried. 0.2740 g 

(81%). Elemental analysis, exp (calc.): C 55.85% (56.61%), H 3.03% (3.12%), N 7.47% (7.55%). 
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ESI-MS, m/z, found (calc.): 641.2 (641.1) [Cu(phen)2(L1)]+ (Figure S15). FT-IR (KBr), cm-1: 1728 

(𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 1611 (𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1362 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

[Cu(phen)2(L2)](ClO4) (D2) was prepared as described above starting from 0.22 mmol of 

HL2. The product was obtained as a light green powder 0.1427 g (70%). Elemental analysis, 

exp (calc.): C 58.35% (58.61%), H 3.11% (3.20%), N 8.46% (8.54%). ESI-MS, m/z, found (calc.): 

719.1 (719.1) [Cu(phen)2(L2)]+ (Figure S16). FT-IR (KBr), cm-1: 1716 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 1608 

(𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1402 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

[Cu(phen)2(L3)](ClO4) (D3) was prepared as described above starting from 0.39 mmol of 

HL3. The product was obtained as a light green powder 0.2700 g (93%). Elemental analysis, 

exp (calc.): C 56.40% (56.61%), H 2.98% (3.12%), N 7.40% (7.55%). ESI-MS, m/z, found (calc.): 

641.2 (641.1) [Cu(phen)2(L3)]+ (Figure S17). FT-IR (KBr), cm-1: 1720 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 1612 

(𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1366 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

[Cu(phen)2(L4)](ClO4) (D4) was prepared as described above starting from 0.54 mmol of 

HL4. The product was obtained as an army green powder 0.2814 g (56%). Elemental 

analysis, exp (calc.): C 58.42 % (58.61%), H 3.08% (3.20%), N 8.49% (8.54%). ESI-MS, m/z, 

found (calc.): 719.2 (719.1) [Cu(phen)2(L4)]+ (Figure S18). FT-IR (KBr), cm-1: 1715 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 

1608 (𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1396 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

[Cu(phen)2(L5)](ClO4) (D5) was prepared as described above starting from 0.52 mmol of 

HL5. The product was obtained as a pale blue powder. 0.3517 g (90%). Elemental analysis, 

exp. (calc.): C 57.25 % (57.15%), H 3.13% (3.33%), N 7.29% (7.41%). ESI-MS, m/z, found (calc.): 

656.1 (656.1) [Cu(phen)2(L5)]+ (Figure S19). FT-IR (KBr), cm-1: 1722 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 1612 

(𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1373 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 
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[Cu(phen)2(L6)](ClO4) (D6) was prepared as described above starting from 0.16 mmol of 

HL6. The product was obtained as a pale blue powder. 0.1006 g (83%). Elemental analysis, 

exp. (calc.): C 56.97 % (57.15%), H 3.24% (3.33%), N 7.47% (7.41%). ESI-MS, m/z, found (calc.): 

656.0 (656.1) [Cu(phen)2(L6)]+ (Figure S20). FT-IR (KBr), cm-1: 1714 (𝜐(𝐶𝑂)𝑒𝑠𝑡𝑒𝑟), 1608 

(𝜐(𝑂𝐶𝑂)𝑎𝑠𝑦𝑚), 1401 (𝜐(𝑂𝐶𝑂)𝑠𝑦𝑚). 

Cell culture conditions 

SKOV-3 cells were cultured in in high glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium 

(DMEM) enriched with 10% foetal calf serum (FCS) and 1% of Penicillin/Streptomycin 

sulphate at 37 °C in humidified atmosphere containing 5% of CO2. Stock solutions of the 

studied compounds were prepared in DMSO at 2.0 mM concentration.  

Cell viability assay 

Cells were cultured for 24 hrs on a 96-well plate at a density of 5000 cells per well in medium 

containing the studied compounds at the indicated concentrations. DMSO was used as a 

control. Then, the MTT reagent was added directly to the culture medium for 3 hrs. Then, 

medium including MTT reagent was aspirated, and the cells lysed by addition of 90% 

isopropanol, 0.04 M HCl and 10% Tween-20. Absorbance was recorded at 570 nm by a 

Synergy HTX multi-mode reader (BioTek Instruments, VT, USA). All measurements were 

performed in technical hexaplicates and repeated in three independent experiments. 

Statistical significance between the treatments and the control was evaluated using Graph 

Pad Prism 8 using the Student's  t-test. 

SDS-PAGE and western blotting 
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SKOV-3 Cells were incubated with the studied compounds at 1.0 and 2.0 µM concentrations 

for 24 hrs using DMSO as control. Cells were washed twice with PBS and lysed with SDS 

lysis buffer (100mM TRIS-HCl pH 7.4, 1% SDS, 10% glycerol). Protein content in the cell 

extract was quantified using the Bradford-based BioRad protein Assay Kit. Cell extracts 

were then mixed with 2×Laemmli sample buffer (100 mM Tris pH 6.8, 4% SDS, 200 mM 

DTT, 20% glycerol, and 0.1% bromophenol blue) and boiled for 5 min. An equivalent of 10 

µg proteins was resolved using 10% sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Resolved proteins were then electroblotted onto a 0.45 mm 

polyvinylidene difluoride (PVDF) membrane (Millipore, Czech Republic) and incubated 

with the indicated primary antibodies diluted 1:1000 at 4 °C overnight (Actin cat. no: 

Ab1801, from Abcam, UK; CHOP #2895 and BiP #3177; from Cell Signaling, MA, USA). Blots 

were developed using horseradish peroxidase (HRP)-conjugated anti-rabbit HRP #7074 or 

anti-mouse HRP #7076 (both Cell Signaling, USA) secondary antibodies, diluted 1:7500, and 

ECL plus (GE Healthcare) according to manufacturer’s protocol. Results were visualized 

using a ChemiDoc® Touch Imaging System (Bio-Rad). 

Results and Discussion 

Synthesis 

Target compounds HL1-6 were obtained starting from hydroxylated derivatives 1a-f 

through nucleophilic substitution with ethyl bromoacetate using K2CO3 as base. The former 

ethyl esters 2a-f were then submitted to basic hydrolysis followed by acidification to obtain 

the carboxylic acids HL1-6. The synthetic pathway is reported in Scheme 1.  
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Scheme 1. Reagents and conditions: a) K2CO3, ethyl bromoacetate, acetone rf 24 hrs; b) 5% 

NaOH (aq), methanol, rf 24 hrs, HCl 2.0 N till pH acid. 

The novel mixed mixed coumarin-phenanthroline Cu(II) complexes of general formula 

[Cu(phen)2(Lx)](ClO4) (where x = 1 - 6) have been obtained by reacting the sodium salts of 

derivatives HL1-6 (obtained in-situ) with the precursor [Cu(phen)2(OH2)](ClO4)2 (C0). Their 

stoichiometries have been assessed through UV-Vis (see “Complexes stoichiometries and 

formation constants” section) and ESI-MS measurements. Picking the spectrum of 

[Cu(phen)2(L1)](ClO4) (D1) as example (Figure S15), the most intense peak at m/z 642 is due 

to the ion [Cu(phen)2(L1)]+, derived from ClO4- loss of D1 during the ionization process. The 

nature of the reported ions was further assessed by comparing calculated and experimental 

isotopic patterns (Figure S21) and Tandem Mass experiments (see “Tandem MS” section).  

Both ligands and Cu(II) complexes are stable in the solid state at room temperature. They 

are soluble in DMSO up to 0.1 M concentration level, in CH3CN at 0.02 M, and in the 

H2O:CH3CN mixture (1:1) at 0.01 M. Solubility in water is achieved by preparing the studied 

compounds in DMSO (e.g. 2.0 mM) prior to dilution with distilled water/aqueous buffer 

(they are soluble at 20 µM concentration 99:1 aqueous buffer:DMSO). In this case, sonication 
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or vigorous mixing should be avoided to prevent the formation of emulsions. Stock 

solutions in DMSO and CH3CN are stable at 4 °C up to 6 months, while stock solutions in 

H2O:CH3CN mixture (1:1) could be stored at r.t. for 2 weeks. The complexes stability in 

aqueous medium was evaluated by preparing 6.0 µM solutions in phosphate buffer (0.05 M 

pH 7.4) and following the spectral variation in the 200–450 nm range for 24 hrs by recording 

1 spectrum every 60 minutes. No significant variations in the shape and intensity of the 

spectra were observed for any of the studied complexes. The UV-Vis spectra of D2, recorded 

under this experimental setup, were reported as example in the Supporting (Figure S22). 

Coordination modes 

Since no suitable crystals for structure elucidation were afforded for any of the studied 

complexes, the coordination around the metal ion was proposed by combining different 

experimental (Vis-NIR, FT-IR, Tandem MS) and theoretical results. 

Vis-NIR. Vis-NIR spectra of D1-6 in the region 400 - 1100 nm are reported in Figure S23 and feature 

a maximum in the 664-696 nm range and a shoulder in the 919-938 nm range. In accordance with 

the absorption spectra of variously ternary Cu(II) bis-phenanthroline complexes previously 

characterized,12 a penta-coordinated geometry might be proposed also for the novel 

complexes reported in this study.  

FT-IR. The coordination mode of the carboxylic group of deprotonated HL1-6 ligands (L1-

6, charges are omitted for simplicity) around the metal centre was further investigated by 

means of FT-IR spectroscopy. As commonly known, carboxylate groups can coordinate 

metal ions in different manners (unidentate, chelating, bridging modes). The parameter 

Δ(𝑂𝐶𝑂) = 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂) − 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂) is commonly used to determine the possible 



194 
 

coordination mode adopted by carboxylates upon complexation. Coordination of the 

carboxylate takes place as unidentate mode when  Δ(𝑂𝐶𝑂)𝑐𝑜𝑚𝑝𝑙𝑒𝑥 >  Δ(𝑂𝐶𝑂)𝑙𝑖𝑔𝑎𝑛𝑑, chelating 

when Δ(𝑂𝐶𝑂)𝑐𝑜𝑚𝑝𝑙𝑒𝑥 <  Δ(𝑂𝐶𝑂)𝑙𝑖𝑔𝑎𝑛𝑑, bridging when Δ(𝑂𝐶𝑂)𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ≈  Δ(𝑂𝐶𝑂)𝑙𝑖𝑔𝑎𝑛𝑑.47,48 

The Cu(II) complex D1 and the sodium salt of ligand HL1 (NaL1) were taken as example. 

In the FT-IR spectrum of NaL1 (Figure S24A), asymmetric and symmetric stretching peaks 

of oxygen carboxylate group ( 𝜐𝑎𝑠𝑦𝑚(𝑂𝐶𝑂) and 𝜐𝑠𝑦𝑚(𝑂𝐶𝑂)) fall at 1615 and 1406 cm-1 

respectively, with a Δ(𝑂𝐶𝑂)𝑁𝑎𝐿1 value of 199 cm-1. In the D1 complex (Figure S24B), the 

same bands fall at 1611 and 1362 cm-1 respectively, with a Δ(𝑂𝐶𝑂)𝐷1 of 249 cm-1. Since 

Δ(𝑂𝐶𝑂)𝐷1  >  Δ(𝑂𝐶𝑂)𝑁𝑎𝐿1, we can conclude that the carboxylic group coordinates the metal 

centre in D1 in a monodentate fashion. Considering the structural similarity of the other 

HL2-6 auxiliary ligands and the same stoichiometry determined for D2-6 complexes 

([Cu(phen)2(Lx)](ClO4)), we can extend the same considerations to the remaining Cu(II) 

complexes reported in this work. The signals observed in the FT-IR spectrum of D1 at 1521, 

1429, 851, 724 and 623 cm-1 are due to the phenanthroline moieties (see the FT-IR spectrum 

of C0 in Figure S24C for comparison), while the band centred at around 1100 cm-1 derive 

from the perchlorate anion. The signal observed at 1725 cm-1 corresponds to the stretching 

of the lactonic carbonyl in the 2-H-chromen-2-one backbone.  

