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Copper is an essential trace element found ubiquitously in humans [1,2], plants [3-5],
vertebrates and invertebrates [6], and is present in different active sites at innumerous
proteins and enzymes [7-11]. In such biological systems, copper enzymes perform functions
such as uptake and transport of oxygen; electron transfer in the respiratory chain; catalytic
oxidation or reduction of many substrates; antioxidant action; uptake, transport and storage
of metal ions, etc. [12,13]. Structurally, copper compounds appear in many configurations,
coordinated with simple ligands or biomolecules, in a wide range of arrangements [14].
The two common oxidation states of copper, Cu* and Cu?*, present in biological systems
exhibit peculiar properties, with a range of reactivity and nuclearity, forming mono-, bi-,
poly-nuclear, or even cluster species. The proteins of copper may have one or many metal
ion centers with different spectroscopic signatures and dissimilar activity [15]. On the other
hand, copper ions are also involved in neurodegenerative diseases, in which their redox
properties play important roles [16-22]. Considering the varying biological roles of copper
described above, the development of new copper-containing coordination complexes is
an intense topic of research, involving exploration of their pharmacological properties,
especially their anticancer activities [23-31].

Consequently, the Bioinorganic Chemistry of copper constitutes a rich and challenging
field of investigation, attracting the attention and interest of research groups around the
world, as demonstrated by the huge number of files found in literature searches by using
copper in combination with a second keyword, such as antibacterial, anticancer, diseases,
catalysts, mimics, proteins, spectroscopy, reactivity, etc.

This diversity is clearly demonstrated in this Special Issue of Inorganics, ‘Bioinor-
ganic Chemistry of Copper’, which contains 14 published articles that explore topics such
as antiproliferative studies, anticancer agents, anti-inflammatory compounds, potential
radioactive imaging diagnosis agents, reactive species related to amyloid peptides, antipar-
asitic activity, catalytic oxidative activity, and protein mimics.

Potential anticancer agents were reported in most of the published articles. A re-
view about mixed chelate homoleptic or heteroleptic copper(ll) complexes, known as
Casiopeinas® and already used in clinical tests, was provided by Ruiz-Azuara and co-
workers (contribution 1), describing translational medicine criteria to establish a normative
process for new drug development.

Batista and coll. (contribution 2) isolated and characterized a series of Cu(I)/PPhs/
naphtoquinone complexes with anticancer properties against diverse tumor cells. Their
mode of action also involves reactive oxygen species (ROS) generation, both in the absence
(peroxyl radicals) and presence of irradiation (hydroxyl radicals).

Inorganics 2024, 12, 97. https:/ /doi.org/10.3390/inorganics12040097 1
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The cytotoxicity of phenylcarboxylate—copper(ll) complexes with typical binuclear
paddle-wheel arrangements was investigated by Fernandez et al. (contribution 3), who
studied their lipophilicity, DNA binding, and cytotoxicity toward metastatic breast adeno-
carcinoma, lung epithelial carcinoma and cisplatin-resistant ovarian carcinoma cells.

A series of mononuclear copper(Il) complexes with ligands containing phenolate and
imine moieties was verified by Serre et al. (contribution 4), to act as efficient artificial
nucleases, activated by reduction with ascorbate, toward cancer cell lines sensitive or
resistant to cisplatin itself, with ICsy values much lower than those for cisplatin.

New isothiosemicarbazone—copper(Il) complexes with varied structural features were
isolated and characterized by different techniques, as reported by Graur et al. (contribution
5), showing antioxidant activity similar to trolox, used as an antioxidant agent in medicine,
as well as high antiproliferative activity against cells sensitive to doxorubicin, a standard
chemotherapy medication. Additionally, these compounds showed significant antibacterial
and antifungal activities.

A strategic combination of bioactive ligands and metals that are already consolidated
in the synthesis of metallopharmaceutical agents, allowed Corbi and coll. (contribution 6),
to prepare and investigate naproxen (Nap)-based complexes of copper(II) and platinum(II)
which showed cytostatic behavior over a set of tumor cells, but no bactericidal activity.

Complexes with other pharmacological activities were also presented. Copper(Il)
complexes with bi-, tetra-, or pentadentate ligands showing potential anti-inflammatory
activity against Rheumatoid Arthritis (RA) were evaluated regarding their diffusion and
membrane permeability, as described by Jackson and coll. (contribution 7). Chemical
speciation was used to determine the predominant complex in solution at physiological
pH. However, no correlation was found between partition coefficient and/or molecular
weight and tissue permeability.

Since oxidative stress and metal (especially copper) dyshomeostasis are crucial fac-
tors in the pathogenesis of Alzheimer’s disease (AD), involving ROS generation, Density
Functional Theory (DFT) computations were used by L. Bertini and coll. (contribution 8),
to verify a possible mechanism of oxidation through the OH radical propagation toward
the phospholipidic membrane.

In another study, Valensin and co-workers (contribution 9) described an active alkaloid
lycorine (LYC) capable of suppressing induced amyloid 3 (Af3) toxicity in differentiated
SH-SY5Y cell lines, likely by binding to the N-terminal region of A via electrostatic
interactions, which are favored in the presence of copper ions.

In the work of Portes et al. (contribution 10), copper(Il) and zinc(Il) compounds with
oxindolimine ligands were shown to act as efficient trypanocidal agents against trypo-
mastigote and amastigote forms of the parasites, through the generation of reactive oxygen
species (ROS), inducing apoptosis, and probably involving the inhibition of selected para-
site proteins. The determined ICs, values are lower and selective indexes (LCs/ICsq) are
higher, after 24 or 48 h incubation, modulated by the metal and the ligand, in comparison to
traditional antiparasitic drugs used in clinics, or other metal-based compounds previously
reported in the literature.

New penta- and hexadentate ligands containing pyridine moiety were prepared and
verified to form stable Cu(I) and Cu(Il) complexes, characterized by different methods,
as reported by Mirica and coll. (contribution 11). After that, further experiments were
performed to verify their potential use in vivo as ®*Cu PET imaging agents.

In addition, studies on structure-function relationships, methodologies, and catalysis
were reported. Signorella and coll. (contribution 12) described the critical role of the
flexibility or rigidity of the ligands in the redox cycle of copper superoxide dismutase (SOD)
and therefore in the design of their mimics. A combination of ligand flexibility, total charge,
and labile binding sites provided optimized catalytic properties for a trans-[Cu(II)N4-Schiff
base] complex in the dismutation of superoxide ions.

Applications of ' Ag perturbed angular correlation (PAC) of y-ray spectroscopy to
elucidate the chemistry of Cu(l) in biological systems were reviewed by V. Karner et al.
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(contribution 13). Since monovalent copper ion is isoelectronic with Ag(I) (both closed-
shell d10), and both ions share ligand and coordination geometry preferences, the focused
spectroscopy is appropriate to investigate the structural aspects of some small blue copper
proteins, such as plastocyanin and azurin, involved in electron transport and transfer.

Finally, a catalytic action of copper compounds was reported by J. Isaac et al. (con-
tribution 14) in the study of symmetrical and unsymmetrical dicopper(I) complexes with
oxazolines or mixed pyridine—oxazoline coordination moieties that react with O, at low
temperature to form p-n>m? Cuy:O, peroxido species. These may result in C-C coupling
products after reaction with a phenolate substrate, with the formation of an intermediary
mixed-valence Cu'lCu'" species, as indicated by electrochemical and EPR results.

This Special Issue includes a range of examples of copper(l) and copper(ll) com-
pounds reactivity, reported by many researcher groups, using distinct strategies to illustrate
different aspects of their bioinorganic chemistry.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this review, we present a timeline that shows the origin of mixed chelate copper (II)
®, as the first copper (II) compounds proposed
as anticancer drugs in 1988 and 1992. In the late twentieth century, the use of essential metals as

complexes, registered as Mark Title Casiopeinas

anticancer agents was not even considered, except for their antifungal or antibacterial effects; also,
copper, as gold salts, was used for arthritis problems. The use of essential metals as anticancer drugs
to diminish the secondary toxic effects of Cisplatin was our driving force: to find less toxic and even
more economical compounds under the rational design of metal chelate complexes. Due to their
chemical properties, copper compounds were the choice to continue anticancer drug development.
In this order of ideas, the rational designs of mixed chelate—copper (II) complexes (Casiopeinas,
(Cas) homoleptic or heteroleptic, depending on the nature of the secondary ligand) were synthesized
and fully characterized. In the search for new, more effective, and less toxic drugs, Casiopeina®
(Cas) emerged as a family of approximately 100 compounds synthesized from coordinated Cu(II)
complexes with proven antineoplastic potential through cytotoxic action. The Cas have the general
formula [Cu(N-N)(N-O)]NOj3; and [Cu(N-N)(O-0O)]NO3, where N-N is an aromatic substituted
diimine (1,10-phenanthroline or 2,2'-bipyridine), and the oxygen donor (O-O) is acetylacetonate or
salicylaldehyde. Lately, some similar compounds have been developed by other research groups
considering a similar hypothesis after Casiopeina’s discoveries had been published, as described
herein. As an example of translational medicine criteria, we have covered each step of the established
normative process for drug development, and consequently, one of the molecules (Casiopeina III
ia (Caslllia)) has reached the clinical phase I. For these copper compounds, other activities, such as
antibacterial, antiparasitic and antiviral, have been discovered.

Keywords: cancer; copper; antiparasitic; antiviral; drug delivery; Casiopeinas®

1. Introduction

Metals such as copper, silver and gold, and even minerals containing those metal ions,
have been used since early civilizations. Egyptians, Greeks and Romans used them for cu-
rative applications and for purifying water [1-3]; however, the use of inorganic compounds
for medicinal purposes had not occurred until the beginning of the Twentieth Century, when
Paul Ehrlich developed Salvarsan (Arsfenamina, C1pH;3N,ClO,As;) for the treatment of
syphilis, and coined the term chemotherapy [4] for the use of a compound to treat some type
of disease [5,6]. Anticancer drugs were mainly derived from organic molecules until some
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years later, when Barnett Rosenberg discovered the cytotoxic activity of the pure inorganic
molecule Cisplatin cis-[Pt(INH3)>Cl, ], which was approved by the FDA in 1978 as an anticancer
drug [7-10]. The success of Cisplatin as the pioneering anticancer metallodrug is due to its ac-
tivity mainly against esophageal, neck, lung, and ovarian cancer [11-13]. Due to its secondary
toxic effects on the kidneys (ototoxicity), some analogues were developed—carboplatin, oxali-
platin, among others—with the purpose of reducing those toxic effects. Despite being useful
in therapies, this compound presents several secondary toxic effects on the kidneys, as well as
myelotoxicity and neuropathy [14-18]. Another very serious limitation of using Cisplatin
in cancer chemotherapy is drug resistance [19,20]. After Cisplatin was accepted for use in
anticancer therapy, the research turned to focus on platinum metal compounds, and several
reviews have been dedicated to such compounds [1,2,5-7].

To overcome the side effects and drug resistance of Cisplatin and its derivatives, some
new approaches have been considered, including the use of elements from the platinum
family, such as palladium [21], ruthenium [22], and iridium [23]. A more innovative
approach was designing drugs based on endogenous trace metals. Among the first transi-
tional metal species, copper is a trace element involved in a series of fundamental biological
processes associated with metalloproteins and -enzymes, as well as several related to mito-
chondrial metabolism [24,25] and acting towards cellular oxidant species protection [26,27].
Even essential metals, metal compounds, or organic compounds at higher doses can present
side effects; therefore, copper is essential in healthy cells, and there are homeostatic nat-
ural control processes acting to stabilize the level of copper in organisms, but which at
higher concentrations can produce tumor growth, angiogenesis, and metastasis [28-31].
In accordance with these characteristics of copper, it has been considered as a promising
component of metallodrugs used in cancer therapy [32], and in the late 1980’s, new mixed
chelates—copper (II) complexes were designed and then patented a few years later [33].
Afterwards, copper complexes were synthesized with ligands containing principally N, O, S
and P as donor atoms (phenanthroline, disulfiram, and thiosemicarbazones) [34-36]. These
complexes have been shown to be multitargeting and multifunctional agents, and their
anticancer activity involves several mechanisms. The presence of ligands leads to a minor
concentration of the metal, and reduces the growth of malignant cells and angiogenesis.
Compounds containing different types of ligands interact with proteasomes, inhibiting
their function [37]. The Cu—esclemol complex can interact with the ferredoxin function,
producing cuproptosis, a mode of independent cell death that occurs in pathways parallel
to apoptosis [38].

The use of essential metals as anticancer agents in the late Twentieth Century was
not even considered, except for their antifungal and antibacterial purposes. Also, copper
in the form of gold salts was used for arthritis problems [39,40]. In the search for new
anticancer drugs with fewer side effects, Casiopeinas®, comprising mixed chelate-copper
complexes, was synthesized, reported, and patented [33,41,42]. The use of essential metals
as anticancer drugs to diminish the secondary toxic effects of Cisplatin was the driving force
of this research, as we sought less toxic and more economical compounds, incorporating the
rational design of metal chelate complexes. The chemical properties of copper compounds
were favored in continuing anticancer drug development. In this order of ideas, the rational
design of mixed chelate—copper (II) complexes, such as Casiopeinas, as either homoleptic
or heteroleptic depending on the nature of the secondary ligand, was synthesized and
fully characterized. In the search for new, more effective, and less toxic drugs, Casiopeina®
(Cas) emerged [43]. A family of approximately 100 compounds has been synthesized
from coordinated Cu(ll) complexes with antineoplastic potential proven through cytotoxic
action [44-46] (Figure 1).
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Figure 1. Circle of the five generations of Casiopeinas. The structures of the chelate-copper mixes
comprise a primary ligand (substituted aromatic diamine) and a secondary ligand. Each generation
is defined by the chemical characteristics of the secondary ligand. The first generation contains
anionic ligands (e.g., amino acids, peptides, acetylacetonate and substituted salicylaldehydes); the
second generation comprises neutral ligands (e.g., 2-aminomethyl benzimidazole, ethylendiamine
and 4,5-dimethyl-o-phenanthroline); the third generation includes ligands with biological activity
(e.g., indomethacin and Curcumine and its derivatives); the fourth generations includes Schiff’s base
ligands and the fifth generation involves the hydrogenation of the Schiff’s base ligands (Adapted
from Casiopeinas papers published until now).

Casiopeinas® are well-known copper compounds with proven potent anticancer

activity. Due to the solubility of this compound in polar solvents, several X-ray structures
have been reported [47-49] (Figure 2). Their general formula is [Cu(N-N)(L-L)]"** (n=1,
2), where N-N = 4,7-dimethyl-1,10-phenanthroline or 4,4’-dimethyl-2,2'-bipyridine and
L-L = different secondary ligands, that is, different bidentate chelate ligands (Table 1). One
such ligand (CasIllia:[Cu(44’dmbipy)(acac)]*) is now being tested in clinical trials.

Table 1. Common name of some Casiopeinas of the first generation and Cisplatin.

Common Name Formula Short Common Name
Casiopeina I gly [Cu(4,7-diphenyl-1,10-phenanthroline)(glycinate) [NO3 Caslgly
Casiopeina II gly [Cu(4,7-dimethyl-1,10-phenanthroline)(glycinate) [NO3 Casllgly
Casiopeina III ia [Cu(4,4" Dimethyl 2,2" dipyridyl)(acac)]NO3 Caslllia
Casiopeina III Ja [Cu(3,4,7,8-Tetramethyl-1,10-phenanthroline)(acac)[NO3 CasllIJa
Casiopeina III Ea [Cu(4,7-dimethyl-1,10-phenanthroline)(acac)|NO3 CaslIIEa
Casiopeina III La [Cu(5,6-dimethyl-1,10-phenanthroline)(acac)|NO3 CasllIILa
Casiopeina IV gly [Cu(4,4’ Dimethyl 2,2’ dipyridyl)(glycinate)[NO; CaslVgly
Casiopeina VIII gly [Cu(3,4,7,8-Tetramethyl-1,10-phenanthroline)(glycinate) INO; CasVIIIgly
Cisplatin cis-[Pt(NH3),Cl,] CDDP
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The second generation of Casiopeinas possess a neutral L-L ligand, such as ethylene-
diamine and substituted benzimidazoles, as well as 1,2-dianilines, with a general for-
mula [Cu(N-N)(N1-N2)](NO3),. The third generation of Casiopeinas have a formula
of [Cu(N-N)(O1-0O1)]NOj3, where the secondary ligand is a more hydrophilic mono-
charged molecule, and they have been previously used as commercial drugs, such as
indometacinate and several curcuminates [48,50]. The fourth generation was conceived
using tetra- and tridentated Shiff bases derived from salen ligand types. Tetradentate
Shiff bases coordinated towards metal (II) ions produce neutral compounds that are
generally insoluble in polar solvents such as water. Therefore, some tridentated lig-
ands have been designed, synthesized and fully characterized. The mixed chelate com-
pounds have the formula [Cu(NNO)(N-N)]*, where NNO corresponds to asymmetric
salen ligands (E)-2-((2-(methylamino)(ethylimino)methyl)phenolate (L1) and (E)-3-((2-
(methylamino)ethylimino)methyl)naphthalenolate (LN1). The fifth generation contain
hydrogenated derivatives 2-((2-(methylamino)ethylamino)methyl)phenolate (LH1) and
3-((2-(methylamino)ethylamino)methyl)naphthalenolate (LNH1); N-N corresponds to 4,4’
dimethyl-2,2’-bipiridyne (dmbpy) or 1,10-phenanthroline (phen). The insertion of this
type of secondary ligand may modulate and increase the anticancer activity, as well as the
anti-inflammatory activity, leading to an enhanced antitumor activity. However, the main
mechanism of action of the first generation of Casiopeinas would not be different in the
third generation, because of their main weak oxidant properties, and their ROS generation
and apoptosis induction are similarly enacted through the reduction of Cu(Il) to Cu(I).
The mechanism of action has been studied in more than 20 compounds, and ROS genera-
tion has been identified, leading towards the induction of apoptosis and interaction with
DNA, as well as nuclease action [51,52]. These compounds represent a viable, attractive,
and available alternative for cancer treatment, including lung, cervix, and breast cancer.
Additionally, Casiopeinas® show low toxicity against normal cells, which suggests high
selectivity [53]. It has also been demonstrated that Casiopeinas® possess a multitarget
cytotoxicity mechanism that converges in cellular apoptosis induction [54,55]. In addition,
in silico studies suggest that all three generations of Casiopeinas® can act as antiviral agents
via the inhibition of the main protease of SARS-CoV-2 [56].

¢

Casiopeinalllia Casiopeinall Gly [Cu(4,7dmphen)(ambz)]**
[Cu(4,4'dmbpy)(acac)INO; [Cu(4,7dmphen)(gly)INO,

(F) G5

[Cu(4,7dmphen)(dmocu)]NO;  [Cu(4,4’dmbpy)(L1)INO, [Cu(4,4’dmbpy)(LHD)]*

Figure 2. Structures of Casiopeinas and the generation to which they belong. X-ray structure of
(A) Caslllia, (B) CaslIgly, (D) [Cu(4,7dmphen)(dmethoxcur)[NO3 and (E) [Cu(4,4'dmbpy)(L1)]NO;, and
the optimized M06/LanL2DZ structure of (C) [Cu(4,7dmpher1)(ambz)]zJr and (F) [Cu(4,4'dmbpy)(LH1)]*
(Adapted from data from [47-49,53,56]).
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2. Historical Timeline of Anticancer Drugs: Casiopeinas®

The use of metals in healthcare is an activity that has been described since ancient
civilizations, who used metals such as copper, gold, or silver to disinfect water, food, or
wounds [24,57,58].

In 1786, Thomas Fowler proposed a solution of As,O3 with potassium bicarbonate for
treating periodic fever [59]. In subsequent years, arsenic trioxide was used to treat diseases
such as psoriasis, malaria, asthma, and rheumatism [60]. However, because of its adverse
effects and the emergence of new treatments, its use in treating these diseases has been
avoided. Nonetheless, arsenic trioxide remains relevant, as in 2000, the FDA approved [61]
this compound for use in the treatment of acute promyelocytic leukemia [34,62]. Paul
Ehrlich, who is the “father of chemotherapy”, having introduced the concepts of specific
targets when developing new drugs, introduced Salvarsan in 1910 as an effective treatment
for syphilis [35]. Salvarsan is an organic compound containing arsenic, which has led to
the development of modern medicinal inorganic chemistry.

During the 1970s, the understanding of the molecular biology of cancer was limited,
thus consequently constraining the identification of specific molecular targets when de-
signing novel drugs [36,37]. Investigations of the mechanism of action of certain antitumor
agents have piqued the interest in studying the characteristics of DNA when developing
new anticancer molecules [38]. In 1978, the FDA approved Cisplatin, which was the first
inorganic agent available for the treatment of cancer [11]. This spurred inorganic chemists
to devise novel oncological medicines. As a result, some research groups involved in
coordination chemistry have primarily focused on catalysis, and have shifted their focus to
coordination compounds of the platinum metal group, which exhibit promising anticancer
activities [2,41].

In the 1980s, Dr. Lena Ruiz Azuara, driven by the pursuit of novel cancer treatments,
proposed a family of inorganic compounds with endogenous metals based on the following
overarching criteria:

e Given DNA'’s status as a cancer target at the time, the synthesis of compounds that
induce DNA damage was sought. Thus, molecules were designed with ligands situ-
ated in the equatorial plane of the metal’s center to facilitate intercalation interactions
with DNA;

e  Molecules were devised to incorporate a copper atom, which, being an endogenous
metal, was expected to mitigate compound toxicity. In addition, we explored whether
the redox properties of the metal could be relevant in tumor cells;

e  Small cationic molecules were proposed to enhance solubility in biological environments.

The research working group focused on the synthesis and characterization of the
first copper ternary compounds to be designed, which were tested in 1986, whereby their
potential anticancer activity was reported. With the patenting of the molecules in the
early 1990s, the name Casiopeinas emerged, and preclinical studies of these compounds
were initiated.

After more than 30 years since the design of Casiopeinas, there is solid evidence re-
garding the mechanism of action of these compounds. They are characterized as multitarget
molecules that can be used for cancer treatment, inducing mitochondrial damage, increas-
ing reactive oxygen species, and causing DNA damage. This cooperative action reinforces
their effects on tumor cells. Their polypharmacological profiles ensure that the design of
these molecules remains up to date as an alternative in the treatment of diseases like cancer.
The relevance of polypharmaceutical activities of compounds, determined either by the
nature of their ligands [63] or their oncological biomarkers, was later indicated [64].

The research group’s expertise and preclinical results led to the selection of Casiopeina
III ia (Caslllia) for submission to the Mexican regulatory agency (COFEPRIS), marking
the initiation of the first Phase I clinical trial of a copper-based anticancer compound in
México. Recently, these molecules have garnered significant interest within the scientific
community, due to their chemical characteristics and biological activities.

10
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3. Activity and Properties

The anticancer activity of these compounds (Casiopeinas) depends mainly on the three
descriptors obtained by QSAR study (Figure 3). Halfwave potential (E; ;) is important
in oxidant agents; aromaticity refers to the number of aromatic conjugated rings, and has
a minor influence on the lopP of mono-charged cationic copper (II) complexes [42], as
corroborated by analyses of the properties of the other compounds derived in the other
generations [48,50], except for the second generation of Casiopeinas, wherein the mixed
chelate complexes are bi-charged cationic complexes. These findings suggest that greater
hydrophilicity in the cation complex decreases the membrane crossing efficiency in cancer
cells. Structure—activity correlation analyses have been performed, and in vitro assays of
ICs50 have shown lower values against, mainly, E; /; and LogD [42,48-50,65].
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Figure 3. Plot of predicted vs. observed activity on SiHa (human cervical adenocarcinoma) cells,
showing that the cytotoxicity of Casiopeinas may be successfully described by QSARs constructed
with experimental values: IN_n;, E1 /5 and LogD (adapted from data from [42]).

Casiopeinas and acetylacetonate analogues have been synthesized and studied by
EPR and ENDOR spectroscopy. It has been found that small variations towards a square
planar geometry can be detected by advanced EPR techniques [46,66].

It is important to mention that Casiopeinas of the first generation contain essential
amino acids (aa); a large number of aa are used as secondary ligands, indicating that the
amino acids produce very small variations in the activity compared with a change in the
diimine; therefore, glycine was chosen to continue the studies [67].

Regarding the in vivo assays, the xenografting of several human cell lines into nu/nu
mice models diminished the tumor volume, and even achieved an important increase in
the activity towards the control drug Cisplatin. For example, when compared with the
IC50 of cisplatin over HCT-15, Caslllia has greater value, however, the in vivo value for the
delay of specific growth as a function of the doses applied, the activity of Caslllia is more
effective than cisplatin [42,68] (Table 2, Figure 4).
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Table 2. In vitro and in vivo metallodrugs’ activities.

Compound In Vitro ICs (uM)  In Vivo Specific Growing  In Vitro Lymphocyte

HCT-15 Delay (Doses) HCT-15 (uM)
Caslllia 40.5 [42] 1.4 (6 mg/kg) [68] 4700 [53]
CasllIgly 2 [42] 2 (1 mg/kg) [68] 1720 [53]
Cisplatin 21.8 [42] 0.1 (4 mg/kg) [68] 19 [53]
—‘Noj (B)
7N N\ 4
cl NH,
~ per”
c1””  TSNH, 9
Cisplatin Casiopeina Il ia
l’r |
& { =
.|
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Figure 4. (A) Specific delay in growing under several treatment schemes of HCT-15 (human colon
cancer) in a nu/nu model. (B) Left mouse treated with CaslIl-ia 6 mg/kg (every 4 days for 6 ip doses),
right mouse is the control mouse (adapted from data from [68]).

The tetramethylated phenanthroline analogues CasVIIIgly [Cu(3,4,7,8tm-phen)(gly)INOs;
and CaslllJa, [Cu(3,4,7,8tm-phen)(acac)]NO3 were tested in an in vivo assay; when the
HCT-15 (human colon adenocarcinoma) cell line was xenografted onto nu/nu mice, the
acac analogue was more active than the IIgly one, which coheres with the prediction
from the QSAR study. Then, the secondary ligand plays an important role in distribution
in vivo. It is because of the above that there is a balance between two pharmacological
properties—the tumor response of the drug and the access to the tumor—and this gives
Casiopeinas its effect as a potent antitumor drug.

A lower cytotoxicity against non-cancer cell Lymphocytes, or stem cells, has been
reported, and shows the safety of these compounds compared with commercial platinum
drugs [69].

Pharmacological interactions between Casiopeinas analogues and Cisplatin were
evaluated in HeLa cells (human cervical adenocarcinoma). An isobolographic analysis
revealed that one of the combinations increased the antiproliferative activity from 50 to
77% when the cells were exposed to 4.59 and 9.70 uM of Caslllia and Cisplatin, respec-
tively. The results indicate that those compound analogous to tetraphenanthroline and
Cisplatin had a synergistic effect with Caslllia. The synergistic combinations assessed
may be useful in future in vivo analyses with the aim of reducing the toxicity of Ca-
siopeinas containing phenanthroline in their structure [70]. CaslIgly in combination with
the 17 first-line antineoplastic drugs used at the National Institute of Cancer of México
induces a synergistic response in HeLa cells (human cervical adenocarcinoma). The drugs

12
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combined with CasllIgly diminish the viability and proliferation rates at nanomolar doses,
without any apparent effect on the normal proliferation of cells [71].

4. Toxicity

Lethal dose response was evaluated in twenty mongrel dogs. Caslllia and CaslIgly
were infused intravenously for 30 min. The reported LDgg was 10 mg/kg (200 mg/m?) for
Caslllia and 8 mg/kg (160 mg/m?) for Casllgly. The therapeutic safety margin (TSM) and
true therapeutic safety margin (TTSM) are observed in Figure 5. The authors recommend
doses of 33.3 mg/m? for CaslIlia and 26.6 mg/m? for CaslIgly. At DLgg, the Casiopeinas
caused acute dog death by pulmonary edema after a latency time of 30 to 50 min. Death due
to pulmonary edema in dogs was confirmed by histopathological studies. In addition, it was
found that the heart did not suffer direct cardiac toxicity; however, transmission electron
microscopy studies revealed mitochondrial damage in myocardial cells [72]. CaslIgly and
IIIEa were two and seven times more potent as inhibitors, respectively, than Caslllia on
respiratory activity. This security range was considered when proposing Caslllia for use
in clinical trial. Also, the effects of Caslllia, Casllgly, and CaslIIEa treatments on cardiac
mitochondria-isolated cardiomyocytes were evaluated. It is proposed that phenanthroline,
present in the structure of CasllIEa and Casllgly, may act as a transporter in the cellular
uptake of copper compounds, meaning Casiopeinas provoke a loss of membrane potential,
which increases the opening of the mitochondrial permeability transition pore (mPTP), and
this could be associated with cardiotoxicity [73-75].
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Figure 5. Therapeutic safety margin of Casiopeinas in mongrel dog study (adapted from data
from [72]).

Hematoxicity

Hematoxicity assays of Casiopeinas were carried out in Wistar rats, via IV in singu-
lar doses. The results show that Caslllia (3 mg/kg), Casllgly (5 mg/kg), and CaslIIEa
(4 mg/kg) caused hemolytic anemia at 24, 12, and 48 h, respectively. The restoration of
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hematic parameters was observed after 21 days (Caslllia) and 15 days (CaslIgly). It seems
that the evaluated Casiopeinas produce an early hematological effect with no delayed or
permanent toxic effect. For CasllIlia and CasllIgly, hemolytic anemia was presented without
any effect on biochemical parameters, but this was not the case for CasIlIEa, wherein alter-
ations were observed in the concentrations of urea, bilirubin, albumin, and total proteins;
however, recovery was observed at 96 h after the biochemical parameters were measured,
whereat reversible renal damage was shown [76,77].

5. Pharmacokinetics

To determine the half-life (t; /) and distribution of Casiopeinas in a preclinical in vivo
model, pharmacokinetic studies were carried out in species such as rats, dogs, and rabbits.
A pharmacokinetic study was performed on CaslIgly in dog blood at two doses (1.5 and
3 mg/kg, n =2 for each dose) given via intravenous infusion. The results obtained indicate
that CasllIgly has a high elimination rate and a wide distribution for both tested doses. The
reported half-life in dogs is slightly higher than that reported in male Wistar rats (8 mg/kg,
n = 10). The results in dogs and rats suggest that Casllgly is eliminated in a short time in
animals [78]. Regarding Caslllia, pharmacokinetic studies have been carried out in rats
and rabbits. The volume of distribution and the half-life are both greater in rats than in
rabbits, and the clearance is slower in rats than in rabbits. In addition, the half-life (3.9 h)
and plasma concentration profile suggest that Caslllia is distributed in several organs, with
an apparent half-life of 13.4 pg/mL (administration dose was 4.5 mg/kg) [79].

Isomeric Casiopeinas have been synthesized. In order to study the differences in
half-life, pharmacokinetic studies of CaslIILa (1 mg/kg) and CaslIIEa (4 mg/kg) in male
Wistar rats (n = 6) were performed. The elimination of CaslIIEa was observed to be slower
than that of CaslIILa. This compound had a greater distribution, even in organs with low
blood perfusion. The differences found with respect to the elimination and distribution
of both isomeric compounds are suggested to be related to the way they interact with cell
membranes. When observing the structures of both isomeric compounds, it is possible
to see that when the lipophilic character of the substituents increases, a decrease in the
distribution and elimination rate of these compounds is also observed [69].

Plasma protein binding studies of CasllIlia have shown that the percentage of binding
to plasma proteins is approximately 80% at the concentrations of 12.25 and 50 (ng/mL),
which leads to the inference that Caslllia is found in greater proportions within the blood
circulation, which thus acts as a deposit at the concentrations tested. Correia et al. evaluated
the binding of Caslllia, CaslIgly, and CasllIEa to human serum albumin (HSA). According
to their results, the transport of Casiopeinas may occur through HSA, because they form 1:1
adducts within the physiological range of concentrations. The values were determined by
circular dichroism, and the fluorescence emission spectra indicate that this binding takes
place close to the Trp214 residue [80].

The data obtained from each study indicate that there is great interspecies variation,
which is related to body weight and the physiological processes of each species. Therefore,
further studies are required in these species in order to allow allometric scaling. Knowing
the pharmacokinetic parameters in different animal species will help us in the future when
designing dosing intervals, as well as in making an appropriate selection of dose levels for
pharmacokinetic studies in future clinical stages.

6. Mechanism of Action

The biological activities of Casiopeinas have been evaluated both in vitro and in vivo,
and they have demonstrated antiproliferative, cytotoxic and genotoxic effects, which has
led to the clinical evaluation of several members of this family [68,80]. Research has focused
on three main derivatives: Casllgly, Caslllia and CaslIIEa [53,54]. Various studies have been
carried out on Casiopeinas in a wide variety of human and animal models, highlighting the
antiproliferative influence in cell cultures of breast cancer [51], cervical cancer [81,82], lung
cancer [83], rat C6 glioma [84], medulloblastoma and neuroblastoma [85]. On the other
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hand, non-tumor cells with accelerated growth, such as 3T3-L1 (healthy mice fibroblasts)
treated with Casllgly and CasllIEa, presented low toxicity. As Casiopeinas have been
shown to induce damage in healthy human peripheral lymphocytes, it is necessary to
apply a higher mean inhibitory concentration (ICsp) (1 mM) with respect to CHP-212
neuroblastoma tumor cells (31.5 pM, 47.5 pM and 18.6 uM of Casllgly, Caslllia, and
CasllIEa, respectively) [53].

These experiments elucidate the tumor selectivity of Casiopeinas, as well as their low
toxicity in healthy systems compared to most standard treatments used for different neoplasias.

In vivo, Casllgly reduced tumor volume, mitosis, and cell proliferation, as well as
promoting increased apoptosis in a model of C6 glioma cells xenografted in Wistar rats
(doses of 0.4 and 0.8 mg/kg, injected intraperitoneally). The antineoplastic effect of CaslIgly
occurred without leukopenia [86] or toxicity in the hepatobiliary or renal system, and
furthermore, it did not induce animal mortality [84].

At high concentrations, Caslllia underwent binding to proteins, specifically to the
alpha-acid glycoprotein, thus intervening in binding to red blood cells [87]. On the other
hand, the distribution of the whole blood assayed in Wistar rats showed a Cblood /Cplasma
ratio > 2 (where C = concentration), which implies the binding of CasllIlia to erythrocytes.
All the tests indicate a pattern in the mechanism of action of Casiopeinas based on the
overproduction of reactive oxygen species (ROS) and their coupling to DNA, as well
as the alteration of energy metabolism, thus promoting the induction of mitochondrial
apoptosis [54,81-85].

From the energetic point of view, Casiopeinas can intervene in different levels of
cellular respiration. Glycolysis is the main source of ATP in solid tumors, before even
oxidative phosphorylation (OxPhos), known as the Warburg effect [88]. The protein respon-
sible for initiating glycolysis is hexokinase (HK) [89], and so selective HK inhibitors such
as 3-bromopyruvate (3-BrPyr) are important chemotherapeutic candidates [90,91]. The
influence of CaslIgly on glycolysis was determined, whereby the inhibition of HK activity
to a degree 1.3 to 21 times greater than that achieved with 3BrPy causes a drop in ATP
production [92]. In a study in cardiac cells, it was determined that Casllgy, Caslllia, and
CasllIIEa induce the loss of mitochondrial membrane potential (A{m) due to increased
ROS. In addition, the inhibition of the opening of the mitochondrial permeability transition
pore (mPTP) by cyclosporin-A (CsA) prevents the depolarization of cells when treated
with Casiopeinas, thus protecting cells from apoptosis [93], which suggests that the PTPm
participates in the mechanism of action of Casiopeinas [73] (Figure 6).

In cancer cells, it has been reported that there is a high oxidative environment, which
makes them susceptible to increased ROS [94]. In order to understand the participation
of copper in oxidative stress processes, studies have described the oxidation of cysteine-
containing peptides in the presence of copper [95]. Particularly, the redox pairs GSSG/GSH
and Cystine/Cysteine have very similar oxidation-reduction potentials (—263 and 220 mV vs.
NHE), and CasllIlia and CaslIgly show potentials of 62 mV and 90 mV vs. NHE, respectively.
Therefore, the oxidation of cysteine and glutathione may be favored by the presence of
Casiopeinas [83,96].

Cancer cells can adapt to these oxidant species by increasing concentrations of an-
tioxidants, such as glutathione (GSH). Ref. [97] demonstrated that CaslIgly induced ROS
overproduction by catalyzing the Fenton-type reaction and using GSH as an electron source
in lung cancer cell lines (H157 and A549), inducing cell cytotoxicity via a rapid drop in
GSH levels due to the delay in the cells” ability to initially control the levels of ROS. The
hypothesis suggests that glutathione reacts with Casllgly, which leads to the reduction
of Cu(Il) to Cu(I) and the formation of the glutaryl radical (GSe), which can react with
another GSe product via the same reaction or via the superoxide (e-O;)-mediated oxidation
of GSH, which in turn causes GSe and e-O; to form oxidized glutathione (GSSG). GSSG is
a compound composed of two glutathione molecules linked by a disulfide (S-S) bond. SOD
(superoxide dismutase) catalyzes O, to form H,O,, which in turn reacts with Cu(l) to return
to its oxidized Cu(ll) state and produces the *OH radical, which initiates mitochondrial
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DNA damage. This impairment promotes a drop in the expression of complex I proteins
from the mitochondrial respiratory chain, causing their uncoupling, which is associated
with the formation of O,. The regression to oxidized Casllgly restarts the GHS oxidation
cycle, and consequently the subsequent reactions [83].
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Figure 6. Joint theory on the mechanism of action of Casiopeinas. Casiopeina—Cu2+ (Cas-Cu(Il)),
Casiopeina—Cu1+ (Cas-Cu(I)), hydroxyl radical (*OH), hexokinase (HK), voltage-gated anion channel
(VDAC), adenine nucleotide translocator (ANT), cyclophilin D (CyD), glutathione (GS), superoxide
dismutase (SOD), reactive oxygen species (ROS) cytochrome ¢ (Cyt c), apoptosis protease-activating
factor-1 (Apaf-1), caspase-9 (cas-9) and caspase-3 (cas-3) (adapted from data from [53,54,73,82,83,92]).

On the other hand, bioinformatic analysis has shown that Casiopeinas have the
characteristics required to intercalate between A and T bases, which redirects the bases
towards the major groove of DNA. Experimental studies of the interaction of the same 21
Casiopeinas with pBR322 plasmid DNA via three different analytical techniques (circular
dichroism, UV-Vis, and gel electrophoresis) have shown that, depending on the main
diamine and the secondary ligand, Casiopeinas can be classified as intercalators with minor
groove interaction, as well as with Ct-DNA /Cas and associated contents of the order of Kb
(M—1) 105 [54].

In a complete transcriptome mapping study by Espinal-Enriquez et al. in 2016, it was
determined that Casiopeinas block the cell cycle during the transition from the G1 to the
S phase. Thus, in cervical cancer (HeLa) and neuroblastoma (CHP-212) cells treated with
Casllgly, the expressions of different apoptotic molecules (at 6 h and 2 h, respectively) were
observed. The overexpression of the BAX, CIT-C (cytochrome-C), CAS9 (caspase-9), and
CAS3 (caspase-3) genes, and the under-expression of the CASS8 (caspase-8) and BCL2 genes,
identified the mitochondrial pathway as the preferred pathway by which Casiopeinas
act. In turn, a high concentration of ROS was observed. Apoptosis was potentiated by
the interruption of the cell cycle, which increased the expression of BAX, TP53, and P21
genes [82]
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7. Metabolomics: CaslIgly and Its Effect on Triple-Negative Breast Cancer
(TNBC) Metabolism

Metabolomics is an important tool that measures metabolic biology in response to
systemic changes [98]. In cancer research, metabolomics provides information on complex
changes in the molecular phenotype during malignant progression, whereby, in addition,
the concentration of the metabolites can be associated with cancer state, and thus be used
to complement other omics studies (genomic, proteomic, and transcriptomic). Thanks to
this, the development of new treatments and patient stratification is possible [99-101].

The metabolomic studies that have been undertaken using coordination compounds
are very few in number; therefore, they could be considered an emergent area. Until
now, metabolomic studies in cancer have focused on Cisplatin, as well as some of its
derivatives and coordination compounds, mainly ruthenium and palladium [102-104].
However, no reports have been found on this type of study using copper-based coordination
compounds—except for the one on Casiopeinas®, wherein a triple-negative breast cancer
(TNBC) cell line was used, which is a difficult type of cancer to treat [105].

TNBC represents 12 to 17% of all breast cancer cases, and it is characterized by
its aggressiveness, poor prognosis, high incidence, and mortality [6,106]. A particular
characteristic of TNBC is the absence of hormone receptors (progesterone and estrogen) and
human epidermal growth factor receptor 2 (HER2); consequently, the available treatments
are not very effective [6,107], and so it is necessary to explore new pharmacological targets
and treatment alternatives for TNBC.

Cancer cell metabolism is of interest for TNBC treatment since it is modified in cancer
cells to cover their nutrient and energy demands, thereby ensuring the cell’s survival.
Furthermore, this type of metabolic reprogramming is involved in metastatic and carcino-
genesis processes [108-110].

Cisplatin is a chemotherapeutic commonly used agent many types of cancer, and its
effect has been reported against TNBC metabolism when employing the MDA-MB-231 cell
line. The principal pathways affected by Cisplatin treatment are phosphatidylcholine, phos-
phatidylethanolamine, phospholipid biosynthesis, and methionine metabolism [51]; besides
this, it reduces the phosphocholine and betaine contents [111]. These processes are important
for cancer cell growth and membrane cellular constitution; because MDA-MB-231 cells have a
high concentration of lipids, this helps in the development of metastasis [112,113]. However,
chemoresistance may occur when using Cisplatin in TNBC treatment, which could limit its
use [114-116].

On the other hand, CaslIgly has a promising effect on TNBC metabolism, as it affects
important biochemical pathways related to cancer cells within short treatment times (20 to
120 min), among which are included the Warburg effect, pyruvate metabolism, gluconeoge-
nesis, glycolysis, the electron transport chain, 3-oxidation, and the pentoses pathway [51];
all of these are important metabolic routes in cancer progression because they are related to
how cancer cells undergo proliferation, metastasis, invasion and tumor growth [117-120].

These relevant alterations to the metabolism could cause cancer cells to undergo severe
nutrient deprivation and eventually death. Besides this, further metabolomic studies could
help us to understand and explore other types of pharmacological activities.

8. Encapsulation

Casiopeina nanoencapsulation has been carried out in colloidal systems (Figure 7).
The aim is to increase the concentration in the blood of the drug, and reduce its inherent
toxicity, as it is a compound used for cancer treatment [121,122]. It has been used in the en-
capsulation of Caslllia within chitosan nanoparticles and niosomes formulations. Miranda
in 2012 reported the encapsulation of Caslllia in chitosan nanoparticles; the results show
that the administration of Caslllia within chitosan nanoparticles increased the survival
time of CB6F1/Hsd mice transplanted with B16 melanoma tumor sixfold with respect
to the administration of Caslllia alone. Also, the CaslIlia within nanoparticles inhibited
tumor growth more extensively than the free drug [123]. Niosome containing Caslllia was
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Casiopeina Casiopeina

formed using a Quality by Design tool [124] to ensure the prediction and optimization
of a repeatable and reproducible formulation [125]. It was observed that encapsulated
Caslllia showed lower toxicity in female BALB/c mice with cells 4t1 (metastatic breast
cancer model), compared with cis-Pt and nonencapsulated Caslllia. When the weight
of mice was evaluated at the end of the treatment, it was observed that only the groups
treated with niosome with Caslllia and niosome without Caslllia recovered their initial

weights [126].
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Figure 7. Copper-based drug encapsulation (adapted from data from [50,123,126]).

A third-generation compound of Casiopeinas, with the Indomethacin ligand, was
synthesized and nanoencapsulated in chitosan—polyacrylamide nanogel nanoparticles.
The nanogels were pH-dependent, and subjected to changes in structure, which opens
up opportunities for pH-dependent chitosan nanogels to be used to encapsulate metal-
based drugs [50]. In addition, a cytotoxic copper—-phen aquaporin, inspired by Casiopeina,
was synthesized and encapsulated in liposomes. In in vivo studies, male BALB/c mice
showed nontoxicity after the parenteral administration of Cuphen liposomes in melanoma
models [127] with Hag90. These preclinical in vivo studies show that the toxicity of copper-

based compounds is reduced when encapsulated.

Also, a Cu(Il) complex containing a b-diketone and phenanthroline has been synthe-
sized, and the nanoparticles of this complex were prepared and evaluated in for their effects
on the proliferation of MKN-45 cells. Cell proliferation was inhibited by all compounds
and nanocompounds in a dose-dependent manner, but non-nanoparticle compounds were

more active [128].

Although there are limited reports regarding encapsulated copper compounds, re-
searchers have successfully synthesized nanoparticles employing copper as a carrier to
augment the activity of these compounds [129]. Furthermore, poly(amidoamine) den-
drimers complexed with copper(Il) have been synthesized for use in radiotherapy and
the treatment of metastatic cancer [130]. Copper chelates have also been formed with
compounds possessing antitumor properties, such as disulfiram [131]. In addition, copper
complexes with doxorubicin have been encapsulated within liposome [132]. A comprehen-
sive review of metallodrugs used in the realm of cancer nanomedicine was conducted by

Pefia and collaborators [133]
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9. Casiopeinas-like Compounds

Some reviews dedicated to copper(ll) anticancer drugs have been published [43],
including works related mono-, bis- and tris-chelates, and mainly mixed and non-mixed
chelate compounds. Four years later, Santini et al. presented a number of mononuclear and
binuclear Cu(II) and Cu(l) systems, describing their structures and later their mechanisms
of action. In all cases, the induction of apoptosis was enabled by ROS production and DNA
interaction. An interesting table is shown in Santini’s review, which shows the exponential
increase in the number of publications each year from 2000 (20) to 2012 (150). From 2014 to
2023, the number of publications increased exponentially; our search before that, from 1986
to 1999, found only 31 publications and four patents [134] (Figure 8).
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Figure 8. (A) Timeline of Casiopeinas development and (B) number of articles in Web of Science on
the topic “copper and anticancer” from 1986 to 2023.