Tandem MS. Collision Induced Dissociation (CID) experiments were performed at different 

collision energies (CE, 0-50 V) to have more information about the structure of the 

synthesized complexes. Taking the CID experiments of the D1’s parent ion at 642 m/z 

([Cu(phen)2(L1)]+) as example (Figure 2A), it is possible to observe the loss of a 

phenanthroline unit and the formation of a product ion at 462 m/z ([Cu(phen)(L1)]+, Figure 
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S25A). A gradual decrease in intensity for the peak at m/z 642 is observed as the CE is 

increased, a feature consistent with further fragmentation processes of the related ion. For 

instance, a new peak at m/z 243 ([Cu(phen)]+)  is obtained due to the loss of the L1 moiety as 

radical (Figure S25B), with subsequent reduction of Cu(II) centre, as previously reported.15,49 

This fragmentation scheme is further confirmed by CID experiments of the 462 m/z ion 

(Figure 2B). In addition, minor product ion peaks at intermediate CE (e.g., 15 V Figure S26) 

are observed. For instance, the ion at 418 m/z comes from CO2 loss from the coumarin moiety 

(Figure S27A), while the one at 390 originates from 418 m/z by loss of CO from the 

carboxylate coordinating moiety (Figure S27B). The product ion at 282 m/z derives from the 

loss of another phen unit (Figure S27C), while the signal at 260 m/z arises from transposition 

of an Hα from the auxiliary ligand and subsequent closure of a Cα=Ccarbonyl double bond 

with loss of a neutral ketene (Figure S27D). The same fragmentation patterns were observed 

with the other complexes here reported. 
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Figure 2. Tandem MS fragmentations at different collision energies of the peaks at (A) m/z 

642  ([Cu(phen)2(L1)]+) and (B) 462 ([Cu(phen)(L1)]+). All the mass values are expressed as 

monoisotopic masses, computed as the sum of the masses of the primary isotope of each 

atom in the molecule (note that the monoisotopic mass may differ from the nominal 

molecular mass, especially for big molecules). 

DFT calculations. Geometry optimizations for both the deprotonated HL1-6 ligands (L1-6, 

charges are omitted for simplicity) and [Cu(phen)2(Lx)]+ (x = 1 – 6) complexes were 

performed by means of the computational setup used for [Cu(phen)2(OH2)]2+ (whose 

coordinates were taken from C0 crystal structure), as previously discussed.15 In addition, 

geometry optimization of L1 was performed starting from the X-Ray crystal structure of 

dimethylammonium 2-[(2-oxo-2H-chromen-7-yl)oxy]acetate previously reported,50 

showing a good agreement between experimental and calculated structural parameters 
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(Table S1). Structures of the DFT-optimized geometries of L1-6 are shown in Figure S28. 

Selected bond lengths, angles and dihedrals calculated for L2–L6 are reported in Tables S2–

S6. From visual inspection of ligands frontier molecular orbitals (Figure S29) it is possible 

to observe that HOMOs are mainly centred on the carboxylate moiety, thus supporting the 

hypothesis that these compounds can coordinate a metal ion using this functional group. 

This assumption finds further confirmation by observing the calculated atomic charges 

(Tables S7-8). Energies of ligands frontier orbitals are reported in Table S9. Geometry 

optimization of the [Cu(phen)2(Lx)]+ complexes (Figure 3) suggest a pentacoordinate 

geometry closer to a square pyramidal than a trigonal bipyramidal, as indicated by the 

values of “tau” geometrical parameter (𝜏 = (𝛽 − 𝛼)/(60°)) reported in Table S16. The 

adoption of such geometry is also evident at bond lengths level: taking the structural 

parameters of [Cu(phen)2(L1)]+ (Table S10) as example, it is possible to observe that the 

elongation of Cu-N2 (2.285 Å) is accompanied by shortening of Cu-N1, Cu-N3, Cu-N4 and 

Cu-O1 (2.045, 2.030, 2.087 and 1.986 Å respectively). These results agree with the 

experimental metrics of several mono and binuclear Cu(II) bis-phenanthroline complexes 

coordinated by carboxylate functional groups.51–54 Selected bonds, angles, and dihedrals of 

[Cu(phen)2(Ly)]+ (y: 2 - 6) are reported in Tables S11-S15. Analysis of atomic charges (NPA 

level, Tables S17-18) show on copper ions a significant lower atomic charge (1.39) compared 

with its formal charge +2, while on N1-4 and O1 atoms high negative calculated charges 

were evidenced. This trend might be indicative of a Ligand to Metal Charge Transfer 

(LMCT), as observed by comparing β-SOMOs, mainly centred on the coumarin-based 
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moiety, and β-LUMOs, distributed among the metal centre and one of the phenanthrolines 

(Figure S30-32). Energies (in eV) of complexes frontier orbitals are reported in Table S19. 

 

Figure 3. Molecular drawings and atom labelling scheme for [Cu(phen)2(L1)]+ (A), 

[Cu(phen)2(L2)]+ (B), [Cu(phen)2(L3)]+ (C), [Cu(phen)2(L4)]+ (D), [Cu(phen)2(L5)]+ (E), 

[Cu(phen)2(L6)]+ (F) at the DFT-optimized geometries (gas phase). 

Complexes stoichiometries and formation constants 

The method of continuous variations (Job’s method) was employed with the aim of 

assessing the number and stoichiometry of the complexes formed between C0 and the 

deprotonated ligands HL1-6. At the chosen experimental conditions, the studied ligands 

will predominantly exist as monoanionic species due to the loss of their carboxylic proton.   

In each case, formation of only one complex with 1:1 molar ratio (𝜒L = 0.5) was evidenced. 

No binuclear complexes were evinced with deprotonated HL2 and HL4, were the nitrogen 

3-pyridinyl and coumarin carbonyl could represent a potential chelating site, as previously 
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observed in different systems.40,55 In Figure 4A, spectra collected varying the ligand molar 

ratio from 0 to 10 for the system C0 - deprotonated HL2 is reported as example. Absorbance 

data at 344 nm and 292 nm, corrected for the contribution of absorbing reactants, clearly 

indicate the formation of a 1:1 molar ratio mixed complex (Figure 4B). In Figure S33, 

uncorrected absorption data at the same wavelengths are reported.  

 

Figure 4. Absorption spectra collected varying the ligand molar fraction from 0 to 1 for the 

system between C0 (4.37·10-5 M) and HL2 (4.37·10-5 M) in PB 0.05 M, pH 7.4, 25 °C, 1 cm 

optical path length (A). Job's plot of C0 and HL2 (B) at 292 nm (red dots) and 344 nm (black 

squares). 

The indication of a mononuclear mixed complex was further assessed by 

spectrophotometric titrations. By adding increasing amounts of the ligands, a decrease in 

intensity of C0 band at 270 nm was observed, along with the formation of a new band in the 

range 320-340 nm and of an isosbestic point around 300 nm, indicating the presence of at 

least one equilibrium in solution. From eigenvalue analysis of the spectrophotometric data 

in the 225–400 nm range, three significant eigenvalues were found, indicating three linearly 

independent absorbing species in solution. By fitting the experimental data considering the 

species [Cu(phen)2]2+free, [Cu(phen)2L]+, and [L]-free,exc  the complex formation constants were 
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calculated (Table 1). Selected spectra recorded during the titrations are reported in Figure 

S34.  

Table 1. Complex formation constants and calculated spectral properties for the studied 

complexes ( 25 °C, PB 0.05 M, pH 7.4). The standard deviation to the last significant figure 

is reported in parentheses. 

Species Logβ Absorption maxima 

(nm) 

Calculated extinction 

coefficients (104 M-1cm-1) 

[Cu(phen)2(L1)]+ 5.03(2) 272, 321 (sh) 5.11, 1.72 

[Cu(phen)2(L2)]+ 5.1(1) 272, 344 5.23, 2.44 

[Cu(phen)2(L3)]+ 4.3(1) 272, 321 (sh) 5.70, 0.75 

[Cu(phen)2(L4)]+ 4.7(1) 272, 344 5.82, 0.60 

[Cu(phen)2(L5)]+ 5.85(7) 271, 318 (sh) 5.65, 1.36 

[Cu(phen)2(L6)]+ 6.0 (1) 272, 322 (sh) 6.36, 0.61 

 

Electrochemical behaviour of Cu(II) complexes 

The electrochemical behaviour of the redox active compounds D1-6 and C0 were evaluated 

by means of Cyclic Voltammetry (CV). By examining the electrochemical results (Table 

S20), derived from the cyclic voltammograms (Figure S35) it is possible to assess how the 

studied compounds exhibit a quasi-reversible one electron transfer involving the 

Cu(II)/Cu(I) couple, as evidenced by the ratios between cathodic and anodic current 

intensities (𝐼𝑝𝑐/𝐼𝑝𝑎) in the 0.8 – 0.9 range (𝐼𝑝𝑐/𝐼𝑝𝑎 ideally should be 1 for complete 

reversibility), and the peak separation (Δ𝐸) values between -51.62 and -77.68 mV (ideally 

should be -59.1 mV for a single electron transfer).  

Taking D1 as example, the relationship between the current intensity and the square root of 

the scan rate was evaluated by acquiring the cyclic voltammograms of the studied 

compound at different scan rates. Results reported in Figure S36 show a linear relationship 
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between the two variables, thus supporting how the electron transfer process is diffusion 

controlled.56 

DNA interaction studies 

Interaction with ct-DNA 

The affinity of the studied compounds towards ct-DNA was assessed through Electronic 

Absorption Spectroscopy. Selected spectra of HL1-6 in presence of increasing amounts of 

ct-DNA are reported in Figure S37, while the analogous spectra regarding C0 and D1-D6 

complexes are shown in Figure S38. As evident, a general increase in absorbance is observed 

in the 240-285 nm region for all compounds.  In some of cases (e.g., HL1 and D2) a decrease 

(moderate to low, according to the compound considered) in absorbance in the 305-400 nm 

region with the appearance of an isosbestic point in the 295-303 nm  region is evidenced. 

The intrinsic binding constants between the studied compounds and ct-DNA were 

calculated from absorbance data applying the Equation (1), as explained in the Experimental. 

Results are summarized in Table 2. The order of magnitude of these binding constants, 

along with the changes in the absorption profile during the titration, are indicative of the 

interaction mode with this biological target.27 Absorption spectra of small molecules that 

intercalate DNA generally show hypochromism and bathochromic shift. In particular, DNA 

intercalators show % of Hypochromism > 35%, batochromic shift > 15 nm and high 

association constants (> 105 M-1).57,58 Compounds that act as groove binders and/or interact 

through electrostatic interaction generally results in hyperchromism and show lower 

binding constants. Based on these findings, we can conclude that the studied compounds 

will target ct-DNA predominantly through electrostatic interactions and groove binding. 
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The possibility of a partial intercalative mode for those compounds that showed some 

hypochromic effect  in the 305-400 nm (HL1, D1, HL2, D2, HL4, D4, HL5) can be ruled out 

since the % of Hypochromism, calculated at  λmax, considering an excess of ct-DNA (R = 

[DNA]/[compound] = 4) appears to be quite low (from 2 to 14 %, Table 2). 

Table 2. DNA-binding constants (Kb) for the studied compounds and % Hypochromism (at 

λmax, for R = [DNA]/[compound] = 4) for selected ones (25 °C, TRIS-HCl buffer, pH 7.1).  