The principal characteristics of Casiopeina-like compounds include the presence of
copper-containing diimines, such as 1,10-phenanthroline (phen) and 2,2-bipyridine (bipy),
and eventually their substituted analogues, as well as the presence of secondary ligands
to the ternary compounds, also called mixed chelate compounds. As precursors, we can
mention the bischelate-phen complexes, which have shown nuclease activity; the strength
of this property varies depending on the position and number of methyl substituents,
such as Cu(Il) or Cu(I) compounds [135,136]. Another approach to developing active
metallodrugs is the use of bischelate non-diamine complexes, homoleptic biscurcuminates
compounds synthesized with the purpose of improve the solubility of the ligands [137-140].
Similar examples of bis O-O chelates that are sterically bulky have been studied [141].
Homoleptic compounds are, in general, less active than ternary compounds. Also, some
bis-functionalized phenanthroline complexes with carboxylic ligands have been prepared
[Cu(RCOO)(1,10-phen),]+; their in vitro antiproliferative, antifungal, and antibacterial ac-
tivities have been determined, as have their nuclease activity and albumin interaction [141].
Some bischelates, such as copper(ll) square pyramide(sp) compounds with a cationic 2+
charge, [Cu(dmp),(CH3CN)](ClO4);, [Cu(phen),(CH3CN)](ClO4),, and tetrahedral cop-
per(l) [Cu(dmp),](ClO4)(th) where dmp = 2,9-dimethyl,1,10-phenantholine, have been
studied. Their antiproliferative activities have been determined, and EPR studies have
shown the redox process. The relevant conclusion here concerns the distortion of the square
planar into a tetrahedral form and its relationship with the ability to modify the redox
potential of copper [103].

In the present review, we are focusing on some articles concerning “Casiopeinas-like”
that convey an innovative approach. Casiopeinas-like compounds contain Cu and either
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phen or bipy ligands, and the modification comes in the secondary ligand [66,142-144].
Some homoleptic compounds have been synthesized containing terpyridine derivatives
such as [Cu(bitpy),](ClO4),, and heteroleptic ones such as [Cu(bitpy)(phen)](NOs3),. For
the second one, MTT assays revealed a significant oxidant challenge to both NIH3T3 and
MG63 cells, which was observed upon treatment with a heteroleptic complex, even at a
concentration as low as 5 mM. In support of the previously reported binding of DNA, we
have found the following [43]: mixed chelates are more active than bis-chelates. A paper by
I Correia et al. presents mixed chelate compounds containing phen and bipy, and tridented
salgly or salala anions as the secondary ligand, giving five copper(lI) complexes: [Cu(sal-
Gly)(bipy)] (1), [Cu(sal-Gly)(phen)] (2), [Cu(sal-L-Ala)(phen)] (3), [Cu(sal-DAla)(phen)] (4),
and [Cu(sal-L-Phe)(phen)] (5). MTT assays have been performed on four tumor lines, and
DNA binding has been assessed by circular dichroism, as presented in [145]. Kordestani
et al. reported a series of Cu(diimine)(X-sal)(NOj3) complexes, wherein the diimine is either
2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen), and X-sal is a monoanionic halogenated
salicylaldehyde (X = Cl, Br, I, or H). Their viability and antiproliferative activity were tested
in vitro [146]. Several homoleptic bis-chelates have been reported with the following lig-
ands: 2-(2-aminophenyl)-1H-benzimidazole (bm); N,N’-bis(salicylidene)ethylenediamine
(salenHy); 2-(aminomethyl)pyridine (amp); 4-nitrobenzene-1,2-diamine(nbda), with chlo-
ride as the counterion [147]. Tetrahedral neutral copper(I) complexes with 2,9-dmethyl,1,10-
phenanthroline = dpm) [Cu(I)(dmp)(MPOH)] and [Cu(I)(dmp)(MPSG)] (MPOH = P(p-
OCH3-Ph),CH,OH and MPSG = P(p-OCHj3-Ph),CH;SarGly)) were prepared and character-
ized, and have shown cytotoxicity in cancer cell lines. The copper(I) complexes studied by
fluorescence spectroscopy and cyclic voltamperometry have been proven to be able to gen-
erate reactive oxygen species as a result of redox processes [148]. Other examples containing
2,9dmphen and tridentated dipeptides, with the general formula [Cu(L-dipeptide)(neo)],
and crystalline structures of [Cu(glyval)(neo)]-3H,0O, [Cu(gly-leu)(neo)]-H,O, [Cu(ala-
gly)(neo)]-4H,0O, [Cu(val-phe)(neo)]-4.5H,0O and [Cu(phephe)(neo)]-3H,0O, were deter-
mined by single-crystal X-ray diffraction, and their cytotoxicity was tested in several cancer
cells (lung and breast) [149]. Bimetallic complexes have been developed with the formula
[Cu(N,N")(AA)],e(V4015), where (N,N’) = 1,10-phenanthroline and 2,2’-bipyridine and
(AA) = lysine and ornithine, and have shown innovative dodecavanadate counteranions
with cytotoxic activity [150]. Compounds with diimines and monodentated ligands have
been reported, such as [Cu(N-N))L;], [Cu(N-N),L], [Cu(N-N))L,] and [Cuy(N-N);)L4],
where L = —4,5-dichloroisothiazole-3-carboxylic acid; they have shown antiproliferative
effects, and the enzymes’ cytochrome P450 dependence was studied [55].

The use of an active drug as a ligand, as in the third generation of Casiopeinas [50], has
been reported, with the O-O donor plumbagin as a copper bis-chelate or mixed chelates
with bipy. Both were tested in a series of cancer cells in vitro [151]. Other examples with
O-0O donors include mononuclear copper (Il)ternary compounds with phen and 2Rsalal or
diphosphate [152]. Indolacetate and phen compounds present nuclease activity [153,154].

Tridentated taurine Shiff bases and ONO donors with phen show octahedral geome-
tries with a coordinated water molecule [155].

A review from 2015 has compiled the targets discovered for copper compounds
related to their promising anticancer activities and lower toxicity in healthy cells, which are
enhanced in the presence of copper [156].

A very recent review of copper’s anticancer activity and its main targets concluded
that the most relevant pathway is cancer cell death, such as via DNA oxidative cleavage,
DNA intercalation, topoisomerase inhibition and proteasome inhibition [157].

10. Casiopeinas and Other Activities

The bacterial and so-called tropical neglected diseases (TND) are a cause of death in
children and the adult population mainly in developing countries. Some results derived
for Casiopeinas have been derived through assays using some of these bacteria or par-
asites. The antibacterial Inhibitory Fraction Index (IFI) values of Caslllia, CasllIEa and
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Casllgly, combined with INH, RIF, and EMB using a bidimensional checkerboard against
susceptible and resistant clinical isolates of M. tuberculosis and M. tuberculosis H37Rv, have
reported CasllIEa/EMB as having a better synergic effect [158]. The cytotoxic effects of
eight Cu (II) Casiopeinas against Giardia lamblia trophozoites, human peripheral blood
lymphocytes (HPBL), and human peripheral blood macrophages (HPBM) were assessed,
and their associated selectivity indexes were determined. The more active casiopeinas,
with ICsq values of 36 pM, were the more lipophilic compounds—Caslgly [Cu(diphenyl,1-
10-phen)(gly)INO3 and CasllIHa [Cu(tm1,10-phen)(acac)]NO3;. TEM images showing the
morphological changes in G. intestinalis trophozoites caused by 24 h of exposure to the
ICs5¢ doses evaluated compounds (Metronizadole, Caslgly, CasllIlia) compared with those
without tratment [147].

Another protozoan parasite was evaluated using three Casiopeinas, and the IC5 (uM)
values were determined for CaslIgly (3.9 = 1.5), CalllEa (11.3 £ 3.8) and Caslllia (6.9 £ 3.9).
The compounds showed activity against Trypanosoma cruzi (T. cruzi epimastigotes (Dm28¢c
strain)), an etiologic agent of the Chagas disease. The tested complexes showed in vitro anti-
T. cruzi activity similar to that of the anti-trypanosomal reference drug Nifurtimox [159].

Halide derivatives [Cu(bipy)(acac)X] and [Cu(bipy)(acac)(H,O)] X were derived,
where X = Cl and X = Br, and the microbial activities were inferred [66].

Regarding the COVID-19 pandemic, the interaction between the active site of the
SARS-CoV2 protein and Mpro was studied by docking using a DFT calculation and several
casiopeinas. The study gave interesting results. The bond energies and bond constants of
Casiopeinas/Mpro compared with Remdesivir show that mainly Casiopeinas from the first,
second and third generations are the most promising for the treatment of this disease [56].

The several activities presented for these compounds can be explained by the dif-
ferent targets of activation, depending on their versatile ternary conformation and the
variations on the descriptor, as derived from their behavior. This statement is supported
by a recent review, wherein a mechanism of action approach is presented for mixed Cu(lII)
phenanthroline-based complexes, using a large number of secondary ligands as mono-
or di-nuclear compounds. The authors summarized the overall targets derived from the
mechanisms of action studied; those targets are (a) the nucleus (DNA, chromatine, nu-
cleolar functions); (b) the mitochondria; (c) the rough endoplasmic reticulum and the
(d) peroxisomas (ROS metabolism) [160].

11. Conclusions

The study of metallodrugs used in cancer therapy has been mainly focused on Cisplatin
and its analogs; unfortunately, their secondary effects remain a problem. The search for
more selective and less toxic molecules using bio-essential metals was the main goal of
this review, aiming at enhancing the properties of copper compounds for pioneering
Casiopeinas families and Casiopeinas-like compounds. We have presented a timeline of
this development, showing the properties observed in chemical and preclinical models. As
a result, we can conclude that copper metal drugs are safe, selective towards cancer cells,
and produce low toxicity. Thus, they can be proposed as potent antineoplastic drugs that
can be used in antineoplastic therapy. Furthermore, these compounds present a multiple-
target mechanism of action, as evidenced by metabolomics and genomic studies; moreover,
some of their other activities have been investigated, such as antibacterial, antivirus, and
antiparasitic. From these findings, it is possible to infer that in the future, other activities
can be investigated.
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Abstract: Four new Cu/PPhs/naphtoquinone complexes were synthesized, characterized (IR,
UV /visible, 1D/2D NMR, mass spectrometry, elemental analysis, and X-ray diffraction), and evalu-
ated as anticancer agents. We also investigated the reactive oxygen species (ROS) generation capacity
of complex 4, considering the well-established photochemical property of naphthoquinones. There-
fore, employing the electron paramagnetic resonance (EPR) “spin trap”, 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) technique, we identified the formation of the characteristic ¢OOH species (hy-
droperoxyl radical) adduct even before irradiating the solution containing complex 4. As the ir-
radiation progressed, this radical species gradually diminished, primarily giving rise to a novel
species known as eDMPO-OH (DMPO + eOH radical). These findings strongly suggest that
Cu(I)/PPhs /naphthoquinone complexes can generate ROS, even in the absence of irradiation, po-
tentially intensifying their cytotoxic effect on tumor cells. Interpretation of the in vitro cytotoxicity
data of the Cu(I) complexes considered their stability in cell culture medium. All of the complexes
were cytotoxic to the lung (A549) and breast tumor cell lines (MDA-MB-231 and MCF-7). However,
the higher toxicity for the lung (MRC5) and breast (MCF-10A) non-tumoral cells resulted in a low
selectivity index. The morphological analysis of MDA-MB-231 cells treated with the complexes
showed that they could cause decreased cell density, loss of cell morphology, and loss of cell adhesion,
mainly with concentrations higher than the inhibitory concentration of 50% of cell viability (ICsg)
values. Similarly, the clonogenic survivance of these cells was affected only with concentrations
higher than the IC5) values. An antimigratory effect was observed for complexes 1 and 4, showing
around 20-40% of inhibition of wound closure in the wound healing experiments.

Keywords: copper; triphenylphosphine; naphtoquinones; ROS; breast cancer cells

1. Introduction

Cancer is one of the leading causes of death, including premature death, in most
countries [1]. The early detection and treatment of cancer at its advanced stages continues
to pose immense challenges for the scientific community [2,3]. Among the diverse array
of cancer types, breast cancer predominantly affects women [4,5]. These types of cancers
exhibit substantial biological and clinical heterogeneity, resulting in varied responses to
therapeutic agents and distinct prognoses [6,7]. While most breast tumors respond to
hormone therapy, triple-negative (TN) breast cancer is an aggressive subtype without
a targeted therapy, often requiring personalized treatment [8,9]. Similarly, lung cancer,
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characterized by its high aggressiveness, metastasis, and heterogeneity, can originate
in various locations within the bronchial tree, leading to variable symptoms and signs
depending on its anatomical site. Lung cancers are frequently diagnosed in the metastatic
stage, limiting treatment options to palliative care [10-13].

The advancement of more efficient chemotherapeutic agents for treating these cancers
aims to overcome limitations such as side effects and acquired resistance. Due to the
success of cisplatin in treating various cancer types, researchers have extensively explored
metal-based compounds in numerous studies as potential candidates for metallopharma-
ceuticals [14-16]. These compounds have shown promising antitumor activity through
various mechanisms, including engaging in biomolecular interactions and generating re-
active oxygen species [17,18]. Hence, different metals and ligands have been employed
by researchers in the development of new compounds that can be used for the treatment
of this disease. Copper, for example, an endogenous metal that plays a significant role
in some cancer-related processes, has been widely employed to synthesize coordination
compounds that target cancer cells [19-21]. Some of these copper compounds can efficiently
generate reactive oxygen species (ROS) that can subsequently attack essential molecules
such as proteins, lipids, and DNA, being a critical stimulus for apoptosis [22,23]. On the
other hand, other complexes interfere with the cell cycle, potentially inducing regulated
cell death [24,25]. Furthermore, some copper complexes possess outstanding photophys-
ical characteristics, making them ideal candidates for photodynamic therapy (PDT) and
photothermal therapy (PTT) [26,27].

Researchers commonly employ naphthoquinones as ligands in synthesizing new metal
complexes. These ligands belong to the quinone group, organic molecules with diverse
and important biological properties. In clinical medicine, several quinones, including
daunorubicin, doxorubicin, idarubicin, mitomycin-C, and others, are utilized in cancer
chemotherapy. One of the factors pointed out for the antitumor property of these molecules
is due to the capacity that these molecules possess to induce oxidative stress by the intracel-
lular generation of ROS, leading the cells to death by apoptosis [28]. Therefore, this study
aims to discover new compounds as potential drug candidates through the synthesis and
characterization of Cu-PPhjz complexes with naphthoquinone ligands, as well as initial
in vitro studies to ascertain the effects of the compounds on breast and lung cancer cells.

2. Results and Discussion
2.1. Syntheses of the Compounds

Complexes (1-4) were synthesized with good yields by reacting the precursor [Cu(NO3)
(PPhs);] with the respective naphthoquinone (NQ) ligand in a 1:2 ratio in methanol/triethyl-
amine (Et3N) (Scheme 1). The use of a weak base was necessary to deprotonate the naph-
thoquinone for enhancing the exchange of the chloride atoms by the bidentate O-O ligand.

(NQ3) (NQ4)

Scheme 1. Route of synthesis of complexes 1-4.
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2.2. Structural Studies

The crystal structures of complexes 1 and 2 showed the coordination of naphtho-
quinones to the metal center in a bidentate manner via phenolic and carbonyl oxygen
atoms (Figure 1). The complexes exhibited a distorted tetrahedral geometry (Table 1). The
bond angles of naphthoquinone to copper, O1-Cu-O2 (76.81(6) and 77.14(4)°), are similar
to those found for the o-ketocarboxylate ligand in a Cu(I) complex, where the O-Cu-O
angle is 79.18° [29]. The P1-Cu-P2 bond angles of 127.67(2)° (1) and 118.84(2)° (2) are more
open. One factor that explains this deviation from the regular tetrahedron is the steric
effects imposed by the two triphenylphosphine ligands, which tend to move apart due to
their bulk. The bond distances concerning the Cu-O and Cu-P bonds are similar to values
already reported in the literature for other copper complexes, including oxidation states I
and II [30-35]. The selected bond distances and angles are summarized in Table 1.

Figure 1. Crystal structures of complexes 1 and 2 (CCDC codes 2279524 and 2279525, respectively,
thermal ellipsoids at 30%).

Table 1. Selected interatomic distances and bond angles for complexes 1 and 2.

Bond Ligands Complexes Bond Complexes
Lengths (A) NQ1 * NQ2 ** 1 2 Angles (°) 1 2
Cul-P1 - - 2.243(4) 2.208(5) P1-Cul-P2 127.67(2) 118.84(2)
Cul-P2 - - 2.244(4) 2.259(5) P1-Cul-O1 102.92(4) 114.28(4)
Cul-01 - - 2.227(1) 2.228(2) 02-Cul-P2 116.03(4) 109.92(5)
Cul-02 - - 2.034(1) 2.015(1) 02-Cul-P1 114.65(4) 123.69(5)
C1-01 1.217 1.226 1.224(2) 1.227(2) 02-Cul-0O1 77.14(4) 76.81(6)
C2-02 1.335 1.346 1.273(2) 1.278(2) O1-Cul-P2 100.04(4) 103.99(5)
C4-03 1.226 1.225 1.230(2) 1.237(3) - - -

* CCDC 1268837, ** CDCC 1189905.

Complexes 1 and 2 exhibited the same trends observed for the bond lengths of
bidentate-coordinated naphthoquinone ligands in numerous metal complexes, whose
most pronounced change is in the bond length corresponding to the distance of the C2-O2
bond compared to the free ligands (Table 1) [36-38]. Literature suggests that the decrease
in the CO bond occurs due to the sharing of electrons in the o bond between the metal and
the ligand, making it stronger and shorter [39]. The crystal data collection and structural
refinement parameters for the complexes are summarized in Table S1.
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In the FTIR spectra of the free ligands, the v(O-H) stretch is observed at around
3200 cm~!. In the complexes, these stretching vibrations are absent, as illustrated in
Figure 2a for complex 1, indicating the anionic nature of the naphthoquinone ligands dur-
ing coordination with the metal center [40]. The bidentate (O, O) and anionic coordination
modes have limited literature for Cu(I) complexes [29], making this research an important
report for this type of coordination to the metal center. However, for other metal centers,
including Cu(Il) complexes, the bidentate (O, O) coordination is commonly described in
the literature [36-38,41-43]. The region between 1640 and 1680 cm ! displays intense vibra-
tional modes for naphthoquinone ligands, corresponding to the v(C1=01) and v(C4=03)
stretching. Upon the complexation of the ligand to the metal, an increase in the electron
density in the antiligand orbital of the carbonyl group leads to a shift of these bands towards
lower frequencies in the IR spectra. These findings are consistent with the X-ray diffraction
results, which reveal a slight elongation of these bonds after the coordination of the ligand
to the metal. The vibrational mode of the C2-O2 bond, after the complexation of the ligand
to the metal, shifts to the higher frequency region due to the electron sharing, between
the Cu(I) and oxygen atom, which makes the C2-O2 bond stronger, corroborating with
what was observed in the X-ray diffraction data. The assignment of the vibrational modes
referring to the C1=01, C2-02, and C4=03 bonds before and after coordination of the
naphthoquinone ligand to Cu(I) are presented in Table S2.
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Figure 2. Characterization of the complexes. (a) FTIR spectra of complex 1 and its respective
naphthoquinone ligand in the region of 3800-2600 cm ™!, (b) 3'P(*H) NMR spectra for complexes 1
and 2 in CDCl; and 3 and 4 in (CD3),0D, and (c¢) 'H NMR spectrum of complex 1 in CDCl3, and
assignment of signals referring to the complex.
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The ligands and complexes exhibit v(C-H) bands at around 2950 cm~!. The stretching
of C=C bonds occurs in the range of 1600-1450 cm~!, while the out-of-plane angular
deformation of the =C-H bond can be observed between 900 and 690 cm . Complexes
1-4 exhibit vibrational modes between 540 and 430 cm™~!, corresponding to the typical
P-Caromatic bonds of the triphenylphosphine ligand and Cu-P bonds [44—46]. Figures
51-54 show the spectra of all complexes showing these vibrational modes.

The complexes were also analyzed via 1D and 2D NMR spectroscopy at different nuclei,
such as phosphorus(*!P), carbon (**C), and hydrogen (H). The 3'P(*H) NMR spectra of
the complexes exhibited only one signal, around —1.0 ppm (Figure 2b). This single signal
indicates the equivalence of the phosphorus atoms of the triphenylphosphine ligands,
as they are bound to the metal center in a tetrahedral arrangement confirmed by X-ray
diffraction [30,47]. The proposed structures for the complexes are consistent with their 'H
NMR spectra. The analysis of the spectra confirms that the triphenylphosphine ligands are
present in a 2:1 ratio concerning the naphthoquinone ligand, as illustrated in Figure 2c for
complex 1. The absence of the signal of the OH group from the naphthoquinones, observed
for all four compounds, evidences the anionic nature of the ligands when coordinated with
the copper, and corroborates with the results observed in the FTIR spectra of the complexes.
The '3C(*H) NMR spectra of the complexes show the most deshielded signal, corresponding
to the carbons of the C1=01, C2-0O2, and C4=03 groups from the naphthoquinone ligand.
Figures S5-523 present the NMR spectra and correlation maps for the compounds.

Complexes 1 and 2 exhibit intense bands in their electronic spectra, with Amax values
of approximately 260 nm. These bands correspond to the transitions of IL: the m—n*
nature of the ligands naphthoquinones (benzenoid and quinonoid systems) and PPh; and
MLCT (Cu—m*naphthoquinone) [48,49]. Theoretical studies suggest that in Cu(I)-PPhs
complexes, the triphenylphosphine ligand plays a crucial role in the stabilization of the
Cu(I) center [50]. The spectra of complexes 1 and 2 also exhibit extended characteristic
bands in the region between 300 and 550 nm, which can be attributed to the overlapping
n—7*-type and intramolecular charge transfer (ICT) transitions from the substituent to the
quinone ring, which is an electron acceptor [51].

The electronic spectra of complexes 3 and 4 display intense bands with an absorp-
tion maximum of approximately 260 nm, which are from the combined transitions of
an IL nature, namely m—7* of the naphthoquinone and PPh;j ligands, as well as MLCT
transitions (Cu—Thaphthoquinone)- The compounds also display a band with an absorption
maximum of approximately 330 nm, referring to the m—7t transitions of the styryl group
of the naphthoquinones [52]. The band, which appears at approximately 370 nm, with
strong molar absorptivity, can be attributed to the intramolecular charge transfer, from
the substituent to the quinone ring, which acts as an electron acceptor. Finally, the low
energy broad bands are observed in the visible regions, assignable to n—n* transitions of
the carbonyl group of the quinone [53-55]. The electronic spectra for all complexes and the
assignments of their transition bands are presented in Figures 524 and 525, and in Table S3.

We also examined the well-known photochemical properties of the naphthoquinone
ligands, which generate reactive oxygen species that can potentially be involved in cell
death mechanisms [56,57]. Representatively, we focused our analysis on complex 4. In this
case, in order to examine its photochemical behavior, we prepared solutions of complex 4 in
dimethyl sulfoxide solvent (DMSO) and subjected them to irradiation with LED (375 nm).
Subsequently, we analyzed the samples using the electron paramagnetic resonance (EPR)
technique. Additionally, we assessed the photochemical stability of complex 4 using UV-
Vis spectroscopy. Figure 3a shows the absorption spectrum of this complex after irradiation,
revealing a decrease in absorption in all of its bands. Exhaustive photolysis of the complex
led to an intense reduction of the absorption bands and the appearance of an isosbestic
point, indicating the formation of more than one species (Figure 3b). Upon cessation of
light exposure, the system did not return to its original state (Figure 3b). Furthermore, the
photolysis also resulted in the loss of coloration of the solution (Figure 3c). These results
indicate the photodegradation of complex 4. Additionally, we noted that this process is
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Figure 3. Photochemical stability of complex 4. (a) UV-Vis spectra of a solution of complex 4 in
DMSO in the presence of O, (open system) after irradiation with LED light (375 nm) at different
times; (b) UV-Vis spectra of complex 4 in DMSO monitored before and after 19 h of irradiation with
LED light (375 nm) and after irradiation ceased; (c) photographs of the cuvettes at the beginning and
after 19 h of irradiation with LED light (375 nm); and (d) UV-Vis spectra of a solution of complex 4b
in DMSO irradiated at different times in the absence of O, (solution saturated with argon).

We used a “spin trap” 5,5-dimethyl-1-pyrroline N-oxide (DMPO) experiment to detect
ROS via the EPR technique. Reactive oxygen species cannot be directly detected via EPR
due to their brief lifetimes. Nevertheless, they rapidly react with spin trappers, such as
DMPO, giving rise to stable spin adducts. These adducts can then be characterized through
the EPR spectrum. We monitored a solution of complex 4 via EPR spectra in the presence
of oxygen and LED (375 nm) irradiation at different time intervals, and the results are
presented in Figure 4. It is interesting to note that the process of ROS formation was
initiated even before irradiation (Figure 4a). We identified the characteristic adduct of the
-OOH species (hydroperoxyl radical) in DMSO. We identified this adduct by simulating
the spectrum obtained experimentally (Figure 4b) and determining its hyperfine coupling
constants as An = 1.297 mT (36.16 MHz), Ay = 1.053 mT (29.37 MHz), and Ay = 0.133 mT
(3.71 MHz). These constants correspond to those reported in the literature for the DMPO-
OOH adduct [58,59]. The ROS formation process was enhanced as the exposure time of
the solution of complex 4 under irradiation increased, as observed in Figure 4c. We also
observed a significant reduction in the DMPO-OOH adduct, while a predominantly new
species attributed to the DMPO-OH adduct was formed. The EPR parameters obtained for
the radical adducts are shown in Table 54.
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Figure 4. EPR analysis. (a) EPR spectra of a solution of complex 4 (10 uM) and DMPO (40 mM) in
DMSO, obtained over 60 min of irradiation showing the formation of DMPO-OOH and DMPO-OH
adducts; (b) experimental and simulated EPR spectra of a solution of complex 4 (10 uM) and DMPO
(40 mM) in DMSO before irradiation, showing the formation of DMPO-OOH adduct; (c) graphic
representation of the increase in the EPR signal intensity as a function of irradiation exposure time
of the solution of complex 4; and (d) experimental and simulated EPR spectra of a solution of
complex 4 (10 uM) and DMPO (40 mM) in DMSO before irradiation, showing the formation of
DMPO-OH adduct.

The DMPO-OH adduct is well-known for producing a distinctive EPR signal charac-
terized by 1:2:2:1 line intensities that arise from nearly equal hyperfine coupling values of
AN ~ Apg ~ 1.49 mT in water-based solutions [60]. However, the spectral characteristics
of the -DMPO-OH adduct in DMSO showed a different EPR pattern, as depicted in Fig-
ure 4d, with hyperfine coupling constants Ayn = 1.395 mT (38.89 MHz) and Ay = 1.181 mT
(32.93 MHz). In a previous study, Zalibera et al. investigated the thermal generation of
stable adducts with superhyperfine structures [61]. These researchers showed that a sample
containing the DMPO-OH adduct in an aqueous solution displays a typical EPR pattern
with constants Ax = 1.493 mT and Ay = 1.474 mT.

However, when the sample is diluted with DMSO in a 1:1 (v/v) ratio, the EPR pattern
exhibits six lines resembling the radical adduct observed in the sample containing complex 4
and the DMPO. The authors attributed these differences to the lower dielectric permittivity
of the DMSO/water mixture compared to pure water, which influences the hyperfine
coupling constants. As a result, the observed signals deviate from the classical 1:2:2:1 line
intensity pattern.

Although further studies are necessary to comprehend the mechanism of ROS forma-
tion in this system, we identified four spectral components in the EPR spectra measured
at 77K (liquid N) and room temperature (Figures S26-528 and Table S5). These findings
indicate the formation of Cu (II) species. These preliminary results show that Cu(I)-PPh3-
naphthoquinone complexes have the potential to generate reactive oxygen species even
before irradiation, and may have their cytotoxic action on tumor cells enhanced by the
formation of these species. Additionally, studies to improve the stability of the complexes
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under biological conditions, such as changing the PPh; by bidentate phosphines or encap-
sulation of the complexes, may enable the use of these compounds as photosensitizers for
photodynamic therapy targeting skin cancer.

3. Biological Studies

The in vitro cytotoxicity of the complexes against tumor cell lines (MCF-7, MDA-
MB-231 and A549) and non-tumor cell lines (MCF-10A and MRC-5) was evaluated using
the MTT method. The results were expressed as ICsj values (inhibitory concentration of
50% of cell viability), and are described in Table 2. The concentration-response curves
are shown in Figure S29. The cytotoxic effects presented by the complexes were similar
in all cell lines. These results may be related to the instability of these compounds in
the culture medium, as shown by the results of 31p(IH} NMR (Figure S30) and UV-Vis
spectrophotometry (Figure S31), which may result in the same active species. All of the
complexes were more toxic than cisplatin in the tested cells, although the high toxicity to
the non-tumoral cells resulted in low values of the selectivity index. As the complexes
displayed similar cytotoxicity in all of the cell lines tested, we chose only complexes 1 and
4 to undergo further biological investigations in the MDA-MB-231 cell line. Therefore,
we evaluated the ability of complexes 1 and 4 to alter cell morphology, impede colony
formation, and inhibit cell migration using the wound healing assay.

Table 2. In vitro cytotoxicity of complexes 1-4 against the MDA-MB-231, MCF7, and A549 tumor cell
lines, as well as the MCF-10A and MRC-5 non-tumor cell lines, after 48 h of incubation.

Inhibitory Concentration of 50% of Cell Viability, IC5y (uM)

MCF7 MDA-MB-231 MCF-10A A549 MRC-5 SI; * SI * SI3 *
1 15£3 55+0.3 59+£0.2 3.6£03 27+02 0.4 11 0.8
2 9+1 6.5+03 44+08 6.1+04 33+02 0.5 0.7 0.5
3 11+3 72+£03 54+£03 44+0.1 28+0.1 0.5 0.8 0.6
4 7+£2 79 +£0.1 40402 45+0.1 34+02 0.6 0.5 0.8
Cu(NO3),-3H,0 >25 >25 >25 >25 >25 - - -
PPhj >25 >25 >25 >25 >25 - - -
NQ >25 >25 >25 >25 >25 - - -
Cisplatin 139+ 20 10.2+£0.2 239+ 0.7 144+14 299 4+ 0.8 1.7 2.3 2.1

* Selectivity index for breast (SI; = IC5p MCF-10A/MCEF7 and SI, = IC5p MCF-10A/MDA-MB-231) and lung (SI =
IC50 MRC-5/ ICs50 A549) cell lines. PPhgs: triphenylphosphine; NQ: naphthoquinone.

The cytotoxicities of complexes 1 and 4 at the 24 h time point on the MDA-MB-231
cell line [7 &1 uM (1) and 6.4 £ 0.2 (4), respectively] were also evaluated. The ICs values
of the complexes at this time were similar to those obtained at 48 h, showing that their
cytotoxic effect is not time-dependent.

The morphological analysis of MDA-MB-231 cells treated with complexes 1 and 4 at
different concentrations showed that the complexes could cause decreased cell density,
loss of cell morphology (appearance of rounded cells), and loss of cell adhesion, especially
at concentrations higher than the ICsy (Figure 5). The exposure time of the cells to the
complexes did not intensify these effects, which supports the observations made in the
cell viability assay. Therefore, these changes indicate that complexes 1 and 4 induce cell
death in MDA-MB-231 cells, and this effect is not dependent on time. The similarity of the
results displayed by complexes 1 and 4 shows that the variation in the substituents of the
naphthoquinone ligand does not influence the toxicity against analyzed cells.
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Figure 5. MDA-MB-231 cell morphology 48 h after treatment at 1/21Cs, ICsg, and 2 x ICsy concen-
trations of complexes 1 and 4.

The colony formation assay results demonstrated that complexes 1 and 4 inhibited
the area and intensity of colonies at the 2 x ICsy concentration (Figures 6 and S32). These
results suggest that complexes 1 and 4 can interfere with the growth, development, and
proliferation of MDA-MB-231 cells and exhibit cytotoxicity only at concentrations above
the IC50.

Cell migration is a process related to metastasis, which is one of the main causes of
death in cancer [62,63]. Thus, the development of drugs that are capable of inhibiting cell
migration is an important strategy for cancer therapy. For this reason, we investigated the
ability of complexes 1 and 4 to inhibit cell migration using the wound healing assay [64,65].
This assay involves scratching a cell monolayer with approximately 90% of confluence,
followed by treatment with solutions of the complexes. In order to observe the effect of
inhibition of cell migration, the concentrations of the complexes used were below their
ICsp concentrations. Mitomycin C, an antiproliferative agent, was used to prevent cell
proliferation during the evaluation of wound closure [66]. The results of these experiments
showed that complex 1 inhibited cell migration after 48 h of treatment.

The presence of the complex prevented complete closure of the scratch wound, re-
sulting in an inhibition of around 20% wound closure compared to the negative control
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(Figure 7). On the other hand, complex 4 was more effective, with an inhibition of around
40% after 24 h of treatment at a concentration of 1/2ICsp, and this inhibition persisted after
48 h (Figure 7).
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Figure 6. Clonogenic survival of MDA-MB-231 cells treated with different concentrations of com-
plex 1 for 48 h. (a) Representation of wells and thresholds for the experiment, and (b) graphical
quantifications of colony areas and intensities. Data represent the mean & SD of assays in triplicate.
Significance at ** p < 0.01, and *** p < 0.001 levels using ANOVA and Dunnet’s test.
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Figure 7. Complex 4 effects on MDA-MB-231 cell migration. (a) Representative images obtained in
the wound healing assay, in which the effects of complexes 1 and 4 on MDA-MB-231 cell migration
were evaluated. The objective used in the experiment had a magnification of 4x. (b) Graphical
representation of the percentages of wound closure after 24 and 48 h of incubation with the complexes.
Data represent the mean =+ SD of triplicate assays. Significance at ** p < 0.01, and *** p < 0.0001 levels
using ANOVA and Dunnet’s test.
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4. Experimental Section
4.1. Materials

The precursor [Cu(NOs3)(PPhs), ] was synthesized according to previous related studies
in the literature [67]. The CuNO3-3H;0, triphenylphosphine (PPh3), triethylamine (Etz3N)
and lawsone (NQ1) were used as received from Sigma-Aldrich. The salts used for buffer
preparation and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were
purchased from Sigma-Aldrich. All the solvents used in this study were purified using
standard methods. The lapachol (NQ2) was kindly provided by Dr. Diogo Moreira from
the Gonzalo Muniz Institute (IGM-FIOCRUZ—Salvador, Brazil) and the ligands NQ3 (3-
styryl-lausone) and NQ4 (4-chloro-3-styryl-lausone) were synthesized by the group of Prof.
Dr. Chaquip Daher Netto (UFRJ—Macaé, Brazil).

4.2. Physical Measurements

1D and 2D nuclear magnetic resonance (NMR) experiments were recorded on a Bruker
DRX-400 spectrometer (9.4 T). 1H and 13C(1H) chemical shifts in chloroform (CD3Cl)
or acetone were referenced to the peak of residual nondeuterated solvent [('H) 57.26,
(BC(*H) 6§ 77.16 for CD3Cl, and ('H) 52.09, and (**C(*H) & 205.87 for (CD3),CO]. The
3IP('H) NMR spectrometry was carried out in chloroform or acetone, and the chemical
shifts were referenced to an external 85% H3POy standard at 0.00 ppm. Elemental analyses
were performed on a FISIONS Instrument EA 1108 CHNS (Thermo Scientific, Waltham,
MA, USA) elemental analyzer at the Analytical Laboratory at the Federal University of Sao
Carlos, Sao Carlos (SP). Conductivity measurements in acetonitrile solutions (1.0 mM) of
the complexes were carried out on a Meter Lab CDM2300 conductivity meter using a cell
of constant 0.089 cm~!. The UV —visible (UV—Vis) spectra were recorded on a Hewlett-
Packard diode array —8452 A spectrophotometer in acetonitrile solutions (UV Cutoff of
190 nm) with a 1.0 cm quartz cell in the range of 200—800 nm. FTIR spectra in the range of
4000 and 200 cm ! were recorded using as KBr pellets on a Bomem-Michelson FT-MB-102
instrument.

4.3. Syntheses of the Copper Complexes

In a two-mouth flask containing 5 mL of methanol previously deaerated for 1 h, the
naphthoquinone ligand (0.30 mmol) and 50 pL of triethylamine were added. After 10 min
of stirring, 0.10 g (0.15 mmol) of [Cu(NO3)(PPhs),] was added to the flask. The mixture was
stirred at room temperature for 1 h, and a solid formed with shades ranging from purple
(1 and 2) to dark blue (3 and 4). Then, the solid was filtered, washed with methanol, and
dried under vacuum.

[Cu(NQ1)PPh3),] (1). Purple solid. Yield (78%). Elemental analysis (%) calc. for: exp.
(calc.) C, 72.36 (72.58); H, 4.94 (4.63). Molar conductance (dichloromethane): 0.20 S cm? mol .
IR (KBr, cm~1): (v(C-H)) 3053, (v(C4=03)) 1641, (v(C1=01)) 1587, (L(C2-02)) 1094, (V(C-
P)/(Cu-P)) 519,507, 494. 31P{1H} NMR (162 MHz, CDCl3, 298 K) [ppm, (multiplicity)]: —1.0
(s). 'TH NMR (400 MHz, CDCl3, 298 K) [ppm, (multiplicity, integral, ] (Hz), assignation)]:
6.05 (s, 1H, Ha’ da NQ1); 7.16-7.24 (m, 12H, Hyo of PPh3); 7.25-7.34 (m, overlapped
signals: 12H, Hyeha of PPhz and 6H, Hpara of PPh3); 7.43 (t, ] = 7.5 Hz, 1H, Hc of NQ1); 7.63
(t,J=7.5Hz, 1H, Hb of NQ1);7.80 (d, ] =7.6 Hz, 1H, Hd of NQ1); 8.06 (d, ] = 7.6 Hz, 1H, Ha
of NQ1). 3C{'H} NMR (100 MHz, CDCl3, 298 K) [ppm, (multiplicity, | (Hz), assignation)]:
108.7 (C3 of NQ1); 125.8 (C6 of NQ1); 125.9 (C9 of NQ1); 128.8 (Cyriho of PPh3); 130.0 (CH
of PPhg); 130.4 (C7 of NQ1); 130.6 (C10 of NQ1); 132.5 (Cquaternary of PPhs); 133.8 (CH of
PPhj); 134.4 (C8 of NQ1); 135.4 (C5 of NQ1); 170.2 (C2 of NQ1); 184.5 (C1 of NQ1); 188.8
(C4 of NQ1).

[Cu(NQ2)PPhs);] (2): Purple solid. Yield (80%). Elemental analysis (%) calc. for: exp.
(calc.): C, 73.72 (73.86); H, 551 (5.23). Molar conductance (dichloromethane):
0.07 S ecm? mol~!. IR (KBr, cm™1): (v(C-H)) 3049, 2907; (1(C4=03)) 1628; (L(C1=0y))
1583; (L(Cp-0O5)) 1095; (V(C-P)/(Cu-P)) 514, 505, 490. *'P{'H} NMR (162 MHz, CDCl3, 298
K) [ppm, (multiplicity)]: —1.4 (s). '"H NMR (400 MHz, CDCls, 298 K) [ppm, (multiplicity,
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integral, | (Hz), assignation)]: 1.56 (s, 3H, CH3 of NQ2); 1.74 (s, 3H, CHj3 of NQ2); 3.35 (d,
J =7.0Hz, 2H, CH; of NQ2); 5.25-5.33 (m, 1H, CH of NQ2); 7.16-7.24 (m, 12H, H4,, of
PPhs); 7.27-7.39 (m, overlapped signals: 12H, Hyetha of PPhs, 6H, Hpara of PPhz e 1H, Hb
of NQ2); 7.57 (t, ] = 7.5 Hz, 1H, Hc of NQ2); 7.72 (t, | = 7.6 Hz, 1H, Ha of NQ2); 8.04 (d,
J =7.6 Hz, 1H, Hd of NQ2). *C{!H} NMR (100 MHz, CDCl3, 298 K) [ppm, (multiplicity, ]
(Hz), assignation)]: 18.1 (CHs of NQ2); 23.1 (CH; da NQ2); 26.0 (CHs of NQ2); 120.9 (Cs
of NQ2); 123.9 (CH of NQ2); 125.3 (C9 of NQ2); 125.9 (C6 of NQ?2); 128.7 (Cyho of PPhg);
129.9 (CH of PPhy); 130.3 (Cquaternary of NQ2); 130.6 (C5 of NQ2); 132.7 (C8 of NQ2); 132.9
(Cquaternary of NQ2); 133.9 (CH of PPhy); 134.0 (C7 of NQ2); 135.5 (C10 of NQ2); 167.7 (C2
of NQ2); 182.5 (C4 of NQ2); 188.3 (C1 of NQ?2).

[Cu(NQ3)PPh3),] (3): Blue solid. Yield (79%). Elemental analysis (%) calc. for: exp.
(calc.): C, 75.04 (75.12); H, 5.12 (4.79). Molar conductance (dichloromethane): 0.12 S cm? mol .
IR (KBr, cm™1): (v(C-H)) 3051, 3017; (b(C4=03)) 1628; (v(C1=01)) 1584; (L(C2-Oy)) 1094;
(L(C-P)/(Cu-P)) 513, 490. 3'P{'H} NMR (162 MHz, (CD3),CO, 298 K) [ppm, (multiplicity)]:
—1.4 (s). '"H NMR (400 MHz, (CDj3),CO, 298 K) [ppm, (multiplicity, integral, | (Hz),
assignation)]: 7.15 (t, 1H, Hc” of NQ3); 7.27-7.35 (m, overlapped signals: 2H, Hb"/d’ of
NQ3 and 12H, Ho of PPhg); 7.37-7.45 (m, overlapped signals: 18H, Hyetha/para Of PPh3);
749 (t, ] = 7.7 Hz, 2H, Ha’ /e’ of NQ3); 7.56 (t, ] = 7.5 Hz, 1H, Hb of NQ3); 7.68-7.75 (m,
overlapped signals: 2H, Ha” and Hc da NQ3); 7.88 (d, | = 7.6 Hz, 1H, Ha of NQ3); 8.03 (d,
J =7.8 Hz, 1H, Hd of NQ3); 8.38 (d, ] = 16.2 Hz, 1H, Hb” of NQ3). 13C{'H} NMR (100 MHz,
(CD3),CO, 298 K) [ppm, (multiplicity, ] (Hz), assignation)]: 117.8 (C1’ of NQ3); 123.7 (CH
of NQ3); 126.2 (C9 of NQ3); 126.8 (C2' /C6’ of NQ3); 126.9 (C6 of NQ3); 127.0 (C4’ of NQ3);
129.5 (C3'/C5’ of NQ3); 129.8 (overlapped signals: CH of NQ3 e Cyo of PPhg); 131.1 (CH
of PPh3); 131.8 (C5 of NQ3); 132.0 (C8 of NQ3); 133.5 (Cquaternary of PPhgs); 134.6 (CH of
PPh3); 135.4 (C7 of NQ3); 135.7 (C10 of NQ3); 141.7 (C3 of NQ3); 168.3 (C2 of NQ3); 182.8
(C4 of NQ3); 188.5 (C1 of NQ3).

[Cu(NQ4)PPh3),] (4): Blue solid. Yield (80%). Elemental analysis (%) calc. for: exp.
(calc.): C,72.12 (72.24); H, 4.74 (4.49). Molar conductance (dichloromethane): 0.13 S cm?
mol~1. IR (KBr, cm~1): (v(C-H)) 3049, 3013; (v(C4=03)) 1626; (L(C1=04)) 1582; (V(C,-
0y)) 1093; (v(C-P)/(Cu-P)) 515, 507. 3'P{'H} NMR (162 MHz, (CD3),CO, 298 K) [ppm,
(multiplicity)]: —1.2 (s). 'H NMR (400 MHz, (CD3),CO, 298 K) [ppm, (multiplicity, integral,
J (Hz), assignation)]: 7.27-7.36 (m, overlapped signals: 2H, Hb’/c” of NQ4 e 12H, Ho; o
of PPh3); 7.36-7.44 (m, overlapped signals: 18H, Hpetha/para Of PPh3); 7.47 (d, ] = 8.2 Hz,
2H, Ha’/d’ of NQ4); 7.56 (d, 21H, Hb of NQ4); 7.67-7.76 (m, 2H, Ha” /Hc of NQ4); 7.88 (d,
J =7.7 Hz, 1H, Ha of NQ4); 8.03 (d, ] = 7.5 Hz, 1H, Hd of NQ4); 8.33 (d, ] = 16.3 Hz,
1H, Hb” of NQ4). ¥C{'H} NMR (100 MHz, (CD3),CO, 298 K) [ppm, (multiplicity, | (Hz),
assignation)]: 117.5 (C1’ of NQ4); 124.6 (CH of NQ4); 126.3 (C9 of NQ4); 126.9 (C6 of
NQ4); 128.0 (CH of NQ4); 128.2 (C2'/C6’ of NQ4); 129.5 (C3' /C5' of NQ4); 129.8 (Cyrino Of
PPh3); 131.2 (CH of PPh3); 131.8 (C5 of NQ4); 131.9 (C4' of NQ4); 132.1 (C8 of NQ4); 133.5
(Cquaternary of PPh3); 134.6 (CH of PPhg); 135.6 (C7 of NQ4); 135.7 (C10 of NQ4); 140.6 (C3
of NQ4); 168.6 (C2 of NQ4); 182.7 (C4 of NQ4); 188.5 (C1 of NQ4).