Species Kb (M-1) % Hypochromism (λmax, nm)* 

C0 8.18∙103 - 

HL1 2.29∙104 13.2 (324) 

D1 1.57∙103 8.4 (324) 

HL2 1.86∙104 14.1 (344) 

D2 3.30∙104 9.7 (364) 

HL3 3.75∙104 - 

D3 2.65∙104 - 

HL4 6.97∙103 11.9 (354) 

D4 2.05∙104 2.0 (355) 

HL5 3.57∙104 10.7 (319) 

D5 1.77∙103 3.7 (322) 

HL6 3.42∙103 - 

D6 2.12∙104 - 
*calculated as (𝐴𝑓 − 𝐴𝑏/𝐴𝑓) ∙ 100, 𝐴𝑓 and 𝐴𝑏 are the absorbance in absence and presence of ct-DNA 

respectively. 

Interaction with genomic DNA 

Interaction of redox-active C0 and D1-6 complexes with genomic DNA was evaluated by 

means of Differential Pulse Voltammetry (DPV). Results are shown in Figure S39. As can 

be seen, by adding increasing amounts of genomic DNA, a decrease in current intensity 

along with a slight shift towards lower potentials are observed. This feature, indicative of 

an interaction between the biomolecule and the studied compounds, is further confirmed 

from a quantitative point of view by calculating the E1/2 values in absence and presence of 

increasing amounts of genomic DNA (Tables S21-27). In addition, this shifts suggest that 
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both Cu(I) and Cu(II) forms of the studied complexes could interact with human DNA, but 

the Cu(II) form will display higher affinity rather than the Cu(I).  This is further assessed on 

a quantitative basis by calculating the ratio of the K+/K2+ using the Equation (2) reported in 

the Experimental Section. As can be seen from results in Tables S21-27, a K+/K2+ ratio lower 

than 1 is observed for each studied compound by increasing DNA amounts, which is 

indicative of a higher stability of the reported complexes in their oxidized form upon 

interaction with this biological target. 

Molecular docking 

Docking simulations were performed to better clarify the binding mechanism between 

deprotonated HL1-6 (L1-6, charges re omitted for simplicity), [Cu(phen)2(Lx)]+ and BDNA. 

As regards the ligands, they interact at the minor groove of the DNA double helix (Figure 

S40), in agreement with the experimental results from UV-Vis spectroscopy. Compounds 

L1, L2 and L5 possess a similar not-covalent interactions profile: they form a hydrogen bond 

with G10 base using their lactonic oxygen atoms (Figure S41) . On the contrary, a different 

hydrogen bonding profile is observed for L4 and L6 with respect to L3, where the oxylacetic 

group is in the 6th position: the introduction of substituents in the coumarinic structure (a 

pyridyl ring in L4, a methyl in L6) induces a 180° twist in the conformation orientation 

(compared to L3), determining a different hydrogen bonding profile (Figure S42). 

As regards the complexes, all of them are positioned in proximity of one of the minor 

grooves (Figure 5), in agreement with the experimental findings from UV-Vis. As expected, 

the bulky [Cu(phen)2] moiety is in proximity of the phosphate backbone, thus supporting 

the possibility of establishing electrostatic interactions, while the interactions with DNA 
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base pairs are guaranteed by the auxiliary ligands for (the coumarin-based molecules for 

[Cu(phen)2(Lx)]+ species,  the water molecule for [Cu(phen)2(OH2)]2+). The hydrogen 

bonding profile for the studied complexes are shown in Figure S43.  

 

Figure 5. Full view of the complex between the highest-ranking score of  [Cu(phen)2(Lx)]+ 

(x = 1 – 6) and BDNA (A-F). Full view of the complex between the highest-ranking score of  

[Cu(phen)2(OH2)]2+ and BDNA (G). 

Cytotoxicity 

The anticancer potency in-vitro of the studied compounds was evaluated on ovarian (SKOV-

3) cancer cells by means of the MTT assay. Results, expressed as IC50 values (concentration 

of drug able to induce cell death by 50%), are summarized in Table 3. As observed, the 

heteroleptic Cu(II) complexes D1-6 shows anticancer activity in the micromolar 

concentration range, while the corresponding coumarin-based oxylacetatic acids are devoid 

of any activity in the concentration range explored. These results confirm the importance of 

the metal complex structure in exerting the anticancer potency and are not attributable to 

the only Cu2+ ion, as previously demonstrated.14  Although there are not such big differences 

in terms of IC50 values, compounds D2 and D5 (differently substituted in the 3rd and 4th 

positions, both bearing an oxylacetate in the 7th position) seems to be the most promising 
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compounds of the series. Viability % of the D1-6 compounds (from MTT data) at different 

treatments were reported in Figure S44. 

Table 3. Anticancer potency of the studied compounds reported as IC50 values from MTT 

data after 24 hrs treatment. Results were obtained from technical hexaplicates in 3 

independent experiments. 

Compound IC50 ± SD (µM) 

D1 3.0 ± 0.6 

D2 2.1 ± 0.1 

D3 2.6 ± 0.2 

D4 5 ± 2 

D5 2.0 ± 0.7 

D6 3.4 ± 0.3 

HL1-6 >5.0 

 

Mechanistic studies 

Considering the ability of similar mixed Cu(II) bis-phenanthroline complexes in inducing 

the pro-apoptotic branch of UPR,11,14,15 we deemed interesting to evaluate the role of the 

studied compounds in alteration of ER homeostasis. For this purpose, we chose the most 

promising compounds of the series (D2 and D5) and included D1 and C0 for structural 

comparisons. From Western Blots results (Figure S45) it is possible to observe how the novel 

compounds D1, D2 and D5 induce a decrease of the ER chaperone BiP levels and an increase 

of the pro-apoptotic transcription factor CHOP, in agreement with  results reported on 

similar systems.14,15 It is interesting to point out how the entity of these variations are dose-

dependent and more pronounced on the novel compounds compared to C0. In particular, 

the presence of a methyl group in the 4th position of the coumarinic backbone (as in D5) 

seems to heavily influence the expression level of these markers even at sub-lethal 



206 
 

concentration level (1.0 µM), as evidenced on a quantitative basis from the relative densities 

reported in Figure 6. 

 

Figure 6. Relative densities for BiP and CHOP calculated from immunoblotting results on 

SKOV-3 cells. 

Conclusions 

By reacting the anticancer anticancer compound [Cu(phen)2(OH2)](ClO4)2 (C0) with a series 

of coumarin-based oxylacetic acids (HL1-6), a panel of novel heteroleptic Cu(II) complexes 

having general formula [Cu(phen)2(Lx)](ClO4) (D1-6) has been obtained. The structure of 

these compounds has been assessed by merging results coming from different spectroscopic 

and computational techniques.  

Interestingly, these compounds show high anticancer potency (at micromolar level)  in 

ovarian (SKOV-3) cancer cells, as observed from MTT assay results. According to 

mechanistic studies, these compounds induce cell death activating the pro-apoptotic branch 

of the UPR.  
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Studies on both calf thymus and human DNA have evidenced how these complexes can 

interact with this biological target. Using ct-DNA as study model, we pointed out how these 

complexes and the related coumarin-based ligands interact with this biomolecule through 

electrostatic interactions and groove binding, as evidenced by combining the results coming 

from spectroscopic (UV-Vis) and computational (molecular docking) techniques.  

The cross-disciplinarity (chemistry, biochemistry, molecular biology, medicine) of this 

study and the results achieved in this study could be extremely useful in the design and 

synthesis of novel potential anticancer metal-based drugs that could target alternative 

pathways than currently approved Pt(II)-based chemotherapeutics. 
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Figure S1. 1H-NMR of 2a, Ethyl 2-((2-oxo-2H-chromen-7-yl)oxy)acetate (600  MHz,  CDCl3). 

 

Figure S2. 1H-NMR of 2b, Ethyl 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-7-yl)oxy)acetate 

(500  MHz,  DMSO d6). 
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Figure S3. 1H-NMR of 2c, Ethyl 2-((2-oxo-2H-chromen-6-yl)oxy)acetate (600  MHz,  CDCl3). 

  

Figure S4. 1H-NMR of 2d, Ethyl 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-6-yl)oxy)acetate 

(600  MHz,  CDCl3). 
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Figure S5. 1H-NMR of 2e, Ethyl 2-(4-methyl-2-oxo-2H-chromen-7-yl)oxy)acetate (600  MHz,  

CDCl3). 

 

Figure S6. 1H-NMR of 2f, Ethyl 2-(4-methyl-2-oxo-2H-chromen-6-yl)oxy)acetate (600  MHz,  

CDCl3). 
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Figure S7. 1H-NMR of HL1, 2-((2-oxo-2H-chromen-7-yl)oxy)acetic acid (600  MHz,  DMSO 

d6). 

 

Figure S8. 1H-NMR of HL2, 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-7-yl)oxy)acetic acid (600  

MHz,  DMSO d6). 
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Figure S9. 13C-NMR of HL2, 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-7-yl)oxy)acetic acid (151  

MHz,  DMSO d6). 

 

Figure S10. 1H-NMR of HL3, 2-((2-oxo-2H-chromen-6-yl)oxy)acetic acid (600  MHz,  DMSO 

d6). 
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Figure S11. 1H-NMR of HL4, 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-6-yl)oxy)acetic acid 

(600  MHz,  DMSO d6). 

 

Figure S12. 13C-NMR of HL4, 2-((2-oxo-3-(pyridin-2-yl)-2H-chromen-6-yl)oxy)acetic acid 

(151  MHz,  DMSO d6). 
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Figure S13. 1H-NMR of HL5, 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)acetic acid (600  

MHz,  DMSO d6). 

 

Figure S14. 1H-NMR of HL5, 2-((4-methyl-2-oxo-2H-chromen-6-yl)oxy)acetic acid (600  

MHz,  DMSO d6). 
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Figure S15. ESI mass spectrum of D1, [Cu(phen)2(L1)](ClO4). 

 

Figure S16. ESI mass spectrum of D2, [Cu(phen)2(L2)](ClO4). 
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Figure S17. ESI mass spectrum of D3, [Cu(phen)2(L3)](ClO4). 

 

Figure S18. ESI mass spectrum of D4, [Cu(phen)2(L4)](ClO4). 
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Figure S19. ESI mass spectrum of D5, [Cu(phen)2(L5)](ClO4). 

 

Figure S20. ESI mass spectrum of D6, [Cu(phen)2(L6)](ClO4). 
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Figure S21. Experimental (blue line) and calculated (red line) isotopic patterns of m/z (A) 

642 [Cu(phen)2(L1)]+, (B) 719 [Cu(phen)2(L2)]+, (C) 642 [Cu(phen)2(L3)]+ (D) 642 

[Cu(phen)2(L4)]+, (E) 656 [Cu(phen)2(L5)]+, (F) 656 [Cu(phen)2(L6)]+. 
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Figure S22. UV-Vis spectra of D2 (6.00∙10-6 M), in the 200-450 nm range, recorded in 24 hrs. 

Each spectrum was acquired every 60 minutes, PB 0.05 M, pH 7.4, 25°C, 1 cm optical path 

length. 

 

 

 

Figure S23. Vis-NIR spectra of (A) D1 (7.14∙10-3 M), (B) D2 (5.93∙10-3 M), (C) D3 (7.00∙10-3 M), 

(D) D4 (6.19∙10-3 M), (E) D5 (6.40 10-3 M), (F) D6 (6.05∙10-3 M), CH3CN:H2O (1:1), 25 °C, 1 cm 

optical path length.  
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Figure S24. FT-IR spectrum of NaL1 (A), D1 (B) and C0 (C). 
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A) 

 

B) 

 

Figure S25. proposed fragmentation patterns for product ions at 462 (A), 243 (B) m/z 

generated from 642 m/z under CID conditions. All the mass values are expressed as 

monoisotopic masses. 
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Figure S26. CID experiment on the peak at 462 m/z (CE 15 V, Ar 1.8 psi). 

 

A) 

 

B) 
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C) 

 

D) 

 

Figure S27. proposed fragmentation patterns for product ions at 418 (A), 390 (B), 282 (C), 

260 (D) m/z generated from 462 m/z under CID conditions. All the mass values are expressed 

as monoisotopic masses. 

                               



229 
 

 

                     

 

Figure S28. Molecular drawings and atom labelling scheme for L1 (A), L2 (B), L3 (C), L4 

(D), L5 (E), L6 (F) at the DFT-optimized geometries (gas phase). 

 

Figure S29. Gas-phase frontier Molecular Orbitals plots (contour value: 0.1) for L1 (A), L2 

(B), L3 (C), L4 (D), L5 (E), L6 (F) at the DFT-optimized geometries (gas phase). 

 



230 
 

 

Figure S30. Gas-phase frontier Molecular Orbitals plots (contour value: 0.1) of 

[Cu(phen)2(L1)]+ (A) and [Cu(phen)2(L2)]+ (B). 
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Figure S31. Gas-phase frontier Molecular Orbitals plots (contour value: 0.1) of 

[Cu(phen)2(L3)]+ (A) and [Cu(phen)2(L4)]+ (B).  
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Figure S32. Gas-phase frontier Molecular Orbitals plots (contour value: 0.1) of 

[Cu(phen)2(L5)]+ (A) and [Cu(phen)2(L6)]+ (B).  

 

 

 

Figure S33. Job’s plot for the system C0 – deprotonated HL2. Uncorrected (left) and 

corrected (right) absorbances measured at different ligand:metal molar ratio at 292 and 344 

nm (concentration of C0 = HL2 = 4.37·10-5 M, 0.05 M PB, 25°C, 1 cm optical path length). 
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Figure S34. Selected spectra collected during the spectrophotometric titration of C0 with (A) 

HL1 (C0 5.368·10-5mmoles, HL1 6.177·10-5 M), (B) HL2 (C0 5.304·10-5mmoles, HL2 6.325·10-5 

M), (C) HL3 (C0 4.680·10-5mmoles, HL3 5.450·10-5 M), (D) HL4 (C0 5.462·10-5mmoles, HL4 

5.046·10-5 M), (E) HL5 (C0 5.368·10-5mmoles, HL5 6.490·10-5M), (F) HL6 (C0 5.304·10-5mmoles, 

HL4 6.405·10-5M) ; PB 0.05 M, pH 7.4,  25 °C, 1 cm optical path length. 
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Figure S35. Cyclic voltammograms of (A) D1, (B) D2, (C) D3, (D) D4, (E) D5, (F) D6, (G) C0 

at 2.00 10-5 M, TRIS-HCl buffer (TRIS-HCl 0.05 M, NaCl 0.05 M), pH 7.1, 25 °C, Scan Rate 

500 mV/s.  

 

Figure S36. Plot of the dependency of anodic peak current against the square root of the 

scan rate for compound D1 (the cyclic voltammograms at different scan rate of D1 are 

shown as insert). Linear regression results: Y =  0.277x − 1.764, R =  0.99251. D1 2.00∙10-5 

M, TRIS-HCl buffer (TRIS-HCl 0.05 M, NaCl 0.05 M), pH 7.1, t 25 °C.  
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Figure S37. Selected spectra collected during the spectrophotometric titration of (A) HL1 

1.235·10-5 M, (B), HL2 1.208·10-5 M, (C), HL3 1.042·10-5 M, (D), HL4 1.216·10-5 M, (E) HL5 

9.780·10-6 M, (F) HL6 1.121·10-5 M with ct-DNA 2.270·10-4 M; TRIS-HCl buffer (TRIS-HCl 0.05 

M, NaCl 0.05 M), pH 7.1, 25 °C, 1 cm optical path length.  
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Figure S38. Selected spectra collected during the spectrophotometric titration of (A) D1 

1.144·10-5 M, (B), D2 1.031·10-5 M, (C), D3 1.105·10-5 M, (D), D4 1.213·10-5 M, (E) D5 1.002·10-

5 M, (F) D6 1.244·10-5 M, (G) C0 1.061·10-5 M with ct-DNA 2.270·10-4 M; TRIS-HCl buffer 

(TRIS-HCl 0.05 M, NaCl 0.05 M), pH 7.1, 25 °C, 1 cm optical path length.  
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Figure S39. Differential Pulse Voltammograms recorded upon incremental addition of 

genomic DNA to D1-6 and C0 compounds. (A) D1 2.00∙10-5 M, genomic DNA 4428.1 ng/µL, 

(B) D2 2.00∙10-5 M, genomic DNA 3130.8 ng/µL, (C) D3 2.00∙10-5 M, genomic DNA 4428.1 

ng/µL, (D) D4 2.00∙10-5 M, genomic DNA 3340.3 ng/µL, (E) D5 2.00∙10-5 M, genomic DNA 

4428.1 ng/µL, (F) D1 2.00∙10-5 M, genomic DNA 3340.3 ng/µL, (G) C0 2.00∙10-5 M, genomic 

DNA 3340.3 ng/µL; TRIS-HCl buffer (TRIS-HCl 0.05 M, NaCl 0.05 M), pH 7.1, 25 °C, start 

potential 500 mV, end potential -300 mV, step potential 5 mV, pulse amplitude 25 mV. 
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Figure S40. Full view of the complex between the highest-ranking score of  deprotonated 

HL1-6 (L1-6, charges are omitted for simplicity) and BDNA. 

 

Figure S41. Hydrogen bonding profile between the highest-ranking score of L1 (A), L2 (B), 

L5 (C) and BDNA. 

 

 

Figure S42. Hydrogen bonding profile between the highest-ranking score of L3 (A), L4 (B), 

L6 (C) and BDNA. 
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Figure S43. Hydrogen bonding profile between the highest-ranking score of 

[Cu(phen)2(L1)]+ (A), [Cu(phen)2(L2)]+ (B), [Cu(phen)2(L3)]+ (C), [Cu(phen)2(L4)]+ (D), 

[Cu(phen)2(L5)]+ (E), [Cu(phen)2(L6)]+ (F), [Cu(phen)2(OH2)]2+ (g) and BDNA. 
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Figure S44. Viability (% compared to the control) of SKOV-3 cells after 24 hrs, in presence 

of D1-6 at different concentrations or DMSO (control), determined by means of MTT assay. 

Results are expressed as Mean ± SEM from 3 independent experiments done in technical 

hexaplicates. Asterisks indicate statistical significance (with respect to the control) at p < 0.05 

(*), p < 0.01 (**), p < 0.001 (***). 
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Figure S45. Protein expression of BiP and CHOP in SKOV-3 cells treated for 24 hrs with C0, 

D1, D2 and D5 at sub-lethal (1.0 μM) and lethal concentrations (2.0 μM). β-Actin was used 

as a control of equal loading. 

 

Table S1. Selected optimized bond distances (Å) and angles (°) for DFT-optimized structure 

of L1 (gas phase) and corresponding X-Ray structural parameters. Atom labelling scheme 

as in Figure S27. 

 

L1 

 Structural parameters DFT-optimized 

C1-O1 1.378 1.376 

O1-C8 1.378 1.359 

C1-O2 1.210 1.206 

C6-O3 1.361 1.322 

O3-C10 1.429 1.430 

C11-O4 1.238 1.238 

C11-O5 1.249 1.242 

O1-C1-C2 117.12 116.38 

C8-O1-C1 122.27 123.40 

C6-O3-C10 117.88 119.56 

C10-C11-O4 119.36 116.70 

C10-C11-O5 113.51 111.44 

O4-C11-O5 127.03 131.86 

C8-O1-C1-C2 3.45 0.98 

O3-C10-C11-O4 18.65 1.23 

O3-C10-C11-O5 -164.68 -178.76 

 

Table S2. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of L2 (gas phase). Atom labelling scheme as in Figure S27. 

L2 

C8-O1 1.353 C6-C5-N1 115.87 

O1-C7 1.373 C7-C6-C5 121.74 

C7-O2 1.207 C5-N1-C1 119.21 

C7-C6 1.456 O1-C7-C6 116.80 

C6-C5 1.473 C15-C16-O4 116.61 
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C5-N1 1.342 C15-C16-O5 111.37 

N1-C1 1.321 O4-C16-O5 132.02 

C13-O3 1.319 C7-C6-C5-N1 175.44 

O3-C15 1.430 C8-O1-C7-O2 -178.76 

C16-O4 1.238 C13-O3-C15-C16 68.61 

C16-O5 1.241 O3-C15-C16-O4 2.36 

C8-O1-C7 124.49 O3-C15-C16-O5 -177.86 

 

Table S3. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of L3 (gas phase). Atom labelling scheme as in Figure S27. 

L3 

C1-O1 1.364 C5-O3-C10 119.15 

O1-C8 1.366 C10-C11-O4 118.04 

C1-O2 1.206 C10-C11-O5 110.38 

C5-O3 1.326 O4-C11-O5 131.59 

O3-C10 1.431 C8-O1-C1-C2 0.06 

C11-O4 1.235 O3-C10-C11-O4 0.63 

C11-O5 1.245 O3-C10-C11-O5 -179.41 

C8-O1-C1 122.78   

 

Table S4. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of L4 (gas phase). Atom labelling scheme as in Figure S27. 

L4 

C8-O1 1.360 C6-C5-N1 115.47 

O1-C7 1.362 C7-C6-C5 121.49 

C7-O2 1.208 C5-N1-C1 119.24 

C7-C6 1.465 O1-C7-C6 116.77 

C6-C5 1.480 C15-C16-O4 118.04 

C5-N1 1.340 C15-C16-O5 110.31 

N1-C1 1.321 O4-C16-O5 131.64 

C12-O3 1.326 C7-C6-C5-N1 -178.21 

O3-C15 1.432 C8-O1-C7-O2 -179.68 

C16-O4 1.235 C12-O3-C15-C16 -179.48 

C16-O5 1.245 O3-C15-C16-O4 -0.60 

C8-O1-C7 124.01 O3-C15-C16-O5 179.44 
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Table S5. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of L5 (gas phase). Atom labelling scheme as in Figure S27. 

L5 

C1-O1 1.371 C7-O3-C11 119.50 

O1-C9 1.356 C11-C12-O4 116.74 

C1-O2 1.206 C11-C12-O5 111.44 

C7-O3 1.322 O4-C12-O5 131.81 

O3-C11 1.430 C9-O1-C1-C2 1.14 

C12-O4 1.238 O3-C11-C12-O4 -1.04 

C12-O5 1.242 O3-C110-C12-O5 178.90 

C9-O1-C1 122.86   

 

Table S6. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of L6 (gas phase). Atom labelling scheme as in Figure S27. 

L6 

C1-O1 1.363 C6-O3-C11 119.14 

O1-C9 1.347 C11-C12-O4 118.03 

C1-O2 1.207 C11-C12-O5 110.42 

C6-O3 1.327 O4-C12-O5 131.55 

O3-C11 1.431 C9-O1-C1-C2 0.02 

C12-O4 1.235 O3-C11-C12-O4 0.71 

C12-O5 1.246 O3-C110-C12-O5 -179.34 

C9-O1-C1 122.23   

 

Table S7. Selected atomic charges, calculated at NPA level of L1, L3 and L5. Atomic 

scheme as in Figure 27. 