4.4. Stability of Complexes in Culture Medium

The stability of complexes 1-4 in Dulbecco’s Modified Eagle’s Medium (DMEM) with-
out phenol red, in the presence of 10% fetal bovine serum (FBS), was assessed using UV-Vis
spectroscopy and 3'P(*H) NMR. Stock solutions of the complexes (0.5 mM) were prepared
in DMSO, and then diluted with culture medium to obtain final solutions of 10 uM of the
complexes at 0.5% DMSO (v/v) for UV-Vis analyses. For the 3'P('H) NMR spectroscopic
assays, saturated solutions of the complexes were prepared with 90% DMSO and 10%
culture medium. The samples were analyzed with the UV-Vis technique immediately
after preparation of the solutions, and after 2, 4, 24, 48, and 72 h. For the 31p(1H) NMR
experiments, the measurements were carried out immediately after preparation of the
solutions, and after 24 and 48 h.
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4.5. X-ray Crystallography

The complexes (1, CCDC code 2279524 and 2, CCDC code 2279525) were crystallized
in methanolic/dichloromethane solutions via slow evaporation of the solvents. The mea-
surements of single crystals with X-ray diffraction were performed on a Rigaku XtaLAB
mini II diffractometer (Rigaku Oxford Diffraction, distributed in Warriewood, Australia)
with graphite monochromated Mo K« radiation (A = 0.71073 A). Cell refinements were
carried out using CrysAlisPro v.42 software, and the structures were obtained with the
intrinsic phasing method using the SHELXT program. The Gaussian method was used for
the absorption corrections. The tabular and structural representations were generated by
OLEX2 and MERCURY, respectively.

4.6. EPR Measurements

The EPR spectroscopy experiments were performed at room temperature using a
Varian E109 spectrometer operating in X-band (9.5 GHz). The compound, 5,5 dimethyl
1-pyrroline N-oxide (DMPO, 40 mmol L), was used as a spin trap to verify the formation
of ROS by complex 4 (10 uM solution) in DMSO. The solution of the complex was irradiated
in a quartz cuvette with LED (375 nm) at certain time intervals (0, 5, 15, 30, and 60 min).
Then, aliquots were collected and transferred to a quartz cuvette that contained the Cr
(II) standard, which remained fixed on the outside of the cuvette throughout all of the
measurements. A solution of DMPO (40 mM) in DMSO was measured as a control. The
experimentally obtained spectra were simulated to obtain the EPR parameters such as
the line width, absorption signal area, value of the hyperfine constants, and the g value,
using the EasySpin program in the Matlab 7.5 (R2007b) environment. The experimental
conditions were 0.25 G modulation, 20 mW power, time constant 0.128 s, and 10 scans.

4.7. Cell Culture

The MDA-MB-231 cell lines (triple-negative human breast tumor) were cultured in
DMEM supplemented with 10% FBS. The MCEF-7 cell line (human breast tumor cells)
was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS. The MCF-10A cell line (non-tumor epithelial human breast cells) was
cultured in Dulbecco’s modified Eagle medium nutrient mixture F-12 (DMEM F-12) sup-
plemented with 5% horse serum, EGF (20 ng mL '), hydrocortisone (0.5 pg mL~!), insulin
(0.01 mg mL~1), and 1% penicillin/streptomycin. All of the cell lines were maintained in a
humidified incubator at 37 °C and 5% CO».

4.8. Cell Viability Assay

For this experiment, 1.5 x 10% cells/well were seeded into 96-well plates and incubated
at 37 °C in 5% CO; overnight to allow for cell adhesion. Copper complexes were dissolved
in DMSO, and 0.75 uL. was added to each well to achieve a final concentration of 0.5%
DMSO/well. The concentration range for the copper complexes was 25-0.3 uM. The cells
that were treated with 0.5% DMSO served as the negative control. The treated cells were
then incubated for 48 h. After the treatment, MTT (50 uL, 1 mg/mL in culture medium)
was added to each well, and the plate was incubated for an additional 3 h. Cell viability
was detected by the reduction of MTT to purple formazan in live cells. The formazan
crystals were solubilized in isopropanol (150 puL/well), and the optical density of each well
was measured using a multi-scanner automatic reader at a wavelength of 540 nm. The
ICs5¢ value was obtained from the analysis of the absorbance data from three independent
experiments conducted in triplicate.

4.9. Cell Morphology

MDA-MB-231 cells were seeded (0.5 x 10° cells/well) in a 12-well plate and incubated
at 37 °Cin 5% CO; overnight. The cell morphology was examined at 0, 24, and 48 h after
treatment of the cells with complexes 1 and 4 at concentrations of % x ICsp, ICgo, and
2 x ICsp on an inverted microscope (Nikon, T5100) with a 10x objective.
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4.10. Colony Formation

A density of 300 cells/well of the MDA-MB-231 cell line was seeded into a 6-well plate
and incubated at 37 °C in 5% CO, for 24 h to cell adhesion. Then, the cells were treated
with complexes 1 and 4 at concentrations of % x 1Csp, % X 1Csp, ICsp, and 2 x ICsq for 48 h.
The medium was replaced with fresh medium without any complex, and the cells were
incubated for 10 days. Then, the cells were washed with PBS, fixed with methanol and
acid acetic (3:1) for 5 min, and stained with a kit for fast differential staining in hematology
Instant Prov (Newprov Products for Laboratory Ltda, Pinhais, PR, Brazil). The relative
survival was calculated using Image]J software version 1.53t, using the plugin “ColonyArea”
that measures the area and intensity of each colony in the selected image.

4.11. Scratch Assay (Wound Healing)

MDA-MB-231 cells were seeded at a density of 2 x 10° cells/well in 12-well plates and
incubated in a humidified oven at 37 °C with 5% CO, until the culture reached about 90%
confluence. Then, a stripe was made in the center of each well using a tip with a maximum
volume of 200 uL and a ruler. Carefully, the wells were washed with PBS to remove cell
fragments and detached cells from the scratched area. The cells were pre-treated with
Mitomine C (10 ug/mL) for 2 h. When the Mitomycin C was removed, the cells were
treated with complexes 1 and 4 at concentrations of % x ICsy and % x ICsp. Images of
the stripe from each well were captured at four different fields at 0 h, 24 h, and 48 h after
treatment, using an inverted microscope (Nikon, T5100) coupled with a camera (Moticam
1000-1.3 Megapixels Live Resolution). The area of the stripe closure by cell migration was
measured using Image] software, and the percentage of stripe closure was calculated using
the following equation:

%Wound Closure = [(A,_o, — At=an)] x 100 (1)

where A;_q, is the measure of the scratched area at time 0 h, and A;_,j, is the measure of the
scratched area at 24 or 48 h. The experiment was performed in triplicate. The cells treated
with 0.5% DMSO were the negative control.

5. Conclusions

This study presented the synthesis, characterization, and biological evaluation of
four Cu(I)/PPhs/naphthoquinone complexes. The crystal structures of the complexes
revealed the bidentate coordination of naphthoquinones to the metal center via phenolic
and carbonyl oxygen atoms, resulting in distorted tetrahedral geometries. The FTIR and
NMR spectroscopic analyses of the complexes confirmed the coordination modes of the
ligands to the metal. The electronic spectra of the complexes displayed characteristic
bands corresponding to ligand-to-metal charge transfer transitions and intramolecular
charge transfer transitions. Furthermore, the photochemical properties of complex 4 were
investigated, demonstrating the oxygen-dependent photodegradation and generation of
reactive oxygen species (ROS) upon irradiation. The EPR analysis confirmed the formation
of -OOH and -OH adducts, indicating the potential of these complexes to generate ROS
and enhanced cytotoxicity. In terms of biological studies, the complexes exhibited cytotoxic
effects against tumor cell lines (MCF-7, MDA-MB-231, and A549) and non-tumor cell lines
(MCF-10A and MRC-5), with higher toxicity compared to cisplatin. However, the complexes
also showed significant toxicity to non-tumoral cells, resulting in low selectivity indices.
Complexes 1 and 4 were further investigated using the MDA-MB-231 cell line, showing
that these complexes induced cell death, inhibited colony formation, and demonstrated
their ability to inhibit cell migration. Overall, this study highlights the potential of Cu(I)-
PPhs-naphthoquinone complexes as cytotoxic agents with the ability to induce cell death
and inhibit cell migration. Further studies are warranted to enhance the stability of these
complexes and explore their potential as photosensitizers for photodynamic therapy.
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Abstract: Coordination compounds of copper exhibit cytotoxic activity and are suitable for the search
for novel drug candidates for cancer treatment. In this work, we synthesized three copper(Il) carboxy-
late complexes, [Cuy (3-(4-hydroxyphenyl)propanoate)s (H>0);]-2H,O (C1), [Cuy (phenylpropanoate)
1(H»0),] (C2) and [Cup(phenylacetate)] (C3), and characterized them by elemental analysis and
spectroscopic methods. Single-crystal X-ray diffraction of C1 showed the dinuclear paddle-wheel
arrangement typical of Cu—carboxylate complexes in the crystal structure. In an aqueous solution, the
complexes remain as dimeric units, as studied by UV-visible spectroscopy. The lipophilicity (partition
coefficient) and the DNA binding (UV visible and viscosity) studies evidence that the complexes
bind the DNA with low K} constants. In vitro cytotoxicity studies on human cancer cell lines of
metastatic breast adenocarcinoma (MDA-MB-231, MCE-7), lung epithelial carcinoma (A549) and
cisplatin-resistant ovarian carcinoma (A2780cis), as well as a nontumoral lung cell line (MRC-5),
indicate that the complexes are cytotoxic in cisplatin-resistant cells.

Keywords: copper complexes; phenyl-carboxylate; DNA interaction; cytotoxic activity

1. Introduction

Metal-based drugs play an important role in cancer treatment. Cisplatin and its
congeners (carboplatin, oxalylplatin, heptaplatin and picoplatin) are successfully used
against various cancer types, being curative in several cases [1]. Despite this, there is still a
lack of effective treatment for all types of cancer. Furthermore, despite offering a variety
of compounds and mechanisms of action, the development of new potential anticancer
metallopharmaceuticals remains mainly academic, possibly due to the complexity of metal-
coordination compounds’ reactivity [2].

Copper-coordination compounds are an attractive class of compounds for the de-
velopment of novel cancer treatments [2-5]. Different copper complexes with antitumor
activity have been synthesized and characterized, with promising results, even presenting
antimetastatic and antiangiogenic activities (in vitro assays) or being cytotoxic to cancer
stem cells [3,4,6-13]. Cu(Il) complexes of ligands with no appreciable cytotoxic activity are
active, indicating that the metal itself plays a role in antitumor activity.
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The mechanism of action of copper compounds may include various molecular pro-
cesses, which have not been thoroughly characterized [3,4,13]. The lack of specificity
against a single molecular target strengthens copper complexes” ability to fight a diverse
cell population, such as those found in a tumor. DNA binding and producing reactive
oxygen species (ROS), inducing redox stress, are commonly proposed as molecular events
for most anticancer copper compounds [2,4,14-16].

As a part of our research of copper complexes with cytotoxic activity [17-25], we
search for simple molecules, especially those already tested for their biological use, that
can act as anion ligands. Phenylacetic acid is a compound used to treat high nitrogen
levels in hepatic patients and, therefore, meets the safety regulations to be used as a
drug [26]. In this work, we explored the chemical properties and cytotoxicity of copper com-
plexes with phenylacetic acid, as well as two related compounds, phenylpropanoate and
3-(4-hydroxyphenyl)propanoate, in order to prepare complexes with varying lipophilicity
and possibly other differences in chemical behavior.

The complexes were studied both in the solid state and aqueous solution, including
a new crystal structure. The binding of the complexes to the DNA molecule was inves-
tigated. The cytotoxicity of the complexes was evaluated against MDA-MB-231, MCF-7
(human metastatic breast adenocarcinomas, the first triple negative), A549 (human lung
epithelial carcinoma), A2780cis (cisplatin-resistant human ovarian carcinoma, SIGMA)
and MRC-5 (human nontumoral lung epithelial cells), finding an interesting activity on
cisplatin-resistant A2780cis cells.

2. Results

As described in the experimental section, three complexes were synthesized: [Cuy(3-
(4-hydroxyphenyl)propanoate), (Hy0),]-2H,O (C1); [Cuy(phenylpropanoate)s(H,O),] (C2);
and [Cup(phenylacetate),] (C3).

2.1. Crystal Structures

The obtained complexes were recrystallized from water by slow evaporation at room
temperature. Single crystals suitable for X-ray diffraction analysis were obtained only for
C1, a new compound, and C3, which had two previously reported [27,28]. The most rele-
vant structural features are described in this section. Table 1 summarizes crystallographic
data and refinement details. A scheme of the complexes and the ligands is included in the
supplementary material (Figure S1).

Table 1. Crystallographic data and refinement details for C1 and C3.

Complex c1 C3
Formula C36H44Cu2016 C16H14CUO4
Deae./g cm ™3 1.594 1.618
#/mm~1 2.130 2.374
Formula Weight 859.832 333.81
Color Blue Blue
Shape Prism Plate
Size/mm?® 0.15 x 0.10 x 0.10 0.30 x 0.15 x 0.08
Crystal System Triclinic monoclinic
Space Group P1 P2y /c
a/A 8.6810(2) 5.17356(6)
b/A 10.6746(3) 26.2143(3)
c/A 11.3849(3) 10.20173(12)
w/° 66.930(3) 90
B/° 70.661(2) 97.8378(11)
Y/° 71.814(2) 90
V/A3 895.43(5) 1370.64(3)
Z 1 4
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Table 1. Cont.

Complex c1 C3
O,in/° 4.347 3.372
Opax/° 80.066 79.397
Measured Refl. 15,912 13,429
Independent Refl. 3875 2965
Reflections with I > 20(I) 3820 2743
Rint 0.0193 0.0451
Parameters 251 191
Restraints 0 0
Largest Peak 0.622 0.476
Deepest Hole —0.737 —0.597
GooF 1.040 1.027
wR, (all data) 0.0708 0.0855
wRy 0.0706 0.0835
Ry (all data) 0.0278 0.0349
Ry 0.0275 0.0325
CCDC deposition number 2,288,430 2,288,436

2.1.1. [Cuy(3-(4-Hydroxyphenyl)propanoate)s(H,O),]-2H,O

[Cuy(3-(4-hydroxyphenyl)propanoate)s(H,O);]-2H,O, C1, crystallizes in the triclinic
space group P1 with one molecular formula per unit cell. Figure 1 presents both the
asymmetric and cell unit of the structure, whereas Table 2 indicates bond lengths (A) and
angles (°) surrounding the coordination center. The copper ion presents a pentacoordi-
nated environment where the equatorial donors are four carboxylate O atoms from four
different ligands, and the apical position is occupied by an O atom from a water molecule.
The carboxylate group acts as a bridging bidentate ligand, connecting the two copper(II)
centers in the dimeric molecule. Figure 1b presents the molecular moiety where the
dimeric paddle-well arrangement typical of dimeric Cu—carboxylate complexes can be
observed. This motif is observed on several Cu(Il) compounds with ligands containing
carboxylate groups, such as acetate [29,30], propionate [31], dinitrobenzoates [32] and
N-acetylglycinato [33], among others.

Figure 1. ORTEP representation at 50% probability of (a) the asymmetric unit and (b) molecular
moiety of [Cuy(3-(4-hydroxyphenyl)propanoate),(H,O);]-2H,0 (C1). The hydration water molecule
is omitted for clarity. Atom color code: Cu (orange), C (gray), O (red) and H (white).
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Table 2. Selected bond lengths (A) and angles (°) for C1.

Bond Lengths (A) Angles (°)
Cul-Cu2 2.6075(4) 01-Cu1-04 90.98(5)
Cul-O4 1.9649(11) 05-Cul-04 169.16(4)
Cul-0O1 1.9604(10) 05'-Cul-01 88.48(4)
Cul-0% 1.9751(10) 02'-Cul-04 91.39(5)
Cul-02/ 1.9628(11) 02'-Cul-01 168.36(5)
O5'-Cu1-02/ 87.05(5)

A crystallographic database search in the CSD [34] v2022.3.0, conducted using Con-
quest [35], found 786 related structures, which were analyzed in Mercury [36]. The bridging
bidentate mode of coordination of the carboxylate group determines Cu---Cu distances in
this dinuclear paddle-wheel type complexes. The distances in the analyzed structures range
from 2.58 to 2.68 A, including the 2.608 A distance observed in C1. Other structures con-
taining a 2.608 A Cu---Cu distance include structures with acetate [37], propionate [31,38],
benzoate [39,40] and paranitrobenzoate [41] as ligands.

The crystal packing is sustained primarily by strong classical H-bond interactions [42]
involving the hydroxyl and carboxylate groups in the ligand and the coordinated and lattice
water molecules. Each hydroxyl group acts as an H-bond acceptor with a coordinated
water molecule in a contiguous complex molecule (H---O distance of 1.898 A, O-H-O angle
172.4°) and donor with a lattice water molecule (H---O distance of 1.903 A, O-H-O angle
172.5°). The lattice water molecule also acts as an H-bond donor to a carboxylate O atom
with an H---O distance of 2.028 A and an O-H-O angle of 153.0°. Nonclassical H-bonds are
also observed in the C-H---m interactions between phenyl rings of ligands in contiguous
molecules with a centroid to H distance of 2.658 A and the angle between the phenyl rings
of 47.45°.

2.1.2. [Cuyp(Phenylacetate),]-2H,O and [Cuy(Phenylpropanoate),(H2O);]

The crystal structure of Cup(phenylacetate)s]-2H,O, C3, has been previously reported
at 150 [27] and 298 [28] K. There are only slight differences in the cells” axis lengths and
angles for these structures. We run the structure comparison tool available at the Bilbao
Crystallographic Server [43] to compare the structure at 100 K reported in this article with
the one obtained at room temperature, which presented the higher differences, finding
a degree of lattice distortion of 0.0055 with a maximum difference of atomic positions
of 0.1370 A. C3 also exhibits a paddle-wheel coordination motif with the carboxylate
group in a bis-chelate fashion. In the case of C1, each carboxylate O atom coordinates
to one copper(Il) center. Meanwhile, in C3, an O atom from the carboxylate group can
be connected to one or two copper(ll) centers. This coordination motif gives rise to the
formation of a 1D chain along the a axis.

In C3, the Cu---Cu distance is 2.5787(5) A, also contained in the expected range.
The same intermetal distance was observed in the structures with hexanoate [44], ben-
zoate [45,46] and 2,3-dihydro-1,4-benzodioxine-6-carboxylate [47]. C-H:- 7t interactions can
be observed between phenyl rings of ligands within the paddle wheel on the 1D chain
contiguous molecules with a centroid to H distance of 3.062 A and an angle between the
phenyl rings of 71.00°. The infinite chains are sustained with each other through disper-
sive interactions involving the phenyl groups. No obvious hydrogen bonds or 7-stacking
interactions can be observed in the structure.

The structure of [Cuy(phenylpropanoate),(H,O),], C2, was also previously deter-
mined, showing a coordination scheme similar to that of C3 [48]. In spite of that, according
to the molecular formula found, it is possible that, in the compound prepared by us, the
structure is similar to that of C1.
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2.2. Infrared Spectra

The studied ternary complexes present similar infrared spectra. Table 3 presents
a tentative assignment of the bands related to coordinating groups. In particular, the
values of the Av (calculated as v(COO).s-v(COO)s) for C1 =157 ecm~!, C2 =157 cm~! and
C3 = 176 cm ™! agree with a bidentate coordination of the carboxylate [49], as observed
in the crystal structures of C1 and C3. The spectra of the complexes and the ligands are
included in the supplementary material (Figures 52-57).

Table 3. Wavenumber (cm ') of common bands in the complexes, and their tentative assignment.

Compound v(0-H) v(C=0) + v(COO0) s v(COO), v(Cu-0O)
[Cuy(3-(4-hydroxyphenyl)propanoate), (H,O),]-2H,O 3330 sh 1582 s, 1516 w 1425 m 532 w
[Cuy (phenylpropanoate)s(H,0),] 3500-3200 sh 1588 s, 1516 w 1431 m 480 w
[Cuy(phenylacetate)y] 3500-3200 sh 1594 s,1514 s 1438 m 532 w

2.3. Solution Studies
Major Species in Solution Characterization Using UV-Visible Spectra and Lipophilicity

The visible spectra of the complexes show an absorption band at around 710 nm
(DMSO solution), as presented in Table 4, which, if compared with the wavelength of the
maxima calculated according to the empiric correlation of Prenesti et al. [50,51], agrees with
an equatorial coordination by four carboxylate oxygen atoms (calculated Amax 708 nm),
as observed in the solid state. In relation to the dimeric structure, the occurrence of a
band between 350 and 400 nm has been related to this species’ existence in solution [52].
This band is present in the complexes” UV spectra but not in the ligand spectra. According
to this analysis, in a DMSO solution, the complexes remain as dimers like the solid-state
form of C1. The complexes are not soluble in H,O, but, as an approach to studying their
behavior in this solvent, spectra were also registered in a DMSO:water mixture (80:20),
Table 4 presents the obtained results. The Anax shifts slightly, and the shape of the spectra-
changed difference was accounted for by n (n = €g50/emax X 100), which is higher in an
aqueous solution, suggesting a different degree of distortion of the coordination geometry
depending on the solvent [53], as previously observed with other Cu complexes.

Table 4. Maximum absorption wavelength (Amax, nm), molar absorptivity (e, Mflcmfl) and n
(e850/ €max x 100) of the spectra in DMSO and DMSO:H,0 (80:20) and partition coefficients (P)
between n-octanol and physiologic solution.

Compound Amax/e * n* Amax/e ** n** P
[Cuz(3-(4-hydroxyphenyl)propanoate)s(H,0),]-2H,O 710/388 43 726/134 65 0.10
[Cuz(phenylpropanoate)s(H;0);] 715/313 44 713/288 73 0.24
[Cuz(phenylacetate)s] 711/404 48 736/150 72 0.47

* DMSO, ** DMSO:H,0 (80:20), ¢ calculated per Cu mole.

The lipophilicity of the complexes is similar, with the hydroxyl group of C1 giving rise
to a slightly more hydrophilic compound, as expected.

2.4. Complex—-DNA Binding Studies
2.4.1. K Determination (UV-Visible Spectra)

The intrinsic binding constants of the complexes to the DNA (K}) were determined via
UV-visible titration (Figure 2 and supplementary material Figures S8 and S9). Their values
are presented in Table 5. The ligands produce nonappreciable DNA binding as studied via
this technique.
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Figure 2. UV spectra of C1 with increasing [DNA]/[complex] (Ri) ratio. Inset: [complex]/Aobs (i.e., the
complex concentration/the measured absorbance) as a function of 1/[DNA] plot with regression parameters.

Table 5. DNA binding constants (K}), as determined by the Benesi-Hildebrand method.

Compound Cc1 C2 C3 L1 L2 L3

K, (M-1) 5.2 x 102 2.0 x 102 8.7 x 102 ND * ND * ND *
* Not Determined.

The observed values of K} are relatively low if compared with other Cu-carboxylate com-
plexes. For instance, compounds [Cuy(nitrofenilacetate),)(H,O);] and [Cup(fenilbutanoate)s]n
present K, values in the 10°~10* range [54,55]. In particular, the binding of C3 on salmon sperm
DNA was already reported and determined by the same methodology, with Kj, = 1.4 x 10* M
nm on the used DNA being suggestive of intercalation in addition to binding by the grooves [27].

2.4.2. Mode of Binding (Relative Viscosity)

Relative viscosity is a highly sensitive method to detect changes in the overall length of
the DNA caused by the interaction of small molecules [49]. Figure 3 presents the effect of the
increasing concentration of the complexes on the relative viscosity of CT-DNA. Free ligands induce
no appreciable change in DNA'’s relative viscosity, as detected by this technique. The complexes
induce a slight relative viscosity decrease at the studied ratios. This suggests that the binding
provokes bends in the DNA helix [56]. A small slope is observed, in agreement with the low K
of the complexes, evidencing that the binding event is relatively minor compared to other Cu
complexes and induces only small changes in DNA conformation.
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Figure 3. Effect of the increasing concentration of the complexes on the relative viscosity of CT-DNA.
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2.5. Cytotoxicity of the Compounds

The cytotoxicity of the complexes and free ligands was evaluated on four tumor and
one nontumor cell lines; Table 6 presents the results expressed by ICsy. The ligands L1-L3
present no detectable cytotoxicity up to 100 uM.

Table 6. Cytotoxic activity (expressed by ICsg) of the studied complexes after 48 h of incubation,
against MCF-7, MDA-MB-231 (human metastatic breast adenocarcinomas, the latter triple negative),
A549 (human lung epithelial carcinoma), A278cis (human ovarian cisplatin-resistant) and MRC-5
(lung nontumoral) cell lines.

Cytotoxicity, IC50 (uM)

Compound MCE-7 MDA-MB-231 A549 A278cis MRC-5
C1 >50 >50 >50 26.80 £ 4.50 >50
C2 20.20 £0.78 >50 >50 13.50 &+ 0.57 >50
C3 >50 >50 >50 7.85 £ 0.86 >50
Cisplatin 8.91 + 2.60 2490 + 3.40 14.40 £ 1.40 26.90 + 0.60 29.09 + 0.78

The complexes induce low cytotoxicity to four of the studied lines but are cyto-
toxic to the A278cis cell line and resistant to cisplatin, therefore showing no cross resis-
tance. This activity can be classified as moderate compared to other Cu complexes [3].
There seems to be a correlation between the IC5y and lipophilicity (P). Both C2 and C3
are more cytotoxic than cisplatin on A278cis cells and are less toxic than cisplatin to the
nontumor cell MRC-5, making both complexes C2 and C3 interesting complexes for further
study of their activities on other tumor cells, especially those resistant to cisplatin.

3. Discussion

The compounds presented in this work are dimeric complexes in the solid state, with
C3 further extending into a polymeric structure. In a DMSO solution, the dimeric structure
seems to be preserved. In the conditions of the biological assays, coordination may be
altered, possibly including, in addition to carboxylate, other ligands such as residues from
albumin. The biological activity of the compounds is different when compared with the
free ligands, suggesting also that the ligands remain coordinated in the major species in
these conditions.

The complexes bind the DNA with low Kj, compared to other Cu complexes; therefore,
this seems not to be part of the mechanism of the cytotoxicity of the complexes.

This work aimed to find new complexes with interesting cytotoxic activity, particularly
with ligands that present no appreciable toxicity. The complexes were active only in one of
the studied tumor cells, a cell line that is resistant to cisplatin. This opens an opportunity to
further explore the activity of C2 and C3 on other tumor cell lines. To date, there are few
Cu(Il) complexes that have ligands with low toxicity and are cytotoxic to tumor cells.

4. Materials and Methods
4.1. Synthetic Procedures

All reagents were used as commercially available: copper(II) carbonate and copper(II)
chloride (Fluka, SIGMA-Aldrich, St. Louis, MI, USA), carboxylic ligands (SIGMA-Aldrich,
St. Louis, MI, USA) and calf thymus DNA (CT-DNA, SIGMA-Aldrich, St. Louis, MI, USA).

[Cuy(phenylcarboxylate)s] Complexes

An ethanolic solution of phenylcarboxylate (0,23 mmol, 5 mL) was added under constant stir-
ring at room temperature to an aqueous solution of copper(Il) chloride
(0,23 mmol, 5 mL). The solution turned green instantly. It was allowed to slowly evaporate
giving rise to green prismatic single crystals adequate for X-ray diffraction studies. [Cuy(3-(4-
hydroxyphenyl)propanoate)s(H,O),]-2H,O (C1) Calc. for C36H14CupO15/Found: %C: 50.29/
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50.15 %H: 5.16/5.45; [Cup(phenylpropanoate)s(H,O),] (C2) Calc. for C3HaCuyO19/Found:
%C: 56.90/56.80 %H: 5.31/5.39; [Cup(phenylacetate)4] (C3) Calc. for C3pHpsCupOg/Found: %C:
57.57/57.67 %H: 4.23/4.57.

4.2. Physical Methods
4.2.1. Characterization—General

Elemental analyses (C, N and H) of the samples were carried out on a Thermo Flash
2000 elemental analyzer (Thermo Fisher Scientific, USA). Infrared spectra were measured
on a Shimadzu IR Prestige 21 (Shimadzu, Kyoto, Japan, 4000 to 400 cm™1) as 1% KBr
disks with a 4 cm~! resolution. UV-visible spectra of 5 mM solutions in DMSO or DMSO
H,O (80:20) of the complexes were recorded on a ShimadzuUV1900 spectrophotometer
(Shimadzu, Kyoto, Japan) in 1 cm path-length quartz cells.

4.2.2. Crystal Structure Determination

Suitable single crystals of C1 and C3 were obtained from recrystallization from DMSO
aqueous solution slow evaporation. Samples were mounted, and their diffraction patterns
were measured on a Rigaku XtaLAB Synergy-S diffractometer (Rigaku, USA) equipped
with an Oxford Cryosystems Cryostream 800 PLUS. The crystals were kept at a steady
T =100(2) K during data collection with a PhotonJet (CuK« = 1.54184 A) X-ray Source.
CrysAlisPro v 42.84a software (Rigaku) was used to evaluate the collection strategy, data
reduction and scaling, as well as absorption correction. The structure was solved using
direct methods with ShelXt [57] and refined using the atoms in the molecules model
with ShelXL-2019/2 [58] using least squares minimization on F2. Both ShelXt and ShelXL
were used within Olex2 [59]. Hydrogen atoms were geometrically positioned and refined
isotopically with the riding model. Molecular graphics were prepared using Mercury [36].

The nonhydrogen atoms were refined anisotropically. Then, all hydrogen atoms
were located from electron-density difference maps and were positioned geometrically
and refined using the riding model [Uiso(H) = 1.2 Ueq or 1.5 Ueq]. The Olex2 was also
used for analysis and visualization of the structures and for graphic material preparation.
Table 1 summarizes the X-ray diffraction data and refinement parameters obtained for
the elucidated crystal structures. The CIF files of complexes C1 and C3 were deposited in
the Cambridge Structural Data Base under the CCDC numbers 2,288,430 and 2,288,436,
respectively. Copies of the data can be obtained, free of charge, via www.ccdc.cam.ac.uk.

4.3. Lipophility Assessment

Lipophilicity was studied by determining the partition coefficient of the complexes
in n-octanol/physiological solution (0.9% NaCl in water). To 1 mL of n-octanol 0.2 mM
solution of the complex, 1 mL of physiological solution was added. It was shaken for 1 h.
Afterward, the samples were centrifugated, and the phases separated. UV-vis spectra were
used to determine the concentration of the complex in each phase. The partition coefficient,
P, was calculated as C n-octanol/Cwater.

4.4. DNA Interaction

A stock solution of Calf Thymus DNA (CT-DNA, 5 mg in 5 mL H,O) was prepared by
stirring overnight, stored at 4 °C and used within 3 days. Its concentration was determined
spectroscopically at 260 nm (269 = 6600 M~'cm ™! /base pair). The solution was free of
protein, as determined by the Ajgo/ Aggp ratio, which varied in the 1.8-1.9 range.

4.4.1. DNA Binding Constant: UV Absorption Titration Experiments

The DNA intrinsic binding constant (K;) was determined by UV absorption measure-
ments using the Benesi-Hildebrand model [60,61]. Solutions of the complexes 5 mM, in
buffer Tris/HCl pH = 7.5 and 50 mM in NaCl were used, and their concentration was kept
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constant at 10-15 uM while adding CT-DNA to obtain concentrations in the 0-250 uM in
the base pairs range. The Benesi-Hildebrand model can be described by the equation:

1/(ca — ef) = 1/(eb — &f) + 1/K,[DNA] (eb — ef) 1)

where [DNA] is the concentration of DNA, ea are the apparent absorption coefficients,
ef and b are the extinction coefficient for the free copper(Il) complex and the extinction
coefficient for the copper(Il) complex in the fully bound form, respectively. In Equation (1),
1/(ea — &f) is equivalent to Aobserved/[Cu]. Therefore, according to this model, the Kj
value equals the slope to the intercept ratio of the plot [complex]/Aobserved as a function
of 1/[DNA].

4.4.2. DNA Binding Mode: Variation of Viscosity Experiments

Viscosity measurements were performed in an Ostwald-type viscosimeter (SIGMA-
Aldrich, St. Louis, MI, USA) maintained at a temperature of 25.0 £ 0.1 °C in a thermostatic
bath. Solutions of CT-DNA (150 uM base pairs) and complexes were prepared separately
in Tris-HC1 (5 mM, pH =7.2, 50 mM NaCl) and thermostatized at 25 °C. Complex—DNA
solutions (4 mL) were prepared just prior to running each experiment at different molar
ratios ([complex]/[CT-DNA] = 0.125, 0.250, 0.375, 0.500, 0.625 and 0.750 (equivalent to
[DNA]/[complex] ratio contained values of 8, 4, 2.7, 2 and 1.3). Solutions were equilibrated
for 15 min at 25 °C, and, then, 5 flow times were registered. The relative viscosity of DNA
in the absence (1) and presence (1) of complexes was calculated as (/1p) =t — to/tpna
— tp, where tg and tpna are the flow times of the buffer and DNA solution, respectively,
and t is the flow time of the DNA solution in the presence of copper complexes. Data are
presented as a plot of (n/ Mo)'/? versus the ratio of [complex]/[DNA [62].

4.5. Cytotoxicity Studies

The cytotoxicity of the complexes was evaluated on human cancer cell lines: metastatic
breast adenocarcinoma MDA-MB-231 (triple negative, ATCC: HTB-26), MCEF-7
(ATCC: HTB-22), cisplatin-resistant ovarian carcinoma A2780cis (SIGMA), lung epithelial
carcinoma A549 (ATCC: CCL-185) and on the nontumoral lung cell line MRC-5 (ATCC:
CCL-171) using the MTT colorimetric assay. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) for MDA-MB-231, A549 and MRC-5, supplemented with 10%
fetal bovine serum (FBS), Roswell Park Memorial Institute (RPMI) 1640 Medium for MCF-7
and A278cis, supplemented with 10% FBS, containing 1% penicillin and 1% streptomycin,
at 310 K in a humidified 5% CO, atmosphere. In the assay, 1.5 x 10* cells/well were seeded
in 150 pL of medium in 96-well plates and incubated at 310 K in 5% CO, for 24 h, to allow
cell adhesion. Then cells were treated with copper complexes for 48 h. Cu complexes
were dissolved in DMSQ, and 0.75 uL of solution were added to each well with 150 pL
of medium (final concentration of 0.5% DMSO/well). Cisplatin, used as a reference drug,
was solubilized in DMEF. Afterward, to detect cell viability, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT, 50 uL, 1 mg mL~! in PBS) was added to each well,
and the plate was further incubated for 4 h. Living cells reduce MTT to purple formazan.
The formazan crystals were solubilized with isopropanol (150 uL/well), and each well was
measured with a microplate spectrophotometer at a wavelength of 540 nm. The concen-
tration to 50% (ICsp) of cell viability (Table) was obtained from the analysis of absorbance
data from three independent experiments.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics11100398 /51, Figure S1: Scheme of complexes.
Figures 52-S7: Infrared spectra of complexes C1-C3 and ligands L1-L3; Figures S8 and S9: UV
spectra of C2 (S7) and C3 (S8) with increasing amounts of DNA. Inset: [complex]/Aobs as a function
of 1/[DNA] plot with regression parameters.
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Abstract: Four ligands based on the 2-tert-butyl-4-X-6-{Bis[(6-methoxy-pyridin-2-ylmethyl)-amino]-
methyl}-phenol unit are synthesized: X = CHO (HLHO), putrescine-pyrene (HLPY"), putrescine
(HLA™ine) and 2-fert-butyl-4-putrescine-6-{Bis[(6-methoxy-pyridin-2-ylmethyl)-amino]-methyl}-phenol
(H,LP). Complexes 1, 2, 3, and 4 are formed upon chelation to copper(Il). The crystal structure
of complex 1 shows a square pyramidal copper center with a very weakly bound methoxypridine
moiety in the apical position. The pKa of the phenol moiety is determined spectrophotometrically
at 2.82-4.39. All the complexes show a metal-centered reduction in their CV at Epc'red =—-045to
—0.5 V vs. SCE. The copper complexes are efficient nucleases towards the ¢$X174 DNA plasmid in the
presence of ascorbate. The corresponding ICsg value reaches 7 uM for 2, with a nuclease activity that
follows the trend: 2 > 3 > 1. Strand scission is promoted by the hydroxyl radical. The cytotoxicity is
evaluated on bladder cancer cell lines sensitive (RT112) or resistant to cisplatin (RT112 CP). The ICsq
of the most active complexes (2 and 4) is 1.2 and 1.0 uM, respectively, for the RT112 CP line, which is
much lower than cisplatin (23.8 pM).

Keywords: copper; tripodal ligand; nuclease; DNA; phenol

1. Introduction

Nucleases are important tools for manipulating genes and designing new chemothera-
peutic agents [1]. Inorganic complexes are particularly well-suited for this purpose due to
the intrinsic properties of the metal ion. Its acidity facilitates the activation of substrates,
and hence favors hydrolytic processes [2,3]. On the other hand, redox-active metals may
reduce molecular dioxygen into reactive oxygen species (ROS: O,2~, O,~ and OH), which
subsequently cleave DNA in an oxidative pathway [2,3].

Numbers of artificial nucleases based on biologically relevant metal ions (manganese,
copper, iron) have been developed [3,4]. Assuming that biological metals are less toxic than
non-biological ones, these complexes may be used as therapeutic agents, in particular as an
alternative to cisplatin in chemotherapy [4,5]. Amongst the biometals, copper has emerged
as an attractive target for designing nucleases having an anti-cancer activity [4-10]. Indeed,
copper is an essential cofactor for tumor angiogenesis [11], while correlations exist between
the copper status and both malignant progression [12,13] and response to therapy in some
human cancers [14]. Furthermore, copper(ll) is capable of favoring nucleophilic attack at
the DNA phosphates, while copper(I) reacts with dioxygen, affording ROS that is potent
for strand scission in vitro [15].

The ligand platform plays a pivotal role in modulating the properties of the metal and
its interaction (mode and strength) with DNA. Polypyridyl ligands have been widely used
for designing copper nucleases because pyridines can intercalate into DNA and give rise
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to Cu'l/Cu! redox potentials adequate for oxidative cleavage when engaged in coordina-
tion [16,17]. They are mostly based on bipyridine [18-20], phenanthroline [18,19,21-27],
terpyridine [28], phenanthrene [1,29], and tripodal structures [17,30-33]. These moieties
can be further engineered for adding functionalities [34,35]. On the other hand, phenol(ate)
donors, especially sterically hindered ones, can be considered as phenoxyl radical pre-
cursors, which are efficient moieties for H-atom abstraction [36-38]. When combined
with tripodal structures, these radicals may form and be involved in DNA strand scission
through hydrogen atom transfer [39-42].

We previously designed copper nucleases from N3O tripodal ligands featuring one
sterically hindered phenol and two pyridines. It is striking to note that the nuclease activity
is greatly improved when one pyridine has a methyl substituent in the « position [30]. This
group is both electron-donating and sterically demanding. Although these properties are
key points for complex activity, the relative influence of the two on nuclease activity is
currently unknown. We have further demonstrated that both nuclease activity and anti-
proliferative activity against bladder tumor cell lines can be enhanced by the addition of a
putrescine chain and a pyrene moiety [43,44]. This functionalization pattern increases the
affinity for DNA by both ionic interactions between the putrescine chain and the negatively
charged phosphates, and intercalation of the pyrene moiety between consecutive base pairs.
These encouraging results prompted us to investigate the role of the pyridine «-substituent
in both the nuclease and anti-proliferative activities. We herein describe a new series of
ligands derived from HL (Figure 1), in which the methyl substituent of the pyridine is
replaced by a highly electron donating methoxy group. With this substitution pattern, we
aim to increase the electron density at the metal, while decreasing the steric hindrance, and
thus plan to decipher their respective importance in biological activity. This work is also a
prelude to the insertion of PEG units on pyridine to further improve drug pharmacokinetics
and bioavailability.

% NH
CHO HN HN HN

t-Bu | | | |

HLCHO HLPyr HLamine H2|_bis

OH
| X N
_N N
[ .
HL } :OH
X N
|/N N\ OMe
| =

Figure 1. Nomenclature of the ligands under their neutral amino forms.

We present the synthesis of the ligands HLSHO, HLPY", HLA™i"¢, and H,LP (Figure 1),
as well as the solution chemistry and spectroscopy of their copper complexes (1, 2, 3, and 4,
respectively). We investigated their nuclease activity and anti-proliferative activity towards
bladder tumor cells.
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2. Results and Discussion
2.1. Synthesis and Structure of the Complexes

The preparation of the series of ligands starts with the synthesis of the aldehyde
precursor HLEHO (Figure 1), which is next engaged in a reductive amination [43]. When
N!-(pyren-1-ylmethyl)butane-1,4-diamine was reacted with HLHO, the ligand HLPY*
was obtained. By using the fert-butyl-N-(4-aminobutyl)carbamate instead of N'-(pyren-1-
ylmethyl)butane-1,4-diamine, followed by acid deprotection, the ligand HL3™"® was ob-
tained instead. Finally, the reaction of neutral HL™i"¢ with one molar equivalent of HLHO
affords the binucleating ligands H,L"® (Figure 1). The mononuclear copper-phenolate
complexes 1-3 were prepared in situ by mixing stoichiometric amounts of CuCl, 2H,0,
NEt;, and the appropriate ligand in DMF (Scheme 1); the binuclear copper-phenolate
complex 4 was prepared similarly by using two molar equivalents of metal salt instead
of a single one. Both the nuclearity and nature of the complexes was established by
mass spectrometry, UV-Vis, and EPR spectroscopies (see below). The mass spectra of
the complexes are depicted in Figure S9. The spectrum of 1 shows a main peak corre-
sponding to a monocation at m/z = 481.1421. It shows the expected pattern for a copper
containing complex and corresponds to [1]* (calculated m/z = 481.1410). The pyrene-
appended complex 2 exhibits a main peak at m/z = 384.1660 (dication), which is assigned to
[2 + H]**, while complex 3 shows a main peak at m/z = 277.1268 assigned to [3 + HJ**. For
comparison, complex 4 demonstrates a peak at m/z = 1020.4, corresponding to
[4 + 2H]*, without evidence for a monometalated species. The (2:1) (M:L) stoichiome-
try of 4 was further confirmed by the Jobs method (Figure S13).

1 (R = CHO)
. 2(R=Py)
H,O.DMF 3 (R = amine)
90:10

bis T2 CuCl pH=7
H2L 2 — >
H,0:DMF

90:10

+ CuCl pH =7
HLR )

Scheme 1. Nomenclature of the complexes and their schematized synthesis. Complex 1 was isolated
as single crystals; 2-4 were generated in situ for physical and biological characterizations.

The structure of 1 was substantiated by X-Ray diffraction (Figure 2). The other com-
plexes proved to be difficult to isolate at the solid state, presumably because of the hygro-
scopic nature of the compounds (due to the presence of secondary amines) and the large
flexibility of the putrescine arm. The structure of 1 shows a square pyramidal copper center
where the tertiary amine nitrogen N3, the pyridine nitrogen N2, the phenolate oxygen
01, and the chloride Cl coordinate in the basal plane. The methoxypyridine is positioned
apically, but this group is almost uncoordinated (Cu-N1 bond distance of 2.773(5) A). This
behavior is in sharp contrast with the methylpyridine analog of M€1 that binds apically at
a much shorter Cu-N1 bond distance of 2.303(2) A [44]. The Cu-N3, Cu-N2, Cu-O1, and
Cu-Cl bond distances are 2.034(3), 2.017(3), 1.902(3), and 2.251(1) A, respectively. They
are significantly shorter than in M1, as a result of the lengthening of the axial Cu-N1
bond. The angle between the pyridine (equatorial) and substituted pyridine (axial) rings
differs significantly between M®1 and 1; although 70° in M1, it does not exceed 36° in
the case of 1. Furthermore, the distance between the centroids of these two rings reaches
4.21 A for Me1, while it is only 3.80 A for 1. These structural features indicate that the
more electron-rich methoxypyridine ring has a higher propensity to stack on the equatorial
pyridine, weakening axial coordination.
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Figure 2. X-Ray crystal structure of 1. The hydrogen atoms are omitted for clarity.

2.2. Spectroscopic Characterization

The complexes were formed in situ by mixing equimolar amounts of copper(II) chlo-
ride and the ligand (1, 2, 3) or two molar equivalents of the copper salt with the ligand
(4). It is worth noting that a solution of single crystals of 1 shows the same spectroscopic
signature than the in situ generated complex.

The EPR spectra of 1-4 show a clean axial (S = %) signal at pH 7 (Figures S11 and 512),
disclosing the formation of a unique species in every case. Importantly, the intensity of the
signal is identical for 1-3. On the basis of the similarity of the donor set between HL, HLY",
and HLaMi"e and given the resolution of the crystal structure of 1 (see above), we assume
that the complexes formed in all three cases are mononuclear complexes. The spectrum of
4 is similar to that of 3, although its intensity is twice as large. The magnetic interaction
between the two copper centers is therefore negligible, which is not surprising given the
length and flexibility of the linker connecting the tripodal units. Note that the shape of
the spectra is similar for 24, consistent with an identical N3O coordination sphere, and
combined with a similar electron-donating effect of the phenolic para-substituent.

The experimental spectra at arbitrary chosen pH values, which correspond to pKa + 1
and pKa — 1 (see below) where the acidobasic function is the phenolic hydroxyl, together
with simulations are depicted in Figures 3 and S13-5S15. A general trend is that g | is
smaller than g/, as expected for a d,oqy» ground spin state. This ground state is consistent
with the square pyramidal geometry of the copper(ll) ion in the solid state structure. The
spin Hamiltonian parameters differ significantly between pH = pKa—1 (1.80-3.34, for 1-4
see Table 1) and pH = pKa + 1 (3.80-5.35, for 1-4 see Table 1) for a given complex in the
non-buffered medium. This suggests a pH-induced change in metal ion geometry and
thus the existence of an acidobasic equilibrium involving a coordinating moiety, which
we have attributed to the phenol/phenolate couple. On the other hand, the g,,/A ,, ratio
has previously been correlated with copper ion distortion [45]. The g,,/A ;, ratio is 128
cm at low pH (phenol complex), corresponding to a main square planar geometry (very
weak apical coordination), whereas it is 132-136 cm at high pH (phenolate). The copper
environment is therefore more distorted in deprotonated complexes, which is likely a
consequence of the stronger binding of the deprotonated phenolic moiety. It is worth
noting that the EPR parameters diverge slightly between pH = pKa + 1 (unbuffered) and
pH =7 (buffered), which can be attributed to the binding of a different exogenous ion
(chloride or water molecule depending on NaCl concentration.

In order to confirm the nature of the acidobasic residue and determine precisely
the pKa, we conducted UV-Vis titrations of the four complexes over the pH range 2-7.
The spectral evolution of 2 is depicted in Figure 4, while the other ones are shown in
Figures S16-5S18. Since the evolutions are similar, we will comment only on the spectra of
2. Thus, the spectrum at pH = 6.94 is dominated by an intense band at 462 nm (Table 2),
which is assigned to a phenolate-to-copper charge transfer (LMCT) transition (see TD-
DFT section). As the pH decreases, the intensity of the LMCT decreases, indicating the
protonation of the phenolate. At pH = 2.55, the 470 nm band has disappeared, while a low
intensity band is still observed at 680 nm, corresponding to copper(Il) d-d transitions.
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dx” |(b)

260 280 300 320 340
B/ mT

360

Figure 3. X-Band EPR spectra of 0.5 mM solutions of 2 in a (water:DMF) (90:10) medium at
(a) pH=5.15 and (b) pH = 3.11. Black: Experimental spectrum; Red: spectral simulation using
the EASYSPIN 5.2.35 software and the parameters given in Table 1. [NaCl] = 0.1 M; T, 100 K;
microwave frequency, 9.44 GHz; microwave power, 4 mW; mod. Freq., 100 KHz;, mod. Amp.

0.4 mT.

Table 1. Spin Hamiltonian parameters for the copper complexes.

Complex pH 8.I_ 8/ A Ay g/A €
1 1.802 2.056 2.266 1.7 16.9 128
2 3.112 2.056 2.266 1.7 16.9 128
3 3.252 2.055 2.266 1.4 16.9 128
4 3.342 2.055 2.266 1.4 16.9 128
1 3.802 2.053 2.264 1.4 16.4 132
2 5152 2.053 2.261 1.4 15.9 136
3 5.262 2.053 2.261 1.4 15.9 136
4 5352 2.054 2262 1.4 16.0 135
1 7b 2.056 2.257 1.4 16.3 132
2 7b 2.054 2.254 1.5 16.6 130
3 7b 2.054 2.254 1.5 16.6 130
4 7b 2.054 2.254 15 16.6 130

2 In (HO:DMEF) (90:10) frozen solution containing 0.1 M NaCl. HCIO, was added to adjust the pH values to
ca. pKa-1 and pKa + 1. b In (H,O:DMF) (90:10) frozen solution. [Tris—HCI] = 0.05 M, [NaCl] = 0.02 M. € ratio

expressed in cm.

Table 2. pKa values and electronic spectra of the copper complexes ?.

Phenolate Form

Phenol Form ¢

Charge Transfer d-d Band d-d Band
Complex pKa Amax € Amax € Amax €
1 2.82 £ 0.02 482 662 P 680 170 680 ¢ <90 ¢
2 415+ 0.01 462 1040 670 101 680 66
3 425+ 0.01 461 780 670 232 687 147
4 8.77 +0.03 4 457 2005 670 328 687 147

2 Fitted using the SPECFIT 3.0.37 software (from Biologic, Seyssinet-Pariset, France). The spectra were recorded
in a (H,O:DMF) (90:10) solution containing [NaCl] (0.1 M). HCIO4 or NaOH was added to adjust the pH.
b Phenolate-to-copper charge transfer transition. ¢ At the lowest pH investigated (1.8) the phenolate-to-copper
charge transfer was still observable. d The value indicated corresponds to the -logf3, value associated to the
equilibrium: [(HpLP®)Cup 4 <= 2H* + [(L®)Cu,]*.
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400 500 600 700 800 900
A (nm)

Figure 4. Electronic spectrum of 2 as a function of the pH. 1 mM (H,O:DMF) (90:10) solution
containing 0.1 M [NaCl], T = 298 K, I = cm. The pH is varied from 2.55 to 6.94, the arrow indicates
spectral changes upon addition of base.

The phenol pKas were determined at 2.82 £+ 0.02, 4.15 £ 0.01, 4.25 £ 0.01, and
8.77 £ 0.03 (Logf3 for a two-proton process in the latter case) for 1, 2, 3, and 4, respectively.
The lower value of 1 is explained by the electron-withdrawing properties of the aldehyde
o-substituent. It is worth noting that the pKa values of 2, 3, and 4 (referred to one proton in
the latter case, e.g., 4.38) are in a narrow range, consistent with a similar electronic effect of
the phenol para substituent (same alkyl ammonium chain). It should be emphasized that
these pKa values are 0.22 to 0.48 units higher than for analogous methyl complexes [44].
We interpret this increase in pKa by a decrease in Lewis acidity at the metal center due
to the greater electron-donating capacity of the methoxy-substituted pyridine. This trend
validates our working hypothesis that a change in the «-substituent of the pyridine would
influence the electron density at the metal center. Importantly, all pKa values are much
lower than those reported for complexes with axially bound phenolates [46,47], supporting
an equatorial positioning of the phenolate in 1-4. This interpretation is corroborated by the
crystal structure of 1.

2.3. Electrochemistry

The electrochemical behavior of the complexes has been investigated by cyclic voltam-
metry (CV) in a (H,O:DMF) (90:10) solution containing 0.1 M NaCl as supporting elec-
trolyte (Figures 5, 519 and S20). Redox potentials are summarized in Table 3. The
CV curve for 1 demonstrates a cathodic peak at Epcfred = —0.45 V, which is associated
with an oxidation peak at Epf"'re‘jl = —0.14 V (red curve in Figure 5). This pair of semi-
reversible peaks (AE = 0.31 V) is assigned to the Cu''/Cu' redox couple, in which signif-
icant structural rearrangements are associated with electron transfer. The apparent E; /»
calculated as (EPC’red + Epa’red)/ 2is —0.30 V. An irreversible oxidation is also observed at
E, = +0.96 V and attributed to phenolate oxidation. The Cu''/Cu! redox couple in 2,
3, and 4 is again observed as a pair of separated peaks, similar to 1. For 2, the potentials
values are E,%d = —0.51 V, E,2™d = +0.16 V (AE = 0.67 V, apparent E; , = —0.17 V), while
for 4 they are Ep,%™d = —0.47 V, E,;3™d = +0.07 V (AE = 0.54 V, apparent E; ;, = —0.20 V).
A broadening of the cathodic peak (Epc'md) is observed for 3, presumably due to the pres-
ence of primary amines. This precludes a thorough comparison between 3 and the other
complexes. The overall increase in AE in 2 and 4 compared with 1 reflects slower electron
transfer, likely associated with greater structural rearrangements for the complexes ap-
pended by the alkylammonium chain. In addition, the significant anodic shift of Epa'recl
(in comparison to 1) together with small variations in Epc're"l suggest enhanced stability
of the reduced form. Further comparison with previously reported methyl derivatives is
unfortunately hampered by the broadening of the redox waves. Finally, two oxidation
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peaks are observed for 2, 3, and 4. These are attributed to sequential oxidations of the
phenolate unit [30,43,44,47-51] and an amine of the polyamine chain [43,44].
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Figure 5. Cyclic voltammetry curves of (a) 1 and (b) 2 in a water:DMF 90:10 medium at pH = 7.
[HB—HCH:OOSMJN“N=OOZMfEESKmmnmmﬁJVs”;ﬂwpdaﬁdsmemmmdmhmw
to the SCE reference electrode. Red: scan in reduction; Black: scan in oxidation.

Table 3. Electrochemical data of the complexes at pH 7 2.

Complex Ep cred Ep ared Ep %
1 —0.45 —0.14 0.96
2 —0.51 +0.16 0.73,0.88
3 —0.45 -b 0.69,0.9P
4 —0.47 +0.07 0.56, 0.73, 0.88
PyrPt © - - 0.86,1.0°

2 In a (H,O:DMF) (90:10) solution, [Tris—HCl] = 0.05 M, [NaCl] = 0.02 M. Reference, SCE; T, 298 K; Br: broad.
b J]l-defined. © PyrPt: Nl—(pyren—l—ylmethyl)butane—1,4—diamine.

2.4. DFT and TD-DFT Calculations

In order to gain insight on the structures of the complexes and their UV-Vis signatures,
we performed DFT calculations (Figure 6). In order to minimize computation time, we
considered a model in which the para substituent of the phenol is a methyl group. We
first optimized the structure of this model in its phenolate form with a chloride ligand.
The methoxy group was arbitrary orientated either towards the N of the pyridine or away
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from the N. Strikingly, when orientated towards the N it creates significant steric hindrance
that weakens the coordination of the methoxy pyridine (Cu-N distance of 2.80 A). The
almost uncoordinated methoxypyridine instead stacks up on the equatorial, unsubstituted
pyridine. When the methoxy group is orientated away from the N, the steric hindrance is
lower, allowing coordination of the methoxy pyridine (Cu-N bond distance of 2.29 A), and
no further stacking is observed. The most stable conformation is the first (by 3 kcal/mol),
in agreement with the solid-state structure of 1 (with a chloride ligand). It is worth noting
that a second conformation has been identified (1 kcal/mol less stable) in which the tertiary
amine occupies the axial position. When the chloride ligand is replaced by a water molecule,
a different behavior is observed, in which the methoxy oxygen establishes a H-bond with a
hydrogen of the coordinated water molecule. As a result, the conformation in which the
methoxy group points away from the pyridine nitrogen is favored. We have also optimized
the structure of the phenol complexes, in which this latter group is located apically due to
its lower coordinating capacity. Both orientations of the methoxy group lead to isoenergetic
structures when the exogenous ligand is water, but the structure in which the methoxy
points away from the N is more stabilized for the chloro complex (by 4.8 kcal/mol). For
the lowest energy conformations (phenol and phenolate, chloro, and water adducts), we
calculated the UV-Vis spectra by TD-DFT calculations. For the phenolate complexes, the
calculations predict a relatively intense phenolate-to-copper charge transfer in the visible
region, and the agreement between theory and experiment is excellent when the water
adduct is taken in account (Table 4). For the phenol complex, a low-intensity d-d band is
predicted in the low-energy range (Table 4), and once again agreement between theory and
experiment is excellent when the water adduct is considered.

a)

»%i%w

N7 >0 L
- D
v N// = D o
cu-Ny_/ “cli-N_/ s H
o’ o’ . ~7 =
‘o, "o, P \Cu]g

Shorter axial bond Longer pseudo axial bond ! | L
No stacking pyridine-pyridine stacking | :
+3 kcal/mol 0 Kcal/mol

Figure 6. TD-DFT assignment of the main electronic excitations in the (a) phenolate (3HOMO —
BLUMO) and (b) phenol (BHOMO-5 — BLUMO) complexes where the exogenous ligand is a water
molecule. (c) Structures of the model complexes used for the calculations (B3LYP/6-31g*/SCREF,
contour value: 0.040).

66



Inorganics 2023, 11, 396

Table 4. TD-DFT assignment of the main visible band 2.

Main Contribution to

Protonation State Exogenous Ligand the Electronic Excitation Acald [nm] ()
Phenolate chloride BHONESM%%LUMO 510 (0.0376)
Phenolate water BHO%SMzngMO 563 (0.0646)

Phenol chloride BHOME)L'K/I?T?LUMO 855 (0.0031)
Phenol water BHOMO'(‘Z;)’ BLUMO 661 (0.0012)

2 B3BLYP/6-31g*/SCRF (water). Most stable conformation for the phenolate complex.

2.5. DNA Cleavage

We investigated the nuclease activity of the complexes towards plasmidic supercoiled
DNA. The reaction was monitored by gel electrophoresis in a medium constituted by a
mixture (water:DMF) (90:10) in a phosphate buffer (10 mM) at pH = 7.2. Cleavage of the
closed circular supercoiled (SC) plasmidic DNA affords either the nicked circular (NC)
form (single-strand breakage) or the linear (L) form (double-strand breakage).

The DNA cleavage activity was first investigated in the absence of an exogenous agent
(Figure 7, Table 5). Complex 1 cleaved 20% of DNA (single-strand cleavage) at the highest
concentration investigated (50 pM, Figure 7a), and proved to be a better nuclease than its
methyl congener (no cleavage at this concentration) [44]. Complex 2 and 4 (Figure 7b,d)
behave drastically differently since the gel electrophoresis pattern shows the disappearance
of the SC form as DNA concentration increases, with no appearance of the NC or L
form. This behavior has already been observed for the methyl derivative as well as for
polyamines [44,52]. It results from DNA condensation, which is favored by neutralization
of the phosphate by protonated polyamines. This hypothesis is further supported by
the observation of a delay in the migration of the SC form before its total disappearance.
Under these conditions, it is not possible to conclude about the nuclease activity of 2 and 4.
Complex 3 behaves in a more “classical” manner, in that the NC form was visible in addition
to the SC form. The NC/SC ratio is clearly in favor of the NC form (single-strand cleavage)
on the gel electrophoresis at 50 uM complex concentration, reflecting significant cleavage
activity. Since aggregation can occur, nuclease activity could be overestimated, so that only
an upper limit of 65% cleavage can be calculated. However, complex 3 appears visually to
be a much better nuclease than complex 1, due to the incorporation of a putrescine chain.

Table 5. DNA cleavage activity at pH =7.22.

Complex No Exogenous Agent Mercaptan Ascorbic Acid
1 >50 40 30
2 -b 13 7
3 >40 225 16
4 -b -b >18

2 Expressed as the concentration of complex (in uM) that produces 50% of cleavage of $X174 supercoiled DNA.
[DNA] = 20 mM base pairs; T = 37 °C; t = 1 h; [reductant] = 0.8 mM; phosphate buffer 10 mM; pH = 7.2; water: DMF
(90:10).  The gel electrophoresis displays only the disappearance of the SC form, due to significant fragmentation
or condensation of DNA (see the text). The ICsy value cannot be determined under these conditions.

The DNA cleavage activity was further investigated in the presence of two distinct
reductants, namely mercaptoethanol and ascorbic acid. As depicted in Figure 8 and Table 5,
the nuclease activity is increased when the reductant is present, suggesting a different
cleavage mechanism (oxidative versus hydrolytic). Amongst the two reductants, ascorbic
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acid gave the best results. Since mercaptoethanol is a potential ligand due to its thiol
functions, we will discuss only the results with ascorbic acid in the next section. It is
worth noting that the cleavage can be now quantified for 1, 2, and 3 since the concentration
of complex required to achieve 50% cleavage is lower in the presence of ascorbic acid
than without. It is in these cases smaller than that which promotes DNA condensation.
For 4, multiple bands are observed at 15 uM, which disappear at higher concentrations,
precluding an accurate determination of ICs (Figure 8d).
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Figure 7. Cleavage of the ¢X174 supercoiled DNA by the copper complexes. The reaction is monitored
by agarose gel electrophoresis in the absence of reductant at 37 °C for 1 h. [DNA] = 20 mM (base
pairs); (water:DMF) (90:10) mixture; phosphate buffer (10 mM);pH = 7.2. Abbreviations: NC: nicked
circular, SC: supercoiled. The concentrations of the complexes are expressed in uM. (a) 1; (b) 2; (c) 3
and (d) 4.
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Figure 8. Cleavage of the ¢X174 supercoiled DNA by the copper complexes. The reaction is monitored
by agarose gel electrophoresis in the presence of reductant at 37 °C for 1 h. [DNA] = 20 mM (base
pairs); (water:DMF) (90:10) mixture; phosphate buffer (10 mM); [ascorbate] = 0.8 mM; pH = 7.2.
Abbreviations: NC: nicked circular, SC: supercoiled, L: linear. The concentrations of the complexes
are expressed in pM. (a) 1; (b) 2; (c) 3; (d) 4.

The most efficient nuclease is complex 2, which cleaves 50% DNA at the concentration
of 7 uM (Figure 8b). Complex 3, which does not feature the pyrene moiety, is less active
(16 uM for 50% of cleavage, Figure 8c), while complex 1 which features neither a pyrene,
nor a putrescine chain as DNA anchoring function, is the poorest nuclease (30 pM for
50% of cleavage, Figure 8a). Interestingly, complex 3 catalyzes total DNA cleavage at a
concentration of 25 uM, through both single and double-strand cleavage: The ratio is 60%
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of double-strand cleavage and 40% of single-strand cleavage. Thus, the presence of a free
terminal amine is important for the activity.

Important information about the cleavage mechanism was obtained from experiments
in the presence of ascorbic acid and several scavengers at complex concentrations inducing
significant cleavage. As illustrated in Figure 9 for 1 and 2 (and Figure S22 for 3), the addition
of superoxide dismutase (lane 4), NaNj3 (lane 5), or catalase (lane 7) does not induce changes
in the cleavage profile, ruling out the involvement of superoxide, hydrogen peroxide, or
singlet dioxygen in the reaction. In contrast, DMSO and to a lesser extend ethanol slightly
inhibit the nuclease activity, pointing out the involvement of the hydroxyl radical in the
reaction. Finally, EDTA, which is a strong copper chelator, has a significant inhibitory
effect (lane 6). It can therefore be reasonably assumed that the reaction is initiated by the
reduction of copper(ll) to copper(I), which next activates dioxygen to form the reactive
hydroxyl radical. The hydroxyl radical is the species ultimately involved in DNA strand
scission [4,15].

0 1. 2 3 4 5 6 7 8 9
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Figure 9. Cleavage of the ¢X174 supercoiled DNA by the copper complexes. The reac-
tion is monitored by agarose gel electrophoresis in the presence of reductant at 37 °C for
1 h. [DNA] = 20 mM (base pairs); (water:DMF) (90:10) mixture; phosphate buffer (10 mM);
[ascorbate] = 0.8 mM; pH = 7.2. (a) 1, 50 uM; (b) 2, 20 uM. Lane 0, DNA control; lane 1,
DNA + complex (no scavenger); lanes 2-10, DNA + complex in the presence of various scavengers
and agents: lane 2, ethanol; lane 3, DMSO (2 mL); lane 4, superoxide dismutase (0.5 unit); lane 5,
NaNj3 (100 mM); lane 6, EDTA (10 mM); lane 7, catalase (0.1 unit); lane 8, Hoechst 33258 (100 mM);
lane 9, NaCl (350 mM).

2.6. Mode of Binding of the Best Nuclease 2

In order to gain insight into the binding of the best nuclease, which is complex 2,
we investigated the nuclease activity in the presence of two binding agents: The minor
groove binder Hoechst 33258 (Figure 9, lane 8) and NaCl (Figure 9, lane 9). The latter does
not significantly alter the cleavage, but Hoechst 33258 proved to inhibit it significantly.
This result suggests a minor groove binding of the putrescine chain. On the other hand,
conjugated aromatic rings are known to intercalate into DNA. With the aim of confirming
that the pyrene moiety of 2 is intercalated into DNA, we monitored its fluorescence at
468 nm upon titration with DNA. The pyrene units form excimers in solution, which give an
intense fluorescence of around 470 nm. When DNA is added to 2, the fluorescence at 468 nm
is progressively quenched, showing that a process interferes with excimer formation, which
is attributed to intercalation of the pyrene moiety [53]. The spectral changes were fitted by
using a Scatchard-Von Hippel model (Figure 10) [54], giving a K value of 1.6 x 10° M~!
(n = 2). It is within the same order of magnitude than that measured for the methyl
derivative [44], disclosing similar interactions with DNA. This further indicates that the
main determinant for the interaction is not the nearby environment around the copper
center, but ionic interactions mediated by the positively charged copper tripodal unit and
the chain, as well as the intercalation of the pyrene group. Noteworthy, the K value is
significantly higher than that of ethidium bromide (4.9 x 10°) [55], confirming the high
affinity of 2 for DNA.
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Figure 10. Fluorescence data fitted according to a Scatchard—Von Hippel model for the binding of

2 to CT DNA. The medium is a (water: DMF) (90:10) mixture containing 0.02 M NaCl. The pH is
adjusted at 7 by a Tris—HCl buffer (0.05 M). T, 298 K.

2.7. Anti-Proliferative Activity

We investigated the anti-proliferative activity of complexes 1-4 on two bladder cancer
cell lines by MTT assays: The RT112 cell lines are sensitive to cisplatin, whereas the RT112-
CP are resistant to cisplatin. The results obtained after 48 h incubation are summarized in
Table 6 and compared to those obtained with cisplatin.

Table 6. Anti-proliferative activity 2.

Complex ICs0 (uM) RF
RT112 RT112-CP

Cisplatin 9.1+12 23.8+1.2 2.6

1 109 +£0.2 13.2+0.2 1.2

2 2.0+02 1.2+0.1 0.6

3 10.8 £0.2 105+ 0.9 1.0

4 1.6 £02 1.0£0.1 0.6

2 The concentration resulting in 50% loss of cell viability relative to untreated cells (IC5p) was determined
from dose-response curves. Results represent means & SD of three independent experiments. RF is the ratio
of ICsy against RT112-CP to RT112 cell lines. RT112-CP and RT112 are cisplatin-resistant and sensitive cell
lines, respectively.

Complexes 2 and 4 exhibit the highest anti-proliferative activity, with remarkable ICs
values of 1-2 uM against both RT112 and cisplatin-resistant cells RT112-CP. The cytotoxici-
ties of 2 and 4 are comparable to those of their methyl derivatives. They are much lower
than those of cisplatin, which exhibits ICsg values of 9.1+ 1.2 and 23.8+ 1.2 uM against
these two cell lines, respectively. Among the whole tripodal series of antiproliferative
agents (incl. both the methylpyridine [44] and methoxypyridine derivatives), the best com-
pounds proved to be 2 and 4 against the RT112-CP line (1.2 £ 0.1 and 1.0 &= 0.1 uM). Direct
correlation between the nuclease activity and the cytotoxicity yet remains to be established,
however, complex 2 proved to be both the best nuclease and the best anti-proliferative
complex in the series. Finally, the resistance to cisplatin can be expressed through the
resistance factor RF. It is calculated as the ratio of ICsy on RT112CP cell lines over ICsj on
RT112 cell lines, the higher values being indicative of greater resistance. The RF is 2.6 for
cisplatin but it is lower than 1.2 for the copper complexes, with remarkable values of 0.6 for
complexes 2 and 4. Hence, all the complexes appended by one putrescine chain overcome
the resistance to cisplatin of RT112-CP cells.
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3. Materials and Methods
3.1. Materials and Instruments

All chemicals were of reagent grade and were used without purification. NMR spectra
were recorded on a Bruker AM 300 ('H at 300 MHz) spectrometer (Bruker France SAS,
Wissembourg, France). Chemical shifts are quoted relative to tetramethylsilane (TMS).
Mass spectra were recorded on a Thermofinningen (EI/DCI) or a Bruker Esquire ESI-MS
apparatus. For pKa determinations, UV /Vis spectra were recorded on a Cary Varian
50 spectrophotometer equipped with a Hellma immersion probe (1.000 cm path length,
Hellma France, Paris, France). The temperature in the cell was controlled using a Lauda
M3 circulating bath (Lauda France, Roissy-en-France, France) and the pH was monitored
using a Methrom 716 DMS Titrino apparatus (Metrohm France, Villebon Courtaboeuf,
France). A least square fit of the titration data was realized with the SPECFIT 3.0.37
software (from Biologic, Seyssinet-Pariset, France). The fluorescence spectra were recorded
on a Cary Eclipse spectrometer. X-band EPR spectra were recorded on a Bruker EMX
Plus spectrometer equipped with a Bruker nitrogen flow cryostat and a high sensitivity
cavity (Bruker France SAS, Wissembourg, France). Spectra were simulated using the
Easyspin 5.2.35 software [56]. Electrochemical measurements were carried out using a CHI
620 potentiostat. Experiments were performed in a standard three-electrode cell under
argon atmosphere. A glassy carbon disc electrode (3 mm diameter), which was polished
with 1 mm diamond paste, was used as the working electrode. The auxiliary electrode is a
platinum wire, while a SCE was used as reference.

3.2. Synthesis

3-tert-butyl-4-hydroxy-benzaldehyde and N'-(pyren-1-ylmethyl)butane-1,4-diamine
were prepared according to literature procedures.

(6-methoxy-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-amine.

6-methoxy-pyridin-2-carbaldehyde (2.74 g, 0.02 mol) and Pyridin-2-ylmethylamine
(2.16 g, 0.02 mole) were each dissolved in methanol (15 mL). The two solutions were cooled
down at 0 °C (ice bath) and mixed together. The ice bath was next removed, and the
solution was stirred for 1 h at room temperature. The reaction mixture was cooled down at
0 °C and NaBHj (1 g, 0.026 mole) was slowly added in small portions (3 h). The solution
was further stirred for 12 h at room temperature. Water was then added to the reaction
mixture (30 mL), which was neutralized, extracted with CH,Cl,, and dried over anhydrous
NaySOy. To the residue were added CHCl3 and pentane. The solution was cooled at
—18 °C overnight. The supernatant was collected and concentrated under vacuum to give
3.66 g of an orange oil (yield: 80%). NMR 1H (400 MHz, CDCl3): 5 (ppm) = 3.87 (s, 2H);
3.90 (s, 3H, OMe); 6.57 (d, 1H); 6.85 (d, 1H); 7.13 (m, 1H); 7.35 (d, 1H); 7.48 (d, 1H); 7.62 (td,
1H); 8.53 (d, 1H). NMR 3C (Q.DEPT, 400 MHz, CDCl3): & (ppm) = 53.41 (CH3, OMe); 54.50;
54.98 (2 CHy); 108.85; 114.78; 122.05; 122.37; 136,57; 139.01; 149.47 (CHaro); 157.49; 160.11;
164.03 (Caro). HR-MS (Q-TOF): m/z, 230.1290; Calcd: 230.1293 for [M + H]*.

HLCHO (3-tert-Butyl-4-hydroxy-5-{[(6-methoxy-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-
amino]-methyl}-benzaldehyde). To a solution of 2-tert-butyl-4-hydroxybenzaldehyde
(6.9 mmol) in ethanol (20 mL), 2 molar equivalents of paraformaldehyde and 1 equivalent
of (6-methoxy-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-amine diluted in ethanol (25 mL)
were added. After 3 days under stirring at room temperature, the solvent was evaporated
under vacuum and the reaction mixture was extracted with dichloromethane, washed
with a saturated NaCl solution, and dried over Nay;SOy4. The solution was evaporated
under vacuum, yielding a yellow-brown oil. The raw product was purified by column
chromatography on silica gel (ethyl acetate/pentane (2/8) and 5% methanol to afford
HLHO in a 46% yield. NMR 'H (400 MHz, CDCl3): § (ppm) = 1.44 (s, 9H t-Bu); 3.85
(s, 2H); 3.99 (s, 2H); 4.02 (s, 2H); 4.03 (s, 3H, OCHj3); 6.62 (d, 1H, *Jj.p1 = 8.2 Hz, Hy or Hy);
6.82 (d, 1H, *Jyy.py = 7.1 Hz, Hy or Hy); 7.28 (m, 1H, Hy); 7.49 (m, 3H, Hy-Hg-Hs); 7.72 (d, 1H,
4T = 1.9 Hz, Hy); 7.75 (m, 1H, Hs); 8.56 (dd, 1H, 3]y = 5 Hz, 4Js. = 0.85 Hz, H3); 9.79
(s, 1TH, CHO). NMR '3C (Q.DEPT, 400 MHz, CDCl3): § (ppm) = 29.27 (3 CHj, t-Bu); 34.91
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(C, t-Bu); 53.51 (OCH3s); 57.46; 58.34; 59.09 (3 CHy); 109.99; 116.22 (CHaro); 122.79 (Caro);
122.93; 124.14 (CHaro); 127.96 (Caro); 129.19; 129.92 (CHaro); 137.65 (Caro); 139.05 (CHaro);
162.94; 164.18 (Caro); 191.18 (CHO). MS (ESI): m/z, 420.3 [M + H]*. Anal. Calcd for
CysHy9N303% C, 71.58; H, 6.97; N, 10.02. Found: C, 71.32; H, 6.84; N, 10.21%. HR-MS
(Q-TOF): m/z, 420.2294; Calcd: 420.2287 for [M + H]*.

HLPY* ((2-tert-Butyl-6-{[(6-methoxy-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-amino]-
methyl}-4-({4-[(pyren-1-ylmethyl)-amino]-butylamino}-methyl)-phenol). N'-(pyren-1-
ylmethyl)butane-1,4-diamine (400 mg, 0.48 mmol) and 3-tert-Butyl-4-hydroxy-5-{[(6-methoxy-
pyridin-2-ylmethyl)-pyridin-2-ylmethyl-amino]-methyl}-benzaldehyde (145 mg, 0.48 mmol)
were stirred overnight at room temperature in a MeOH/THF (3/1) mixture. Next, NaBHy
(54 mg, 1.44 mmol) was added in small portions and the solution was stirred for two extra
hours at room temperature. The reaction mixture was then extracted with AcOEt, washed
with water and brine, and dried over anhydrous Nay;SOy. The solution was evaporated
under vacuum to afford yellow-brown oil. Column chromatography on silica gel with
the eluent CH,Cl, /MeOH/Et3N (92/5/3) afforded HLPY" as a white solid in a 75% yield.
NMR 'H (400 MHz, CDCl3): & (ppm) = 1.37 (s, 9H, t-Bu); 1.64 (m, 4H, g and f); 2.64 (t, 2H,
eor h); 2.85 (t, 2H, e or h); 3.57 (s, 2H, d); 3.59 (s, 2H, a); 3.63 (s, 2H, b); 3.71 (s, 2H, ¢); 4.00
(s, 3H, OCH3); 4.50 (s, 2H, i); 6.57 (d, 1H, 3]y = 8.3 Hz, Hy); 6.72 (d, 1H, 3y = 7.2
Hz, Ho); 7.01 (d, 1H, 4Jy.g = 1.6 Hz, Hy); 7.11 (ddd, 1H, 3Jy = 7.5 Hz; 3y = 5.4 Hz;
4T = 0.7 Hz, Hy); 7.42 (m, 2H, Hg and Hg); 7.59 (td, 1H, 3]y = 7.5 Hz, 4.y = 1.7 Hz,
Hs); 7.99-8.20 (m, 9H, 8Hpyrene and Hy); 8.36 (d, 1H pyrene); 8,50 (d, 1H, ®Jp.y = 5.4 Hz,
H3). NMR 3C (Q.DEPT, 400 MHz, CDCl3): § (ppm) = 27.82; 28.33 (2 CH, f and g); 29.61
(3 CHj t-Bu); 34.79 (C, t-Bu); 48.89; 49.93; 51.81; 53.55 (4 CHy); 53.58 (OCH3); 57.88; 59.12;
59.44 (3 CHy); 109.67; 116.17; 122.30 (CHaro); 122.71 (Caro); 123.19; 123.61; 125.00 (CHaro);
125.09 (Caro); 125.28; 125.37; 126.12; 126.69; 127.35; 127.41; 127.53; 127.64; 128.07 (CHaro);
129.24; 130.95; 131.00; 131.50; 133.67 (Caro); 136.57 (CHaro); 136.59 (Caro); 138.94; 149.08
(CHaro); 155.28; 155.83; 158.21; 164.11 (Caro). HR-MS (Q-TOF): m/z, 706.4128; Calcd:
706.4121 for [M + H]*.

HLb°¢. The ligand (3-tert-Butyl-4-hydroxy-5-{[(6-methoxy-pyridin-2-ylmethyl)-pyridin-
2-ylmethyl-amino]-methyl}-benzaldehyde) (300 mg, 0.74 mmol) and tert-butyl-N-(4-
aminobutyl)carbamate (140 mg, 0,74 mmol) were solubilized in MeOH (30 mL). The solu-
tion was stirred 12 h at room temperature. After that time, sodium borohydride (84 mg,
2.22 mmol) was added over 3 h by small fractions. The reaction mixture was further stirred
for 2 h and next extracted with AcOEt, washed with water and brine, and finally dried
over anhydrous NaySOy. The organic phase was evaporated under vacuum, affording
the raw product as a yellow-brown oil. Purification by column chromatography on silica
gel with the eluent CH,Cl, /MeOH (95/5) using a gradient of triethylamine (0-5%) as
the eluent afforded HLP®C as a colorless oil in a 64% yield. NMR 'H (400 MHz, CDCls):
& (ppm) = 1.41 (s, 9H, #-Bu); 1.42 (s, 9H, #-Bu); 1.53 (m, 4H, f and g); 2.65 (t, 2H, e); 3.10 (m,
2H, h); 3.67 (s, 2H, b); 3.74 (s, 2H, d); 3.83 (s, 2H, a); 3.84 (s, 2H, c); 4.02 (s, 3H, OCH3); 6.59
(d, 1H, 3J1 = 8.2 Hz, Hy); 6.80 (d, 1H, %Jp.iy = 7.2 Hz, Hy); 6.88 (d, 1H, 4]y = 1.8 Hz, Hy
or Hy); 7.09 (d, 1H, *Js1.1r = 1.8 Hz, H; or Hy); 7.14 (ddd, 1H, 3Js51 = 7.5 Hz, 3Jpy = 5.0 Hz,
4T = 0.7 Hz, Hy); 7.47 (m, 2H, Hy and Hg); 7.63 (td, 1H, 3.y = 7.5 Hz, 4. = 1.8 Hz,
Hs); 8.52 (d, 1H, 3Jy.i = 5.0 Hz, H3), 10.83 (s, 1H, OH phenol). NMR 3C (Q.DEPT, 400 MHz,
CDCly): & (ppm) = 27.13; 28.02 (2 CHy, f and g); 28.59; 29.66 (6 CHj, t-Bu); 34.90; 40.56 (2 C,
t-Bu); 46.26; 48.93 (2 CH3); 53.58 (OCH3); 53.89; 58.19; 59.27; 59.60 (4 CHy); 109.69; 116.26;
122.33 (CHaro); 122.66 (Caro); 123.68; 126.51; 127.63 (CHaro); 128.98 (Caro); 136.63; 138.95;
149.07 (CHaro); 155.32; 155.79; 156.19; 158.24; 164.17 (Caro). HR-MS (Q-TOF): m/z, 592.3873;
Calcd: 592.3863 for [M + H]".

HLamire HLPC (202 mg, mg, 0.35 mmol) was solubilized in an ethanol solution
(20 mL), which was saturated with gaseous HCI beforehand. The solution was stirred
during 1 h at room temperature. The solvent was next evaporated under vacuum, quantita-
tively affording HLA™"® as a white solid. NMR 'H (400 MHz, D,0): § (ppm) = 1.30 (s, 9H,
t-Bu); 1.78 (m, 4H, f and g); 3.06 (m, 4H, e and h); 4.13 (s, 5H, a and OCH3); 4.18 (s, 2H, b);
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4.33 (s, 2H, d); 4.46 (s, 2H, c); 7.13 (d, 1H, 3Jy.pq = 8.3 Hz, Hy); 7.23 (m, 3H, H;-H,-Hy); 7.83
(m, 2H, Hy-Hg); 8.06 (t, 1H, 3] = 8,3 Hz, Hg); 8.33 (t, 1H, 3]y = 7.9 Hz, Hs); 8.66 (d, 1H,
3Tg.u = 5.6 Hz, H3). NMR '3C (Q.DEPT, 400 MHz, D,0): § (ppm) = 22.71;23.99 (2 CHy, f
and g); 28.92 (3 CHj, t-Buy); 34.08 (C, t-Bu); 38.81; 46.12; 50.48 (3 CHy, a-e-h); 56.40 (OCH3);
57.45; 57.82; 58.57 (3 CHp, b-c-d); 109.56; 118.15 (CHaro); 122.68; 123.56 (Caro); 125.98; 127.07;
129.66; 130.42 (CHaro); 139.07 (Caro); 142.72; 145.20; 145.30 (CHaro); 149.74; 151.22; 154.81;
162.63 (Caro). HR-MS (Q-TOF): m /z, 492.3341; Calcd: 492.3339 for [M + H]*.

H,LY's. (3-tert-Butyl-4-hydroxy-5-{[(6-methoxy-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-
amino]-methyl}-benzaldehyde) (500 mg, 1.24 mmol) and 1,4-butane diamine (55 mg,
0.62 mmol) were solubilized in MeOH (30 mL). After 10 min stirring, the reductant NaBH,
(6 molar equivalents, 141 mg, 3.72 mmol) was progressively added to the solution (over
3 h) at room temperature. After 2 h of additional stirring, the solvent was evaporated
under vacuum and the reaction mixture was extracted with AcOEt, washed with water
and brine, and dried over anhydrous Na;SOy. The organic phase was evaporated under
vacuum, giving a yellow-brown oil. The product was purified by column chromatography
on silica gel with CH,Cl, /MeOH (95/5) with a gradient of triethylamine (0-5%) as the
eluent, affording HoLP™ as a white powder in a 50% yield. NMR 'H (400 MHz, CDCl5):
d (ppm) = 1.39 (s, 18H, 6 CH3, t-Bu); 1.65 (m, 4H, f); 2.66 (m, 4H, e); 3.67 (s, 4H, b); 3.72
(s,4H, d); 3.80 (s, 4H, a); 3.82 (s, 4H, c); 4.01 (s, 6H, 2 OCH3); 6.58 (d, 2H, *Jig.13 = 8.2 Hz, Hy);
6.78 (d, 2H, 3Jyu = 7,2 Hz, Hy); 6.87 (d, 2H, 4y = 1.6 Hz, Hy); 7.04 (d, 2H, 4y = 1.6 Hz,
H;); 7.13 (dd, 2H, 3]y = 4.9 Hz, 3Jy.y = 7.4 Hz, Hy); 7.44 (m, 4H, Hg et Hg); 7.61 (td, 2H,
3J.n = 7.4 Hz, 4Jup = 1.6 Hz, Hs); 8.50 (d, 2H, 3Jyg.1 = 4.9 Hz, H3); 10.94 (s, 2H, OHphenol).
NMR 13C (Q.DEPT, 400 MHz, CDCl3): § (ppm) = 27.70 (CH,, f); 29.65 (CH3, t-Bu); 34.86
(C, t-Bu); 48.35; 52.98 (CHy); 53.59 (OCH3); 58.01; 59.20; 59.42 (CH,); 109.74; 116.30; 122,38
(CHaro); 122.92 (Caro); 123.69; 126.79; 128.06; 136.67 (CHaro); 136.86; 137.73 (Caro); 139,03;
149.12 (CHaro); 155.26; 156.22; 158.11; 164.16 (Caro). HR-MS (Q-TOF): m/z, 895.5621; Calcd:
895.5598 for [M + H]*.

Copper complex 1. The ligand HLHO (40 mg, 0.095 mmol) was dissolved in methanol
(1 mL). The salt CuCl, e 2H,O (16.2 mg, 0.095 mmol) was dissolved in methanol (1 mL)
and this solution was added under stirring to the solution of the ligand. Triethylamine
was next added (14 mL, 0.1 mmol) and the solution was concentrated under vacuum.
The crude product was dissolved in acetonitrile (2 mL) and methyl acetate was slowly
diffused into this solution, affording single crystals of complex 1 (39 mg, yield 80%). HR-MS
(Q-TOF): m/z,481.1410; Calcd m/z: 481.1421 for Co5HpgO3N3Cu ([M]*). UV /Vis (H,O:DMF
90:10, [NaCl] = 0.1 M, pH 7): 482 nm (¢ = 662 M~! ecm~!). EPR (X-band, H,O:DMF
90:10, [Tris—HCI] = 0.05 M, [NaCl] = 0.02 M, pH =7, 100 K): g | =2.056, g,, = 2.257,
A =14mT, A, =163 mT (with Cu).

Other complexes. Complex 2 and 3 were generated in situ by reacting equimolar
amounts of CuCl, e 2H,0, base (triethylamine) and the appropriate ligand (HLPY", HLA™ine,
respectively) in DMF. Complex 4 was prepared in a similar way with H,L", except
instead two molar equivalents of copper were used. The concentrated DMF solutions of
the complexes were diluted in water in order to obtain a final medium of composition
(DMF:H,0) (10:90).

Complex 2. HR-MS (Q-TOEF): m/z, 384.1660; Calcd m/z: 384.1664 for C44Hs;O,N5Cu
(IM + HJ?**). UV/Vis (H,O:DMF 90:10, [NaCl] = 0.1 M, pH 7): 462 nm (¢ = 1040 M~! cm™1).
EPR (X-band, HyO:DMF 90:10, [Tris—HCI] = 0.05 M, [NaCl] =0.02 M, 100K): g | =2.054,
g/ = 2.254, A7|7 =1.5mT, A// =16.6 mT (ACu)-

Complex 3. HR-MS (Q-TOEF): m/z, 277.1268; Calcd m/z: 277.1273 for Co9H410,N5Cu
(IM + HJ**). UV/Vis (H,O:DMF 90:10, [NaCl] = 0.1 M, pH 7): 461 nm (¢ =780 M~ cm™1).
EPR (X-band, HyO:DMF 90:10, [Tris—HCl] = 0.05 M, [NaCl] =0.02 M, 100K): g | =2.054,
g/ =2254,A | =15mT, A, =16.6 mT (Acy).

Complex 4. HR-MS (ESI-MS): m/z, 1020.45; Calcd m/z: 1020.41 for C54H79CuyNgOy
[M + 2H]*. UV/Vis (H,O:DMF 90:10, [NaCl] = 0.1 M, pH 7): 457 nm (¢ = 2005 M~! em™1).
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EPR (X-band, H,O:DMF 90:10, [Tris—HCI] = 0.05 M, [NaCl] = 0.02 M, 100K): g | = 2.054,
g/, =2254,A | =15mT, A, =16.6 mT (Acy).

3.3. Crystal Structure Analysis

A single crystal of 1 was coated with a parafin mixture, picked up with nylon
loops, and mounted in the nitrogen cold stream of the diffractometer. Mo-K« radiation
(A = 0.71073A) from a Mo-target X-ray micro-source equipped with INCOATEC Quazar
mirror optics was used (INCOATEC, Geesthacht, Germany). Final cell constants were
obtained from least squares fits of several thousand strong reflections. Intensity data
were corrected for absorption using intensities of redundant reflections with the pro-
gram SADABS [57]. The structures were readily solved by the charge flipping method.
The OLEX2 1.2 software was used for the refinement [58]. All non-hydrogen atoms
were anisotropically refined and hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement parameters. CCDC-1479462
contains the crystallographic data for 1; these data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving. html (accessed on 25 September 2023).

3.4. Determination of the DNA Binding Constant

The binding constant towards CT-DNA was determined by fluorescence. CT-DNA
(type L fibers, from Sigma Aldrich) was purified beforehand, as reported [44]. Complex 2
(1 mM) was mixed with variable amounts of CT-DNA (typically 5-200 mM in base pairs)
in a saline (H,O:DMEF) (90:10) solution ([NaCl] = 0.02 M), whose pH is buffered (pH =7)
by Tris—HCI (0.05 M). The fluorescence spectra were recorded after 10 min at 298 K. The
DNA binding constant K was calculated by using a Scatchard—Von Hippel model from a
duplicate experiment [54]: The ratio r/c was plotted against r, giving a straight line whose
slope is K, where r represents the number of bound molecules per site and ¢ corresponds
to the concentration of free drug. The concentration of bound molecules was determined
from Cy x (fo — f)/(fo — f,), where {j is the fluorescence of the free drug, f the fluorescence
at any DNA concentration, f;, the fluorescence of the drug bound to DNA, and Cj the total
concentration of drug (calculated from the mass balance).

3.5. Procedure for DNA Cleavage Experiments

The plasmidic DNA ¢X174 RF1 was purchased from Fermentas. The experiments
were performed in a (water:DMF) (90:10174) mixture containing 10 mM phosphate buffer
(pH = 7.2). In a typical experiment, double-stranded supercoiled DNA was incubated
with the complexes at 37 °C during the appropriate time. The reaction was next quenched
by decreasing the temperature to —20 °C. A loading buffer was added (6 x loading dye
solution, Fermentas) and the solution was loaded on a 0.8% agarose gel in Tris-Boric acid-
EDTA buffer, (pH = 8) (0.5 x TBE). The electrophoresis was performed at 70 V during
about 3 h. Once DNA has migrated, the gels were stained by a 10 min incubation with
an ethidium bromide solution (1 mg/mL) followed by washing with distilled water. The
images of the gels were recorded by using the imager Typhoon 9400 (Cytiva France,
Saint Germain en Laye, France). The fluorescence was quantified using the IQ Solutions
v1.4 Software.