L1 L3 L5 

 charges  charges  charges 

O1 -0.428 O1 -0.576 O1 -0.427 

O2 -0.579 O2 -0.724 O2 -0.582 

O3 -0.429 O3 -0.421 O3 -0.431 

O4 -0.728 O4 -0.724 O4 -0.729 

O5 -0.742 O5 -0.757 O5 -0.743 
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Table S8. Selected atomic charges, calculated at NPA level, of L2, L4 and L6. Atomic 

scheme as in Figure S27. 

L2 L4 L6 

 charges  charges  charges 

O1 -0.423 O1 -0.422 O1 -0.427 

O2 -0.591 O2 -0.592 O2 -0.581 

O3 -0.423 O3 -0.419 O3 -0.422 

O4 -0.726 O4 -0.723 O4 -0.725 

O5 -0.738 O5 -0.757 O5 -0.757 

N1 -0.436 N1 -0.425   

 

Table S9. Energy values (eV) of the frontier Molecular Orbitals of  L1-6 in gas phase at the 

DFT level (PBE0, def-2 TZVP). 

compound HOMO LUMO 

L1 -2.22 1.02 

L2 -2.36 0.41 

L3 -2.11 0.34 

L4 -2.13 -0.17 

L5 -2.18 1.08 

L6 -2.11 0.47 

 

Table S10. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L1)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L1)]+ 

Cu-N1 2.045 N3-Cu-O4 90.76 

Cu-N2 2.285 N4-Cu-O4 160.08 

Cu-N3 2.030 N1-Cu-N2 77.41 

Cu-N4 2.087 N1-Cu-N3 176.12 

Cu-O4 1.986 N1-Cu-N4 95.79 

O4-C25 1.282 N1-Cu-O4-C25 -84.24 

C25- O5 1.229 N1-Cu-N3-C13 -172.01 

Cu-O4-C25 100.92 N1-Cu-N3-C24 10.36 

Cu-N1-C1 123.63 N2-Cu-N3-C13 -82.31 

Cu-N1-C12 116.68 N1-Cu-N3-C24 99.53 

Cu-N2-C10 132.01 N3-Cu-N1-C1 -90.78 
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Cu-N2-C11 109.25 N3-Cu-N1-C12 92.08 

Cu-N3-C13 126.95 N3-Cu-N2-C11 -178.12 

Cu-N3-C24 113.66 N3-Cu-N2-C10 4.87 

Cu-N4-C22 129.76 N4-Cu-N2-C11 -96.02 

Cu-N4-C23 111.62 N4-Cu-N2-C10 86.97 

N1-Cu-O4 93.06 Cu-O4-C25-O5 1.27 

N2-Cu-O4 100.12   

 

Table S11. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L2)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L2)]+ 

Cu-N1 2.043 N3-Cu-O4 90.57 

Cu-N2 2.283 N4-Cu-O4 159.62 

Cu-N3 2.029 N1-Cu-N2 77.47 

Cu-N4 2.089 N1-Cu-N3 175.91 

Cu-O4 1.991 N1-Cu-N4 95.58 

O4-C25 1.281 N1-Cu-O4-C25 -83.87 

C25- O5 1.223 N1-Cu-N3-C13 -175.22 

Cu-O4-C25 100.46 N1-Cu-N3-C24 7.33 

Cu-N1-C1 123.68 N2-Cu-N3-C13 -82.09 

Cu-N1-C12 116.67 N1-Cu-N3-C24 100.46 

Cu-N2-C10 132.03 N3-Cu-N1-C1 -86.68 

Cu-N2-C11 109.24 N3-Cu-N1-C12 95.71 

Cu-N3-C13 126.89 N3-Cu-N2-C11 -177.46 

Cu-N3-C24 113.70 N3-Cu-N2-C10 5.20 

Cu-N4-C22 129.77 N4-Cu-N2-C11 -95.40 

Cu-N4-C23 111.57 N4-Cu-N2-C10 87.44 

N1-Cu-O4 93.40 Cu-O4-C25-O5 0.59 

N2-Cu-O4 99.93   

 

Table S12. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L3)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L3)]+ 

Cu-N1 2.045 N3-Cu-O4 90.22 

Cu-N2 2.286 N4-Cu-O4 161.64 

Cu-N3 2.032 N1-Cu-N2 77.40 

Cu-N4 2.080 N1-Cu-N3 177.00 

Cu-O4 1.964 N1-Cu-N4 96.65 
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O4-C25 1.276 N1-Cu-O4-C25 -84.90 

C25- O5 1.234 N1-Cu-N3-C13 165.29 

Cu-O4-C25 103.00 N1-Cu-N3-C24 -12.46 

Cu-N1-C1 123.57 N2-Cu-N3-C13 -82.98 

Cu-N1-C12 116.59 N1-Cu-N3-C24 -99.27 

Cu-N2-C10 132.00 N3-Cu-N1-C1 -68.48 

Cu-N2-C11 109.11 N3-Cu-N1-C12 116.72 

Cu-N3-C13 127.01 N3-Cu-N2-C11 178.49 

Cu-N3-C24 113.55 N3-Cu-N2-C10 4.01 

Cu-N4-C22 129.61 N4-Cu-N2-C11 -99.12 

Cu-N4-C23 111.75 N4-Cu-N2-C10 86.40 

N1-Cu-O4 92.37 Cu-O4-C25-O5 3.43 

N2-Cu-O4 97.93   

Table S13. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L4)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L4)]+ 

Cu-N1 2.047 N3-Cu-O4 89.78 

Cu-N2 2.285 N4-Cu-O4 162.05 

Cu-N3 2.034 N1-Cu-N2 77.35 

Cu-N4 2.080 N1-Cu-N3 176.55 

Cu-O4 1.959 N1-Cu-N4 96.46 

O4-C25 1.277 N1-Cu-O4-C25 -84.93 

C25- O5 1.233 N1-Cu-N3-C13 154.56 

Cu-O4-C25 103.56 N1-Cu-N3-C24 -23.07 

Cu-N1-C1 123.56 N2-Cu-N3-C13 -83.81 

Cu-N1-C12 116.63 N1-Cu-N3-C24 -23.07 

Cu-N2-C10 131.92 N3-Cu-N1-C1 -58.67 

Cu-N2-C11 109.22 N3-Cu-N1-C12 126.18 

Cu-N3-C13 127.00 N3-Cu-N2-C11 179.17 

Cu-N3-C24 113.55 N3-Cu-N2-C10 4.32 

Cu-N4-C22 129.53 N4-Cu-N2-C11 -98.54 

Cu-N4-C23 111.84 N4-Cu-N2-C10 86.62 

N1-Cu-O4 92.89 Cu-O4-C25-O5 5.74 

N2-Cu-O4 98.02   

 

Table S14. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L5)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L5)]+ 

Cu-N1 2.045 N3-Cu-O4 90.72 
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Cu-N2 2.284 N4-Cu-O4 159.92 

Cu-N3 2.030 N1-Cu-N2 77.42 

Cu-N4 2.087 N1-Cu-N3 176.21 

CU-O4 1.986 N1-Cu-N4 95.86 

O4-C25 1.283 N1-Cu-O4-C25 -84.47 

C25- O5 1.229 N1-Cu-N3-C13 -173.38 

Cu-O4-C25 100.80 N1-Cu-N3-C24 9.17 

Cu-N1-C1 123.62 N2-Cu-N3-C13 -82.85 

Cu-N1-C12 116.68 N1-Cu-N3-C24 99.70 

Cu-N2-C10 132.01 N3-Cu-N1-C1 -89.55 

Cu-N2-C11 109.25 N3-Cu-N1-C12 93.42 

Cu-N3-C13 126.95 N3-Cu-N2-C11 -178.18 

Cu-N3-C24 113.66 N3-Cu-N2-C10 4.73 

Cu-N4-C22 129.76 N4-Cu-N2-C11 -96.07 

Cu-N4-C23 111.61 N4-Cu-N2-C10 86.85 

N1-Cu-O4 93.00 Cu-O4-C25-O5 1.50 

N2-Cu-O4 100.27   

 

Table S15. Selected optimized bond distances (Å) and angles (°) for DFT-optimized 

structure of [Cu(phen)2(L6)]+ (gas phase). Atom labelling scheme as in Figure 3. 

[Cu(phen)2(L6)]+ 

Cu-N1 2.046 N3-Cu-O4 90.21 

Cu-N2 2.289 N4-Cu-O4 161.75 

Cu-N3 2.032 N1-Cu-N2 77.38 

Cu-N4 2.080 N1-Cu-N3 176.96 

Cu-O4 1.965 N1-Cu-N4 96.61 

O4-C25 1.276 N1-Cu-O4-C25 -84.87 

C25- O5 1.234 N1-Cu-N3-C13 165.49 

Cu-O4-C25 102.91 N1-Cu-N3-C24 -12.24 

Cu-N1-C1 123.56 N2-Cu-N3-C13 -83.13 

Cu-N1-C12 116.62 N1-Cu-N3-C24 99.13 

Cu-N2-C10 132.00 N3-Cu-N1-C1 -68.83 

Cu-N2-C11 109.12 N3-Cu-N1-C12 116.26 

Cu-N3-C13 127.01 N3-Cu-N2-C11 178.68 

Cu-N3-C24 113.55 N3-Cu-N2-C10 4.02 

Cu-N4-C22 129.61 N4-Cu-N2-C11 -98.97 

Cu-N4-C23 111.76 N4-Cu-N2-C10 86.38 

N1-Cu-O4 92.43 Cu-O4-C25-O5 3.49 

N2-Cu-O4 98.01   
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Table S16. Tau (𝜏 =
𝛽−𝛼

60°
) parameters calculated from the DFT-optimized structures (gas 

phase) of [Cu(phen)2(Lx)]+ (x = 1 - 6). Atom labelling scheme as in Figure 3. 

 𝛃 (𝐍𝟏 − 𝐂𝐮 − 𝐍𝟑) 𝛂 (𝐍𝟒 − 𝐂𝐮 − 𝐎𝟒) 𝛕 

[Cu(phen)2(L1)]+ 176.12 160.08 0.27 

[Cu(phen)2(L2)]+ 175.91 159.62 0.27 

[Cu(phen)2(L3)]+ 177.00 161.64 0.26 

[Cu(phen)2(L4)]+ 176.55 162.05 0.24 

[Cu(phen)2(L5)]+ 177.00 161.64 0.26 

[Cu(phen)2(L6)]+ 176.97 161.75 0.25 

 

Table S17. Selected atomic charges, calculated at NPA level, of [Cu(phen)2(L1)]+, 

[Cu(phen)2(L3)]+ and [Cu(phen)2(L5)]+. Atomic scheme as in Figure 3. 

[Cu(phen)2(L1)]+ [Cu(phen)2(L3)]+ [Cu(phen)2(L5)]+ 

 charges  charges  charges 

Cu 1.396 Cu 1.394 Cu 1.396 

N1 -0.501 N1 -0.499 N1 -0.501 

N2 -0.481 N2 -0.481 N2 -0.486 

N3 -0.489 N3 -0.484 N3 -0.481 

N4 -0.489 N4 -0.490 N4 -0.489 

O1 -0.427 O1 -0.424 O1 -0.427 

O2 -0.523 O2 -0.525 O2 -0.531 

O3 -0.424 O3 -0.442 O3 -0.425 

O4 -0.774 O4 -0.750 O4 -0.774 

O5 -0.687 O5 -0.705 O5 -0.687 

 

Table S18. Selected atomic charges, calculated at NPA level, of [Cu(phen)2(L2)]+, 

[Cu(phen)2(L4)]+ and [Cu(phen)2(L6)]+. Atomic scheme as in Figure 3. 

[Cu(phen)2(L2)]+ [Cu(phen)2(L4)]+ [Cu(phen)2(L6)]+ 

 charges  charges  charges 

Cu 1.396 Cu 1.393 Cu 1.394 
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N1 -0.503 N1 -0.490 N1 -0.169 

N2 -0.482 N2 -0.481 N2 -0.480 

N3 -0.489 N3 -0.490 N3 -0.489 

N4 -0.489 N4 -0.490 N4 -0.490 

N5 -0.432 N5 -0.427 O1 -0.424 

O1 -0.424 O1 -0.420 O2 -0.531 

O2 -0.543 O2 -0.547 O3 -0.443 

O3 -0.424 O3 -0.444 O4 -0.750 

O4 -0.773 O4 -0.751 O5 -0.705 

O5 -0.689 O5 -0.701   

 

Table S19. Energy values (eV) of the frontier Molecular Orbitals of [Cu(phen)2(Lx)]+ (x = 1 

- 6) in gas phase at the DFT level (PBE0, def-2 TZVP). 

compound α-SOMO α-LUMO β-SOMO β-LUMO 

[Cu(phen)2(L1)]+ -8.78 -8.04 -8.79 -8.05 

[Cu(phen)2(L2)]+ -8.04 -5.29 -8.04 -5.32 

[Cu(phen)2(L3)]+ -7.88 -5.27 -7.88 -5.28 

[Cu(phen)2(L4)]+ -7.71 -5.22 -7.71 -5.23 

[Cu(phen)2(L5)]+ -7.94 -5.28 -7.95 -5.31 

[Cu(phen)2(L6)]+ -7.80 -5.27 -7.80 -5.28 

 

Table S20. Cyclic Voltammetry parameters for D1-6 and C0 complexes. Concentrations 

2.00∙10-5 M, TRIS-HCl buffer (TRIS-HCl 0.05 M, NaCl 0.05 M), pH 7.1, 25 °C, scan rate 500 

mV. 

Compound 
𝑬𝒑𝒄  

(𝒎𝑽) 

𝑬𝒑𝒂 

(mV) 

𝑬𝟏/𝟐  

(𝒎𝑽) 
𝚫𝑬  

(𝒎𝑽) 

-𝑰𝒑𝒄  

(𝟏𝟎−𝟔𝑨) 

𝑰𝒑𝒂  

(𝟏𝟎−𝟔𝑨) 

𝑰𝒑𝒄

𝑰𝒑𝒂 
 

D1 -54.19 8.56 -31.37 -62.75 3.35 4.21 0.79 
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D2 -69.04 -8.61 -38.82 -77.65 2.45 2.67 0.92 

D3 -49.02 8.57 -28.79 -57.59 3.51 4.03 0.87 

D4 -68.03 9.65 -38.84 -77.68 3.76 4.52 0.83 

D5 -44.14 12.10 -28.12 -56.24 3.19 3.79 0.84 

D6 -44.13 13.19 -28.66 -57.32 3.31 3.94 0.84 

C0 -51.41 -0.21 -25.81 -51.62 3.04 3.67 0.83 

 

Table S21. Electrochemical parameters derived from DPV measurements on D1 alone and 

in presence of increasing amounts of genomic DNA (Figure S38A). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-58.40 -45.90 
   

-59.00 -46.50 -0.60 -0.01 0.98 

-59.70 -47.20 -1.30 -0.02 0.95 
-60.80 -48.30 -2.40 -0.04 0.91 
-62.10 -49.60 -3.70 -0.06 0.87 
-62.80 -50.30 -4.40 -0.07 0.84 
-63.40 -50.90 -5.00 -0.08 0.82 
-64.90 -52.40 -6.50 -0.11 0.78 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S22. Electrochemical parameters derived from DPV measurements on D2 alone and 

in presence of increasing amounts of genomic DNA (Figure S38B). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-60.20 -47.70 
   

-61.10 -48.60 -0.90 -0.02 0.97 

-61.90 -49.40 -1.70 -0.03 0.94 

-64.00 -51.50 -3.80 -0.06 0.86 

-71.20 -58.70 -11.00 -0.19 0.65 

-71.30 -58.80 -11.10 -0.19 0.65 

-73.40 -60.90 -13.20 -0.22 0.60 
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*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S23. Electrochemical parameters derived from DPV measurements on D3 alone and 

in presence of increasing amounts of genomic DNA (Figure S38C). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-59.00 -46.50 
   

-59.70 -47.20 -0.70 -0.01 0.97 

-60.40 -47.90 -1.40 -0.02 0.95 

-60.60 -48.10 -1.60 -0.03 0.94 

-61.20 -48.70 -2.20 -0.04 0.92 

-61.90 -49.40 -2.90 -0.05 0.89 

-62.00 -49.50 -3.00 -0.05 0.89 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S24. Electrochemical parameters derived from DPV measurements on D4 alone and 

in presence of increasing amounts of genomic DNA (Figure S38D). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-59.30 -46.8 
   

-61.40 -48.9 -2.10 -0.04 0.92 

-63.60 -51.1 -4.30 -0.07 0.85 

-65.70 -53.2 -6.40 -0.11 0.78 

-66.60 -54.1 -7.30 -0.12 0.75 

-67.90 -55.4 -8.60 -0.15 0.71 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S25. Electrochemical parameters derived from DPV measurements on D5 alone and 

in presence of increasing amounts of genomic DNA (Figure S38E). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-52.4 -39.9 
   

-54.9 -42.4 -2.50 -0.04 0.91 
-55.6 -43.1 -3.20 -0.05 0.88 
-56.8 -44.3 -4.40 -0.07 0.84 
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-57.1 -44.6 -4.70 -0.08 0.83 
-59.5 -48.0 -8.10 -0.14 0.73 
-60.5 -48.0 -8.10 -0.14 0.73 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S26. Electrochemical parameters derived from DPV measurements on D6 alone and 

in presence of increasing amounts of genomic DNA (Figure S38F). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-66.80 -54.30 
   

-67.10 -54.60 -0.30 -0.01 0.99 

-67.40 -54.90 -0.60 -0.01 0.98 

-67.90 -55.40 -1.10 -0.02 0.96 

-68.40 -55.90 -1.60 -0.03 0.94 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 

 

Table S27. Electrochemical parameters derived from DPV measurements on C0 alone and 

in presence of increasing amounts of genomic DNA (Figure S38G). 

𝑬𝒑 (𝒎𝑽) 𝑬𝟏/𝟐 (𝒎𝑽)∗ 𝚫𝑬𝟏/𝟐 (𝒎𝑽) 𝑳𝒐𝒈 (𝑲+/𝑲𝟐+) (𝑲+/𝑲𝟐+) 

-48.04 -35.54 
   

-48.21 -35.71 -0.17 0.00 0.99 

-49.03 -36.53 -0.99 -0.02 0.96 

-49.38 -36.88 -1.34 -0.02 0.95 

-51.55 -39.05 -3.51 -0.06 0.87 

-55.90 -43.40 -7.86 -0.13 0.74 

-58.07 -45.57 -10.03 -0.17 0.68 

-59.10 -46.60 -11.06 -0.19 0.65 

 
*Calculated as: 𝐸1/2 =  𝐸𝑝 +  ΔE/2 , where ΔE is the pulse amplitude. 
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Results and discussion 

 

Article 6. 

Copper(II) Phenanthroline-Based Complexes as Potential AntiCancer 

Drugs: A Walkthrough on the Mechanisms of Action  
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Abstract 

Cancer still constitutes one of the principal causes of death in our society. Many efforts have 

been made through the years towards the development of novel anticancer compounds 

with better selectivity and an improved toxicological profile compared to currently 

approved Pt(II)-based drugs.  A strategy commonly followed under this perspective 

consists of the substitution of Pt(II) with endogenous metal ions. Copper constitutes a 

typical example thanks to its involvement in many important enzymes as cofactor. In 

addition, cellular uptake of Copper and cisplatin takes place using the same transporter 

(hCtr1). Many Copper-based coordination compounds have been prepared and screened 

for anticancer activity in-vitro and in-vivo models through the years. In this review, we 

would like to focus on ternary Cu(II) complexes bearing substituted or unsubstituted 1,10-

phenanthroline based molecules and different classes of auxiliary ligands. For each metal 

complex, information regarding their anticancer potency in-vitro and mechanistical studies 

have been reported and discussed. The compounds have been presented using a “structure-

based” approach, according to the features of the auxiliary ligand/s, the number of the metal 

centres, and the increasing complexity of the compound structures. 
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Results and discussion 

 

Article 7. 

Hydroxylated 3-(pyridin-2-yl)coumarins as radical scavengers with potent 

lipoxygenase inhibitor activity 
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Abstract 

The onset of many pathologies, such as asthma, psoriasis, cancers, and neurological 

disorders are correlated with an accumulation of ROS and enzymatic reactions. 

Lipoxygenases are commonly known for their influence in the pathogenesis of many 

inflammatory and cancerous pathologies. Considering that many natural 

hydroxycoumarins (e.g., umbelliferone, daphnetin, aesculetin) has shown both antioxidant 

and lipoxygenase inhibitory activities, I decided to prepare a series of mono and 

polyhydroxylated derivatives (2-5, Figure 7) of 3-(pyridin-2-yl)coumarin (1, Figure 7). 

 

Figure 7. Molecular structures of compounds 1-5 

Interestingly, the insertion of hydroxyl groups in the scaffold of 1 has allowed to obtain 

novel potent soybean lipoxygenase inhibitors  (IC50 values in the sub-micromolar range) 

with tuneable antioxidant activities according to the number and position of the hydroxy 

groups (Figure 8).  
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Figure 8. Tuneable antioxidant properties of compounds 1-5 

The antioxidant properties and the way of enzymatic inhibition of the studied compounds  

have been discussed based on calculated specific thermochemical descriptors and molecular 

docking. 

Moreover, by determining the protonation constants (potentiometric and spectroscopic 

measurements) with a series of calculated descriptors, it has been possible to speculate 

about the potential absorption sites of the studied molecules. 
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Reproduced from Ref. “New J. Chem., 2021, 45, 10749-10760” with permission from the 

Centre National de la Recherche Scientifique (CNRS) and the Royal Society of Chemistry 

(RSC). 
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Results and discussion 

 

Article 8. 

Hydroxylated coumarin-based thiosemicarbazones as dual anti-tyrosinase 

and antioxidant agents 
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Abstract 

The discovery of novel anti-tyrosinase agents appears extremely important in both medical 

and industrial sectors, since an irregular production of melanin is related with the 

insurgence of several skin-related disorders (e.g., melanoma) and the browning process of 

fruit and vegetables. Considering that melanogenesis involve also non-enzymatic processes, 

the development of dual antioxidant and anti-tyrosinase agents appears extremely 

important. In this work we evaluated the antioxidant and tyrosinase inhibition ability of a 

panel of variably hydroxylated derivatives of (1E)-2-(1-(2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (T1). Interestingly, these molecules have more 

potent tyrosinase inhibitory properties compared to reference compound kojic acid. 

Moreover, the antioxidant activity appears to be influenced according to the number and 

substitution pattern of the hydroxyl groups.* 

  

 
* These studies were performed in collaboration with Prof. Antonella Fais and Dr. Benedetta Era (Department 

of Life and Environmental Sciences, University of Cagliari). 
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Introduction 

Melanin, the pigment mainly responsible for skin coloration, is an heterogenous biopolymer 

that is produced in melanocytes through a well-known process called melanogenesis. 