3.6. Cell Culture

Human bladder cancer cell line RT112 was obtained from Cell Lines Service (Eppel-
heim, Germany). Cisplatin-resistant RT112 cells (RT112-CP) were kindly provided by B.
Koberle (Institute of Toxicology, Clinical Centre of University of Mainz, Mainz, Germany).
RT112 and RT112-CP cells were cultured in RPMI 1640 medium supplemented with 10%
(v/v) fetal calf serum (FCS) and 2 mM glutamine (Invitrogen Life Technologies, Paisley,
UK). Cells were maintained at 37 °C in a 5% CO;-humidified atmosphere and tested to
ensure freedom from mycoplasma contamination.
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3.7. Cell Proliferation Assay

Inhibition of cell proliferation by copper complexes was measured by MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. RT112 and RT112-CP cells
were seeded into 96-well plates (5 x 103 cells/well) in 100 pL of culture medium. After
24 h, cells were treated with cisplatin (Sigma-Aldrich, Lyon, France) or complexes at various
concentrations. In parallel, a control with DMF (vehicle alone) at the same dilutions was
performed. Following incubation for 48 h, 10 uL of MTT (Euromedex, Mundolsheim,
France) stock solution in PBS at 5 mg/ml was added in each well and the plates were
incubated at 37 °C for 3 h. Plates were then centrifuged 5 min at 1500 rpm before the
medium was discarded and replaced with DMF (100 uL/well) to solubilize water-insoluble
purple formazan crystals. After 15 min under shaking, absorbance was measured on
an ELISA reader (Tecan, Mannedorf, Switzerland) at a test wavelength of 570 nm and
a reference wavelength of 650 nm. Absorbance obtained by cells treated with the same
dilution of the vehicle alone (DMSQO) was rated as 100% of cell survival. Each data point is
the average triplicates of three independent experiments.

3.8. Computational Details

Full geometry optimizations were performed with the Gaussian 9 program [59], by
using the B3LYP [60,61] functional. The 6-31g* basis set [62] was used for all the atoms.
Frequency calculations were systematically performed in order to ensure that the optimized
structure corresponds to a minimum and not a saddle point. Optical properties were
computed by using time-dependent DFT (TD-DFT) [63], with the same basis set as for
optimization. The solvent was taken into account by using a polarized continuum model
(PCM) [64]. The 30 lowest energy excited states were calculated.

4. Conclusions

In summary, we prepared a series of copper tripodal complexes based on recently
reported nucleases [44], in which the crucial o-methylpyridine moiety is replaced by
an «-methoxypyridine. The methoxy group is both a stronger donor, and less steri-
cally crowded. We establish both by X-Ray diffraction and DFT calculations that the
copper ion geometry is significantly impacted by this substitution. In addition, the phe-
nols’” pKa are higher than for the “methyl” series [44], indicating weaker Lewis acidity at
the metal center. Surprisingly, the Cu(ll) reduction potential remains mostly unaffected
(EPC'recl = —0.45 to —0.51 V). The DNA cleavage activity of the complexes was investigated:
Without reductant, all the compounds featuring a putrescine chain promote DNA con-
densation, which hampers direct observation of strand cleavage. On the other hand, 1
cleaves 20% of DNA at the highest concentration investigated (50 uM), whereas its methyl
congener did not promote any cleavage at this concentration [44]. This result cannot be
explained in terms of Lewis acidity of the metal center, since an opposite trend would
be expected. It may instead reflect structural effects, whereby the metal is less sterically
crowded in the present series, and thus is more accessible for generating nucleophiles.

When ascorbic acid is present the nuclease activity is significantly enhanced, and
switches to an oxidative pathway (through OH® formation). The ICsq are 30, 7, 16, and
>18 uM for complexes, 1, 2, 3, and 4, respectively. These values are in a narrow range,
like the methyl derivatives (45, 1.7, 14 uM for the methyl derivatives of 1, 2, and 3,
respectively), with, however, two important differences: The activity of complex 1 is
higher than that of the methyl congener, whereas that of complex 2 is lower. Thus, cor-
relations between cleavage activity and nature of the pyridine x-substituent depend on
more than a single parameter. The methoxy substitution herein appears more interesting
for complexes that are not vectorized towards phosphate by the putrescine chain. No-
tably, the best nuclease in this series is complex 2 under reducing conditions. Although
slightly less efficient than its methyl congener [44], it remains a very efficient nuclease.
Its lower activity may be attributed to the slightly lower binding constant towards DNA
(1.6 x 10° M~! vs 2.6 x 10° M~!). Complexes 2 and 4, which are the best nucleases, inhibit
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the proliferation of bladder cancer cells much more efficiently than cisplatin (5 to 25-times
better). The ICs5y of complex 4 is slightly smaller than that of complex 2 (1-1.6 uM), but
if the concentration is calculated on the basis of the copper content, complex 2 is the best
agent. Finally, both overcome the resistance to cisplatin of RT112-CP cells.

In summary, the results on DNA cleavage demonstrate that a hydrolytic pathway can
be favored when the steric bulk in a-position of the pyridine is decreased (methoxy vs.
methyl substituent) [44]. The oxidative pathway is unfavored when a methoxy substituent
replaces the methyl one, which is attributed to electronic rather than steric effects. These
trends provide important insight into the strategy to be used for further functionalization
and bioconjugation of the ligands, especially the incorporation of poly(O-alkyl) chains
(PEG) instead of simple O-methyl groups, with the aim of enhancing the delivery of the
copper nuclease once injected in an organism [65].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11100396/s1, Figures S1-54: IH NMR spectra of the
ligands; Figures S5-58: HR-MS of the ligands; Figure S9: Mass spectra of the complexes; Figure
510: Jobs’ plot of 4; Figures S11-S15: EPR spectra of the complexes; Figures S16-518: Electronic
spectra of the complexes; Figures S19-524: CV curves of the complexes; Figures S25-526: Agarose
gel electrophoresis; Figure S27: summarizes the atom numbering used for assigning the 'H NMR
resonances. Output of geometry optimizations and optical properties.
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Abstract: The six new copper(Il) coordination compounds [Cu(HLYHYCl,] (1), [Cu(HLYBr,] (2),
[Cu(H,O)(L)(CH3CO0)]-1.75H,0 (3), [Cu(HL?)Cl,] (4), [Cu(HL?)Br,] (5), [Cu(H,O)(L2)(CH3;COO)]
(6) were synthesized with 2-formyl- and 2-acetylpyridine N4,S-diallylisothiosemicarbazones (HL!
and HL?). The new isothiosemicarbazones were characterized by NMR, FTIR spectroscopy, and X-ray
crystallography ([H,L?]I). All copper(IT) coordination compounds were characterized by elemental
analysis, FTIR spectroscopy, and molar conductivity of their ImM methanol solutions. Furthermore,
the crystal structure of complex 3 was determined using single-crystal X-ray diffraction analysis. The
studied complexes manifest antibacterial and antifungal activities, that in many cases are close to
the activity of medical drugs used in this area, and in some cases even exceed them. The complexes
4 and 5 showed the highest indexes of selectivity (280 and 154) and high antiproliferative activity
against BxPC-3 cell lines that surpass the activity of Doxorubicin. The complexes 1-3 also manifest
antioxidant activities against cation radicals ABTS®* that are close to that of trolox, the antioxidant
agent used in medicine.

Keywords: isothiosemicarbazones; copper complexes; antiproliferative activity; antibacterial activity;
antifungal activity; antiradical activity

1. Introduction

Copper is one of the crucial micronutrients that is located in different amounts in
all human body tissues. The highest amount of copper is in the liver [1]. Various metal-
loproteins depend on copper as their active site, which makes it essential in a range of
biochemical processes: electron transfer, oxidation, and oxygen transport. Copper also
participates in cellular respiration, antioxidant protection, neurotransmission, connective
tissue biosynthesis, and cellular iron metabolism [2]. Over the past few years, copper
compounds have been studied as potential therapeutic agents for application as cancer
medicine and as diagnostic drugs [3,4]. Many Cu(Il) coordination compounds rapidly
interact with glutathione in cells to form adducts and as a result the Cu(I) coordination
compound is formed. This compound can generate a superoxide anion, which can induce
ROS formation in a Fenton-like reaction [5]. However, antiproliferative action is not the
only one for copper coordination compounds such as therapeutic agents, because of their
high redox activity. For example, the copper(Il) coordination compound with indomethacin
is widely used as an anti-inflammatory drug in veterinary practice [6].
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Cu(Il) complexes of thiosemicarbazone are widely described in the literature because
they are able to form stable complexes with different metal ions, which are lipophilic, and
can easily permeate cell membranes. These complexes exhibit various types of biological
activity: anticancer [7-12], antibacterial and antifungal [13-18], and antioxidant [19]. The
antioxidant activity of copper(Il) complexes is less studied.

There are many reasons why oxidative stress occurs: pollution, smoking, alcohol
consumption, obesity etc. Antioxidants can protect us from free radicals that are produced
in our body due to oxidative stress. Such free radicals can cause different diseases such as
diabetes, cardiac diseases, cancer, and atherosclerosis [20].

In isothiosemicarbazones, alkylation of the sulfur fragment occurs, and they usually
coordinate to the central metal atom through azomethine and thioamide nitrogen atoms.
Therefore, in contrast to NS donor atoms of thiosemicarbazones, the isothiosemicarbazones
have NN donor atoms. Due to the difference in coordination, it becomes possible to
obtain coordination compounds of isothiosemicarbazones with a different structure, which
will affect their chemical and biological properties. In some cases isothiosemicarbazones
and their copper(ll) coordination compounds outperform in activity the complexes of
corresponding thiosemicarbazones [21]. Copper(Il) complexes with isothiosemicarbazones
are less often described in the literature [22-24] and there are several references to their
biological activity, such as antibacterial [25,26] and anticancer [27,28].

Recently, we have synthesized 2-formylpyridine and 2-acetylpyridine 4-allyl-S-
methylisothiosemicarbazones and their copper(Il) coordination compounds [29,30]. Their
biological activities such as anticancer, antibacterial, antifungal, and antioxidant have also
been researched. These compounds showed promising results. In this paper we have
replaced the S-methyl radical with the S-allyl one in the structure of isothiosemicarbazone
to study how this will affect biological activity.

The aim of the present investigation is the synthesis, characterization, and study
of antibacterial, antifungal, anticancer, and antioxidant activities of Cu(Il) coordination
compounds with 2-formylpyridine and 2-acetylpyridine N*,S-diallylisothiosemicarbazones
(HL! and HL?, Figure 1).

R

H N_ 1~
/\/4\3(/2\N ;O
A N~

Figure 1. Structural formula of HL! (R = H) and HL2 (R = CH3).

2. Results and Discussion

In this work we have synthesized two new S-substituted isothiosemicarbazones,
namely 2-formylpyridine N*,S-diallylisothiosemicarbazone (HL!) and 2-acetylpyridine
N*,S-diallylisothiosemicarbazone (HL?), that were obtained by a three-step method start-
ing with interaction between N*-allylthiosemicarbazide with allyl iodide, then conden-
sation with 2-formyl-/2-acetil-pyridine, and, finally, neutralization with sodium carbon-
ate (Scheme 1).
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Scheme 1. Synthesis of N4,S-diallylisothiosemicarbazones HL! and HL2 (HL!: R = H; HL?: R = CHj).

The structures of the HL! and HL? were confirmed using 'H and '3C NMR spec-
troscopy (Figures S1-54). The NMR spectra of HL! contain peaks of three tautomeric forms
that according to the literature [31] presumably are imino form and cis(N'-N*) /trans(N'-N*)
amino forms (Scheme 2). The NMR spectra of HL? contain peaks of two tautomeric forms.
Only cis(N'-N*) and trans(N'-N*%) amino forms of HL? can be observed in its spectra.

L R
N N7 AN
AN
NS N~
imino form
/ \ N )
R ~
/\/SY AN - \(/ N | X
/ | S N__—
/\/N\H/ N~ /\/
amino form, cis(N'-N*) amino form, trans(N'-N*)

Scheme 2. The equilibrium in the solutions of HL! (R = H) and HL? (R = CHj3).

Furthermore, the single crystals of HL2-HI were obtained by its recrystallization from
methanol and their structure has been determined using single-crystal X-ray diffraction
analysis. As a result, it was determined that this organic compound crystallizes in the
triclinic space group P~ 1 and represents an ionic compound [H,L?]I (Table 1, Figure 2a).
The organic cation [H,L.2]* forms upon the transfer of the proton from HI to HL?.

The NNCN torsion angle of the isothiosemicarbazide fragment in this cation is 0.1°,
which indicates its cis(N'-N*) form (both terminal nitrogen atoms are on one side of the
double C1=N2 bond). The C(1)-N(1) and C(1)-N(2) bonds equal 1.330(7) and 1.312(7) A
(Table 2). This indicates that the isothiosemicarbazide fragment is stabilized in the amino
form [31]. The conformation of the [HyL2]* cation is favorable for formation of two inter-
molecular hydrogen bonds with the iodide anion (Table 3, Figure 2a) and for a tridentate co-
ordination to the transition metal atoms. The survey of the Cambridge Structural Database
(CSD) [32] revealed that non-coordinated isothiosemicarbazones are mainly stabilized in
the amino form [30,33-36], but in the case of {2-[(2-oxyphenyl)methylidene]hydrazinyl}
(methylsulfanyl)-N-(prop-2-en-1-yl)methaniminium iodide [37] the imino form is realized.
The cis(N1-N#) conformation similar to that in [H,L?]* cation was found in [30,37] with
corresponding torsion angles in the range 0.56-2.31°, while in [33-36] these angles are in
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the range of 175.01-178.97°. In the crystal of [H,L2]1 two intermolecular hydrogen bonds
N-H---Ilink the organic cation to the iodide anion (Table 3). Two weak hydrogen C-H.--I

bonds unite charged components into chains (Figure 2b).

Table 1. Crystal and Structure Refinement Data for [H,L2]I and 3.

Compound [H,L2]1 3
Empirical formula C14H1911N451 C15H23_5Cu1 N404_7551
Formula weight 402.29 431.48
Crystal system Triclinic Triclinic
Space group P1 P1
Unit cell dimensions
a(A) 7.3553(8) 8.6225(5)
b (A) 9.0535(9) 10.9536(5)
c(A) 13.3945(18) 11.3493(8)
(%) 103.136(10) 89.140(4)
B () 91.306(11) 69.700(6)
v (°) 100.693(9) 81.612(4)
V (A%) 851.56(18) 993.85(11)
V4 2 2
Peale (g cm™3) 1.569 1.442
o (mm™1) 1.999 1.234
F(000) 400 449
Crystal size (mm) 0.60 x 0.12 x 0.08 0.48 x 0.40 x 0.21
0 Range (°) 3.12-25.05 3.39-25.25
—8<h<s, —-10 < h <10,
Index range —10 <k <10, -12 <k <13,
-15<1<15 -13<I<11
Reflections collected /unique 61(5,2\7/;1)59 ( Rfjtli/()gfggg&
Completeness (%) 99.8 (0 =25.05°) 99.6 (6 =25.25°)
Reflections with I > 20(I) 4518 3037
Number of refined parameters 184 240
Goodness-of-fit (GOF) 1.002 1.001
Ry =0.0437, Ry =0.0403,
R (for I'>20(D)) wR, = 0.0954 wR, = 0.1226
R (for all reflections) Zféz oy Zféz R
APmax/ Apmin (€-A73) 0.988/—0.521 0.687/—0.279

c13

(a)

(b)

Figure 2. (a) Molecular structure of [H,L2]1. (b) The formation of chains in the crystal of [H,L2]L
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Table 2. Selected Bond Lengths (A) and Angles (deg) in fragments of isothiosemicarbazones in

[H,L2]1I and 3.
[H,L2]1 3
Bonds "

(A)
N(3)-C(2) 1.292(7) 1.286(4)
N(3)-N(2) 1.374(6) 1.362(3)
C(1)-N(1) 1.330(7) 1.305(4)
C(1)-N(2) 1.312(7) 1.361(4)
C(1)-5(1) 1.760(6) 1.768(3)
S(1)-C(11) 1.821(6) 1.796(4)
N(1)-C(8) 1.463(7) 1.474(4)

Angles ©)
C(2)-N(3)-N(2) 112.8(5) 123.1(2)
N(3)-N(2)-C(1) 111.5(5) 107.0(2)
N(2)-C(1)-N(1) 127.1(6) 122.9(3)
N(2)-C(1)-5(1) 115.8(5) 117.0(2)
N(1)-C(1)-5(1) 117.1(5) 120.1(2)
C(1)-s(1)-C(11) 102.5(3) 104.4(2)
C(1)-N(1)-C(8) 126.6(5) 122.1(3)

Table 3. Hydrogen Bond Distances (A) and Angles (deg) for [H,L2]I and 3.

Symmetry
D-H---A dH---A) d(D---A) Z(DHA) Transformation
for Acceptor
[HoL2]1
N(1)-H(1)--1(1) 2.84 3.622(5) 152 XY,z
N(@4)-H(2)--1(1) 2.75 3.490(5) 146 XY,z
C(14)-H(2)--1(1) 331 4.241(6) 165 - +,22' :31/ 1
C(14)-H@3)-1(1) 3.16 4.121(7) 175 - +_12’ :1V L
3
O(IW)- —x,—y+1,—z+
H(D)-O(3W) 1.88 2.761(4) 166 )
O(1W)- oy
HO-NE) 1.94 2.835(3) 176 X, —y, —z+2
O(2W)-
H(D)--O{W) 2.05 2.814(4) 151 XY,z
OQ2W)-
H-OE) 1.95 2.759(4) 158 x—1,yz
O(3BW)-
H(1)--O@W) 1.92 2.735(5) 159 XY,z
O(3BW)-
HE ) 1.99 2.838(3) 174 XY,z

Six new copper(Il) complexes were obtained by the interaction of the corresponding
copper(Il) salts with isothiosemicarbazones HL! and HL? (Scheme 3). They have the
following compositions: Cu(HLYHCl, (1), Cu(HLY)Br; (2), Cu(L!)(CH3COO0)-2.75H,0 (3),
Cu(HL?)Cl; (4), Cu(HL?)Br; (5), Cu(L?)(CH3CO0)-H,O (6).
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CuCl,2H,0 + HL'? — Cu(HL'?)Cl, + 2H,0
CuBr, + HL2 —— Cu(HL"?)Br,
Cu(CH3C00),:H,0 + HL'? + (n-1) HLO— Cu(L"?)(CH;C0O0)-n(H,0) + CH;COOH

Scheme 3. Synthesis of complexes 1-6 (n = 1, 2.75).

Molar conductivity values of the complexes 1-2 and 4-5 in methanol are in the range
of 169-192 O~ !-cm?-mol~! which indicates that they behave like 1:2 electrolytes, while the
molar conductivity values of complexes 3 and 6 are in the range of 82-85 Q~!.cm?-mol !
which corresponds to the 1:1 type of electrolyte. The fact that the synthesized complexes 1-6
behave like electrolytes means that the anions of acid residues (C1~, Br—, CH3COO™) from
the inner sphere are readily substituted with solvent molecules while having been dissolved.
It means that complexes 1-2 and 4-5 contain two anions of acid residue (CI~ /Br™) in their
composition and that in the process of dissolution complex cations and two anions of acid
residue are formed. In the case of complexes 3 and 6 only one anion acid residue is present
in their composition.

The FTIR spectra of complexes 1-6 were compared with the spectra of corresponding
isothiosemicarbazones (HL! /HL?) in order to determine the changes that occur during
their formation (Figures S5-512). It was observed that three donor nitrogen atoms of the
isothiosemicarbazones HL! and HL? are involved in the coordination to the copper(1l)
central atoms. In the spectra of complexes 1-2 and 4-5 the v(NH) stretching vibration band
is shifted by 63-86 cm ! towards lower wavenumbers. Meanwhile, this band disappears
in the spectra of complexes 3 and 6. It means that the NH group of isothiosemicarbazones
is deprotonated in the process of coordination to the copper(Il) ions in the presence of
acetate ions that act like a weak base. The v(C=N') and v(C=Npyr) bands that are observed
in the range of 1601-1558 cm ! are shifted by 10-30 cm~! suggesting the coordination of
isothiosemicarbazones using azomethine and pyridine nitrogen atoms. Absorption bands
of C-S bonds practically are not displaced in the spectra of complexes. Consequently,
the sulfur atom is not involved in the coordination to the metal ion in these compounds.
Furthermore, the characteristic bands of acetate ions are present in the FTIR spectra of
complexes 3 (1620 and 1324 cm 1) and 6 (1614 and 1312 cm™1). According to the litera-
ture [38] the difference (A) between these two characteristic bands (A = 296 cm 2 for 3
and A =302 cm 3 for 6) corresponds to monodentate acetate ion in the inner sphere of the
coordination compound.

Single crystals of complex 3 were obtained as a result of recrystallization from methanol
and their structure was determined using single-crystal X-ray diffraction analysis. The com-
plex 3 crystallizes in the triclinic space group P~ 1 (Table 1). Structural study determined
that the formula of 3 is [Cu(H,O)(L!)(CH3COO)]-1.75H,0. The asymmetric part of the unit
cell contains one molecular complex [Cu(H,0)(L!)(CH3COO0)] (Figure 3) and 1.75 solvate
water molecules. The Cu(Il) in 3 is five-coordinated and the coordination polyhedron
represents a square pyramid. The tridentate isothiosemicarbazone ligand is coordinated
to the central atom in the monodeprotonated form LH~ using an N3-set of donor atoms
(Figure 3a) and forms two fused metallacycles. Such a coordination mode of similar ligands
was found in the complexes of various transition metals [27,30,36,37,39]. Nevertheless, the
sulfur atom of isothiosemicarbazones can also participate in coordination [30,35,40].

The basal plane of the Cu(Il) polyhedron is formed by three donor atoms of the
ligand (L')~ and an oxygen atom of the acetate ion. The oxygen atom of the coordinated
water molecule is at the apex of this polyhedron. The bond distances and angles in
coordination surrounding are given in Table 4. The coordination of the (LY~ to the Cu(II)
ion did not lead to a change in its conformation, but affected the redistribution of bond
lengths in the isothiosemicarbazide fragment: C-N interatomic distances, namely C(1)-N(1)
and C(1)-N(2) values of 1.305(4) and 1.361(4) A (Table 2) indicate the stabilization of the
imino form.

85



Inorganics 2023, 11, 195

N

N ;J e o
. AL AL

XNk

Aﬁ/;&
A

Figure 3. (a) The structure of the molecular complex [Cu(H,O)(L!)(CH3COO)] in 3. (b) The six-
membered water cluster unites complexes in the chain in 3.
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Table 4. Bond Lengths (A) and Angles (deg) in Coordination Metal Environment in 3.

Bonds A
Cu(1)-N(1) 1.962(3)
Cu(1)-N(3) 1.948(2)
Cu(1)-N(4) 2.037(3)
Cu(1)-0(1) 1.942(2)

Cu(1)-O(1W) 2.353(2)

Angles °

N(1)-Cu(1)-N(3) 78.61(10)
N(1)-Cu(1)-N(4) 158.36(11)
N(1)-Cu(1)-O(1) 99.28(10)
N(1)-Cu(1)-O(1W) 98.61(10)
N(3)-Cu(1)-N(4) 80.30(10)
N(3)-M(1)-O(1) 172.76(10)
N(@3)-M(1)-O(1W) 99.94(9)
N(4)-M(1)-O(1) 101.04(10)
N(@4)-M(1)-O(1W) 89.75(10)
O(1)-M(1)-O(1W) 87.21(9)

The components of the crystal are united in the chain by a system of hydrogen bonds
in which two coordinated and four solvate water molecules from two formula units form a
six-membered chair-like H-bonded cycle (Table 3, Figure 3b). These chains are associated
in the layer parallel to (ab) crystallographic plane by intermolecular hydrogen bonds
O(W)—H---O(acetate) and O(W)—H---N2.

In order to study the biological properties of the synthesized copper(Il) complexes the
antibacterial and antifungal properties of the complexes 1-6 were tested on Gram-positive
(S. aureus, B. cereus) bacteria, Gram-negative (E. coli, A. baumannii) bacteria, and fungi
(C. albicans). The obtained results in form of minimum inhibitory/bactericidal / fungicidal
concentrations are shown in Table 5.

First of all, it is seen that copper(Il) coordination compounds in most cases show
higher activity than the corresponding N*,S-diallylisothiosemicarbazones HL! and HL?.
The copper(Il) complexes manifest higher antibacterial activity towards Gram-positive
microorganisms. Among all synthesized copper(Il) complexes, the least active ones were
the complexes obtained from copper acetate (3 and 6). Other complexes showed ap-
proximately the same values of activities. So, the dependence between the activity and
acid residue can be seen in these results. The activity decreases in the following order:
Cl™ = Br~ > CH3COO™. The ligand also affects the activity: copper(Il) complexes with
2-acetylpyridine N*,S-diallylisothiosemicarbazone (HL?) are more active towards Gram-
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positive microorganisms and A. baumanii than the complexes with 2-formylpyridine N*,S-
diallylisothiosemicarbazone (HL!). A group of antibiotics (Furacillinum [37,41] and Tetra-
cycline [42-45]) and a group of antifungals (Nystatine [37] and Fluconazole [46]) were used
in order to compare the antibacterial and antifungal activities of synthesized complexes
with the corresponding activities of medicines. The synthesized complexes 1, 2, and 5
manifest greater activity than Furacillinum towards Gram-positive microorganisms and
E. coli. Complexes 4 and 5 surpass 2-5 times the activity of Furacillinum in the case of A.
baumanii. Furthermore, complex 5 approximately coincides with the activity of Tetracycline
towards Gram-negative microorganism E. coli. All the studied copper(Il) complexes surpass
4-20 times the activity of standard antifungals (Nystatine and Fluconazole).

Table 5. Minimal inhibitory, bactericidal, and fungicidal concentrations (ug mL~1) of HL!, HL?, and
copper(Il) complexes 1-6.

Acinetobacter

Staphylococcus

aurens Bacillus cereus Escherichia coli baumannii Candidaalbicans
Compound ATCC 25923 ATCC 11778 ATCC 25922 BAA-747 ATCC 10231
MIC MBC MIC MBC MIC MBC MIC MBC MIC MEFC
HL! 125 250 31.3 62.5 >1000 >1000 - - 15.6 31.3
1 0.977 1.95 0.977 1.95 15.6 31.3 15.6 31.3 7.81 15.6
2 0.977 1.95 1.95 3.91 15.6 31.3 15.6 31.3 3.91 7.81
3 31.3 62.5 31.3 62.5 250 500 - - 31.3 62.5
HL?2 31.3 62.5 62.5 62.5 >1000 >1000 >1000 >1000 7.81 62.5
4 0.488 0.488 0.488 0.488 31.3 62.5 1.95 1.95 3.91 15.6
5 0.488 0.488 0.488 0.488 1.95 3.91 1.95 1.95 3.91 15.6
6 3.91 3.91 1.95 3.91 62.5 62.5 31.3 31.3 3.91 31.3
Furacillinum
[37,41] 9.3 9.3 4.7 4.7 18.5 37.5 4.7 9.4 - -
Tetracycline
[42-45] 0.25 1.96 0.06 - 0.98 3.91 0.5 - - -
Nystatine [37] - - - - - - - - 80 80
Fluconazole [46] - - - - - - - - 15.6 31.3
Note: MIC—minimum inhibitory concentration; MBC—minimum bactericidal concentration; MFC—minimum
fungicidal concentration; «-»—data not available.

The antibacterial activity of the synthesized copper(ll) complexes can be compared
with compounds with similar structures that were previously described in other articles:
copper(Il) coordination compounds with 2-formylpyridine and 2-acetylpyridine N*-allyl-S-
methylisothiosemicarbazones (S-MeT2FP and S-MeT2AP, correspondingly) [29,30]. Three
types of microorganisms were taken for comparison: Gram-positive S. aureus, Gram-
negative E. coli microorganisms, and fungus C. albicans. The copper(II) complexes with
2-formylpyridine N*,S-diallylisothiosemicarbazone (1, 2) showed more modest results
towards S. aureus than their S-methyl substituted analogs (Figure 4a). While the copper(II)
complexes with 2-acetylpyridine isothiosemicarbazone HL? obtained in this work surpass
the activity of Cu(S-MeT2AP)Cl, and Cu(S-MeT2AP)Br, described in the literature. In the
case of Gram-negative microorganisms E. coli complexes 1 and 2 are 4 times more active
than the recently described copper(Il) complexes (Figure 4b). The complex 5 manifests
higher activity than coordination compounds with S-MeT2AP.

For comparison of antifungal properties, the activity against C. albicans was analyzed
(Figure 5). All the synthesized complexes 1, 2, 4, 5 exceed the activity of the corresponding
coordination compounds with S-MeT2FP and S-MeT2AP.
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Figure 4. Comparison of the activity of studied complexes with their analogues against S. aureus (a)
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Figure 5. Comparison of the activity of studied complexes with their analogues against C. albicans.

Moreover, for the screening of the antiproliferative activity, HL? and copper(Il) com-
plexes 4 and 5 have been tested towards a series of cancer cell lines (HeLa, BxPC-3, RD) and
anormal cell line (MDCK). The obtained results, in the form of semimaximal inhibitory con-
centrations (ICsg) and selectivity indexes (SI), are shown in Table 6 as well as the correspond-
ing values of similar compounds, 2-acetylpyridine N*-allyl-S-methylisothiosemicarbazone
and its copper(Il) complexes, that are described in [30].

While 2-acetylpyridine N*,S-diallylisothiosemicarbazone (HL?) does not manifest
anticancer activity (only tested on HeLa and BxPC-3 cell lines), copper(Il) complexes
manifest a strongly marked antiproliferative activity. The complexes 4 and 5 manifest
about the same level of activity. They showed the highest selectivity indexes, 280 and
154, towards BxPC-3 which is one of the most aggressive forms of neoplastic diseases [47].
Recently described copper(Il) coordination compounds surpass the antiproliferative activity
of studied complexes 4 and 5 towards MDCK and RD cell lines. Doxorubicin (DOXO)
is a chemotherapy medication used to treat cancer that was used as a standard. Both
synthesized complexes showed higher activity and selectivity than DOXO for all of the
studied series of cancer cell lines.
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Table 6. ICs, values of HL? and complexes 4 and 5 towards non-cancerous cell line (MDCK),
cancer cell lines (HeLa, BxPC-3, RD), and the corresponding selectivity indexes in comparison with
doxorubicin and similar compounds described in [30].

Compound MDCK HeLa BxPC-3 RD
IC50, p,M IC5(), }lM SI IC5(), [lM SI IC50, HM SI
DOXO 71+03 10.0 = 0.4 0.71 3.7+03 19 16.2 + 0.6 0.44
HL2 - >100 - >100 - - -
4 14 +0.1 054+0.1 2.80 0.005 4+ 0.001 280 024+0.1 7.00
5 1.23 +£0.01 0.39 + 0.01 3.15 0.008 4 0.001 154 1.3+04 0.95
S5-MeT2AP 13.0+1.3 47.6 £4.9 0.27 1.5+05 8.7 >100 -
[Cu(S-MeT2AP)Cl,] 1.00 4+ 0.02 3.0+1.2 0.33 0.09 £ 0.01 11 0.16 £ 0.01 6.3
[Cu(S-MeT2AP)Br, ] 0.35 £+ 0.01 0.6 £0.2 0.58 0.02 + 0.01 18 0.05 + 0.01 7.0

Note: S-MeT2AP—2-acetylpyridine N4—allyl—S—methylisothiosemicarbazone [30]; SI = IC50(MDCK) /IC5¢(cancer
cell line)—selectivity index.

The antiradical activity against ABTS®* cation radicals was studied for HL!, HL?,
and copper(Il) complexes 1-6. The obtained results in form of semimaximal inhibitory
concentrations (ICs) are shown in Table 7. The HL! and its copper(Il) complexes 1-3
manifest the highest antiradical activity that is close to the activity of trolox, which is used
in medicine as standard antioxidant agent. Complexes 4 and 5 are practically inactive
towards ABTS®* cation radicals.

Table 7. Antiradical activity of complexes 1-6 against ABTS®*.

Compound I1Cs9, UM
HL! 285+ 4.0
1 289 + 6.1
2 32.7 £0.9
3 30.1 +1.3
HL? 80.8 + 13.4

4 >100

5 >100
6 95.0+ 7.3
Trolox 33.34+0.2

3. Experimental Section
3.1. Materials and Instrumentation

All the reagents used were chemically pure. Copper(Il) salts CuCly-2H,O, CuBryp,
Cu(CH3COO0),;-HyO (Merck) were used as supplied. Allyl isothiocyanate, 50-60% (w/w)
aqueous solution of hydrazine, allyl iodide, 2-formylpyridine, 2-acetylpyridine, and sodium
carbonate were used as received (Sigma-Aldrich). N*-Allyl-3-thiosemicarbazide was syn-
thesized by reaction of fourfold excess of 50-60% (w/w) aqueous solution of hydrazine
and allyl isothiocyanate [48]. The solvents were purified and dried according to standard
procedures [49].

Bruker DRX-400 was used to record the 'H and '3C NMR spectra. Acetone-ds was used
as a solvent to prepare probes for the NMR study. Bruker ALPHA FTIR spectrophotometer
was used to record FTIR spectra of studied substances in the range of 4000-400 cm ! at rt.
The elemental analysis was performed similarly to the literature procedures [50] and on
the automatic Perkin Elmer 2400 elemental analyzer. R-38 rheochord bridge was used to
measure the resistance of 1 mM methanol solutions of complexes 1-6 at 20 °C.
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3.2. Synthesis
3.2.1. Synthesis of N*,S-Diallylisothiosemicarbazones
2-Formylpyridine N*,S-Diallylisothiosemicarbazone (HL!)

At the first step, the allyl iodide (1.68 g, 10.0 mmol) has been added to the solution
of N4—allylthiosemicarbazide (1.31 g, 10.0 mmol) in ethanol [51]. After 2 h of stirring at
room temperature, 2-formylpyridine (1.07 g, 10.0 mmol) was added. The solution was
stirred at 70 °C for 30 min. After cooling to room temperature, a yellow precipitate formed
from the solution, which was filtered off, washed with ethanol, and dried in air. The
obtained precipitate was dissolved in ethanol, and aqua solution of sodium carbonate was
added dropwise to the obtained solution until the pH reached value 7-8. After that, the
2-formylpyridine N*,S-diallylisothiosemicarbazone was extracted by chloroform and dried
in vacuo.

Pale yellow solid. Yield: 75%; mp 62-63 °C. FW: 260.36 g/mol; Anal Calc. for
Ci13H16N4S: C, 59.97; H, 6.19; N, 21.52; S, 12.32; found: C, 60.28; H, 6.03; N, 21.48; S, 12.49%.
FTIR data (cm~'): v(N-H) 3219; v (C=N) 1599, 1575, 1560; v(CH,-S) 1096; v (C-S) 766.

Form A (amino form, cis(N-N#)). TH NMR (acetone-dg): 8.59 (d, 1H, CH aromatic);
8.33 (s, 1H, CH=N); 8.04 (d, 1H, CH aromatic); 7.79 (t, 1H, CH aromatic); 7.33 (t, 1H, CH
aromatic); 7.47 (br, 1H, NH); 6.12-5.88 (m, 2H, CH allyl); 5.44-4.96 (m, 4H, 2 xCH,=C); 3.96
(t, 2H, CH,-N); 3.72 (d, 2H, CH,-S). 13C NMR (acetone-dg): 163.61 (C-S); 154.91, 152.51,
135.38, 123.35, 119.92 (C aromatic); 149.46 (CH=N); 136.04, 134.17 (CH allyl); 117.24, 115.37,
(CHy=); 45.34 (CH»-N); 32.24 (CH,-S).

Form B (imino form). 'H NMR (acetone-dg): 8.57 (d, 1H, CH aromatic); 8.24 (s, 1H,
CH=N); 8.13 (d, 1H, CH aromatic); 7.77 (t, 1H, CH aromatic); 7.31 (t, 1H, CH aromatic);
5.13 (br, 1H, NH); 6.12-5.88 (m, 2H, CH allyl); 5.44-4.96 (m, 4H, 2xCH,=C); 4.09 (d, 2H,
CH,-N); 3.83 (d, 2H, CH,-S). 13C NMR (acetone-dg): 163.56 (C-S); 155.21, 151.73, 134.91,
123.62, 120.46 (C aromatic); 149.37 (CH=N); 136.05, 133.75 (CH allyl); 117.83, 115.26, (CH,=);
45.58 (CH;-N); 32.49 (CH,-S).

Form C (amino form, trans(N'-N*)). TH NMR (acetone-dg): 8.69 (d, 1H, CH aromatic);
8.23 (s, 1H, CH=N); 8.24 (d, 1H, CH aromatic); 7.97 (t, 1H, CH aromatic); 7.48 (t, 1H, CH
aromatic); 6.12-5.88 (m, 2H, CH allyl); 5.44-4.96 (m, 4H, 2xCH,=C); 3.95 (t, 2H, CH,-N);
3.93 (d, 2H, CH,-S). 3C NMR (acetone-dg): 163.13 (C-S); 154.49, 152.53, 133.42, 124.18,
122.77 (C aromatic); 148.96 (CH=N); 137.25, 133.01 (CH allyl); 118.01, 116.87 (CH;=); 47.50
(CH3-N); 35.78 (CH,-S).

2-Acetylpyridine N*,S-Diallylisothiosemicarbazone (HL?)

The isothiosemicarbazone HL? was synthesized similarly to HL! using 2-acetylpyridine
(1.21 g, 10.0 mmol) instead of 2-formylpyridine.

Pale yellow solid. Yield: 80%; mp 96-97 °C. FW: 274.38 g/mol; Anal Calc. for
C14H1gNyS: C, 61.28; H, 6.61; N, 20.42; S, 11.69; found: C, 61.07; H, 6.48; N, 20.37; S, 11.48%.
FTIR data (cm™1): v(N-H) 3215; v (C=N) 1601, 1583, 1558; v(CH,-S) 1044; v (C-S) 743.

Form A (amino form, cis(N1-N*#)). TH NMR (acetone-dg): 8.58 (d, 1H, CH aromatic);
8.26 (d, 1H, CH aromatic); 7.71 (t, 1H, CH aromatic); 7.29 (t, 1H, CH aromatic); 7.27 (br,
1H, NH); 5.99 (m, 2H, CH allyl); 5.20 (m, 4H, 2xCH,=C); 3.96 (t, 2H, CH,-N); 3.86 (d, 2H,
CH,-S); 2.51 (s, 3H, CH3). 13C NMR (acetone-dg): 161.53 (C-S); 157.19, 156.99, 135.66, 123.00,
120.16 (C aromatic); 148.46 (C=N); 135.55, 134.41 (CH allyl); 116.98, 115.15, (CH,=); 45.31
(CH,-N); 32.35 (CH,-S); 12.30 (CH3).

Form B (amino form, trans(N'-N#)). TH NMR (acetone-dg): 8.56 (d, 1H, CH aromatic);
8.20 (d, 1H, CH aromatic); 7.75 (t, 1H, CH aromatic); 7.31 (t, 1H, CH aromatic); 5.98 (m,
2H, CH allyl); 5.29 (m, 4H, 2xCH;,=C); 5.10 (br, 1H, NH); 4.11 (t, 2H, CH,-N); 3.69 (d, 2H,
CH,-S); 2.43 (s, 3H, CH3). 13C NMR (acetone-dg): 161.26 (C-S); 158.23, 156.79, 135.60, 123.25,
120.35 (C aromatic); 148.53 (C=N); 134.99, 133.99 (CH allyl); 117.67, 115.38 (CH,=); 45.88
(CH;-N); 32.28 (CH,-S); 12.02 (CH3).
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3.2.2. Synthesis of Copper(II) Complexes
[Cu(HLY)Cl,] (1)

Copper(Il) chloride dihydrate (CuCl,-2H,0) (0.170 g, 1 mmol) was added to a hot
(55° C) ethanolic solution (25 mL) of 2-formylpyridine N*,S-diallylisothiosemicarbazone
HL! (0.260 g, 1 mmol). The mixture was stirred for 30 min at 55 °C. By cooling to room
temperature, a green precipitate was obtained. It was filtered out, washed with cold ethanol,
and dried in vacuo.

Green solid. Yield: 80%. Anal. Calc. for C13H6Cl,CuNyS (394.81 g mol~1): C, 39.55;
H, 4.08; Cl, 17.96; Cu, 16.10; N, 14.19; S, 8.12. Found: C, 39.38; H, 4.05; Cl, 17.91; Cu, 15.89;
N, 14.02; S, 7.95. Main FTIR peaks (em~1): v(NH) 3156, v(C=N) 1591, 1567, 1534, v(CH,-S)
1095, v(C-S) 768. x(CH3O0H): 169 Q! cm ™2 mol 1.

[Cu(HL')Br,] (2)

The coordination compound 2 was synthesized similarly to compound 1 using CuBr,
(0.223 g; 1 mmol) and HL' (0.260 g; 1 mmol).

Green solid. Yield: 85%. Anal. Calc. for C13H14BroCuN,S (483.71 g mol~1): C, 32.28;
H, 3.33; Br, 33.04; Cu, 13.14; N, 11.58; S, 6.63. Found: C, 32.05; H, 3.20; Br, 33.17; Cu, 13.45;
N, 11.71; S, 6.72. Main FTIR peaks (em~1): v(NH) 3139, v(C=N) 1593, 1567, 1538, v(CH,-S)
1098, v(C-S) 765. x(CH30H): 178 Q! cm ™2 mol 1.

[Cu(H,0)(LH)(CH3C00)]-1.75H,0 (3)

The coordination compound 3 was synthesized similarly to compound 1 using
Cu(CH3C0O0),-H,0 (0.200 g; 1 mmol) and HL! (0.260 g; 1 mmol).

Brown solid. Yield: 82%. Anal. Calc. for C15H35CuNsOy4 755 (431.48 g mol~1): C,
41.75; H, 5.49; Cu, 14.73; N, 12.98; S, 7.43. Found: C, 41.62; H, 5.58; Cu, 14.79; N, 12.81;
S, 7.29. Main FTIR peaks (cm™!): v(C=0) 1620, v(C=N) 1596, 1558, 1532, v(C-O) 1324,
v(CH,-S) 1091, v(C-S) 766. x(CH30H): 85 Q! cm 2 mol 1.

[Cu(HL?)Cl,] (4)

The coordination compound 4 was synthesized similarly to compound 1 using
CuCl,-2H,0 (0.170 g; 1 mmol) and HL? (0.274 g; 1 mmol).

Green solid. Yield: 78%. Anal. Calc. for C14HgCl,CulNyS (408.84 g mol~1): C, 41.13;
H, 4.44; Cl, 17.34; Cu, 15.54; N, 13.70; S, 7.84. Found: C, 41.23; H, 4.56; Cl, 17.51; Cu, 15.72;
N, 13.57; S, 7.93. Main FTIR peaks (cm~!): v(N-H) 3129, v(C=N) 1591, 1571, 1544, v(CH-S)
1044, v(C-S) 746. x(CH30H): 192 O~ cm 2 mol 1.

[Cu(HL?)Br,] (5)

The coordination compound 5 was synthesized similarly to compound 1 using CuBr;
(0.223 g; 1 mmol) and HL? (0.274 g; 1 mmol).

Green solid. Yield: 72%. Anal. Calc. for C14HgBroCulNyS (497.74 g mol~1): C, 33.78;
H, 3.65; Br, 32.11; Cu, 12.77; N, 11.26; S, 6.44. Found: C, 33.95; H, 3.82; Br, 32.29; Cu, 12.65;
N, 11.10; S, 6.26. Main FTIR peaks (cm~1): v(NH) 3143, v(C=N) 1591, 1569, 1542, v(CH,-S)
1043, v(C-S) 747. x(CH30H): 178 Q! ecm~2 mol 1.

[Cu(H,0)(L*)(CH3CO0)] (6)

The coordination compound 6 was synthesized similarly to compound 1 using
Cu(CH3C00),-H,0 (0.200 g; 1 mmol) and HL? (0.274 g; 1 mmol).

Brown solid. Yield: 81%. Anal. Calc. for C1HyCulN4O3S (413.98 g mol~1): C, 46.42;
H, 5.36; Cu, 15.35; N, 13.53; S, 7.75. Found: C, 46.19; H, 5.42; Cu, 15.12; N, 13.59; S, 7.49.
Main FTIR peaks (cm~1): v(C=0) 1614, v(C=N) 1595, 1561, 1543, v(C-O) 1312, v(CH,-S)
1041, v(C=S) 741. x(CH30H): 82 Q! ecm~2 mol 1.
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3.3. X-ray Crystallography

The single-crystal X-ray analysis of [H,L2]l and complex 3 were carried out at room
temperature (293 K) on an Xcalibur E CCD diffractometer equipped with a CCD area detec-
tor and a graphite monochromator, MoK« radiation (0.71073 A). CrysAlis PRO software
was used for data collection and reduction, and unit cell determination. The structures
were solved and refined using the SHELXS97 and SHELXL2014 software packages [52,53].
The non-hydrogen atoms were treated anisotropically (full-matrix least squares method
on F?). The hydrogen atoms were placed in calculated positions and were treated using
riding model approximations with Ujso(H) = 1.2Ueq(C), while the oxygen-bounded H
atoms were found from differential Fourier maps at an intermediate stage of the structure
refinement. These hydrogen atoms were refined with the isotropic displacement parameter
Uiso(H) = 1'5Ueq(o)-

The crystallographic data were deposited with the Cambridge Crystallographic Data
Center, CCDC nos. 2253067 and 2253068 for [H,L2]I and 3, respectively. Copies of this
information may be obtained free of charge from the Director, CCDC, 12 Union Road,
Cambridge CHB2 1EZ, UK (Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or
www.ccdc.cam.ac.uk (accessed on 26 April 2023)).

3.4. Antibacterial and Antifungal Activity

Antibacterial and antifungal activities of the isothiosemicarbazones HL!, HL?, and
copper(II) coordination compounds 1-6 were studied on a series of standard strains: Bacillus
cereus (ATCC 11778), Staphylococcus aureus (ATCC 25923), Acinetobacter baumannii (BAA-747),
Escherichia coli (ATCC 25922), and Candida albicans (ATCC 10231). The minimum inhibitory
concentrations (MICs, pg mL 1), minimum bactericidal concentrations (MBCs, ug mL™1),
and minimum fungicidal concentrations (MFCs, pg mL~!) were determined using the
method of serial dilutions in liquid broth. The solutions of the tested substances were
prepared in DMSO with a 10 mg mL~! concentration. Subsequent dilutions were prepared
by incorporating 2% peptonate bullion.