Tyrosinase is a key enzyme for melanin production, due to its involvement in the rate-

limiting step of melanogenesis. This enzyme catalyses the oxidation of phenols and 

diphenols thanks to the presence of a binuclear Copper-based catalytic site. During 

melanogenesis, Tyrosinase is involved in the biosynthesis of Dopaquinone, which can take 

place directly from L-tyrosine through the diphenolase catalytic cycle or passing through 

the hydroxylation of the same substrate to obtain L-dihydroxyphenylalanine (L-DOPA) by 

means of the monophenolase cycle.1 

The development of novel tyrosinase inhibitors is of great importance for both medical and 

technological applications. Indeed, an irregular expression of tyrosinase will determine the 

accumulation of melanin, which is related to the onset of several skin pigmentation 

disorders, such as  freckles, senile spots, melasma, and even malignant melanoma 

tumours.1,2 In addition, tyrosinase is also involved in the browning process of fruits and 

vegetables, thus tyrosinase inhibitors could find potential applications as food 

preservatives.3 

Many natural coumarins, such as umbelliferone (7-hydroxy-2-H-chromen-2-one) have 

proved to act as tyrosinase inhibitors.4 Thanks to both their synthetic accessibility, and 

higher versatility in terms of biological properties, tuneable according to the nature and 

position of the substituents in the coumarinic skeleton, many scientists have evaluated the 

anti-tyrosinase activity of several coumarinic derivatives.1,5 
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We have previously shown how the insertion of hydroxyl groups in the structure of 3-aryl 

and heteroarylcoumarins allows to obtain novel antioxidant compounds with potent 

tyrosinase inhibitory properties.6–8 Considering that melanogenesis involves also non-

enzymatic oxidative process, the development of novel compounds with dual antioxidant 

and tyrosinase inhibitory properties appears quite useful.9,10 

Under this framework, we aimed to investigate on the antioxidant and tyrosinase inhibition 

ability on a series of variably hydroxylated derivatives (T2-5, Figure 1) of (1E)-2-(1-(2-oxo-

2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide (T1, Figure 1), which appears to 

inhibit tyrosinase at micromolar concentration level, as previously observed.11 All the 

studied compounds have more potent tyrosinase inhibitory properties compared to Kojic 

Acid, a known tyrosinase inhibitor of natural origin, with tuneable antioxidant activity 

according to the number and substitution pattern of the hydroxyl groups in the 2-H-

chromen-2-one scaffold. 

 

Figure 1. Structure and acronyms of the studied compounds 
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Experimental 

Materials and methods 

Ethyl acetoacetate, deuterated dimethyl sulfoxide, salicylaldehyde and its hydroxylated 

derivatives were purchased from Alfa Aesar. Absolute ethanol, piperidine, 1,1-diphenyl-2-

picrylhydrazyl free radical (DPP.), deuterated chloroform, thiosemicarbazide and acetic acid 

were purchased from Merck (Milan, Italy).  

NMR spectra were acquired using a Bruker Avance III HD 600 spectrometer at room 

temperature with tetramethylsilane (TMS) as the internal standard in DMSO d6 or CDCl3. 

Low resolution ESI mass spectra were recorded using a triple quadrupole QqQ Varian 310-

MS mass spectrometer. High resolution ESI mass spectra were acquired on a Thermofisher 

ORBITRAP-ELITE. Melting points were acquired on a Kofler Hot Stage and are uncorrected. 

Synthesis 

General procedure for the synthesis of substituted 3-acetil-2H-chromen-2-one derivatives 

Salycilaldehyde derivatives (7.24 mmol, 1.0 eq) and ethylacetoacetate (8.64 mmol, 1.2 eq) 

were dissolved in 2.6 mL of ethanol and Piperidine (0.15 mmol, 0.02 eq) was then added. 

The reaction mixture was left under stirring at reflux for 5 hours. For compounds 1-4 the 

reaction mixture was then cooled to room temperature, affording a precipitate that was 

filtered and recrystallized from methanol. For compound 5, the reaction mixture was 

poured in cold water and treated with HCl 10% till acidic pH. A dark brown solid 

precipitated after a few minutes under stirring. The former one was filtered, dried, then 

repeatedly washed with Et2O and used as such for the next step. 
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3-acetyl-2H-chromen-2-one (1). Light yellow solid. Yield 81 %. Experimental results are in 

accordance with those reported in the literature.11 Melting point: 178-180 °C. 1H-NMR (600 

MHz, CDCl3, δ, ppm, Figure S1): 8.51 (d, J = 0.7 Hz, 1H), 7.69 – 7.63 (m, 2H), 7.40 – 7.32 (m, 

2H), 2.73 (s, 3H). .LR ESI-MS (calculated, found, m/z): 211.0, 211.0 [M+Na]+. 

6-hydroxy-3-acetyl-2H-chromen-2-one (2). Yellow solid. Yield 63 %. Experimental results 

are in accordance with those reported in the literature.12 Melting point: 244-245 °C. 1H-NMR 

(600 MHz, DMSO d6, δ, ppm, Figure S2): 9.89 (s, 1H), 8.57 – 8.54 (m, 1H), 7.31 (d, J = 8.9 Hz, 

1H), 7.24 (d, J = 2.9 Hz, 1H), 7.17 (dd, J = 8.9, 2.9 Hz, 1H), 2.58 (s, 3H). LR ESI-MS (calculated, 

found, m/z): 203.0, 203.0 [M-H]-. 

7-hydroxy-3-acetyl-2H-chromen-2-one (3). Light brown solid. Yield 34 %. Experimental 

results are in accordance with those reported in the literature.13 Melting point: 243-244 °C. 

1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S3): 11.10 (br. s, 1H), 8.59 (d, J = 0.7 Hz, 1H), 

7.78 (d, J = 8.6 Hz, 1H), 6.85 (dd, J = 8.6, 2.3 Hz, 1H), 6.75 (dd, J = 2.3, 0.7 Hz, 1H), 2.55 (s, 3H). 

LR ESI-MS (calculated, found, m/z): 203.0, 203.1 [M-H]-. 

8-hydroxy-3-acetyl-2H-chromen-2-one (4). Brown solid. Yield 57 %. Experimental results 

are in accordance with those reported in the literature.14 Melting point: 253-255 °C.1H-NMR 

(600 MHz, DMSO d6, δ, ppm, Figure S4): 10.35 (s, 1H), 8.59 (s, 1H), 7.36 (dd, J = 5.8, 3.4 Hz, 

1H), 7.24 – 7.18 (m, 2H), 2.59 (s, 3H). LR ESI-MS (calculated, found, m/z): 205.0, 204.9 [M+H]+. 

6,7-dihydroxy-3-acetyl-2H-chromen-2-one (5). Dark brown solid. Yield 61 %. Melting point: 

192-194 °C. 1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S5): 10.87 (s, 1H), 9.67 (s, 1H), 

8.54 (s, 1H), 7.21 (s, 1H), 6.79 (s, 1H), 2.54 (s, 3H). LR ESI-MS (calculated, found, m/z): 219.0, 

219.0 [M-H]- 
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General procedure for the synthesis of substituted of substituted (1E)-2-(1-(2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide compounds.11 

The proper 3-acetilcoumarin derivative (2.5 mmol, 1.0 eq) was dissolved in 10 mL of ethanol, 

then thiosemicarbazide (2.5 mmol, 1.0 eq) and Acetic Acid (0.12 mL) were added. The 

reaction mixture was left under stirring at reflux for 6 hours. The reaction mixture was then 

cooled to room temperature, affording a precipitate that was filtered and recrystallized from 

ethanol. 

(1E)-2-(1-(2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide (T1). Yellow 

solid. Yield: 98 %. Experimental data were consistent with those reported in literature.11 

Melting point: 196-198 °C. 1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S6): 10.44 (s, 1H), 

8.48 (s, 1H), 8.40 (br. s, 1H), 7.94 (br. s, 1H), 7.77 (dd, J = 7.8, 1.6 Hz, 1H), 7.65 (ddd, J = 8.7, 

7.3, 1.6 Hz, 1H), 7.44 (d, J = 8.3 Hz, 1H), 7.40 (td, J = 7.5, 1.1 Hz, 1H), 2.26 (s, 3H). HR ESI-MS 

(calculated, found, m/z): 262.0650, 262.0646 [M+H]+. 

(1E)-2-(1-(6-hydroxy-2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide 

(T2). Yellow solid. Yield: 82 %. Melting point: 222-224 °C (with decomposition). 1H-NMR 

(600 MHz, DMSO d6, δ, ppm, Figure S7): 10.40 (s, 1H), 9.80 (s, 1H), 8.36 (s, 2H), 7.95 (s, 1H), 

7.27 (d, J = 8.3, 1H), 7.09 – 7.04 (m, 2H), 2.24 (s, 3H). 13C-NMR (151 MHz, DMSO d6, δ, ppm, 

Figure S8): 179.69, 159.84, 154.36, 147.27, 146.73, 142.41, 126.28, 120.98, 119.92, 117.33, 113.33, 

16.56. HR ESI-MS (calculated, found, m/z): 278.0599, 278.0591 [M+H]+. 

(1E)-2-(1-(7-hydroxy-2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide 

(T3). Yellow-brown earth solid. Yield: 80 %. Melting point: 222-224 °C (with decomposition). 

1H-NMR (600 MHz, DMSO d6, δ, ppm, Figure S9): 10.73 (s, 1H), 10.34 (s, 1H), 8.36 (s, 2H), 
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8.39 (s, 1H), 8.34 (br. s, 1H), 7.90 (br. s, 1H),  7.59 (d, J = 8.6 Hz, 1H), 6.84 (dd, J = 8.5, 2.3 Hz, 

1H), 6.74 (d, J = 2.2 Hz, 1H), 2.24 (s, 3H). 13C-NMR (151 MHz, DMSO d6, δ, ppm, Figure S10): 

179.55, 162.37, 159.99, 155.98, 147.05, 143.10, 131.06, 121.50, 114.15, 111.90, 102.23, 16.50. HR 

ESI-MS (calculated, found, m/z): 278.0599, 278.0594 [M+H]+. 

(1E)-2-(1-(8-hydroxy-2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide 

(T4). Light yellow solid. Yield: 93 %. Melting point: 208-210 °C (with decomposition). 1H-

NMR (600 MHz, DMSO d6, δ, ppm, Figure S11): 10.73 (s, 1H), 10.41 (s, 1H), 8.41 (s, 1H), 8.38 

(br. s, 1H), 7.94 (br. s, 1H),  7.20 – 7.17 (m, 2H), 7.14 – 7.11 (m, 1H), 2.26 (s, 3H). 13C-NMR (151 

MHz, DMSO d6, δ, ppm, Figure S12): 179.71, 159.53, 146.64, 144.83, 142.90, 142.53, 126.12, 

125.17, 120.35, 119.55, 119.12, 16.54. HR ESI-MS (calculated, found, m/z): 278.0599, 278.0595 

[M+H]+. 

(1E)-2-(1-(6,7-dihydroxy-2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-carbothioamide 

(T5). Dark brown solid. Yield: 44 %. Melting point: 228-230 °C (with decomposition). 1H-

NMR (600 MHz, DMSO d6, δ, ppm, Figure S13): 10.38 (s, 1H), 10.30 (s, 1H), 9.52 (s, 1H), 8.32 

(s, 2H), 7.90 (s, 1H), 7.04 (s, 1H), 6.77 (s, 1H), 2.23 (s, 3H). 13C-NMR (151 MHz, DMSO d6, δ, 

ppm, Figure S14): 179.50, 160.29, 151.76, 149.28, 147.42, 143.68, 143.05, 121.51, 113.17, 111.42, 

102.69, 15.92. HR ESI-MS (calculated, found, m/z): 294.0548, 294.0545 [M+H]+. 