3.5. Antiproliferative Activity
3.5.1. Cell Cultures

The BxPC-3 (ATCC CRL-1687) cells were grown as a monolayer in Roswell Park Memo-
rial Institute 1640 medium to which penicillin-streptomycin (final concentration of penicillin
100 U mL~!; final concentration of streptomycin 100 ug mL~!) was added. Furthermore, fetal
bovine serum (FBS) was added to the medium at a concentration of 10% v/v.

The HeLa (ATCC CCL-2), RD (ATCC CCL-136), and MDCK (ATCC CCL-34) cell
lines were grown in Dulbecco’s modified essential medium. The medium contained
glucose (4.5 g L), L-glutamine (4 mM), HEPES buffer (20 mM), bovine albumin fraction
(0.2% v/v), and penicillin-streptomycin (final concentration of penicillin 100 U mL~1; final
concentration of streptomycin 100 g mL~!). Moreover, the medium was supplemented
with FBS at a concentration of 10% v/v.

The cells were cultured in 75-cm? dishes in a 5% humidified CO, environment at 37 °C.

3.5.2. Resazurin Test

The viability of cancer cells (BxPC-3, HeLa, RD) and normal cells (MDCK) was deter-
mined by using resazurin as a reagent.

Stock solutions (1 x 1072 M) of the tested compounds (HL!, HL?, and complexes
1-6) were prepared by dissolving 10~ mol of each substance in 1 mL DMSO. These stock
solutions were then used to prepare diluted solutions with final concentrations of 0.1, 1, 10,
100, and 1000 uM. Corresponding media were used for the dilution process.

To perform the assay, 90 uL of corresponding culture medium containing 1 x 10* cells
were placed in the wells of a 96-well microtiter plate and incubated at 37 °C, 5% CO, for a
2-3 h period to allow the attachment of cells. Next, 10 pL of diluted solutions (0.1-1000 uM)
of the tested compounds were added to the wells with culture medium. The incubation
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continued for 24 h, after which resazurin indicator solution (20 nuL) was added to each
well. After 4 h of incubation in presence of resazurin, the absorbance was measured at two
wavelengths (570 nm and 600 nm).

3.6. Antiradical Activity

The ABTS** method [54] with modifications was used to study the antiradical activity
of HL!, HL?, and complexes 1-6.

The reaction of 2,20-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid (ABTS, 7 nM)
and potassium persulfate (140 mM) gave the ABTS®** radical cations. The reaction was
performed in the dark at 25 °C for 12 h. The acetate-buffered saline (0.02 M, pH 6.5) was
used for dilution of the obtained solution up to a concentration at which its absorbance at
734 nm was 0.70 & 0.01 AU.

Stock solutions (1 x 1072 M) of the tested compounds (HL!, HL?, and complexes
1-6) in DMSO were diluted to obtain final concentrations of 10, 100, and 1000 uM. After
that, 180 pL of ABTS** working solution and 20 puL of each tested compound solution
were mixed and homogenized in the wells of a 96-well microtiter plate. After 30 min
of incubation at 25 °C, the absorbance of the solutions was measured at 734 nm. The
experiment was conducted three times to ensure accuracy.

4. Conclusions

Two new N*,S-diallylisothiosemicarbazones and six new copper(Il) coordination com-
pounds have been synthesized. The structure of isothiosemicarbazones HL! and HL? was deter-
mined using NMR spectroscopy. Isothiosemicarabzones exist in different tautomeric forms in
the solution. Crystal structures of [H,L2]T and complex 3 ([Cu(H,O)(L!)(CH3CO10)]-1.75H,0)
were proved using X-ray diffraction analysis. The studied isothiosemicarbazones behave as
tridentate ligands with N3-set of donor atoms. All the studied complexes (1-6) are electrolytes,
which indicates the process of substitution of acidic residues (C1~, Br—, CH3COO™) by solvent
molecules in the process of dissolution of these complexes.

Biological evaluation showed that the synthesized complexes manifest promising
antibacterial, antifungal, and anticancer activity. Their antibacterial/antifungal activ-
ity in many cases is close to the activity of some drugs that are used in medicine for
these purposes and, in some cases, surpass them. Complexes 4 and 5 selectively in-
hibit proliferation of BxPC-3 cancer cell line with ICsy values 5-8 nM. Thus, these com-
plexes exceed 400-700 times the corresponding activity of doxorubicin and 2.5-18 times
the activity of the corresponding copper(Il) complexes with 2-acetylpyridine N*-allyl-S-
methylisothiosemicarbazone. Moreover, their selectivity indexes are in the range of 150-280
which confirms their strongly marked selectivity.

In addition, HL! and complexes 1-3 exhibit antiradical activity that exceeds that of trolox.
Therefore, copper(Il) complexes with S-substituted N*-allylisothiosemicarbazones manifest
promising biological properties, which are also affected by the nature of S-substituent.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11050195/s1, Figure SI: TH NMR spectrum of 2-
formylpyridine N*,S-diallylisothiosemicarbazone (HL!); Figure S2: 3C NMR spectrum of 2-
formylpyridine N*,S-diallylisothiosemicarbazone (HL); Figure S3: "H NMR spectrum of 2-acetylpyridine
N*,S-diallylisothiosemicarbazone (HL?); Figure S4: 13C NMR spectrum of 2-acetylpyridine N*,S-
diallylisothiosemicarbazone (HL?); Figure S5: FTIR spectrum of HL!; Figure S6: FTIR spectrum of
1; Figure S7: FTIR spectrum of 2; Figure S8: FTIR spectrum of 3; Figure S9: FTIR spectrum of HL?;
Figure S10: FTIR spectrum of 4; Figure S11: FTIR spectrum of 5; Figure S12: FTIR spectrum of 6.
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Abstract: The growth of antibiotic resistance is a matter of worldwide concern. In parallel, cancer
remains one of the main causes of death. In the search for new and improved antiproliferative agents,
one of the strategies is the combination of bioactive ligands and metals that are already consoli-
dated in the synthesis of metallopharmaceutical agents. Thus, this work deals with the synthesis,
characterization, and study of naproxen (Nap)-based complexes of copper(Il) and platinum(II) as
antiproliferative agents. The copper complex (Cu-Nap) presents a binuclear paddle-wheel structure
in a 1 Cu:2 Nap:1 HpO molar composition, in which Cu(Il) is bonded to the carboxylate oxygens from
naproxenate in a bidentate bridging mode. The platinum complex (Pt-Nap) was identified as the
square planar cis-[Pt(Nap),(DMSO),] isomer, in which Pt(Il) is bonded to the carboxylate oxygen
atom of Nap in a monodentate fashion. Both complexes were inactive against the Gram-positive and
Gram-negative bacterial strains assessed. Pt-Nap presented low cytostatic behavior over a set of
tumor cells, but good viability for normal cells, while Cu-Nap was cytotoxic against all cells, with a
cytocidal activity against glioma tumor cells.

Keywords: NSAIDs; copper(Il); platinum(Il); naproxen; antibacterial agents; antiproliferative
activities

1. Introduction

An intense search for new broad-spectrum antimicrobial agents active against multidrug-
resistant bacterial strains has been carried out worldwide. The misuse of antibiotics, not
only in humans but also in livestock and agriculture, either to prevent or cure diseases led
to microbial resistance and chronic infections. This situation not only caused the deaths
of millions of people around the world, but also impacted the financial systems of many
countries [1]. Furthermore, the search for new pharmacologically active agents in tumor
cells, with improved activities and reduced adverse reactions, is necessary. By 2025, more
than 20 million new cases of cancer are expected each year, requiring the development of
new drug treatments and personalized therapies [1,2].

To overcome these two major challenges in current medicine, the preparation of bioac-
tive coordination compounds with metals is considered a promising strategy. For a review,
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see Starha and Travnicek [3]. In the 1960s, a new era of development of drugs containing
metals began, with the discovery of the inhibitory activities of cisplatin on the prolifera-
tion of Escherichia coli strains and different tumor cell lines [2,4]. Today, cisplatin and its
derivatives, carboplatin and oxaliplatin, are widely used in clinics as chemotherapeutics
for ovarian, testicular, and melanoma cancers, among others [5]. However, resistance,
combined with poor selectivity, has become an issue in therapy with platinum drugs. Ad-
ditionally, high doses of the drugs became necessary to ensure that the exact concentration
of Pt(II) reached the intracellular medium. This practice can lead to adverse effects, such as
nephrotoxicity, neurotoxicity, ototoxicity, and gastrointestinal reactions, which can, in turn,
lead to interruption of cancer treatment [5-7].

Thus, the search for alternative metals, combined with bioactive ligands, has risen in
recent decades. A typical example is silver sulfadiazine, which has been used since the 1970s
in the treatment of bacterial infections [8]. Metal complexes have unique advantages, such
as their redox properties and their own reaction mechanisms [9,10], and their biological
properties [11-13]. A wide variety of ligands can be used, and some drugs already used
in clinics can be associated with metals. Both cancer and bacterial infections promote an
inflammatory response in the body. Thus, associating anti-inflammatories with metals with
known biological activities seems to be an effective proposal. The combination of antibiotics
with anti-inflammatories is already a widespread practice (polytherapy). Inhibitors of
COXs, and possibly of MMPs as well—such as non-steroidal anti-inflammatory drugs
(NSAIDs)—have been studied for the treatment of cancer [6,14,15].

Several mononuclear-, binuclear, and trinuclear Cu(Il) complexes, in combination
with NSAIDs such as mefenamic acid, diclofenac, diflunisal, indomethacin, aspirin, and
naproxen, among others, are reported in the literature [9,16,17]. Some of these complexes
showed better biological activities in vitro than their parental molecules. A recently syn-
thesized Cu(II)-nimesulide complex, for example, presented a minimum inhibitory con-
centration (MIC) of 3.0 mmol L~! against Staphylococcus aureus and 1.5 mmol L~! against
Escherichia coli and Pseudomonas aeruginosa, while nimesulide alone did not have antibacte-
rial potential [18]. In addition, several platinum(IV) prodrugs with NSAIDs were reported
by Spector et al. [19], Tolan et al. [20], and Chen et al. [15], and many of them presented
higher antiproliferative activity in vitro than that of pure cisplatin.

Naproxen (Nap), (+)-(S)-2-(6-methoxinaphtalen-2-yl)propanoic acid, is an antipyretic
and analgesic NSAID. It is widely used in the treatment of arthritis, spondylitis, bursitis,
gout, and chronic pain [12,21]. Compared to other NSAIDs, it has shown less unwanted
cardiovascular and nephron side effects [15]. It is a COX 1 and COX 2 inhibitor, and has
shown inhibitory activity over MMPs, especially when associated with Pt(IV). Naproxen
reduced carcinogenesis and proliferation of prostate, colon, and bladder tumor cells [15,17].

A great number of articles on naproxenate-based complexes, proving that these com-
pounds may present useful biological activities, can be found in the literature. Studies
related to the synthesis of metal complexes and their anti-inflammatory, antioxidant, and an-
tiproliferative activities were reported [15,22]. In the literature, zinc, cobalt, copper, and iron
complexes with naproxen have also been reported [23-25]. In particular, three binuclear
copper(ll) naproxenate complexes call attention to a paddle-wheel type coordination. The
structures of [CuyL4(H0),] complexes were proposed for the ligands (L) as the NSAIDs
diclofenac, ibuprofen, and naproxen, based on infrared (IR) and Raman spectroscopic
analysis and the crystal structure for the diclofenac complex [26]. In another study, the
[Cup(Nap)s(HO),] presented good binding affinity to bovine serum albumin (BSA) and,
especially, to human serum albumin (HSA) proteins, which take part in the transport of
the metal complexes through the blood stream [27]. A [Cuy(Nap)4(DMSO);] complex that
presented antitumor properties loaded to chitosan beads was characterized, and this system
showed a controlled release in gastric and intestinal pH [28]. Additionally, the monomeric
Cu(Il) complex [Cu(Nap)(H>0)3](H,O) presented a higher anti-inflammatory response
and a lower gastric ulcer than those of free naproxen, acting as urease inhibitors [23].
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Still, most reports of naproxenate-based complexes are compounds with various
3d transition metals (e.g., Co [21], Cu [23,29], and Zn [30]) associated to nitrogen donor
heterocyclic ligands (1,10-phenanthroline, pyridine, and 2,2-bipyridine, among others).
They have been reported as antibacterial [12] or antitumoral agents [31], maintaining the
anti-inflammatory and antioxidant properties.

In this context, other metals such as Pt(II) [7,32], Pd(II) [7], and Ru(II) [31] have also
been combined with naproxen and nitrogen-donor ligands. Pt(II) naproxenate complexes
with ethylenediamine and diaminocyclohexane presented selective antiproliferative activity
against epithelial (MCFy) and human cervical carcinoma cells (HeLa), respectively [32,33].

This work expands upon the studies on the synthesis and spectroscopic characteriza-
tions of Cu(Il) and Pt(IT) complexes with naproxen, and also explores the antiproliferative
activities of the complexes over pathogenic bacterial strains and tumor cells, seeking new
drug candidates. A combination of experimental and theoretical (DFT) data were applied
to propose the most probable structural formulae for the complexes.

2. Results
2.1. Infrared and Raman Spectroscopic Measurements

The main bands on the ATR-FTIR spectra of Cu-Nap, Pt-Nap and NaNap are pre-
sented in Figure 1. As a complement, the Raman spectra of Cu-Nap, Pt-Nap, NaNap, and
cis-[PtCl(DMSO);] are presented in Figure 2. The far-IR spectra from 100-500 cm 1 of
Cu-Nap and Pt-Nap are presented in Supplementary Figure S1 (Supplementary Materi-
als). In the FTIR spectra, the main absorption bands of NaNap and attributions were at
3564-3143 cm ! (VOH, broad band), 3057-2830 cm ™! (vCH), 1585 cm ™! (vCOOasym), and
1390 cm ™! (vCOOsym), which were in good agreement with the literature [26]. Meanwhile,
the Cu-Nap FTIR spectrum presented a sharp strong band at 3601 cm~! (vOH), instead
of the broad band observed for NaNap. Other main signals (in cm~!) for Cu-Nap were
3064-2800 (vCH), 1554 (vCOOQOasym), and 1403 cm ™! (vCOOgsym). Thus, the difference be-
tween the vCOO asymmetric and symmetric stretchings A(VCOO,sym — vCOOQOsym) for
the Cu-Nap was 151 cm ™!, whereas for the free ligand the difference was 195 cm~!. The
weak signals from 100-600 cm ! occurred for Cu-O stretching [27,34]. The broad medium
intensity band with a maximum at ~1670 cm~! may be assigned to the bending mode &
(HOH) of the coordination water molecule in the complex.
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Figure 1. ATR-FTIR spectra of NaNap, Cu-Nap, and Pt-Nap (recorded from 4000 to 400 cm~!) and
identification of main bands.
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Figure 2. Raman spectra of the Cu—Nap and Pt-Nap complexes and their starting materials NaNap
and cis-[PtCl,(DMSO),].

Pt-Nap, for instance, showed FTIR bands for the respective wavenumbers (in cm™ ),
as follows: 3064-2821 (vCH), 1637 (vCOOgsym), and 1341 (vCOOsym). Thus, a A value of
296 cm~! for Pt-Nap was observed. Additionally, a band and a shoulder were seen at
1144/1129 cm !, as shown in Supplementary Figure S2 in the Supplementary Materials. It
corresponds to sulfoxide (vSO) stretching from DMSO. This result matches the one reported
for cis-[PtCl,(DMSO),] in the literature, attesting to the presence of DMSO in the structure
in a cis-configuration [35]. In the Raman spectrum the Pt-S (Pt-DMSO), vibration was
confirmed by the presence of a band and a shoulder at 480 cm ! and 452 cm ™!, respectively,
which also appeared for cis-[PtCl,(DMSO);]. In the far-FTIR of Pt-Nap, it was also possible
to see the Pt-S stretching at 453 /430 (Figure S1) [35]. The Pt-O stretching at 523 cm ™! in
Raman was also seen, as well as in the FTIR spectrum of Pt-Nap [36]. However, it was
not seen in Pt-Nap the Pt-Cl stretch identified for the precursor in Raman at 349 cm ™!,
proving the substitution of both chlorides. Furthermore, the absence of a broad band of
around 3400-3600 cm ! in the IR spectrum of Pt-Nap indicated the absence of hydration
water in its composition.

2.2. UV-Vis Spectroscopic Analysis and Kinetic Studies for the Cu—Nap Complex

The UV-Vis spectrum of Cu-Nap exhibited three absorption bands at 240 nm (seen
only in chloroform), 260 nm, and 320 nm (chloroform and dimethylsulfoxide, respetively),
which may be attributed to intraligand transitions. For Cu-Nap, a band in the visible region
with its maximum at 715 nm was also observed and was attributed to d—d transitions. This
band was in accordance with the obtained results obtained by Dimiza et al. [27] for a
paddle-wheel copper(Il) complex with naproxenate, as previously described, which was
obtained in this work by a different synthetic method. While Cu-Nap is reported to retain
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structure in either solid form or in solution [27], it was observed that, in DMSQO, there
was a minor change in the absorbance behavior throughout 24 h, indicating some solvent
exchange. This is seen in Supplementary Figure S3, especially for the absorbance peaks of
260 nm and 275 nm during the first eight hours.

2.3. TGA Measurements

The TG/DTA thermograms of Cu-Nap and Pt-Nap are shown in Figure 3a,b, respec-
tively. For Cu—Nap, an exothermic event was noticed in the range of 210 to 453 °C, which
was responsible for two major mass losses, together totaling 79.32%. This was likely related
to the oxidation of two naproxenate molecules (Caled. 78.95%). The residue of 17.25% was
attributed to the formation of copper oxide, CuO (Calcd. 14.74%). Additionally, a small loss
of 3.43% slightly over 100 °C was observed, which indicated the loss of one water molecule
(Caled. 3.34%). The presence of one water molecule corroborated the FTIR results.
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Figure 3. TG/DTA of Cu-Nap and Pt-Nap, from 20 °C to 800 °C, with an increase rate of 10 °C/min
of (a) Cu—Nap and (b) Pt-Nap.

For Pt-Nap, TGA indicated a mass loss of 70.61%, from 160 to 350 °C, which likely
corresponded to the oxidation of two naproxenate and two DMSO molecules (Calcd.
75.89%). The residue was 26.11%, which matched the composition of PtO (Calcd. 26.08%).

2.4. ESI Mass Spectrometric Analysis

Mass spectrometric analysis of Cu-Nap was conducted to confirm the most prob-
able composition of the complex. The main signals identified in the positive mode
(Figure 4a) were at m/z 179.0171 [(SO(CHj3),)2Na]*, seen as [DMSO; + Na]*, at m/z
448.0435 [CuCigHp5055;]* or [CuNap(DMSO);]*, and at m/z 522.0665 [CuCysHy606 + H]
or [Cu(Nap), + H*] for z = 1. Additionally, some important signals were identified in the
negative mode (see Figure 4b): 229.0869 [C14H1303]~ or Nap~, 750.1894 [Cu(C14H1303)3]~
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or [Cu(Nap)3]~. The signals at m/z 134.8654 and 185.0910 also appeared in the naproxen
mass spectrum reported by Zayed et al. [37]. For Pt-Nap (Figure 4c), in the positive mode,
the main signals identified were at m/z 231.1011 [(C14H1403) + H]* or [(NapH) + H'],
which is the protonated form of naproxen, and at m/z 253.0830 [(C14H130;5Na) + H]* or
[(NapNa) + H*], corresponding to the protonated form of the NaNap. The [Pt(C14H;303),
+ H]* or [Pt(Nap), + H*] was observed at m/z 653.1401, which corroborated the 1:2
Pt:Nap composition.
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DMSO,+Na* \ ,‘, o
80 80 |
8 s
c c E
3 8 ]
% 60 44804346 g 60 ]
< N 2 e
:‘G%J 40 CuNapDMSO,* qz) 40_: 22908687 45918140
© T
E} E’ B 32518414 [CuNaps]'
20 218.95694 Cu(Nap),+H* 3 «
[Cu(Nap),+H"] 20 ] 750.18945
409.00863 | 30309018 #2200 3 200.10040
5 277.97003 Erala o 97114423 0 A L
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
m/z m/z
231.10114
() 100 O O
'\ OH* O
80 “Ho
8 0.
C 253.08300 O ~
% OH*
c 60 185.09582 \ ‘
3 NaO’
Ne]
<
(0]
é 40 331.28358
©
o) 381.29650 [Pt(Nap),]
o 653.14006
20 /
= '95;B:0€3|4 y
54308970 /. ..
0 e l ‘L ot = 860.37160

100 200 300 400 500 600 700 800 900 1000
m/z

Figure 4. ESI-MS spectra of (a) Cu—Nap in the positive mode, (b) Cu-Nap in the negative mode, and
(c) Pt-Nap in the positive mode.

2.5. NMR Measurements

To further evaluate the structure of the Pt-Nap, 1D and 2D NMR spectra were acquired
for the complex and sodium naproxenate. The 'H NMR spectrum of the complex is
presented in Figure 5, together with the result for the kinetic study of the solvent exchange
(DMSO), with measurements at t = 0, 12, and 24 h. The 3C NMR spectra of the complex
(DMSO-dg) and the ligand (D,0) are presented in Figures 6a and 6b, respectively. The shifts
are numbered according to the attributions for the naproxenate portion corresponding
to the schematized molecular structure. The most remarkable information from the 'H
NMR spectrum of the complex was the presence of two signals for DMSO. The signal at
2.50 ppm (quintet, 1H) was attributed to the residual peak of the solvent (CHD,(SO)CD3)
used in the experiment. The other signal at 2.55 ppm was referred to as DMSO bonded to
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platinum (singlet, 6H, CH3(SO)CH3). To facilitate the visualization of both DMSO signals,
Supplementary Figure S4 shows the 'H signals. Moreover, when analyzing the 13C spectra
of the complex and the ligand, it was noted that the C1 (carboxylate group) in the complex
shifted to a high field with a A of —4.88. In addition, a small downshift was seen for C2.
This observation led us to confirm the coordination of the Nap to Pt(II) by the oxygen atom
of the carboxylate group, as will be discussed in the next session.
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Figure 6. (a) 3C NMR (500 MHz, D,0) of NaNap; (b) 1*C NMR (500 MHz, DMSO-dg) of Pt-Nap.

Moreover, Pt NMR spectroscopic data were also acquired for Pt-Nap (Figure 7)
and its starting Pt(II) complex, cis-[PtCl,(DMSO),]. Potassium hexachloridoplatinate(IV),
K,PtCly was used as a reference, being in accordance with the procedure reported by
Quintanilha et al. in the literature [4]. For the precursor, a single peak at —3452.8 ppm was
obtained, which was similar to the value of —3445.96 ppm found in the literature [4]. For
Pt-Nap, a single peak at —3105.4 ppm was observed, with delta A$ = —347.4, in comparison
to the single peak observed for its precursor.
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Figure 7. 1Pt NMR spectra for Pt-Nap (top) and cis-[PtCl,(DMSO);] (bottom).

2.6. EPR Spectra Analysis

The registered spectra for the complex Cu-Nap (see Figure 8) indicated a paddle-
wheel structure, with two copper centers, bridged by four molecules of naproxenate, as
observed in the literature [26,27]. The naproxenate molecules were coordinated by the
carboxylate groups to both copper centers. At low temperature (77 K), only an isotropic
signal was observed, with no hyperfine structure, but at room temperature (293 K), a typical
paddle-wheel signal in a binuclear species was detected. Additionally, at room temperature
(RT), a radical signal appeared at 350 mT. In the frozen DMSO solution, a central signal
probably indicated the formation of a mononuclear species formed by the cleavage of the
paddle-wheel structure through the coordination of solvent molecules, with spectroscopic
parameters that were quite different from the original binuclear species, as shown in Table 1.
The weak signals at ~150 mT and ~470 mT could be attributed to the binuclear species.
However, a good fitting with experimental data was not achieved by simulation.

Table 1. EPR parameters determined for the complex Cu-Nap in a solid state and in a frozen
DMSO solution.

Temperature 8x 8y gz Ax Ay A,
Solid at room 1.9072 2.0430 2.5026 187G 17G 200G
temperature
Solid at 77 K Ziso 2.1780 Aiso 16 G
In DMSO
solution gL =2.0355 g/ =2.3479 A, =137G
at77 K
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Figure 8. EPR spectra of complex Cu-Nap, registered in a solid state (a) at 77 K and (b) at RT (293 K)
and (c) in a DMSO frozen solution at 77 K. In black, experimental results; in red, simulation data.

2.7. Evaluation of Biological Activities

In the disc diffusion assay, the respective masses of each compound added to the
discs were calculated, based on the initial concentration of their solutions and molar
masses. In these experimental conditions, none of the naproxenate complexes induced
growth inhibition of Gram-positive (S. aureus and B. cereus) or Gram-negative (E. coli and
P. aeruginosa) strains. Considering the starting materials, only copper(II) chloride showed
inhibition zones against S. aureus, B. cereus, and E. coli (Table 2).

Table 2. Disc diffusion assay for the naproxenate complexes (Pt-Nap and Cu-Nap) and the starting
materials (CuCl,-2H,0, NaNap and cis-[PtCl,(DMSO),]).

Inhibition Zone (mm)

Compounds MW Mass
S. aureus B. cereus E. coli P. aeruginosa
CuCl,-2H,0 170.48 1.549 11.0 (£0.5) 14.0 (£1.0) 11.0 (£0.3) NI
NaNap 252.24 1.088 NI NI NI NI
cis[PtCl(DMSO);] 422.25 1.353 NI NI NI NI
Cu—Nap * 1080.12 0.965 NI NI NI NI
Pt-Nap 809.85 1.042 NI NI NI NI

MW = g/mol; Mass = in disc (mg); NI = no inhibition; * (binuclear).

When evaluated against a panel of human tumor cell lines, the copper(Il) naproxenate
complex Cu-Nap showed a cytostatic effect against glioblastoma (U251, Gl5g = 15 pg/mL,
SI =5.7), and multidrug resistant ovarian adenocarcinoma (NCI-ADR /Res, Gl5y = 44.3 ug/mL,
SI = 1.9) (Figure 9e, Table 3), while platinum naproxenate complex Pt-Nap was inac-
tive (Glsp > 150 pg/mL). Both platinum chloride and sodium naproxenate were inactive
(Gl59 > 150 pg/mL), while cooper(Il) chloride showed an unspecific cytostatic activity
against all tumor cell lines evaluated (Glsg = 15 ug/mL, TGI = 105.9 ug/mL or 98.0 umol/L,
SI =2.8) (Figure 9, Table 3).

105



Inorganics 2023, 11, 331

(b)

—_
N O N O
OO O O

SN
o O

(a/)'\ 1 OO — = ':;:,:,;* :
S 75 NS
§ 50- NN
B O
= 0 U AN
& -254 <« NCIADR-RES S
N\
= _50. 786-0 N
S —e—PC-3 ,
-75{ + HT29
_1 00_ , o HaCIaT I I ]
10° 102 10" 10° 10

Cell proliferation (%)

-100 -

4
(&)

—e— U251
<— NCI/ADR-RES
786-0
—»—PC-3
—*—HT29

—s—HaCaT

102 102 10" 10° 10' 102

Concentration of doxorubicin (pg/mL)

Concentration of CuCl,2H,O (ug/mL)

(c) 1001 =
9 75 .
\:-/ BO - o e e e e e e
2 25
g 0
-“E —e— U251
S -25{ —« NCIADR-RES
= -50- 786-0
> —s—PC-3
@) '75' —*—HT29
-100 - ——HaCaT

10° 102 107" 10° 10" 107
Concentration of NaNap (ng/mL)

—_—
1)
N

100 ;
75

251

251
-50 1

Cell proliferation (%)

-100

—e— U251
<«— NCI/ADR-RES
786-0
——PC-3
—»—HT29
—s—HaCaT

10° 102 10" 10° 10' 107

Concentration of Cu-Nap (ug/mL)

(d) 100, — Tl
’c\? 751
2 25!
5 0
it
o —e— U251
S -25{ .« NCUADRRES
= 50 786-0
o ——PC-3
O 154 —w_HT29
-100- —s—HaCaT

10° 102 10" 10° 10" 107

Concentration of cis-[PtCl,(DMSO),] (ug/mL)

—
Cell proliferation (%) ~~

-100

N DR
oo o

e

—e— U251
+— NCI/ADR-RES
786-0
—»—PC-3
—»—HT29
—a—HaCaT

102 102 10" 10° 10" 102
Concentration of Pt-Nap (ng/mL)

Figure 9. Anti-proliferative profile (%) of (a) doxorubicin (positive control); (b) CuCl,-2H,0O; (c) cis-
[PtCl(DMSO),]; (d) NaNap; (e) Cu-Nap; (f) Pt-Nap. Human tumor cell lines: U251 = glioblastoma;
NCI-ADR/RES = multidrug resistant ovarian adenocarcinoma; 786-0 = adenocarcinoma of kidney;

PC-3 = adenocarcinoma of prostate; HT-29 = adenocarcinoma colorectal. Human non-tumor cell line:

HaCaT (immortalized keratinocyte). Sample concentration: 0.15-150 pug/mL (naproxenate complexes

and starting material); 0.015-15 pug/mL (doxorubicin). Time exposure = 48 h.
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Table 3. Anti-proliferative effect expressed as concentration required to inhibit 50% of growth (Glsg,
in pg/mL) for NaNap, CuCl,-2H,0, Cu-Nap, cis-PtCl,(DMSO),, Pt-Nap, and doxorubicin.

Cell Line NaNap CuCl,-2H,0 Cu-Nap [PtCl,(DMSO),] Pt-Nap Doxorubicin
U251 >150 15* 15% >150 >150 0.05 £ 0.03
NCI/ADR-RES >150 15* 44.3 + 62.7 >150 >150 0.8+0.3
786-0 >150 15* >150 >150 >150 >15
PC-3 >150 15* 1472 £ 0.1 >150 >150 0.25 £ 0.01
HT29 >150 15* 127.6 £ 0.1 >150 >150 04+0.1
HaCaT >150 423 +14.2 86.0 +£ 37.8 >150 >150 0.092 + 0.006

Results expressed as concentration required to elicit 50% (Glsp) in ng/mL followed by standard error, calculated
by sigmoidal regression using Origin 8.0 software; * approximated effective concentration (standard error higher
than calculated concentration). Human tumor cell lines: U251 = glioblastoma; NCI-ADR/RES = multidrug
resistant ovarian adenocarcinoma; 786-0 = adenocarcinoma of kidney; PC-3 = adenocarcinoma of prostate; HT-
29 = adenocarcinoma colorectal. Human non-tumor cell line: HaCaT (immortalized keratinocyte). Sample
concentration: 0.15-150 ug/mL (naproxenate complexes and starting material); 0.015-15 ug/mL (doxorubicin).
Time exposure = 48 h.

3. Discussion
3.1. Structure, Composition, and Coordination Sphere

Altogether, the results provide insights into the compositions and the coordination
sites of naproxenate to the metal ions in the Cu-Nap and Pt-Nap complexes. It is worth
mentioning that the formula suggested by elemental analyses and TGA for Cu-Nap was
[Cuz(Nap)4(H20);], using either Cu(NO3), or CuCl; as the starting material. This indicates
that the anion did not affect the composition of the complex in the synthetic procedure.
The proportion of 1 Cu:2 Nap was also identified in the mass spectrum (Figure 4a), with a
signal at m/z 522.0665, corresponding to [Cu(Nap), + H]*. Moreover, the mass spectrum
showed signals with significant abundance in the negative mode and the presence of
signals above m/z 520 in the positive mode. Even in low abundance, the signals could
be evidence of polymeric or dimeric forms of Cu-Nap. This would explain the poor
solubility of the complex in most of the solvents evaluated. The TGA (Figure 3a) indicated
that the water molecule was lost at slightly over 100 °C, suggesting that it could be a
coordination water rather than a hydration water. This hypothesis was reinforced in the
FTIR (Figure 1), with the sharp signal at 3601 cm !, which was reported in the literature
as a coordination water [27]. In addition, when comparing the FTIR spectra of Cu—Nap
and NaNap, the Av(COO) of 151 cm~! for the complex was a bit lower than that of the
ligand, Av(COO) = 195 cm~!. Such data suggests a bidentate bridging coordination mode
of carboxylate to copper, just as proposed by Dimiza et al., where a Av value was of
170 cm~! for the same complex [27]. This proposition of a paddle-wheel complex differs
from the mononuclear copper(II) naproxenate complex [Cu(Nap)2(H20)3]-HpO reported
by Chu et al., in which Cu(Il) was coordinated by two molecules of nap in the monodentate
mode, and three water molecules plus a hydration water [23]. Finally, EPR studies (Figure 8)
presented a typical pattern of paddle-wheel structure, confirming our hypothesis.

Furthermore, in the UV spectrum Cu-Nap preserved the naproxenate bands with
no significant shifts. The broad low-intensity band that appeared for Cu-Nap at around
700 cm~! corresponded to absorption in red, which matched the greenish color observed in
the material. The UV-Vis kinetic study of the Cu—Nap complex in DMSO suggested little
ligand exchange of a water molecule by DMSO throughout time (Supplementary Figure S3).

For instance, Pt-Nap presented higher solubility than Cu-Nap in various solvents. Its
composition of PtC3yH3zgOgS,, or [Pt(DMSO),(Nap),] determined by elemental analysis,
was confirmed in TGA measurements (Figure 3b), with the loss of two Nap and two DMSO.
The proportion of 1 Pt:2 Nap was also confirmed by mass spectrometric data with the
presence of the [Pt(C14H1303), + H]* ion or [Pt(Nap),+H]* (Figure 4c), at m/z 653.1401. The
presence of DMSO in the complex was also reinforced by the FTIR (Figure 1) and Raman
(Figure 2) spectroscopic data. Bands attributed to the v(SO) at 1144/1129 cm ™! and v(PtS)
at 523 cm ! stretching modes were identified. Due to the presence of a band and a shoulder
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for the stretching mode of the sulfoxide group, a cis configuration was proposed [35].
Finally, the presence of coordinated DMSO molecules to Pt(Il) was confirmed by 'H NMR
spectroscopic measurements, as shown in Figure 5 and Figure 54.

The final evidence of the coordination sphere of Pt(I) in Pt-Nap comes from the FTIR
(Figure 1, Figures S1 and S2) and Raman (Figure 2) stretchings. When analyzing the FTIR
spectra of Pt-Nap, the A(COO) of 296 cm ™! was higher than that of the ligand (A195 cm™1).
This suggested a monodentate mode of coordination between the carboxylate and Pt(Il),
according to Dendrinou-Samara et al. [32]. Evidence of Pt(Il) bonding to the carboxylate
was seen in Raman and far-FTIR, with the presence of v(PtO) stretching. The coordination
of Pt(Il) to the DMSO molecules occurred by the sulfur atom, which was confirmed by the
presence of v(PtS) stretchings on Raman spectra [35].

Additionally, the '*C NMR spectrum of the Pt-Nap complex exhibited a significant
shift of the carbon atom of the carboxylate group in Pt-Nap when analyzing both ligand
(183.91 ppm, D,0O) and complex (179.03 ppm, DMSO-dg) spectra (Figure 6). Thus, the
former cis-[PtCl,(DMSO);] used in the synthesis had the substitution of both its chlorides
for naproxenate molecules. This was evidenced in 195pt NMR (Figure 7), with the shift
of —347.4 ppm relative to the signal for cis-[PtCl,(DMSO);]. In other words, there was
less shielding effect and narrower electronic density around Pt(Il) in Pt-Nap than in its
starting complex. Nevertheless, the presence of a single Pt peak for Pt-Nap proved that
the sample consisted in only one of the geometric isomers.

3.2. Molecular Modeling

As discussed above, Cu-Nap was proposed in a dimeric/polymeric structure, with a
bidentate bridging coordination mode of carboxylate to Cu(Il). The paddle-wheel structure
(Figure 10) was already suggested for Cu(Il) complexes combined to NSAIDs, in studies
by Trinchero et al. [26] and Mikuriya et al. [38]. The minimum molar composition of
1Cu(II):2Nap:1H,O suggested by elemental analysis, TGA, and mass spectrometric data
was considered in the construction of this structure. According to the literature, the water
molecules should be placed in apical sites of binuclear Cu(ll) paddle-wheel structures [39].
Thus, polymerization occurs by the water molecules, with a Cu-Ow interaction, where Ow
refers to the oxygen of water molecules. A polymer with compositions [CuyNaps], was
previously reported by Abuhijleh et al., where the units were linked via Cu-carboxylate in-
teractions from neighboring units [40]. DFT simulations for the dimeric form are presented
in Figure 10b and the bond lengths are presented on Table 4. The results show that the
distance between the copper atoms (Cul-Cu2) was 2.870 A and that the bonding distance
between the oxygen atoms of the ligands and the Cu atoms (Cu-O) ranged from 1.872
A t0 2.556 A. This was in accordance with the values reported in the literature for Cu(II)
paddle-wheel complexes [17,34].

Table 4. Bond lengths for Cu-Nap complex formation.

Bond Distance (A) Bond Distance (A)
Cul-O1 2.295 Cu2-02 1.875
Cul-03 2.124 Cu2-04 1.888
Cul-O6 2.134 Cu2-O5 1.895
Cul-O8 2.556 Cu2-07 1.872

Cul-Owl 2.158 Cu2-Ow2 2.343
Cul-Cu2 2.870
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Figure 10. (a) Structural formula for the Cu-Nap complex; (b) molecular model for Cu—Nap.

Furthermore, as previously discussed, it was possible to suggest that Pt-Nap could
be seen as [Pt(DMSO),(Nap);], with coordination in a monodentate mode of two nap

molecules and two DMSO and with the absence of hydration water. Indeed, this coordina-
tion mode was also reinforced by the DFT studies. For the Pt-Nap complex, the possibilities

of formation of cis and trans configurations were evaluated, and the structures are presented
in Figure 11 with the bond lengths between the central atoms.
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O 06—

Figure 11. Structural parameters for the complexes: (a) trans-[Pt(DMSO),(Nap),]; (b) cis-
[Pt(DMSO)z(Nap),].

Analyzing the bond lengths for the trans-[Pt(DMSO),(Nap),] and cis-[Pt(DMSO),(Nap), ]
configurations, it was possible to observe that the Pt-O and Pt-S bonds length were very
close between the structural configurations and the values were in accordance with the
distances typically found in complexes in the literature [41].

The electronic energies values were calculated at the M06-2X/6-31 + G(d,p)/LANL2DZ
level for the two conformations. It was possible to determine that the energy differ-
ence between the complexes cis and trans was 0.9 kcal mol~!. This allowed us to infer
that both isomers may occur. It should be noted that Pereira et al. [42] studied the for-
mation of amantadine (atd), rimantadine (rtd), and memantine (mtn) complexes with
platinum [PtCly(atd)(DMSO)], [PtCly(mtn)(DMSO)], and [PtCl,(rtd)(DMSO)], and the crys-
tallographic data showed the cis configuration for the complex [PtCl, (mtn)(DMSO)] and
trans for [PtCl,(atd)(DMSO)] and [PtCl,(rtd)(DMSO)]. Together with the X-ray data, the
theoretical results showed that both cis and trans isomers are equally possible to occur,
because the energy difference between the complexes was less than £2.0 kcal-mol !, which
corroborated with the results found in the present work. However, 1Pt NMR showed
a single peak and 'H and 3C NMR spectra did not show the existence of both isomers,
suggesting that only one isomer was formed. With insight into Raman (Figure 2) and FTIR
(Supplementary Figure S1) spectra, while comparing Pt-Nap to cis-[PtCl,(DMSO),], also
presented in literature [35,36], the bands corresponded to the cis isomer for Pt-Nap.

3.3. Biological Activity Assays

Antibacterial activities were not observed for the Pt-Nap and Cu-Nap complexes
or for NaNap and cis-[PtCl,(DMSO);] under the considered experimental conditions. As
expected [43], CuCl,-2H,0O showed antibacterial activity against S. aureus, B. cereus, and E.
coli. Considering the stability assay results that showed that Cu—Nap appeared to exhibit
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only a small ligand exchange in DMSO, especially during the first 8 h (Supplementary
Figure S3), the lack of effect can be partially explained by the impaired diffusion rate of
Cu-Nap in agar medium [44].

Moreover, the unspecific cytostatic effect observed for copper chloride against tumor
cell lines was modulated by the ligand naproxenate, as Cu—-Nap selectively inhibited the
proliferation of U251 (glioblastoma) and NCI-ADR/Res (multidrug resistant ovarian ade-
nocarcinoma) cell lines (Figure 9). Copper ions have been described as inducing differently
regulated cell death mechanisms, such as apoptosis and cuproptosis [45]. Despite the ab-
sence of an anti-proliferative effect, naproxen has been regarded as an efficient agent against
different in vivo cancer models, by modulating the inflammatory microenvironment [46].

Furthermore, the promising cytostatic effects of Cu—Nap against the U251 and NCI-
ADR/Res cell lines were accompanied by a weak anti-proliferative effect on the non-tumor
cell line (Figure 9). As an on-target toxicological parameter [47], the selectivity index
(SI > 2) indicated that Cu—Nap may inhibit tumor proliferation in preclinical models,
without affecting normal tissues such as mucosa and bone marrow.

It is important to note that Pt-Nap showed stability in DMSO throughout 24 h
(Figure 5). Thus, the lack of biological activities observed for Pt-Nap (Figure 9) could
not be attributed to instability under experimental conditions. Indeed, no unwanted
precipitation or color change was observed during the experimental procedures.

4. Materials and Methods
4.1. Materials and Equipment

Sodium naproxenate (NaNap) (98%), CuCl,-2H,0O (99%), and cis-[PtCl,(DMSO),]
(97%) were purchased from Sigma-Aldrich Laboratories (St. Louis, MO, USA). Dimethyl-
sulfoxide (99.9%) was purchased from Synth (Diadema, Brazil). Elemental analyses were
performed on a Perkin Elmer 2400 CHNS/O Analyzer (Shelton, CT, USA). Electronic ab-
sorption spectra in the range of 190 to 1100 nm were acquired using a 1.0 cm quartz cuvette
in a diode array Hewlett Packard HP8453 UV /Vis absorption spectrophotometer (Shanghai,
China). Infrared spectroscopic measurements (FTIR) were performed by using Agilent
Cary 630 and 660 FTIR spectrometers (Penang, Malaysia) in the attenuated total reflectance
(ATR) method. The FTIR spectra were recorded from 100 to 4000 cm~1, with resolution of
2 cm 1. Raman spectra from 0 to 1500 cm ™! were recorded using a Horiba Labram Soleil
spectrometer (Loos, France). The thermal stability of the complexes was analyzed using a
TGA/DTA simultaneous analyzer SEIKO EXSTAR 6000 (Oyama, Japan). The compounds
were evaluated in oxidant atmosphere using an x-alumina crucible, at 25 to 900 °C with a
heating rate of 10 °C/min. The IH, 13C and the {13C,'H} HSQC and HMBC nuclear mag-
netic resonance (NMR) spectra of NaNap and Pt-Nap were recorded in a Bruker Avance
III 500 MHz (11.7 T) spectrometer, while kinetic study of the Pt-Nap was conducted in a
Bruker Avance III 400 MHz (9.4 T) NMR spectrometer (Wissembourg, France). Samples
were analyzed at 298 K. NaNap was analyzed in D,0O, while the Pt-Nap was dissolved in
DMSO-dg, due to its solubility in this solvent. The chemical shifts for all solution measure-
ments were provided, relative to tetramethylsilane (TMS). Electrospray ionization mass
spectrometry (ESI-MS) measurements were conducted in a Thermo Q-Exactive using a
Q-Orbitrap (Bremen, Germany). Samples were evaluated in the positive mode. Cu-Nap
was also evaluated in the negative mode. Each solution was directly infused into the
instrument’s ESI source with capillary potential of 3.50 kV and a source temperature of
300 °C. The dilution used was of 50x with MeOH:H,O 1:1 v/v, adding, when necessary,
a second injection with 0.1% of formic acid. For Cu-Nap, direct preparation in methanol
was not possible due to the low solubility of the material, so a solubilization in DMSO was
carried out prior to the dilution in MeOH:H,O. The prepared copper complex Cu-Nap was
characterized by EPR spectroscopy, registering spectra in a CW-Bruker spectrometer model
EMX (Ettlingen, Germany), working at X-band (9.5 GHz, 20.12 mW, 100 kHz modulation
frequency) in solid state, and in frozen DMSO solutions. Samples were analyzed at RT
(293 K) and at low temperature (77 K) in Wilmad (Vineland, NJ, USA) quartz tubes (4 mm
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internal diameter), using a quartz Dewar (Vineland, NJ, USA) with liquid nitrogen for the
low temperature measurements. DPPH («,«’-diphenyl-B-picrylhydrazyl) was used as the
frequency calibrant, with g = 2.0036. Simulations of spectra were performed with EasySpin
software (version 5.2.35) in the MATLAB environment [48].

4.2. Synthesis of Cu(1l) Complex with Naproxenate (Cu—Nap)

To synthesize Cu-Nap, CuCl,-2H,0O (0.25 x 1073 mol) was first dissolved in 5.0 mL
of deionized water. This solution was added dropwise to 5.0 mL of an aqueous solution
of NaNap (0.50 x 1073 mol) and maintained under constant stirring for 2 h at room
temperature. The solid formed was filtered off under vacuum, washed with distilled water,
and dried in a desiccator under P,Oj¢. Anal. Calcd. for [Cup(Nap)s(H20)2] (%): C, 62.27;
H, 5.23. Found (%): C, 62.24; H, 5.42. Yield 79.04%. Nap refers to naproxenate. Additionally,
the same procedure was performed by using Cu(NO3),-3H,O as the starting material and
the elemental analysis was similar to the first method. Anal Calcd. for [Cuy(Nap)s(H20),]
(%): C,62.27; H, 5.23. Found (%): C, 61.93; H, 5.40. Yield 71.32%. The complex is soluble in
DMSO, and poorly soluble in methanol and chloroform. It is insoluble in water.

4.3. Synthesis of Pt(II) Complex with Naproxenate (Pt—-Nap)

For the synthesis of Pt-Nap, cis-[PtCl,(DMSO),] (0.25 x 1073 mol) was first dissolved
in 5.0 mL of DMSO. This solution was added dropwise to 10 mL of an aqueous solution of
NaNap (0.50 x 1073 mol) and kept under constant stirring for 45 h at room temperature.
The solid obtained was collected by filtration under vacuum, washed with distilled water,
and dried under P4O19. Anal Calcd. for PtC3;H33OgS; or [Pt(DMSO),(Nap)2] (%): C, 46.33;
H, 4.86. Found (%): C, 47.46; H, 4.73; Yield 72.61%. Nap refers to naproxenate, while
DMSO is dimethylsulfoxide. H NMR(500 MHz, DMSO-dg) 6 (in ppm): 7.74 (d, ] = 8.9 Hz,
1H), 7.68 (d, ] = 8.5 Hz, 1H), 7.57 (s, 1H), 7.32 (dd, ] = 8.6 Hz, 1H), 7.26 (s, 1H), 7.13 (dd,
] = 6.3 Hz, 1H), 3.85 (s, 3H), 3.54 (q, ] = 7.2 Hz, 1H), 2.55 (s, 6H), 1.28 (d, ] = 7.2 Hz, 3H);
13C NMR (500 MHz, DMSO-dg) 6 (in ppm): 179.03, 157.40, 137.94, 133.51, 129.54, 128.87,
127.15, 126.88, 125.80, 118.92, 106.28, 55.58, 47.05, 19.41. Although the percentage of carbon
in the elemental analysis was outside the 0.4% range when compared to the expected
results, the composition of the complex seemed to be the most reasonable one based on
the hydrogen experimental percentage and the thermogravimetric and mass spectrometric
data (Sections 2.3 and 2.4).

The complex is soluble in DMSO, dichloromethane, acetone, acetonitrile, and chloro-
form, and it is poorly soluble in methanol. The complex is insoluble in water.

4.4. Antibacterial Activity Assays In Vitro

Gram-positive Staphylococcus aureus (ATCC 25923) and Bacillus cereus (ATCC 14579),
and Gram-negative Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27583)
were acquired from the cell culture collection of Fundacao André Tosello (Campinas, Brazil).
The bacterial strains were inoculated in tubes containing BHI (Brain Heart Infusion FASVI)
and incubated for 18 h at 35-37 °C. The disc diffusion method (antibiogram) was applied
following the protocol described in the literature [49]. Sterile filter paper discs (Whatman
3 with 10.0 mm in diameter) were impregnated with 50 pL of Pt-Nap, Cu-Nap, and starting
material solutions in triplicate. The amount of compound in each disc ranged from 0.96 to
1.55 mg. The impregnated discs were placed on the surface of the solid agar inoculated
with a suspension, on the McFarland nephelometric scale 0.5 (~1.5 x 108 CFU/mL), of
each strain, using a sterile cotton swab. The plates were incubated for 18 h at 35 °C. The
sensitivity of the complexes was evaluated from the diameter of the zones of inhibition (in
millimeters). CuCl, 2H,O was used as the positive control.

4.5. Antiproliferative Activity Assay over Tumor and Normal Cells

The anti-proliferative activities of the Pt-Nap and Cu-Nap complexes were evaluated
against five human tumor cell lines (U251 = glioblastoma, NCI-ADR/RES = multidrug
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resistant ovarian adenocarcinoma, 786-0 = adenocarcinoma of kidney, PC-3 = adenocarcinoma
of prostate, and HT-29 = adenocarcinoma colorectal) and one human non-tumor cell line
(HaCaT, immortalized keratinocyte). The tumor cell lines were kindly provided by the
Frederick Cancer Research & Development Center, National Cancer Institute, Frederick, MA,
USA, while the non-tumor cell line was provided by Dr. Ricardo Della Coletta (UNICAMP).

Stock cultures were grown in RPMI-1640 (Vitrocell, Brazil) supplemented with 5%
fetal bovine serum (Vitrocell, Brazil) (complete medium) at 37 °C in 5% CO,. For the
experiments, complete medium was supplemented with a 1% penicillin:streptomycin
mixture (Nutricell, Brazil, 1000 U/mL:1000 mg/mL). Aliquots of CuCly, cis-PtCl,, Pt-Nap,
Cu-Nap, and NaNap were dissolved in DMSO (1.0 mg material: 10 uL DMSO). Afterwards,
each sample solution (50 uL) was diluted in the complete medium (5000 pug/mL), followed
by a serial dilution affording the final concentrations of 0.15, 1.5, 15, and 150 pg/mL.
Doxorubicin (0.015, 0.15, 1.5, and 15 pg/mL) was used as the positive control. The DMSO
final concentration (<0.15%) did not affect cell viability [50].

Cells in 96-well plates (100 pL cells/well, inoculation density: 3.5 to 6 x 10% cell/ mL)
were exposed to four concentrations of each sample and doxorubicin (100 uL/well), in
triplicate, for 48 h at 37 °C and 5% of CO,. Before (Tj plate) and after (T; plates) the sample
addition, the cells were fixed with 50% trichloroacetic acid (50 uL/well), and the cell
proliferation was determined by the spectrophotometric quantification of cellular protein
content using the sulforhodamine B assay [51]. The measurements were taken at 540 nm in
a VersaMax Molecular Devices spectrometer (San Jose, CA, USA). The sample concentration
that inhibits 50% cell growth (Gls, cytostatic effect) was calculated via sigmoidal regression
using Origin 9.0 software (OriginLab Corporation, Northampton, MA, USA) [52]. The
selectivity index [47] was calculated as described in Equation (1).

SI = (GIs9 gacaT/ Gls0 TC1), where TCL = tumor cell line 1

4.6. Computational Simulations

Gaussian 09 [53] and GaussView [54] programs were used for the computational
simulation and to generate the structures of the compounds, respectively. Density func-
tional theory (DFT) was used to evaluate the complexation of platinum and copper metal
atoms with the sodium naproxenate ligand, Cu-Nap, and Pt-Nap complexes. For the
simulations, the functional M06-2X [55] with 6-31 + G(d,p) [56-58] basis set for hydro-
gen, carbon, oxygen, and sulfur atoms and the LANL2DZ [59] effective core basis set for
copper and platinum atoms were used. Frequency calculations were performed, and no
imaginary frequency was found, which confirmed that the optimized structures were at
minimum energy.

5. Conclusions

Our study described an efficient strategy to synthetize platinum(II) and copper(Il)
complexes, with naproxenate as the ligand. The complexes were successfully synthesized
and characterized by chemical, spectroscopic, and molecular modeling analyses. Antiprolif-
erative studies were conducted for bacteria and tumor cells, for evaluation of the biological
activities of each complex.

Molecular formulae of the complexes were determined, by elemental and thermal
analyses, as [Cuy(Nap)4(H0);] for Cu—-Nap and [Pt(DMSO),(Nap);] for Pt-Nap. The
coordination of Nap to Cu(Il) occurred by the oxygen atoms of the carboxylate group
in a bridging bidentate fashion. Mass spectrometric data, EPR, and molecular modeling
optimization suggested the formation of a binuclear species for the Cu—Nap complex in a
dimeric, or even polymeric, form, which explains its low solubility in most solvents. EPR
spectra reinforced the existence of a binuclear species. In the DMSO solution, formation of
mononuclear species occurred via the cleavage of the binuclear complex.

Conversely, infrared and NMR spectroscopic data permitted a proposal of a monoden-
tate coordination of two Nap molecules to Pt(II). The square—planar coordination sphere
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was completed by two DMSO molecules, as indicated by elemental, infrared, and NMR
spectroscopic analyses.

Preliminary antibacterial activity assays showed that the bacterial strains considered
in the experiment were resistant to both complexes at the concentrations tested. However,
while Pt-Nap did not present inhibition over 50% of the tumor cell lines” growth, Cu-Nap
presented a significant cytostatic effect against HT-29 and PC-3 and a low but significant
cytocidal effect over the U251 tumor cell line. The cell viability of the complexes was
assessed against the HaCaT cell line, and Pt-Nap presented extremely low cytostatic effect
at all concentrations assessed, as did its precursor NaNap. However, Cu—-Nap presented
a cytostatic effect of over 50%, with a Glsg of 86 ug/mL (79.6 pmol/L). Still, it showed
some selectivity over U251 tumor cells. Altogether, while the Pt(II) complex seems to be
poorly effective, the obtained data concerning the biological activity of the Cu(II) complex
with naproxen open new perspectives about its use as a cytotoxic agent over tumor cells.
Further in vitro and in vivo studies are needed to confirm this hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11080331/s1, Figure S1: ATR-FTIR of Pt-Nap and
NaNap from 1300 to 500 cm~!. Figure S2: ATR-FTIR of Pt-Nap and NaNap from 1300 to
500 cm L. Figure S3: Kinetic UV-Vis of Cu-Nap in 24h at absorbances peaks 260, 275, 320, and
335 nm. Figure S4: 'H NMR with integrals. Inset shows both DMSO signals, coordinated in Pt-Nap
and solvent.
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Abstract: Membrane permeability of copper complexes with potential anti-inflammatory activity
were measured using an artificial membrane in a modified Franz cell. Using CuCl, as the control, all
the ligands tested enhanced the diffusion of copper, with enhancement factors ranging from 2 to 7.
Octanol /water partition coefficients (log K,,) were measured and correlated with the permeability
coefficients (Kj). In addition, chemical speciation was used to determine the predominant complex
in solution at physiological pH. No correlation was found between the measured permeability
coefficients and either molecular weight (MW) or log K, .

Keywords: transdermal drug delivery; absorption enhancer; tissue partition; diffusion; permeability;
Cerasome 9005

1. Introduction

Rheumatoid Arthritis (RA) is a chronic inflammatory disease, which mainly affects the
articulate joints and in severe cases can lead to joint destruction [1]. In the early stages of the
disease, serum copper levels are significantly elevated [2,3]. Whether this is causative or a
response to the inflammation is unknown, but serum copper levels are a potential biomarker
of disease activity in RA patients [4]. Sorenson [5] and Jackson et al. [6,7] have shown
that the inflammation associated with RA can be reduced by the subcutaneous injection of
Cu(Il) complexes. Walker et al. observed that topical applications of an ethanolic Cu(II)
salicylate-containing preparation (Alcusal) produces anti-inflammatory effects in human
volunteers. A gel-based version is available in Australia [8]. Puranik et al. showed that
the copper complexes of non-steroidal anti-inflammatory drugs inhibit acute inflammation
in vivo [9].

Dermal absorption is the preferred route of administration for long-term drug therapy
because it is slow, tolerable and less painful compared to injection or oral administration.
This leads to improved patient compliance. For oral administration, there is the added
complication that the stomach pH may affect the drug. The efficacy of the dermal absorption
route, however, depends on the ability of the drug to pass through the skin. Hostynek
and Maibach have reviewed the interaction between copper and the skin [10]. Preliminary
dermal absorption studies have been performed on some of the copper complexes using
Cu-67 and BALB/c mice [7,11-13]. However, these studies are expensive, time consuming
and require ethical approval. For the rapid screening of different copper complexes,
an efficient model of dermal absorption is needed. Since Flynn [14] proposed the use of
physicochemical properties to predict skin permeation, several experimental and theoretical
models have been proposed [15-18]. Much of this work have been based on immobilized
artificial membranes [19]. Meanwhile, the skin is composed of three main layers with the
outer layer—the epidermis—being the main barrier to dermal absorption. The difficulty is
to find an artificial mimic of this layer. Cerasome 9005 is a mixture of lipids similar to those
found in the stratum corneum. Krulikowska et al. [20] found a 95% correlation between the
penetration coefficients of porcine skin and Cerasome 9005. For this reason, Cerasome has
been used in this study.
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2. Results and Discussion

The ligands used in this study were chosen because they have been investigated as
potential anti-inflammatory copper(Il) drugs [7,11-13,21]. Figure 1 shows the structure of
some of the ligands. Figure 2 shows the results for the diffusion of several copper complexes,
over 24 h, through an immobilized Cerasome membrane. For each complex, there was a
slow induction period (8 h) before a steady state flux was obtained. From the slope of the
curves, the steady state flux and the permeability coefficients, Kp,, were calculated (Table 1).
The use of K, is now encouraged [22] although it has been criticized [23].

AN
o I o NN
N NH H NH,
NH HN

g ) i

NH, H,N [H(555)-N]
PrDH
o (o]
H
N> NH HN
N NH, H,N
H 6UH
Homop

Figure 1. Schematic diagram of some of the ligands used in this study: N,N’-di(aminoethylene)-
2,6-pyridine-dicarbonylamine (PrDH), N-[2-(2-aminoethylamino)ethyl]picolinamide (H(555)-N), ho-
mopiperazine (homop) and N,N'-bis[aminoethyl]propanediamide (6UH).

The increased uptake of Cu(Il) in the presence of amino acids is in agreement with previ-
ous results obtained with Ehrlich ascites tumor, brain, liver and kidney cells [24-26]. The Ky, of
Cu(IT) complexed to alanine (6.31 4 0.01) x 10~® cm/s and glycine (5.79 & 0.04) x 107° cm/s
are comparable to values found by Mazurowsky for the same complexes (alanine
(1.90 & 0.16) x 107% em/s; glycine (1.62 £ 0.06) x 107 cm/s) [24-26]. Mazurowsky used
liposomes as a model membrane, with potassium phosphate buffered at pH 7.4 as the
acceptor phase.

CuCly, was included in the results as a control. The copper CuCl, experiments
were performed at pH 4.23 since, at pH 7 and the concentrations used, Cu(OH), would
precipitate. Our results show that the ligands used were able to keep Cu(lI) in solution
at physiological pH and increase the rate of diffusion of copper through the membrane.
From Equation (1), these resulted in an enhancement factor (EF) which can be calculated to
provide the relative effect of the ligand upon Cu(ll) diffusion through the membrane. The
EF ranged from 2 for dtpa to 6.8 for H(555N) (Table 1).

Kp(Cu(II)—ligand) )

EF =
Ky(curt)
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Figure 2. Concentration vs. time of Cu(Il) in receiver phase after passing through a Cerasome 9005
membrane at 25 °C. The error bars represent the standard deviation in the concentration.

Table 1. Diffusion and distribution coefficients of different copper complex species present in solution
at pH 7.0. Copper concentration was 20 mM.

Formula Cu:L Ratio —log(Kp) —log(K,/u) MW EF
[Cu(gly)2(H20),] 1:2 5.79 2.66 249.5 5.2
[Cu(Homop)(H,0)4] 1:2 5.63 3.48 300.2 5.1
[Cu(6UH)(H,0),] 1:2 6.05 3.02 287.5 5.4
[Cu(H(555N))
1:1 7.60 3.00 308.5 6.8
(H20),]

[Cu(PrDH)(H,0),] 1:1 2.28 3.45 350.5 2.0
[Cu(edta)] 1:1 6.49 3.07 351.7 5.8
[Cu(dtpa)] 1:1 217 3.62 451.9 2.0
[Cu(H,0)6] - 1.11 - 171.5 1

2.1. Partition Coefficient

Table 1 lists the partition coefficients (log K,/,) of the different Cu(Il) complexes, mea-
sured at room temperature and a physiological pH of 7.00. Cu-gly and Cu-H(555-N) have
the highest lipophilicity to the other complexes studied, although none of the complexes
are very lipophilic. Zvimba has suggested that, for reasonably absorption, a log K, of at
least 0.6 is needed [27]. The negative values of log K, found in our study indicate that
these complexes are largely hydrophilic.

2.2. Data Analysis

One aim of this study was to derive a simple relationship between permeability coeffi-
cient and another more easily measured physical parameter of copper complexes, such as
Ko or molecular weight (MW). Hence, it is necessary to know the MW of the complexes.
For organic molecules, this is relatively easy, but for labile inorganic complexes such as cop-
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per, the speciation and, hence, MW changes with pH. In this study, we have used measured
equilibrium constants [7-13,21] to calculate the speciation of the different complexes in
solution. This is illustrated in Figure 3, which shows the concentration of the copper species
as a function of pH. At pH 7, copper is 100% complexed to dtpa (Figure 3a), but with
PrDH, the copper is distributed between two main complexes of different stoichiometry,
[Cu(PrDH)(H,0)3] (12%) and [Cu(PrDH)(H,0)sH_1] (60%) (Figure 3b). An added compli-
cation is that the number of coordinated water molecules is not specified by the equilibrium
constant. However, in this study, we have assumed that the copper is 6-coordinate with
any vacant sites occupied by water molecules. The resultant stoichiometries and MWs are
given in Table 1.
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Figure 3. Species distribution curves for (a) Cu(Il)/dtpa and (b) Cu(II)/PrDH. The stoichiometry of
the complex is denoted by MHL, where M = Cu(ll), L = dtpa or PrDH and H = H*.

Linear regression analysis of log K, against log K., presented an R? of 0.49, while log
Kp versus MW presented an R? of 0.35. Consequently, for these compounds, there is no
correlation between log K, and either log K/, or MW.

Potts and Guy [17] have proposed a quantitative structure—permeability relationship
model (Equation (2), which depends upon both the size of the drug (MW) and K.

Log K, = log (D°/h) + f log K,, — B’ MW ()

where, 1 is the membrane thickness; DV is the diffusivity of a hypothetical molecule of zero
molecular weight; f is a constant which accounts for the difference between the membrane
lipids and octanol; B’ converts molecular volume to molecular weight.

Multiple linear regression of log Kp, log Ko/, and MW presented an R? of 0.53. Thus,
these two parameters on their own are poor descriptors of log K}, and indicates that only
53% of log Ky, is explained by log K/, and MW. This is not surprising as the different
copper complexes have different charges, which would affect their diffusivity. Even though
the correlation was poor, values were obtained for 8’ (0.01), log (D%/h) (—17.4) and f (—2.7).
Flynn [14,22] found that the values of 8/, Log (D°/h) and f for 90 drugs were 0.0061, —2.72
and 0.71, respectively. The diffusivity of these charged complexes would be expected to be
much lower, as was found, but that f should be similar as the charge of the complex should
have the same effect on partitioning for both octanol and the membrane. Thus, for labile
metal complexes, factors other than size and partition coefficient are important.

3. Materials and Methods

CuCl,.2H;0, glycine (gly), ethylenediaminetetraacetic acid (edta), alanine (ala), di-
ethylenetriaminepentaacetic acid (dtpa) and homopiperazine (homop) were obtained com-
mercially. Ligands, N,N’-di(aminoethylene)-2,6-pyridine-dicarbonylamine (PrDH), N-[2-(2-
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aminoethylamino)ethyl]picolinamide (H(555)-N) and N,N’-bis[aminoethyl]propanediamide
(6UH) (Figure 1) were synthesized in our laboratory [7,12,21]. Cerasome (product name:
Cerasome 9005) was kindly donated by Lipoid GMBH (Ludwigshafen, Germany). Cera-
some 9005 is composed of hydrogenated lecithin, cholesterol, ceramides (NP and NS)
and fatty acids (palmitic acid and oleic acid) in distilled water with ~10% ethanol as a
preservative. The concentration of total lipids is 6.60 g/100 g. The particle size and pH
value of Cerasome, offered by Lipoid GMBH, were 48.1 nm and 7.3, respectively. Cerasome
was stored between 15 °C and 25 °C, as recommended in the product information sheet.
A comparison of the structure of Cerasome 9005 and the stratum corneum is detailed in
Figure 1 of [28].

10 mM or 5 mM solutions of the copper complexes were prepared from CuCl,.2H,0O
and the different ligands in MilliQ-water. The pH of the solutions was adjusted to 7.00
using concentrated NaOH or HCI. Different metal/ligand ratios were used contingent
upon the ligand so as to avoid the formation of precipitate. In order to avoid precipitation
of copper hydroxide, a pH of 4.23 was used for the CuCl, control. This was the highest pH
that could be used and still avoid precipitation.

The artificial membrane was made using filter paper (Macherey-Nagel) of 3.2 cm?
diameter and thickness 0.12 cm. The filter paper was submerged in the Cerasome 9005
lipid solution for a few minutes at 25 °C and then weighed. The amount of lipid absorbed
was determined by mass difference and was typically 0.0131g with variability ~ 7%.

Figure 4 shows a modified Franz cell consisting of two 50 cm? cylinders connected
through a sintered glass membrane. This arrangement had the advantage that samples
could be removed for analysis without disturbing the hydrostatic pressure. Each solution
could be stirred and the whole apparatus was placed in a temperature-controlled environ-
ment. The disadvantage of this apparatus, relative to the Franz cell, is that the donor and
receiver phases could not be independently thermostated. Each experiment was repeated
3 times.

-—— -—
" Magnetic Stirmer -
-— -

Figure 4. Modified Franz cell apparatus used in this study, where: (1) donor phase filled with 20 mL
of Cu(I) complex; (2) receiver phase filled with blank solution (distilled /deionized water; (3) the
artificial membrane; (4) passive diffusion direction; (5) clamp; (6) stirrer bar; (7) magnetic stirrer; and
(8) burette stands with clamp.

The shake flask method was used to measure partition coefficients where the organic
phase was 1-octanol pre-saturated with water [29]. An amount of 40 mL of 1-octanol was
mixed with 10 mL of the aqueous complex solution and shaken for 5 min. Afterward, 1 mL
of the aqueous layer and 38 mL of the organic layer were removed using micropipettes.
The copper in the organic layer was back-extracted using 5% v/v HNOj. The concentration
of copper in the two layers was measured by atomic absorption spectroscopy (AAS) using
a Varian AA-5 spectrometer. The instrument was calibrated in the 1-15 ppm range and
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References

sample concentrations were adjusted accordingly. The spectrometer settings used were as
follows: 3 mA (copper lamp), 1.5 units /70 kPa (acetylene), 350 kPa (compress air), 324.7 nm
(wavelength), 2 s (time), abs. exp. factor (1) and 0.03-10 pg/mL. The analytical standard
deviation was found to be <1%.

Analysis of Data

Permeability coefficients (Kp) were determined from Fick’s first law of diffusion
(Equation (3)) [22,23]:

Kp =~ 3)

where C; is the initial permeant concentration in the donor solution and | is the mass
passing through unit area of the membrane per unit time and is given by:

dM

S 4)

] p—
where | = fluxin g/ cm?s; S = cross-section of barrier in cm?; and dM/dt = rate of diffusion
ing/s.

4. Conclusions

In this study, we have demonstrated that a simple artificial membrane, Cerasome, in a
modified Franz cell, can be used to study the diffusion of copper complexes. In addition,
we showed that simple ligands can be used to enhance the membrane permeability of
copper. However, the partition coefficient and/or molecular weight cannot be used to
predict tissue permeability.
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Abstract: Oxidative stress and metal dyshomeostasis are considered crucial factors in the pathogene-
sis of Alzheimer’s disease (AD). Indeed, transition metal ions such as Cu(Il) can generate reactive
oxygen species (ROS) via O, Fenton-like reduction, catalyzed by Cu(II) coordinated to the amyloid-
beta (AB) peptide. Despite intensive efforts, the mechanisms of ROS-induced molecular damage
remain poorly understood. In the present paper, we investigate, on the basis of Density Functional
Theory (DFT) computations, a possible mechanism of the OH radical propagation toward membrane
phospholipid polar head and fatty acid chains starting from the end-product of the OH radical
generation by Cu(II)-Af. Using phosphatidylcholine as a model of a single unit inside a membrane,
we evaluated the thermochemistry of the OH propagation with the oxidation of a C-H bond and the
formation of the radical moiety. The DFT results show that Cu(Il)-Ap-OH can oxidize only sn-2 C-H
bonds of the polar head and can easily oxidize the C-H bond adjacent to the carbon-carbon double
bond in a mono or bis unsaturated fatty acid chain. These results are discussed on the basis of the
recent literature on in vitro A3 metal-catalyzed oxidation and on the possible implications in the AD
oxidative stress mechanism.

Keywords: copper amyloid peptide; Alzheimer’s disease; oxidative stress; CuAf hypothesis;
phospholipid membrane; Density Functional Theory; molecular modeling

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia that contributes
to 60-70% of cases of dementia in the elderly. Among the numerous data reported in
the annual 2022 Alzheimer’s disease facts and figures [1] drafted by the U.S. non-profit
Alzheimer’s Association, there is one that is particularly striking: it is estimated that there
are 6.5 million Americans living with AD, which could grow up to 13.8 million in 2060;
this is equivalent to the population of the U.S. state of Pennsylvania (Census.gov). This
compelling data highlight the need for a therapeutic approach to AD since one is sadly
still lacking.

AD is a multifactorial disorder characterized by several features such as deposits of
senile plaques, hyperphosphorylated tau protein, and extensive synaptic/neuronal loss.
Since its publication in 1992, the amyloid cascade hypothesis [2] became dominant in
the description of AD pathogenesis and has driven drug development. It postulates that
amyloid-beta (Af3) peptide, a 39—42-residue peptide that comes from the amyloidogenic
proteolytic cleavage of the neuronal APP membrane protein, and triggers neuron impair-
ment and death in a variety of forms. Over the years, intense research activity has proposed
several therapeutic strategies whose clinical trials have not been successful, as in the case
of one of the anti-beta amyloid monoclonal antibodies recently tested [3]. These facts
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have further highlighted the need to broaden the perspective of the amyloid hypothesis
alone [4-7].

It is well established that, within the multifactorial nature of AD, one of the major
histopathological hallmarks is the presence of amyloid senile plaques, which are large ex-
tracellular aggregates of the A3. Prompted by the stabilization of a misfolded hairpin form
of Af3 [8], small AP oligomers [9-11] are formed, which subsequently further aggregate to
fibrils and finally plaques.

There are two important pieces of experimental evidence in defining what has been
recently named the CuAD hypothesis [12], i.e., alterations in copper homeostasis [13-20]
and the oxidative stress observed in post-mortem AD brain tissue [21,22]. In particular,
copper ions could induce oxidative stress, giving rise to lively research work that goes from
mechanistic studies [23-26] to the design of pharmacological strategies [15-17,27].

There is a large body of evidence that copper binds Ap peptide [13,14,25-28] and that
Cu(Il)-Ap species are redox-active [29]. In vitro and in the presence of molecular oxygen
and a reducing agent such as ascorbate, Cu(Il)-Af3 can be a direct source of reactive oxygen
species (ROS) [30,31]. The mechanism is a three-step Fenton-like process in which the
redox cycling of Cu(I)-Af /Cu(I)-Af in aerobic conditions results in the production of
superoxide [32], hydrogen peroxide [33], and the highly reactive hydroxyl radical [34].
These ROS can further propagate toward the biological substrates, inducing oxidative
stress through lipid peroxidation, nucleic acid [35], and protein oxidation [36] in the AD
brain [37-39]. The in silico modeling approach has given an important contribution in
revealing the active molecular mechanisms that drive AD [11,40,41], particularly including
those related to Cu/Af interactions.

The complete mechanism of ROS production was also investigated in our laboratory
using quantum chemistry and molecular modeling tools, since most of the species involved
are transiently populated and thus difficult to detect at a spectroscopical level. Following the
approach of Giacovazzi et al. [42], we investigated, at the Density Functional Theory [43—45]
level (DFT), the mechanism of O; reduction assisted by the Cu(II)-A{3(1-2) model system in
the presence of ascorbate as a reducing agent.

The scheme of this mechanism is depicted in Figure 1. Briefly, the first step of this
process (Figure 1, green) is also the rate-determining one: Cu(II)-Ap undergoes reduction
to Cu(I) by one equivalent of ascorbate and successively binds one O, molecule, which
is the slow endergonic step (free energy barrier around 24.8 kcal/mol [44]). At this point,
superoxide is formed and can eventually leave the Cu(II) coordination sphere (Figure 1,
blue). The two next steps (Figure 1, yellow) are both exergonic, with the formation of
the hydroperoxide HO, ™ and the hydroxyl anion plus a hydroxyl radical. In this Cu(II)-
ApB-OH form (vide infra), the OH radical is coordinated to copper and can propagate,
inducing oxidative stress at the cellular level. We estimated a standard reduction potential
of the couple Cu(Il)-AR-OH/Cu(I)-Ap-OH™ of 1.4 V, which results in roughly 1.3 V less
oxidating than free solvated OH radical (OH/OH™ 2.73 V) [45].

At this point, a question arises spontaneously: is this Cu(II)-A3-OH form able to
induce oxidative stress by propagating the OH radical toward phospholipid membranes?
The purpose of this paper is to attempt to answer this question through DFT calculation
by using the same approach recently adopted to investigate amino acid oxidation [46]. In
the following, starting from the Cu(II)-A3-OH form [45], we investigate its binding and
the OH propagation toward a phosphatidylcholine single molecule, focusing on either the
propagation toward the dipolar head group or the aliphatic chain of selected fatty acids.
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Figure 1. (a) Structure of the pH 7.4 Component 1 (Cp1) Cu(I)-AB(1-2) investigated in Refs. [43—45].
In the AP primary structures, the metal binding region is evidenced (in red), with the three His
residues that are involved in the Cu(Il) binding. (b) Scheme of the three-step Fenton-like O, reduction
mechanism by ascorbate (AscOH ™) assisted by Cu(Il)-Af.

2. Results
2.1. The Electronic Structure of Cu(Il)-Ap-OH

The molecular shape and the electronic structure of the Cu(II)-A3-OH investigated in
Ref. [45] are peculiar. The Cu(Il) coordination includes, in addition to the Asp1 side chain
and the amino terminal, two OH ligands; formally, one is a radical and the other is an OH-
anion (Figure 2). In the five-coordinated form, the apical ligand can be an imidazole ring
of histidine residues. The electronic structure can be described as follows. The electron
vacancy that defines the nature of the OH radical is delocalized over the two oxygen atoms
that belong to the OH groups and on the amino terminal with the formation of an amino
radical species (see Figure 2A). In addition, the Cu(II) d° couples with the unpaired electron
on the three centers, which results in a global Cu(II)-A{3-OH singlet ground state (Figure 2B)
according to DFT Natural Bond Orbitals (NBO) atomic and spin populations. This result
implies that roughly one-third of the le vacancy is delocalized on each of the three ligands.
This fact is nicely put in evidence by the frontier MOs reported in Figure 2C, which are those
that mix, in a bonding way, the Cu(II) d orbitals with p orbitals on oxygen and nitrogen
atoms. For these reasons, the oxidizing power of this species is less than free-solvated OH
by 1.3 V [45].
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Figure 2. (A) Structure of the Cu(II) coordination in Cu(II)-Ap-OH, evidencing that the negative
charge (in blue) and the electron vacancy (in red) can be delocalized on three centers; (B) scheme of
S = 0 Cu(II)-AB-OH electronic structure ground state; (C) frontier MOs (cutoff 0.05 a.u.) that describe
the delocalization as described in (A,B).

To further investigate the structure of the Cu(II)-A3-OH species, we carried out a DFT
conformational sampling on the Cu(II)-Af(1-7)(OH), ~ (Figure 3), where as many as three
charged residues are found. Moreover, these computations will allow us to compute the
binding energy between Cu(Il)-A(3-OH and phosphatidylcholine moiety. The details of this
conformational search are reported in the Supplementary Materials.

Cu(l1)-AB(1-7)-(OH),”

kcal/mol kcal/mol

Figure 3. Left: Cu(II)-A3(1-7)(OH), ™ model in which charged residues are evidenced. Right: Most
stable 4-coordinated and 5-coordinated forms identified upon DFT speciation. The energy difference
is computed (in kcal /mol) with respect to the 4-coordinated form which is also the most stable of all
those identified. The dotted lines evidence the H-bonding network.

According to this DFT speciation study, (a) the lowest energy form has the two
OH groups in the cis position with respect to Cu(Il); (b) the lowest energy form is four-
coordinated; (c) the most stable five-coordinated form is 6.1 kcal/mol higher in energy with
the His6 imidazole ring that occupies the Cu(II) apical position. It is interesting that most
of the low-energy forms are characterized by Arg5/Glu3 or Arg5/Asp7 salt bridges.

2.2. Cu(1)-AB-OH Propagation Mechanism

In this paper, we investigated the radical propagation of Cu(II)-A3-OH toward the
C-H bonds that belong to methyl and methylene groups of phospholipid polar head and
fatty acid chains. In general, this is a spin-forbidden hydrogen abstraction process, as
sketched in Figure 4.

Starting from Cu(I)-Ap-OH/substrate adduct, the S = 0 singlet potential energy
surface (PES) along the C-H bond elongation coordinate, which describes the radical
propagation, crosses the S = 1 triplet PES. The molecular structure at this S = 0/S =1
crossing point can be considered the transition state of the process. By continuing to
lengthen the C-H distance, the energy of the system decreases, reaching the S = 1 final
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product in which one unpaired electron is localized at the aliphatic carbon atom under OH
attack and one is at the Cu(II) center.
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Figure 4. General trend of the singlet- and triplet-state PESs along the O-H reaction coordinate that
describes the hydrogen abstraction from a methylene group (that belongs to the polar head or to
the aliphatic chain) to the OH of Cu(II)-AB-OH coordination. Starting from S = 0 state, upon OH
propagation, the electron vacancy is shifted on the carbon radical, resulting in a final product with
triplet ground state. The structure at the crossing between S = 0 and S = 1 PES represents the transition
state of the process.

2.3. Phosphatidylcholine Moiety, Structure, and Reactivity toward Cu(1l)-Ap-OH

In this section, we explore the reactivity of Cu(Il)-A3-OH toward a phosphatidylcholine
(PC) model (see Figure 5) with two acetyl groups instead of the fatty acid aliphatic chains.

N

‘HO. _OH !
>Cul HO\CUH’
Ho HN o Ho own” o
| |
= o] /N o
0 o]
ac 5C 1-2 acetyl-sn-glycero-3 phosphocholine (PC)

Figure 5. Left: Four- and five-coordinated Cu(Il)-A-(OH),°*~ models considered in this paper.
Model 5C has one imidazole ring bound to Cu(Il) in the apical position which is derived from
one of the histidine residues of A peptide (very likely His6). Right: The phosphatidylcholine
(PC) model used to explore the Cu(Il)-Ap-(OH),*~ propagation toward the polar head of mem-
branes. In the PC structure, the possible C-H bonds oxidized by OH radical are evidenced in blue
“sn” = stereospecifically numbered): the methyl group of the quaternary ammonium of the choline
portion, and the CH; and CH in the sn-2 and sn-3 positions of the glycerol portion.
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We evaluate the binding between PC and Cu(II)-AR-OH (Figure 6A) starting from
the Cu(Il)-A3(1-7)(OH), ™ model coordination already presented above according to the
following equation:

Cu(Il)-AB(1-7)-(OH), ~ + PC = Cu(Il)-AB(1-7)-(OH), -PC

and considering the total binding energy for 63 different structures (Figure 6B, see
Supplementary Materials for details on the conformational search approach).

]

0-Ac Cu(l1)-AB(1-7):(OH), + PC — Cu(ll)-AB(1-7)-(OH), -PC
40
cH, o
0-Ac|
L || . §
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Figure 6. (A) Model adopted for the Cu(II)-Ap(1-7)(OH), ~ PC interaction; (B) total binding energy
(in kcal/mol) of the Cu(II)-AB(1-7)-(OH), ~ -PC adducts; (C) recurring molecular motifs in the adducts;
(D-F) lowest energy, 4-coordinated, 5-coordinated (apical POy), and 5-coordinated (apical His6),
respectively, along with their adduct binding energy.

The most stable form is four-coordinated (Figure 6D), as in free Cu(I)-A{3(1-7)(OH),".
The phosphate group in this structure forms two H-bond interactions (see Supplementary
Materials, Table S2) with one OH of the Cu(Il) coordination and one with the Arg5 side
chain. The most stable five-coordinated form (+1.4 kcal/mol) has a phosphate group bound
to Cu(Il) in the apical position (Figure 6C, Cu-OP distance equal to 2.516 A). Finally, the
most stable five-coordinate form with apical His residue is 5.3 kcal/mol higher in energy
(Figure 6F).

To investigate the thermochemistry of the OH propagation process, we considered
three smaller Cu(Il)-AB(1-2)-(OH),*~ -PC model adducts. The most stable adduct is the one
in which the quaternary ammonium portion forms three hydrogen bonds with Cu(II)-A3
(one with an OH ligand, one with Aspl amino terminal, and one with the Asp1-Ala2
amide bond). The free binding energy is —2.9 kcal/mol. The structure with phosphate
coordinated to Cu(lI) in the apical position is 3.4 kcal/mol higher in energy.

The phosphocholine polar head group can be the target of OH radical propaga-
tion [47,48]. In the case of the PC moiety, three sites for OH attack via hydrogen abstraction
reaction can be identified, namely the methyl groups at the quaternary ammonium and
the sn-3 CH, and sn-2 CH glycerol backbone positions (Figure 5). In all possible scenarios,
OH radical propagates with the formation of alkyl radicals, which are reactive species
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susceptible to further radical propagation. According to Ref. [48], one possibility is that a
second reduction equivalent reduces the radical carbon with the detachment of a portion
of the phosphocholine. This latter step would result in the general destabilization of the
phosphocholine unit, increasing the plasticity of the membrane and inducing damage
(Figure 7).
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Figure 7. OH propagation reaction mechanisms toward the phosphocholine (PC) head group at
the methyl of the quaternary ammonium portion or at the sn-3 CHj /sn-2 CH group of the glycerol
portion (according to Ref. [48]). In all three cases, the first step is the H atom abstraction with the
propagation of radical vacancy on the PC unit and the formation of a water molecule. In the case
of attack at the quaternary ammonium, a second OH radical induces the detachment of NC3Hg*
dimethylaminomethylene iminium cation and the formation of a hydroxyl group. In the case of
attack at the glycerol unit, the formation of a C=C double bond induces the detachment of a CO,
molecule; finally, the attack of a second OH brings to the formation of an alcohol.
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Binding, activation, and reaction free energies for each adduct are reported in Table 1,
while the scans of singlet and triplet PESs along the radical propagation coordinate are
reported in Figure 8.

Table 1. Molecular interaction and radical propagation for the Cu(Il)-Af3-(OH),e~-PC models and
fatty acid chains for 4C and 5C. Binding, activation, and reaction free energy differences (AGy, AGH,
and AG;, respectively) are in kcal/mol.

Cu(D) .
Coordination Attack Site AGy AGt AG,
4C N-CHj -29 26.9 22.8
CH, 6.8 23.6 53
CH 37 15.1 6.9
5C CH 0 15.9 —-1.2
4C 16:0 8.5 16.6 16.2
18:1 6.3 11.7 —-14
18:2 45 2.7 —154
5C 16:0 114 10.6 11.1
4C/N*-CH, 4C/sn-3 CH, 4C/sn-2 CH
40 40
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Figure 8. S =0 and S = 1 PES scanning along the approaching coordinate between the oxygen atom
of the OH, coordinated to Cu(Il), and the H atom that belongs to the aliphatic carbon atom of the
quaternary ammonium group (N*-CH3), and the CH, sn-3 and the CH sn-2 of the glycerol portion.
4C refers to the 4-coordinated Cu(Il)-AB(1-2)-(OH),*~ model. The scan for 5C is reported in the
Supplementary Materials. Distances in A, total energy differences in kcal /mol. For each scan, the
corresponding free energies (binding, barrier, and reaction) are reported in Table 1.

Upon hydrogen abstraction, the final product is the Cu(Il)-Af3-(H,O)(OH)~-PC*®
adduct in which the OH radical is reduced to a water molecule, leaving a radical car-
bon on the oxidized PC. The Cu atomic charges are slightly reduced upon H abstraction
(on average, 1.20 e) with two unpaired electrons localized on the radical carbon atom and
on the metal ion (see Figure S5 in Supplementary Materials). The S = 0 broken-symmetry
and S = 1 solutions are very close in energy. The propagation toward CH sn-2 implies
an activation free energy barrier of 15.1 kcal/mol, which makes this process chemically
feasible. Oxidation of CHj sn-3 and quaternary ammonium groups are much less favorable,
with activation barriers of 23.6 and 26.9 kcal /mol, respectively.

In the case of the propagation toward the CH sn-2 group, we investigated the reac-
tivity of the 5C coordination (see Figure S7 in Supplementary Materials) with the aim of
elucidating the influence of the fifth His ligand on the reaction free energy, according to the
following mechanism:
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where after OH propagation, the H,O ligand leaves the Cu(Il) coordination sphere with
the formation of a four-coordinated form. Here, the activation barrier does not change
significantly (+0.8 kcal/mol), but the AG; value decreases by 8.1 kcal /mol.

2.4. Fatty Acid Aliphatic Chains, Structure, and Reactivity toward Cu(I)-AB-OH

In this section, we report the results of the reactivity of the Cu(Il)-Af3-(OH),*~ models
toward the saturated and polyunsaturated fatty acid chains considering the first step of
lipid peroxidation [49], an oxidative chain reaction responsible for membrane damage
induced by oxidative stress. The first step of this process is the hydrogen abstraction
from a methylene C-H bond adjacent to the carbon—carbon double bond (monoallylic or
bis-allylic position), especially in polyunsaturated fatty acids. Upon hydrogen abstraction
by OH, a secondary CH® radical is formed, which then further propagates in the presence
of an oxygen molecule, yielding various products, including highly reactive electrophilic
aldehydes (such as malondialdehyde and 4-hydroxynonenal) [50,51].

We considered the methyl ester of three fatty acids, reported in Figure 9, chosen on
the basis of the lipid raft composition (in mole %) of the human frontal brain cortex in AD
patients [52] (16:0 is present at 23.6%, 18:1 (w-9) at 15.2% and 18:1 (w-6) at 0.8%).

H o] o

O/ O/
16 4 2 16 4 2

16:0
Palmitic methyl ester

18 9 i Cu(11)-AB-(OH),”
>

18:1 (w-9)
Oleic methyl ester

— — o _CuliAB(OH);
_—

18:2 (w-6)
Linoleic methyl ester

Figure 9. The structure of the three-fatty-acid methyl ester considered in this paper to model the
initial step of the lipid peroxidation process in the presence of Cu(II)-Ap-(OH),°*~. The 16:0 chain
is not the target of the lipid peroxidation but it allows a direct comparison of the oxidation power
of OH coordinated to Cu(II) vs. free OH species; in 18:1 and 18:2, the attacks to the allylic and
bis-allylic CH; positions are considered, respectively, with the formation of an allyl and a pentadienyl
radical species.

The Cu(II)-AR-(OH),*~ fatty acid adducts (see Figure S4 in Supplementary Materials)
have been generated by searching the minimum energy structure in which the OH ligand
on Cu(Il) approached the hydrogen atom of the C-H under attack. All the structures
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considered are characterized by a hydrogen bond between the ligand coordinated to Cu(II)
and the carbonyl of the ester group, but the binding is not favored by 7.6 kcal/mol on
average. The singlet and triplet PES scans along the OH propagation coordinates are
reported in Figure 10.
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Figure 10. S = 0 and S = 1 PES scanning along the approaching coordinate between the oxygen
atom of the OH, coordinated to Cu(II), and the H atom that belong to a CH; group of the fatty acid
methyl ester aliphatic chain (see Figure 9). 4C refers to the 4-coordinated Cu(Il)-Ap-(OH),*~ portion.
Distances in A, total energy differences in kcal /mol. For each scan, the corresponding binding barrier
and reaction free energies are reported in Table 1.

By increasing the unsaturation number, we observed that the transition state structure
becomes closer to the initial reactant (increasing the O---H distance), and consequently, the
free energy barrier decreases. For 16:0, we compute a free energy barrier of 16.6 kcal/mol,
suggesting that the attack toward a saturated fatty acid chain is still chemically feasible
although slow, while for 18:1 and 18:2, the barriers are lower (11.7 and 2.7 kcal/mol,
respectively), so these processes are much faster. The case of 18:1 is peculiar. Along the
coordinates, we found a second local minimum higher in energy compared to the first one
by 5.5 kcal/mol. The final product is the Cu(Il)-Af-(H,O)(OH) ™ -(-CeH-) adduct in which
the OH radical is reduced to a water molecule, leaving a secondary carbon radical on the
aliphatic chain.

In the case of 18:1 and 18:2, we observe the formation of allylic and bis-allylic radicals,
respectively, which stabilize the final product by resonance. S = 1 and broken symmetry
S = 0 states are very close in energy. The copper ion is still in a Cu(Il) redox state, with one
unpaired electron localized on the radical carbon atom and the other on the copper ion (see
Figure 56 in Supplementary Materials).

We finally considered the comparison between 4C and 5C coordination in the case
of the 16:0 moiety (see Figure S8 in Supplementary Materials), as in the case of the PC
oxidation pathways reported above. Starting from 5C coordination, the H abstraction
process is thermodynamically and kinetically more favored (AGY and AG, decrease by
6.0 and 5.1 kcal/mol, respectively).

3. Discussion and Conclusions

The DFT modeling proposed led to a picture of the OH reactivity toward phospholipid
oxidation that reveals new and interesting aspects.

The approach of PC moiety to Cu(Il)-AB-OH coordination has been investigated
using the Cu(Il)-AB(1-7)-(OH),*~ model, observing that the phosphate group is very
likely to form an ion-ion interaction with the positively charged side chain of Arg5 or
a Cu-OPOs3 bond. These interactions stabilize the adducts between PC and copper OH
amyloid coordination, and the Cu-OPOj3 one could contribute to the broadening of the 3lp
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NMR spectra observed by Gehman et al. [53] in model membranes associated with copper
Af complexes.

We investigated the OH propagation toward three possible sites of a phosphatidyl-
choline model (Figure 5) and toward the aliphatic chain of three fatty acids with increasing
unsaturation (Figures 7 and 9). Once Cu(Il)-AB-(OH),*~ has reached the PC, only the
hydrogen abstraction at sn-2 CH is viable (AG} = 15.9 kcal/mol) due to the formation of
a more stable tertiary radical—CH,-Ce-CH,;-, and when 5C coordination is involved, the
process is also slightly exergonic.