Antioxidant assay 

The DPPH antioxidant assay procedure reported is based on previously reported 

procedures with some modifications.15,16 Each test compound was dissolved in DMSO at 1.0 

mM concentration, and then diluted with absolute ethanol in the 500-2.0 µM concentration 

range. DPP. solution (0.1 mM, absolute ethanol) was prepared freshly, stored in the dark 
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and used in a few hours. Each test solution (1500 µL) was vigorously mixed to an equal 

volume of DPP. inside a tube and left in the dark for 30 minutes. The absorbance of the 

resulting solutions was measured at 517 nm. Each concentration was evaluated in three 

independent experiments. Results are reported as IC50 values (e.g., concentration of 

antioxidant required to quench 50% of DPP. under the selected experimental conditions). 

Ascorbic acid was used as reference inhibitor. 

Tyrosinase inhibition assay 

The inhibition of mushroom tyrosinase was evaluated as previously described, with slight 

modifications:17 50 mM phosphoric acid buffer solution (pH 6.8), a solution of mushroom 

tyrosinase (100 U/ml final concentration; Sigma Chemical Co., Milan, Italy) and dimethyl 

sulfoxide (DMSO) with or without the sample. The mixture was incubated at 25°C for 10 

min. Then, L-DOPA solution (0.5 mM final) was added, and the reaction was monitored at 

492 nm for 5 min, following the increase in absorbance at 492 nm, resulting from the 

formation of the dopachrome product. The IC50 value, e.g. concentration giving 50% 

inhibition of tyrosinase activity, was determined by interpolation of dose-response curves. 

Kojic acid was used as a reference tyrosinase inhibitor. 

Results and Discussion  

Chemistry 

Target compounds T1-5 were successfully obtained according to the 2-step synthetic 

strategy outlined in the Scheme 1. In brief, salicylaldehyde and its hydroxylated derivatives 

were subjected to Knoevenagel condensation in presence of ethyl acetoacetate (as active 

methylene compound) and piperidine (as base) to afford the 3-acetylcoumarins 1-5. The 
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former intermediates were easily converted in the corresponding thiosemicarbazones by 

reacting them with thiosemicarbazide in presence of acetic acid as catalyst. The yields, for 

both 1-6 intermediates and T1-5 target compounds, ranged from moderate to good. The 

structure and purity of both the intermediates and final compounds were confirmed from 

1H NMR and MS data. For target compounds T2-5 we included the 13C NMR spectra to fully 

characterized them, since they have never been reported in literature. NMR spectra for both 

intermediates and final products are shown in the Supporting (Figure S1-15). 

 

Scheme 1: reaction scheme and structures of the synthesized compounds. Reaction 

conditions: (a) Piperidine, EtOH, reflux, 5 hrs. (b) Acetic Acid, EtOH, reflux, 5 hrs. 

Antioxidant assay 

The antioxidant activity of T1 and its hydroxylated derivatives T2-6 was evaluated by 

means of the DPPH assay, which is based on the ability of the stable 1,1-diphenyl-

picrylhydrazyl (DPP.) radical species to be converted in its diamagnetic form (DPPH) by 

accepting a H. from the tested compound. In ethanol, the DPP. radical shows an intense 

violet colouration (with a λmax at 517 nm), while the DPPH specie is yellow coloured in the 

same solvent. From evaluation of the relative decrease in absorbance at different 
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concentrations of each tested compound, the antioxidant activities were evaluated by 

reporting their IC50 values, as shown in Table 1.  

In comparison with Ascorbic Acid (used as reference), compounds T1-3 are devoid of any 

radical scavenging capability while in T4, where the –OH occupy the 8th position of the 

coumarinic scaffold we observe a modest antioxidant ability. As expected, the molecule 

having a catechol-like motif (T5) is the most potent antioxidant of the series.  

Table 1. IC50 values, determined from the antioxidant assay (reduction of the DPP. Radical), 

for the studied compounds. Ascorbic acid was used as reference compound. 

Compound IC50 (µM)a 

T1 > 250 

T2 > 250 

T3 > 250 

T4 28 ± 2 

T5 7.1 ± 0.3 

Ascorbic Acid 18.6 ± 0.6 
a Concentration of antioxidant required to quench 50% of DPP. under the selected experimental conditions. 

Each IC50 value is expressed as mean ± the Standard Error of the Mean (SEM) of 3 independent experiments. 

Tyrosinase inhibition assay 

The anti-tyrosinase activity of the studied compounds was preliminary evaluated using 

mushroom tyrosinase as protein model. Results from IC50 values (Table 2), show that T2 

possess comparable tyrosinase inhibitory activity compared to Kojic Acid, while all the 

other molecules are more potent tyrosinase inhibitors than the reference. Apart from T2, it 

seems that the insertion of hydroxyl groups in the coumarinic skeleton plays little effect on 

the anti-tyrosinase potency observed. This doesn’t exclude that the structural modifications 

introduced could influence the mode of interaction of the studied molecules towards 
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tyrosinase. Additional studies are currently ongoing to determine the enzymatic inhibition 

mechanisms.  

Table 2. IC50 values, determined from the tyrosinase  assay, for the studied compounds. 

Kojic Acid was used as reference compound. 

Compound IC50 (µM)a 

T1 4 ± 2 

T2 14 ± 7 

T3 5 ± 2 

T4 5.7 ± 0.8 

T5 6 ± 2 

Kojic Acid 18 ± 1 
a concentration giving 50% inhibition of tyrosinase activity. Each IC50 value is expressed as mean ± the Standard 

Deviation (SD) of 3 independent experiments. 

Conclusions 

The results reported in this study evidence how the insertion of hydroxyl groups in the 

structure of the coumarin-based thiosemicarbazone T1 has allowed to obtain a panel of 

novel dual anti-tyrosinase and antioxidant agents. It is interesting to point out how these 

molecules possess higher anti-tyrosinase potency compared to the known inhibitor Kojic 

Acid, with a tuneable antioxidant ability according to the substitution pattern of the 

hydroxyl groups. More studies are currently in progress to determine the mode of 

enzymatic inhibition exerted by the studied compounds. Moreover, their cytotoxicity on 

melanocytes will be studied with the aim of determining their potential applications in the 

biomedical and industrial fields. 
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Figure S1. 1H-NMR of 1, 3-acetyl-2H-chromen-2-one (600  MHz,  CDCl3). 

 

Figure S2. 1H-NMR of 2, 6-hydroxy-3-acetyl-2H-chromen-2-one (600  MHz,  DMSO d6). 
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Figure S3. 1H-NMR of 3, 7-hydroxy-3-acetyl-2H-chromen-2-one (600  MHz,  DMSO d6). 

 

Figure S4. 1H-NMR of 4, 8-hydroxy-3-acetyl-2H-chromen-2-one (600  MHz,  DMSO d6). 
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Figure S5. 1H-NMR of 5, 6,7-dihydroxy-3-acetyl-2H-chromen-2-one (600  MHz,  DMSO d6). 

 

 

Figure S6. 1H-NMR of T1, (1E)-2-(1-(2-oxo-2H-chromen-3-yl)ethylidene)hydrazine-1-

carbothioamide (600  MHz,  DMSO d6). 
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Figure S7. 1H-NMR of T2, (1E)-2-(1-(6-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (600  MHz,  DMSO d6). 

 

Figure S8. 13C-NMR of T2, (1E)-2-(1-(6-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (151  MHz,  DMSO d6). 
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Figure S9. 1H-NMR of T3, (1E)-2-(1-(7-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (600  MHz,  DMSO d6). 

 

Figure S10. 13C-NMR of T3, (1E)-2-(1-(7-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (151  MHz,  DMSO d6). 
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Figure S11. 1H-NMR of T4, (1E)-2-(1-(8-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (600  MHz,  DMSO d6). 

 

Figure S12. 13C-NMR of T4, (1E)-2-(1-(8-hydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (151  MHz,  DMSO d6). 
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Figure S13. 1H-NMR of T5, (1E)-2-(1-(6,7-dihydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (600  MHz,  DMSO d6). 

 

Figure S14. 13C-NMR of T5, (1E)-2-(1-(6,7-dihydroxy-2-oxo-2H-chromen-3-

yl)ethylidene)hydrazine-1-carbothioamide (151  MHz,  DMSO d6). 
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Conclusions 

This work was focused on the study of different classes of organic ligands and metal 

complexes with potential applications in the environmental and biological fields.  

I’ve prepared a panel of 6th substituted derivatives of 3-(pyridin-2-yl)coumarin with a 

“ratiometric” and “turn-on” fluorescent behaviour for Fe(III).  

Considering that the fluorescence response observed could be related with metal ion 

complexation, I’ve studied the Fe(III) complex formation processes at both solid and 

solution states. The most promising ligand of this panel has shown selectivity towards 

Fe(III) even in competition with other metal ions, with a LOD of 2.4 µM and a linear 

response to 35 µM of Fe(III). The fluorescence response observed in solution was observed 

on cellulose paper strip too, thus suggesting a potential application of this chemosensor for 

the determination of Fe(III) in liquid samples.  

I‘ve prepared and characterized a series of heteroleptic Cu(II) bis-phenanthroline complexes 

bearing different classes of organic ligands, such as imidazolidine-2-thiones, coumarin-

based molecules and ER-stress modulators, such as Ursodeoxycholic acid and Salubrinal. 

The studied complexes showed anticancer potency in the micromolar/sub-micromolar 

concentration level against different cancer cell lines, such as ovarian (A-2780, SKOV-3), 

pancreatic (PANC-1), and renal (HEK-293). The mechanism of action of these compounds 

has been partially unveiled, showing how these compounds can interfere at the 

Endoplasmic Reticulum level by activating the pro-apoptotic branch of the Unfolded 

Protein Response. It is interesting to point out how the cytoprotective activity of the ER-
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stress modulator Salubrinal is completely reverted when complexed to the [Cu(phen)2]2+ 

core, as observed with the cytotoxic complex C0SAL. 

I’ve designed and synthesized a series of hydroxylated derivatives of 3-(pyridin-2-

yl)coumarin and evaluated their antioxidant and soybean lipoxygenase inhibitory activity, 

showing how the number and relative position of the hydroxyl groups influences the 

biological properties of these molecules. As evidenced from the calculation of specific 

thermochemical descriptors (determined from DFT data), the antioxidant activity of the 

studied compounds would take place preferentially via the Hydrogen Atom Transfer 

mechanism. Moreover, by merging the experimental study of the protonation constants 

with the calculated molecular properties, I’ve preliminary evaluated the potential sites of 

absorption and distribution of these molecules. 

The insertion of hydroxyl groups in the structure of T1 has allowed me to design and 

synthesize novel coumarin-based thiosemicarbazones with dual antioxidant and anti-

tyrosinase activity. Further studies are currently ongoing to determine the enzymatic 

inhibitory mode adopted by these molecules. 
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Perspectives 

Based on the results so far achieved, it would be interesting to extend the study of the 

anticancer properties of the Cu(II) complexes reported towards other cancer cell lines or 

using in-vivo models. In addition, the study of their interaction with transport proteins (e.g., 

albumin) or endogenous ligands would help in understanding the transport mechanism 

and their speciation in biological fluids. The design and synthesis of novel ternary Cu(II) - 

phenanthroline complexes bearing other ER-stress modulators would also be worth of 

interest. 

As regards the tyrosinase inhibitors, studies are currently ongoing to determine the mode 

of enzymatic inhibition exerted by these molecules. In addition, it would be necessary to 

study their cytotoxicity on melanocytes to evaluate their potential applications in the 

biomedical field. 
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