Next, we considered the hydrogen atom abstraction from one saturated and two
unsaturated fatty acid aliphatic chains (Figure 9). We observed that the AG} decreases
almost linearly with the increase in unsaturation, due to the higher stability of the allyl
and then pentadienyl radicals. Remarkably, saturated fatty acid chains are not the target
of lipid peroxidation, but the computation of AG¥ for 16:0 is a precise estimation of the
Cu(Il)-AB-(OH),*~ less oxidizing power (see Figure S9 in Supplementary Materials), a fact
that also implies that Cu(Il)-A3-OH propagation processes are slower than those induced
by solvated OH.

Also noteworthy is that if on the one hand, Cu(II)-Ap is a protective agent against
radical species, on the other hand, it is also paradoxically able to increase the lifetime
of the OH radicals and thus increase the risk of oxidative damage at the cellular level.
Indeed, Cu(Il)-Af has a sort of redox neuroprotective system since it is less efficient in OH
production than the free Cu(Il) in solution. At the same time, Cu(II)-Ap-(OH),°*™ is less
oxidant than free OH but it is still a sufficiently strong oxidant to induce oxidative stress.
In particular, it has a much longer lifetime, allowing it to diffuse into the cell membrane
lipid bilayer, where it starts lipid peroxidation. These results can also be seen in the context
of the mechanism of A3 neurotoxicity. It has recently been proposed that the A3 small
oligomers may penetrate [54] and aggregate within the membrane, forming unregulated
and heterogeneous ion channels [55-57] which would allow ion dyshomeostasis [58],
leading to cellular degeneration. In this context, it is useful to remind the reader that
numerous studies [59-61] underline the important role of neuronal CaZ* dyshomeostasis in
AD. A recent investigation [62] showed that oxidized membranes are prone to form native
and oxidized domains which can induce a poration process [63]. In the hypothesis of an
active role of Cu-Af3-OH in the oxidation of the neuronal membrane, as suggested by our
simulations, this would favor the poration and therefore the dyshomeostasis of calcium.

In conclusion, the understanding of the molecular mechanism of Cu-A{3 ROS produc-
tion and propagation is crucial in the perspective of a better comprehension of AD etiology
and hopefully for a therapeutic strategy.

It is well established that Cu(Il)-Af is redox-active and catalyzes the formation of
OH coordinated to the metal ion. OH radicals produced by Cu(II)-Af3 are added to those
normally produced at the cellular level [64] but most likely in the extracellular area. Since
OH radicals coordinated to Cu(Il)-A{3 have an attenuated redox potential, one may wonder
if they can attack cell membranes by radical propagation. DFT investigation of such
reactivity suggests that Cu(Il)-A3-OH can attack the sn-2 CH of the phosphocholine polar
head and the mono- and bis-unsaturated fatty acid chains on a slower time scale compared
to the free solvated OH radical. We can then infer that the Cu(IT)-A 3-OH structure described
in this paper could be one of the copper Af3 species responsible for oxidative stress in AD.

4. Computational Details

The DFT computations were performed using the pure GGA BP86 [65,66] DFT func-
tional and RI technique [67], as implemented in TURBOMOLE [68]. Basis sets of triple-¢
plus polarization split valence quality [69] (def2-TZVP) were adopted for all atoms. The
solvent effect was accounted for by using the COSMO (Conductor-like Screening Model)
approach [70]. Water solvation was considered by setting the dielectric constant equal
to 80 in the investigation of the PC reactivity. In the case of fatty acids, we considered a
dielectric constant value of 4, thus mimicking the interior of a membrane. More in general,
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this computational setting provides ground-state geometry parameters in good agreement
with experimental X-ray values [71]. Charge distribution was evaluated using natural
bond orbital analysis (NBO). Ground-state geometry optimizations were carried out with
convergence criteria fixed to 10~ hartree for the energy and 0.001 hartree bohr for the
gradient norm vector. For investigation of the fatty acid chain oxidation, D3 Grimme
empirical dispersion correction [72] was adopted. The effects of ZPE, thermal, and entropic
contributions on the purely electronic total energy values to compute free energies were in-
vestigated by means of evaluation of the approximated roto-translational partition function
of each molecular species, at T =298 Kand P = 1 bar.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11060227/s1, Table SI: DFT speciation of
Cu(II)(OH), ~-Ap(1-7); Table S2-Figure S3: Cu(II)(OH), ~-Ap(1-7)-PC; Figure S4: Structures of the
Cu(II)(OH), ™ -AB(1-2) fatty acid chain adducts; Figures S5 and S6: NBO spin population of the final
products; Cu(II)(OH), ~-Ap(1-2)-PC PES scans for 4C and 5C coordination; Figures S7-S9: Reactivity
of free OH radical with 16:0 palmitic acid.
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Abstract: Lycorine (LYC) is an active alkaloid first isolated from Narcissus pseudonarcissus and
found in most Amaryllidaceae plants. It belongs to the same family as galantamine, which is the
active component of a drug used for the treatment of Alzheimer’s disease. Similarly to galantamine,
LYC is able to suppress induced amyloid 3 (A) toxicity in differentiated SH-SY5Y cell lines and it can
weakly interact with the N-terminal region of A via electrostatic interactions. The N-terminal A3
domain is also involved in Cu(Il) /Cu(I) binding and the formed complexes are known to play a key
role in ROS production. In this study, the AB-LYC interaction in the absence and in the presence of
copper ions was investigated by using the N-terminal A3 peptide encompassing the first 16 residues.
NMR analysis showed that Ap can simultaneously interact with Cu(II) and LYC. The Cu(II) binding
mode remains unchanged in the presence of LYC, while LYC association is favored when an Af—
Cu(II) complex is formed. Moreover, UV-VIS studies revealed the ability of LYC to interfere with the
catalytic activities of the AB—Cu(Il) complexes by reducing the ascorbate consumption monitored at
265 nm.

Keywords: lycorine; copper; amyloid; ternary association; ROS; natural compounds; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that is the
most common cause of dementia in the world. It is characterized by a gradual decline in
cognitive function, including memory, language, problem-solving, and judgment. As the
disease progresses, people with AD may have difficulty performing everyday tasks and
may become dependent on others for care [1].

Presently, over 55 million individuals globally are affected by dementia, with the
majority, exceeding 60%, residing in low- and middle-income nations, as reported by
the World Health Organization (WHO). Additionally, each year witnesses the onset of
nearly 10 million new cases. Beyond the severity of the inexorable increase in cases of
neurodegenerative diseases, it is important to ascertain the incidence of the costs involved.
In fact, during the year 2019, dementia incurred a global economic cost of 1.3 trillion US
dollars. Around half of this financial burden is associated with informal caregivers (such as
family members and close friends) who, on average, devote 5 h per day to caregiving and
supervision [2,3].

In addition to the suffering of patients and family members, the socioeconomic impact
is devastating. Prevention must therefore be strengthened in order to delay and slow down
symptoms. At the same time, it is necessary to invest in drug research even if developing
a drug takes 13 years from preclinical studies to FDA approval. The high rate of failure
of AD drug development is partly responsible for the high costs of advancing AD drug
development [4-6]. It is advisable to increase research funds to counter this inexorable
trend and at the same time not to neglect research on natural molecules that can offer a
valuable therapeutic contribution [7-10].
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The exact cause of AD is unknown, but it is thought to be caused by a combination
of genetic and environmental factors. Some of the known risk factors for AD include
(1) age: AD is most common in older adults, with the risk of developing the disease
increasing with age [11-13]; (2) family history: people with a family history of AD are
more likely to develop the disease themselves [14,15]; (3) genetic mutations: some genetic
mutations have been linked to an increased risk of developing AD [16,17]; (4) head injuries:
a history of head injury may increase the risk of developing AD [18]; and (5) cardiovascular
disease: cardiovascular disease risk factors, such as high blood pressure, high cholesterol,
and diabetes, have been linked to an increased risk of AD [19].

AD is characterized by two hallmark neuropathological features: amyloid plaques and
tau tangles. Amyloid plaques are formed by the buildup of amyloid beta protein outside of
the nerve cells. Tau tangles are formed by the buildup of tau protein inside of the nerve
cells. Amyloid beta (Ap) is a peptide that is produced by the normal processing of the
amyloid precursor protein (APP), leading to the formation of Af342 and Ap40 peptides.
These fragments differ in length, aggregation propensity, and toxicity, the former being
more prone to form aggregates [20]. APP is a protein that is found on the surface of the
nerve cells. Af is normally produced and cleared from the brain, but in people with AD,
Ap accumulates in the brain and forms plaques [21]. Although the exact role of A in
AD is not fully understood, there is evidence supporting its central role in the disease
process, showing a correlation between the amount of Af in the brain and the severity of
AD symptoms [22]. The accumulation and formation of beta-amyloid plaques in the brain
is also correlated to the oxidative damage caused by Reactive Oxygen Species (ROS). ROS
are chemically reactive molecules (superoxide anions, hydroxyl radicals, and hydrogen
peroxide) that can cause damage to various cellular components, including DNA, proteins,
and lipids. The body has defense mechanisms, such as antioxidants, to neutralize ROS
and prevent their harmful effects. However, when ROS levels are chronically elevated or
antioxidant defenses are overwhelmed, it can lead to pathological conditions [23-26]. ROS
can trigger oxidative stress processes that damage brain cells and induce inflammatory
reactions. At the same time, amyloid accumulation can lead to an imbalance in brain metal
homeostasis, creating conditions that favor ROS production. This detrimental cycle can
amplify cellular damage and the cognitive decline observed in neurodegenerative diseases.

Nowadays, there is no cure for Alzheimer’s disease, and the available treatments
focus on alleviating symptoms, slowing the progression of the disease, and enhancing the
individual’s quality of life [27]. The currently approved medications are cholinesterase
inhibitors. Acetylcholinesterase is an enzyme that breaks acetylcholine in the synaptic
cleft, reducing its availability for nerve communication with negative consequences for
memory, learning, and other cognitive functions [28]. Cholinesterase inhibitors, including
drugs like donepezil, rivastigmine, and galantamine, work by blocking this enzyme’s
activity to promote greater availability of the neurotransmitter to the neurons [29,30].
Memantine is the ultimate drug approved by the FDA for moderate to severe AD and
works by blocking excessive activity of glutamate, an excitatory neurotransmitter [31]. It
helps regulate glutamate levels in the brain, potentially protecting nerve cells from further
damage. Memantine is often used in combination with cholinesterase inhibitors for a more
comprehensive approach to symptom management.

Among the four approved drugs, galantamine (GAL) is the only one of natural origin;
in fact, it is an alkaloid that derives from the family of Amaryllidaceae plants [32]. We
recently investigated and compared the behavior of GAL with lycorine (LYC), another
alkaloid from the same family plant [33]. The interest in LYC is derived from the interesting
features exhibited by this natural alkaloid against different pathologies [34-36]. GAL
and LYC were studied by evaluating their neuroprotective effects, antioxidant properties,
and beta-amyloid-binding abilities [33]. Using a combined ligand- and peptide-based
approach, we analyzed the atomic and molecular interactions of LYC and GAL with the
pathogenic AB40 peptide, revealing that both alkaloids possess the ability to selectively
induce changes in A340 resonances [33]. The protective effect of these two alkaloids
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on SH-SY5Y differentiated cells previously intoxicated with AP42 were also evaluated.
Surprisingly, our data indicated that LYC exhibits a greater ability to attenuate A[342-
induced cytotoxicity in SH-SY5Y cells compared to GAL [33]. In this study, according to
the investigation methods, Af342 or AR40 isoforms were differentially used. Spectroscopic
analysis was mainly performed on A 340, which is less prone to aggregation compared to
AP42 and therefore more stable and easy to handle. On the other hand, cellular studies
were performed by using Ap42, exhibiting a greater tendency to form aggregates and being
more toxic than A [340.

Given the highly promising outcomes exhibited by LYC, particularly its capability
to engage with the N-terminal section of A via electrostatic interactions with residues
also involved in copper binding [37], we opted to focus our study on a comprehensive
exploration of the molecular interactions between LYC and Af3, both in the presence and
absence of copper(Il). For this study, we decided to utilize the A316 peptide, a fragment
encompassing the N-terminal domain of Af, acting as the minimal binding motif for
Cu(I) [38]. The interactions of LYC with the apo- and copper(Il)-bound forms of Ap16
were investigated by using NMR and UV-VIS techniques, providing new insights into the
chemical and reactivity features of AB—Cu(Il)-LYC associations.

2. Results

The interaction between AB16, LYC, and Cu(Il) ions was first evaluated using NMR
spectroscopy. Compared to the longest Ap fragments, AB42 and Af340, AB16 has a good
solubility in water at a physiological pH and does not form oligomeric or aggregated species
in solutions. The NMR assignment of the Af316 signals was obtained via the analysis of
'H-'H TOCSY and NOESY spectra and it is reported in Table S1. From the analysis of
the NMR spectra, the lack of the amide signals corresponding to Ala2, His6, Asp7, SerS,
His13, His14, and GIn15 is evident. The absence of NH resonances is generally observed
for flexible peptides at a physiological pH due to their lability and exchange with water
protons. In this case, the NMR data are consistent with a larger solvent exposure of Ala,
Asp, His, Ser, and GIn residues leading to faster amide proton exchange rates known to be
dependent on the amide pKa [39]. On the other hand, NMR investigations performed on
an acetylated Af316 system at a lower temperature (T = 278 K) revealed the presence of all
nitrogen backbone main-chain protons, strongly indicating the influence of temperature on
amide-water proton exchange [40].

2.1. Study of AB16-LYC Interaction

Upon the full NMR assignment of the A316 spectra, the effects of LYC were evaluated
by looking at the variations in the chemical shifts and line broadening of both the Af316 and
LYC signals. As shown in Table 1 and Figure 1, the LYC protons were slightly perturbed in
presence of AB16 and, as expected, the chemical shift variations were more pronounced at
a the larger AB16:LYC ratio. Moreover, Table 1 points out that larger effects are exhibited
by the protons in the proximity of the nitrogen atom in position 6, in agreement with the
data recorded for the system Ap40L-YC [33].

Table 1. Chemical shifts of LYC protons in absence and in presence of different Af concentrations.
T =298 K, pH 7.5, phosphate buffer 30 mM.

Atom Type ppm Values
LYC Protons LYC LYC (0.4 eqs) + AP LYC (1.0 eqs) + AB
Hi12 7.03 7.03 7.03
H8 6.84 6.83 6.83
H10 6.01 6.00 6.00
H3 5.74 5.73 5.73
H1 4.65 4.65 4.65
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Table 1. Cont.

Atom Type ppm Values
LYC Protons LYC LYC (0.4 eqs) + AP LYC (1.0 eqs) + AB
H2 4.34 433 4.33
H7" 4.25 4.24 4.24
H7' 4.02 3.99 (—0.03 ppm) ! 4.00
H5" 3.50 3.49 3.49
H3al 3.33 3.29 (—0.04 ppm) ! 3.30
H12b 2.88 2.87 2.87
H4 2.82 2.81 2.81
H5' 2.75 2.74 2.74
! Chemical shift variations are calculated by subtracting the chemical shift ppm values of LYC in presence and in
absence of AB16.

AB16+LYC

AB16

I | T T T | T T I | T T I | I I T

40 38 36 34 ppm

Figure 1. Superimposition of selected regions of 'H-NMR spectra of AB16 0.5 mM (lower trace), LYC
(upper trace), and AR16:LYC solutions (middle traces) at different ratios. AB16:LYC ratios are shown
as the following: violet 1.0:0.2; green 1.0:0.4; red 1.0:0.6; cyan 1.0:0.8; magenta 1.0:1.0; and blue 1.0:1.2.
T =298 K, pH 7.5, 30 mM phosphate buffer.

Beyond the results obtained on the LYC resonances, the comparison between the NMR
spectra of the A316 in the absence and in the presence of LYC indicates His residues as the
most affected ones, being weakly downfield-shifted by increasing the LYC concentration
up to 1.2 egs. (Figure 2A). On the other hand, LYC causes the line broadening of selected
AB16 cross-peaks of the 'H-'H TOCSY (Figure 2B,C). In particular, upon LYC addition,
we observed the disappearance of the correlations belonging to Asp1, Glu3, Arg5, Glull,
Val12, and Lys16. The observed variations agree with the effects recorded on the A340-
LYC system, strongly indicating that the AB-LYC interaction occurs at the N-terminal A3
region [33].

In order to better evaluate the LYC-induced structural rearrangements, the CD spectra
of AP16 in the presence and in the absence of LYC were collected. The CD spectra of
Ap16 showed the typical features of a disordered and flexible peptide exhibiting a negative
absorption at 198 nm (Figure S1). The addition of 0.5 and 1.0 LYC equivalents lead to subtle
changes in the CD spectra. In both cases, we observed a slightly increased absorption at
198 nm. No new absorptions were visible strongly indicating the absence of significant
structural rearrangements of Ap16 (Figure S1).
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Figure 2. Superimposition of selected regions of NMR spectra of A316 alone and with LYC. (A) Aro-
matic region of IH NMR spectra of A16 0.5mM in absence (black) and in presence of 0.16 (mauve),
0.32 (lime), 0.48 (red), 0.64 (cyan), 0.80 (magenta) and 0.96 (blue) LYC egs. (B,C) 'H-'H TOCSY
NMR spectra of AB16 0.5 mM in absence (black traces) and in presence of 1.0 LYC egs. (blue traces).
T =298 K, pH 7.5, 30 mM phosphate buffer.

2.2. Study of AB16—Cu(II) Interaction

Cu(II)/Cu(l) binding to AP peptides has been extensively investigated in recent years
as nicely described in recent review papers [23,41-43]. The binding domains of both copper
oxidation states are located at the N-terminus, and it is well accepted that His acts as a
copper-anchoring site. In order to evaluate the ability of LYC to interfere with the Ap—
Cu(Il) interaction, 'H-NMR analysis on the AB16-Cu(Il) system was first performed. In
agreement with previous studies, the presence of substoichiometric Cu(Il) ions in the Ap16
solutions caused extensive line broadening on the His residues (Figure S2). In addition to
the effects recorded on the His protons, the disappearance of the 'H-'H TOCSY correlations
belonging to Asp1, Glu3, Arg5, Val12, GIn15, and Lys16 was observed (Figure 3). All these
findings confirmed the involvement of the N-terminal and imidazole nitrogen in the copper
coordination sphere, together with the carboxylate oxygens of Aspl and Glu3.

2.3. Study of the Ternary Association between AB16, Cu(1l), and LYC

The NMR spectra of the ternary systems were compared with the correspondent
NMR spectra recorded only in the presence of Cu(Il) or LYC. Both A16 and LYC NMR
signals were monitored for insights into the formation of ternary adducts. As shown in
Figures S3 and 4A, the copper-induced line broadening was completely conserved in the
sample containing LYC as well, strongly indicating that copper coordination is unaltered
by the presence of LYC, and pointing out the ability of copper to bind Ap16 regardless
of LYC’s presence. In fact, the two 'H-'"H TOCSY experiments of AB16 recorded using
Cu(Il) and LYC or using Cu(ll) only almost overlapped, except for the LYC signals that
were present in the sample containing LYC only (Figure 4A). At the same time, the LYC
NMR signals were monitored in the presence and absence of Cu(lIl) ions. As shown in
Figure 4B,C, LYC protons experience a larger up-field shift when Cu(Il) is coordinated
to AB16. These findings suggest that upon Cu(Il) coordination, A316 retains its ability
to associate with LYC. Moreover, the large shift observed in the LYC protons (Figure 5)
suggests that the AB16-LYC interaction is more efficient when the peptide is bound to
copper ions.
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Figure 3. Superimposition of selected regions of 'H-"H TOCSY spectra of AB16 0.5 mM in absence
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Figure 4. Comparison of NMR spectra of AB16, Cu(Il), and LYC systems at different concentrations
(A) 'H-'H TOCSY spectra of AB16 0.5 mM alone (black contours), in presence of 0.1 Cu(II) egs. (red
contours), and in presence of 0.1 Cu(II) and 1.0 LYC egs. (blue contours). (B) 1D and (C) IH-1H
TOCSY spectra of LYC 0.5 mM alone (blue), in presence of 1.0 A316 egs. (magenta), and in presence
of 1.0 AB16 and 0.1 Cu(II) egs. (black). T =298 K, pH 7.5, 30 mM phosphate buffer.
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OH

Figure 5. Comparison of the significant chemical shift variations of LYC protons upon AB16 and
AB16/Cu(ll) additions. The most shifted protons are shown as colored circles; the larger the variations,
the more intense the color.

Although NMR experiments provided evidence of a ternary interaction between A316,
Cu(Il), and LYC, further analysis was needed for a better understanding of the features
associated with these adducts. By considering the ability of AB16-Cu(Il) complexes to
generate ROS, we decided to gain more insights into the impact of the AB16-Cu(II)-LYC
system by analyzing the effects of LYC on the ascorbate prooxidant activity, both in the
presence and absence of AP16. Redox active metal ions, like Cu(Il), have the capacity to
expedite the oxidation process of ascorbate when exposed to oxygen. This acceleration
results in the generation of ROS via Fenton-type reactions [44,45]. The consumption of
ascorbate can be effectively monitored by measuring its absorption at 265 nm as a function
of time. This method provides a characteristic kinetic curve, the slope of which is directly
associated with the reaction rate.

Figure 6 shows that LYC delays the consumption/oxidation of ascorbate, strongly
indicating a protective role of LYC against ROS species, usually formed by ascorbate in the
presence of copper(Il) and molecular oxygen [44—46]. Such effects are dependent on the
LYC concentration and are much more evident in the system containing A316 and LYC. In
particular, the changes observed on the slope of the kinetic curve (Figure 6A) reveal that
the AB16—Cu(II)-LYC adduct is able to impact the kinetic rate of the ascorbate oxidation.
Finally, the effects measured on LYC alone allowed us to independently evaluate LYC’s
impact on the ascorbate-Cu(Il) system. As shown in Figure 6B, the absence of AB16 results
in a completely different LYC behavior, thus indicating that the observed ROS protection
is mainly dependent on the AB1-LYC interaction. These findings agree with the NMR
observations and indicate that the AR-LYC association, albeit weak, is able to interfere
with AB16’s ability to generate ROS.
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Figure 6. UV-VIS kinetic curves of the systems composed of ascorbate 20 pM and Cu(II) 1 uM in
the presence of A16 and LYC (A) or LYC only (B). The curve corresponding to ascorbate in the
presence of copper(Il) is shown in green, while the other colors refer to samples in the simultaneous
presence of LYC and Af16, together or alone: A316 10 uM (black); AB16 10 uM + LYC 5 uM (red);
Ap16 10 uM + LYC 10 uM (blue); LYC 5 uM (light blue); LYC 10 uM (magenta). Room temperature,
pH 7.5, 1 mM phosphate buffer.

3. Discussion

In this study, the ability of LYC to interact with A16 in the absence and presence of
Cu(II) was investigated using NMR spectroscopy. Our findings indicate that LYC weakly
associates with A316 as shown by the variations in the NMR parameters of both LYC and
ApP16 (Figures 1 and 2). In fact, the NMR signals of LYC showed slight chemical shift
variations together with the His aromatic protons of Af316, while other AR16 residues,
like Aspl, Glu3, Arg5, Glull, and Vall2, exhibited decreased intensity signals upon LYC
addition. These data are in good agreement with the recent features shown by an A340-LYC
system [33] and indicate that LYC is also able to interact with the monomeric, disordered,
and flexible A316 form. The interaction takes place at the N-atom at position 6 of the LYC
as shown by the largest effects displayed by the protons located nearby (Figure 5).

The NMR data collected on the AB16-LYC and AB16-Cu(ll) systems indicate that both
LYC and Cu(II) share a similar A316-binding domain, mainly encompassing the N-terminal
and His residues (Figures 2 and 3). Despite the evidence of a correspondence between
the LYC and Cu(Il) association sites, the two species experience different binding modes
since Cu(Il) is able to form very stable coordination complexes while LYC weakly interacts
with AB16 via electrostatic interaction. In this scenario, the NMR behavior of solutions
containing AP16, copper, and LYC was investigated with the aim to evaluate the possible
existence of a ternary association involving all three analyzed species.

The analysis of the NMR spectra reported in Figures 3 and 4 points out that LYC’s
association with AB16 is also conserved in presence of Cu(Il). Moreover, the largest shifts
measured in the ternary system containing A316, Cu(ll), and LYC (Figures 4 and 5) gave
evidence of stronger A316-LYC associations when the peptide was bound to the cupric ion.
This phenomenon could be explained by considering the different conformation assumed
by the peptide in the apo- or metal-complexed form. In fact, previous CD investigations
have shown that upon Cu(Il) binding, both Af16 and Af26 assume a more ordered
structure [47], which in turn might favor the interaction with LYC.

The formation of an Ap16-Cu(ll) -LYC adduct was also confirmed by the UV-VIS ki-
netic curve, indicating that the ternary system is capable of interfering with the prooxidant
activity of the ascorbate (Figure 6A). In fact, the protective effects of LYC are tangible only
in the presence of AB16, probably due to LYC'’s influence in favoring peptide conforma-
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tions less suitable for Cu(Il)/Cu(l) redox cycling. The importance of backbone structural
rearrangements is also supported by measuring the ascorbate oxidation in the presence of
the His-LYC system (Figure 54). The choice of using His was made in order to evaluate
the effects of LYC in a system able to strongly bind both Cu(Il) and Cu(l), such as His, but
at the same time not able to interact with LYC or undergo structural changes upon LYC
association. The obtained UV-VIS kinetic curves point out that the same LYC amounts used
for the AP-LYC system lead to completely different results when A is substituted with
His. In fact, the presence of LYC in the solution does not yield a slowing down of ascorbate
oxidation but it rather induces a mild increase. Moreover, the lack of LYC concentration
dependence suggests that the observed changes can be considered negligible.

The role of copper ions in AD is well documented in the literature [48-53]. Altered
copper levels have been measured in the serum, cerebrospinal fluid, and post-mortem
brains of AD patients [54,55]. Copper is also involved in several AD processes, such
as oligomer and fibril Af3 formation [56-58], Ap proteolysis and clearance [59,60], and
oxidative stress [26,61-63]. At the same time, copper binding to A3 peptides has been
extensively investigated in recent years. It is well accepted that copper forms stable metal
complexes at the N-terminal region of A in both oxidation states, and the formed metal
complexes are able to catalyze ROS production in vitro in the presence of molecular oxygen
and ascorbate [26]. ROS production is mediated by the redox cycling between the Cu(II)
and Cu(l) oxidation states occurring in the presence of ascorbate. Recently, it has been
shown that ROS production is catalyzed by a low-populated copper binding state, different
from the Cu(Il) and Cu(I) binding modes observed in the “resting state” [64].

The copper-induced line broadening of the NMR signals allowed us to identify and
compare the metal coordination sphere in the presence and absence of LYC. Our findings
indicate that LYC has no effect on a Cu(Il) binding mode of A316, consisting of the three His
imidazoles together with the Asp1 and Glu3 carboxylic groups, in agreement with previous
results reporting copper(Il) coordination to N and O donor atoms from His, N-terminus
amine, and Asp and Glu carboxylate groups in a distorted square-pyramidal geometry [61].

In conclusion, our findings strongly suggest LYC’s ability to function against oxidative
stress via its interaction with A—-Cu(II) complexes, which are known to be able to catalyze
ROS production. Similarly to LYC, GAL was also found inhibit A3-mediated ROS accumu-
lation [65], thus possibly explaining the neuroprotection exhibited by both alkaloids against
A toxicity and providing new insights into a deeper understanding of AD progression
and the molecular basis of GAL and LYC in neuroprotection.

4. Materials and Methods
4.1. Materials

The CuSOy solution (4% w/v, prepared from copper(Il) sulfate pentahydrate), ascorbic
acid (>99%), lycorine hydrochloride (>98% TLC), and L-Histidine, phosphate buffer and
water for chromatography (LC-MS-grade) were all supplied by Sigma-Aldrich (Schnelldorf,
Germany). The AB16 peptide was purchased from DBA Italia (Segrate, Italy).

4.2. NMR Experiments

The NMR experiments were performed at 14.1 T using a Bruker Avance III 600 MHz
spectrometer and a 5 mm BBI (Broadband Inverse) probe. All the experiments were
collected and carried out at controlled temperature T = 298 K + 0.2 K. The chemical shifts
were referenced against external 2-(Trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt
(TMSP-dy). The 1D spectra were recorded by using standard pulse sequences, and were
analyzed by using the TopSpin 4.1.4 software. The residual water signal was suppressed
using an excitation sculpting pulse program, applying a selective 2 ms long square pulse to
water [66]. The TOCSY spectra were obtained using the MLEV-17 pulse sequence with a
mixing time of 60 ms. The NOESY spectra were obtained using different mixing times to
ascertain the best one. The NMR tubes were prepared by using a stock solution of A316
peptide to achieve a final concentration of 0.5 mM. LYC and Cu(II) stock solutions were
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used to obtained the desired stoichiometric ratios AB16:Cu(Il) and AB16:LYC in the NMR
tubes. All the samples were prepared in phosphate buffer 30 mM at a pH of 7.5 with
10% D»O.

4.3. UV-VIS Measurements

The absorption spectra and the kinetic curves (45 min, 2700 s) were recorded on a
Perkin Elmer Lambda 900 UV /VIS/NIR spectrophotometer. The UV-VIS samples were
prepared by using ascorbate, Ap16, L-His, and Cu(II) stock solutions to generate the final
concentrations 20 uM, 10 uM, and 1 uM for ascorbate, Ap16/L-His, and Cu(ll), respectively.
The stoichiometric ratios AB16/L-His:LYC were 1:0.5 and 1:1 during all the experiments.
The samples were prepared in phosphate buffer 1 mM, pH 7.5. In order to avoid any
sample contamination interfering with the ascorbate oxidation, all the stock solutions, the
buffer, and the UV-VIS samples were prepared by using water for chromatography.

4.4. CD Studies

The Circular Dichroism (CD) spectra were acquired using a Jasco J-815 spectropo-
larimeter at room temperature. A 1 cm cell path length was used for data between 190 and
260 nm, with a 1 nm sampling interval. Four scans were collected for each sample, with a
scan speed of 100 nm min~! and a bandwidth of 1 nm. The baseline spectra were subtracted
from each spectrum and data were smoothed with the Savitzky—Golay method [67]. The
data were processed using the Origin 5.0 spread sheet/graph package. The Af316 samples
were prepared to obtain a final concentration 10 uM in the cuvette. LYC addition was
performed to obtain the AB16:LYC ratios 1:0.5 and 1:1. The samples were prepared in
phosphate buffer 1 mM, pH 7.5.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/inorganics11110443/s1: Figure S1: CD spectra of A316 in absence (black
lines) and presence of 0.5 (red lines) and 1.0 LYC egs. (blue lines). AB16 concentration 10 uM,
phosphate buffer 1 mM, T = 298 K; Figure S2: NMR spectra of AB16 0.5 mM in absence (black traces)
and presence of 1.2 LYC egs. (blue traces), 1.0 LYC eqs. (magenta traces), 0.8 LYC egs. (cyan traces),
0.6 LYC egs. (red traces), 0.4 LYC egs. (green traces), and 0.2 LYC egs. (gray traces). T =298 K, pH 7.5,
20 mM phosphate buffer; Figure S3: Superimposition of selected regions of 'H-"H TOCSY spectra of
Ap16 0.5 mM (black), AB16 0.5 mM with 0.1 Cu(Il) egs. in absence (blue) and presence of 1.0 LYC
egs. (magenta). T =298 K, pH 7.5, 20 mM phosphate buffer; Figure S4: UV-VIS kinetic curves of the
systems composed of ascorbate 20 uM and Cu(II) 1 uM in the presence of His and LYC. The green
curve corresponds to ascorbate in the presence of only copper(Il), while the other colors refer to
samples in the simultaneous presence of His and A316, together or alone. Specifically, His 10 uM
(blue), His 10 uM + LYC 5 uM (black), His 10 pM + LYC 10 pM (black); Table S1: 1H chemical shift
assignment of AB16 0.5 mM, T = 298 K, pH 7.5, 20 mM phosphate buffer.
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Abstract: Some copper(Il) and zinc(II) complexes with oxindolimine ligands were tested regarding
their trypanocidal properties. These complexes have already shown good biological activity in the
inhibition of tumor cell proliferation, having DNA and mitochondria as main targets, through an
oxidative mechanism, and inducing apoptosis. Herein, we demonstrate that they also have significant
activity against the infective trypomastigote forms and the intracellular amastigote forms of T. cruzi,
modulated by the metal ion as well as by the oxindolimine ligand. Selective indexes (LCsg/ICsp)
determined for both zinc(I) and copper(Il) complexes, are higher after 24 or 48 h incubation with
trypomastigotes, in comparison to traditional drugs used in clinics, such as benznidazole, and other
metal-based compounds previously reported in the literature. Additionally, tests against amastigotes
indicated infection index <10% (% of infected macrophages/average number of amastigotes per
macrophage), after 24 or 48 h in the presence of zinc(II) (60-80 M) or analogous copper(II) complexes
(1025 uM). The copper complexes exhibit further oxidative properties, being able to damage DNA,
proteins and carbohydrates, in the presence of hydrogen peroxide, with the generation of hydroxyl
radicals. This redox reactivity could explain its better performance towards the parasites in relation
to the zinc analogs. However, both copper and zinc complexes display good selective indexes,
indicating that the influence of the ligand is also crucial, and is probably related to the inhibition of
some crucial proteins.

Keywords: oxindolimine ligands; metal complexes; Chagas disease; T. cruzi; trypanocidal activity;
mechanism of action

1. Introduction

Chagas disease, also known as American trypanosomiasis, is among the potentially
fatal neglected tropical diseases. According to World Health Organization (WHO) data [1],
it afflicts more than 6 million persons in extremely poor areas worldwide, especially in Latin
America, where it is present in 20 countries, with an estimated 70 million people at risk of
infection [2]. This disease was named after Carlos Ribeiro Justiniano Chagas, a Brazilian
physician and researcher who discovered it in 1909. Further, Chagas disease has been
described in non-endemic areas due to migration [3,4], and so it has become a public health
issue even in developed nations [5]. Cure is only possible if treatment is administered
soon after infection; thus, exposure to the parasite mostly leads to chronic infection. The
reasons for this picture involve different factors, such as insufficient knowledge of the
disease, a deficient market that makes the development of new drugs or new treatments not
financially attractive for the pharmaceutical industry [6], and inadequate or non-existing
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efficient drugs once infection is established. Some recent reviews report efforts to elucidate
the fundamental molecular and cell biology of parasitic trypanosomatids as well as the
diseases they can cause [7,8].

The parasite responsible for this disease is the flagellate protozoa Trypanosoma cruzi,
injected in the blood of human beings by triatominae bugs, in its trypomastigote form [9].
Transported through the blood stream, the parasites can enter host cells, including macrophages,
where they are transformed into their amastigote forms. A recent review focused on the
T. cruzi life cycle [10], providing a comprehensive update on its morphological forms and
genetic diversity, aiming at identifying intervention points to cure the disease.

Current clinical treatments of Chagas disease are based on drugs that have been devel-
oped many decades ago, such as benznidazole (N-benzyl-2-nitroimidazole-1-acetamide)
or nifurtimox (4[(5-nitrofurfurylidene)amino]-3-methylthiomorpholine-1,1-dioxide). Al-
though active in earlier phases of the disease, these drugs show severe toxic side effects, and
are inactive in the chronic phase of infection [11]. Therefore, many efforts have been made
by several research groups in developing new, more efficient, and less toxic, usually organic
compounds [12,13]. A wide range of compounds have been developed, with quite different
structural features, and some of them have been clinically tested against trypanosomi-
ases [14]. Among these chemotherapeutic agents there are natural as well as synthetic
compounds, including naphthoquinones [15,16], alkaloids, antihistaminics, antibiotics,
thiazolidinones [17], aminoquinolines, and thiazoles [18]. More recently, leucinostatins,
natural products derived from fungi collected from soil samples, showed potent activity
against intracellular and replicative amastigote forms of the parasite, with no host cell
toxicity up to 1.5 uM [19]. On the other hand, biological studies on macrophage-derived
peroxynitrite (ONOO™ and ONOOH) formation, a strong oxidant arising from the reaction
of nitric oxide ('NO) with superoxide radical (O, ™), revealed that ‘NO plays a central role
in the control of acute infection by T. cruzi [20]. When those reactive species are formed
simultaneously, the generation of peroxynitrite leads to severe cellular oxidative damage
and morphological disturbance in internalized parasites [21].

Among synthetic compounds, different metal complexes with diverse ligands have
been reported as showing significant trypanocidal activity. Some ternary nickel(II) com-
plexes with imine and azapurine derivatives [22] showed high antitrypanosomatid activity
against the epimastigote, amastigote, and trypomastigote forms of the parasite, after 72 h
of culture, with ICsq in the 1-90 uM range, lower than those of the reference drug, ben-
znidazole (BZ). A gold(Ill) complex with tridentate thiosemicarbazone ligands coordinated
by an ONS donor set, [AuCI(LM®)] was found to be more active and more selective than
its precursor ligand and the standard drug benznidazole with a selective index SI (trypo-
mastigote /amastigote) higher than 200 [23]. Some of these complexes, however, despite
showing a suppressive effect on the parasitemia, were not curative, since there are several
reasons contributing to the incurability of the disease.

Therefore, the list of complexes tested in the development of new antiparasitic drugs
against trypanosomiasis includes Co(Il), or Cu(Il) with triazole derivatives [24], Pt(II) or
Pd(II) with thiosemicarbazones [25], Ru(II) with lapachol [26,27] or thiosemicarbazones [28],
and vanadium with polypyridyl ligands [29]. Those studies are based on the action of such
complexes toward different targets, such as cysteine proteases [30], hypoxanthine—guanine
phosphoribosyl-transferases (HGPRTs) [31], and DNA [32].

Some recent studies reported the survival of T. cruzi exposed to benznidazole (BZ),
using genetically modified parasites that overexpress different DNA repair proteins [33].
These investigations indicated that this drug causes double-stranded DNA breaks in the
parasite, reinforcing its mechanism of action by reactive oxygen species (ROS) formation,
particularly hydroxyl radical [34]. The importance of ROS in T. cruzi infections has been
emphasized by showing that high levels of ROS are deleterious to the parasite. However,
when ROS production was inhibited in the host cell, a significant reduced proliferation of
wild-type parasites was also reported [35]. Further, overexpression of mitochondrial DNA
repair proteins increases parasite survival upon exposure to benznidazole, indicating that
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mitochondrial DNA is also a target. More recent studies [36] described an intimate relation
between the parasite and the host protein U2AF35 that binds to RNA at the polypyrimidine
tract [37], and is essential for initiating the RNA processing, significantly affecting the host
cell in their functions.

Since our group has developed some oxindolimine—metal complexes capable of gener-
ating ROS and showing significant antitumor properties [38], based on oxidative damage
to DNA and mitochondria, besides their inhibition of selected proteins, we decided to
test them as potential antiparasitic agents. Previously, some oxindolimine-copper, zinc,
and vanadyl complexes were tested against Schistosoma mansoni worms. Copper(Il) com-
plexes showed 50% inhibitory concentrations of 30 to 45 uM, and demonstrated greater
antischistosomal properties than the analogous zinc and vanadyl complexes regarding
lethality, reduction in motor activity, and oviposition [39]. Analogous zinc complexes were
active after 72 h treatment, and vanadyl complexes were inactive up to 500 uM, even if they
quite inhibited oviposition. Results showed that both copper and zinc easily cross the cell
membrane and induce severe tegumental damage in schistosomes.

Herein, the reactivity of four such oxindolimine compounds, metalated with copper(II)
or zinc(II), against the trypomastigote and amastigote forms of T. cruzi is reported.

2. Experimental Section
2.1. Synthesis of the Ligands

Two different oxindolimine ligands were previously prepared by condensation re-
action of 2,3-dioxindole with 1,3-diaminopropane (isapn), or 2-(2-aminoethyl) pyridine
(isaepy). Briefly, 1.47 g isatin (10 mmol) was dissolved in 40 mL ethanol, in a 125 mL flask.
To this solution, 420 pL (5 mmol) 1,3-diaminopropane was added, adjusting the final pH
to 5 with a few drops of 0.1 mol/L HCI solution. The reaction solution was maintained
under stirring for 6 h, until yellow crystals of the isapn ligand were formed. The precip-
itate was filtered, washed with cold ethanol and ethyl ether, and stored in a desiccator
under reduced pressure. Yield: 79%. The other ligand isaepy was analogously prepared;
yield 72%. Analytical data: for isapn, yellow powder, 68.66%C, 4.85 %H, 16.86 %N;
Calc. for C19H16N4Oy, 67.64%C, 4.72 %H, 16.52 %N; MS (ESI+): m/z =333.1, [M + 1]+ in
CH3OH, MW = 332.36 g/mol for C19H;4N4O»; for isaepy, yellow powder, 71.70%C, 5.21 %H,
16.72 %N; Calc. for C15H13N30, 71.17%C, 5.32 %H, 16.45 %N.

2.2. Syntheses of the Metal Complexes

The corresponding metal complexes, [Cu(isapn)](ClO4); 1, [Zn(isapn)]ClO4
2 [Cu(isaepy)H,O]ClO; 3, [Zn(isaepy)Cly] 4, and [Cu(isaepy)2](ClO4); 5 (shown in
Figure 1), have been prepared by metalation in situ of these ligands with suitable metal
salts, as reported in previous studies [40,41]. According to the pH adjusted at the meta-
lation step, the keto or the enol form was preferentially obtained, although in a solution
at pH 7.4 both forms are detected, as indicated by mass spectrometry measurements.
The crystals formed were filtered and washed with a few mL ethanol and ethyl ether,
and afterwards dried under suction. The corresponding products (yields in the range of
65 to 90%) were stored in a desiccator under reduced pressure. They were identified by
UV/Vis, IR spectroscopies, and mass spectrometry, in addition to elemental analyses. The
copper(ll) complexes were further characterized using EPR, and the analogous zinc(Il)
using NMR spectroscopy. Analytical data: Complex 1 [Cu(isapn)](ClO4),, brown crystals,
85% yield, MW 594.80 g/mol. Experim. data: 39.33%C, 2.88%H, 9.69%N, 10.58%Cu; Calc.
for C19H14N401¢Cl,Cu, 38.36%C, 2.71 %H, 9.42%N, 10.72%Cu; MS (ESI+): m/z found:
395.02 (caled.: 395.07, for C19H14N4O,Cu). Complex 2 [Zn(isapn)](ClO4), orange solid, 85%
yield—Experim. data: 45.71%C, 3.48%H, 11.31%N; Calc. for C19H15N40¢ClZn, 45.99%C,
3.05%H, 11.29%N; MS (ESI+) at pH 7: m/z = 396.9, in CH30H-H,O, MW = 396.05, frag-
ment monocation [C19H14N4O; %4Zn]; 398.9 [MW = 398.05 for the isotopic pattern of the
(°0Zn) monocation] [38]. Complex 3 [Cu(isaepy)(H20)]CIOy, Yield 66%, MW 449.31 g/mol.
Experim. data: 40.10%C, 3.59%H, 9.35%N; Calc. for C;5H16N307ClCu, 40.73%C, 3.41 %H,
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9.18%N. MS (ESI+): m/z = 314.1 [MW = 431.29, in CH;0H/H,O0, fragment C15H;,N3OCu];
316.1 [isotopic pattern (Cu®3/65) monocation]; 564.1 [keto-form, fragment C39H4NgO,Cu
(compound 5, MW = 566.11)]; 566.2 [isotopic pattern (Cu®/%%) monocation]. Complex 4
[Zn(isaepy)Cl,], orange solid, yield 90%, MW 387.56 g/mol. Experim. 46.49%C, 3.38%H,
10.84%N; Calc. for C15H13N30CI,Zn, 46.45%C, 3.41%H, 11.01%N. MS (ESI*): m/z = 350.0
MW = 387.58, in CH3;0H/H,0, monocation fragment [M+1]*; [Zn(isaepy)(H,O)]"-H,O,
[C1sH1¢N303%4Zn], and 3520 [MW = 352,04 g/mol [Cy5H4N303%Zn].
Complex 5 [Cu(isaepy)2](ClO4)2-2 HyO, brown crystals, yield 86%, MW 765.02 g. Ex-
perim. C, 45.69,‘ H, 3.52,‘ N, 10.08%. Calc. for C30H26N602Cu(C104)2-2H20: C, 44.980/0C,'
H, 3.76 %H; 10.45 %N. MS (ESI+): m/z = 565.12 [MW = 565.15, in CH3CN, fragment
C3pHpsNO,Cul]; 563.12 [isotopic pattern (Cu®3/65) monocation]; 312.02 [MW = 312.81, in
CH3CN, fragment Cy5H;1 N3OCu] [42].

12+ I/\| 1+
m N N
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= ¢} 70 O°°N

[Cu(isapn)](CIO), [Zn(isarz)n)]CIO4
1

~ /_\
| N el
N /N 7 /Zn"
Y
Qi \/Cu\ /N \Cl
=
L o
N
H

[Zn(isaepy)Cl,]

[Cu(isaepy)H,0]CIO,
3 4

12+

9\8

[Cu(isaepy),](ClO0,),
5

Figure 1. Structures of the oxindolimine-metal complexes, as isolated in solid state.

2.3. Materials and Methods

Most of the reagents used in the syntheses of the metal complexes were purchased
from Merck or Sigma-Aldrich Co. Elemental analyses using a 2400 CNH Elemental An-
alyzer (Perkin-Elmer, Billerica, MA, USA), or metal analyses (ICP-OES, Spectro Arcos,
Spectro/ AMETEK, Kleve, Germany), and NMR spectra, using a DRX-500 instrument (from
Bruker, Karlsruhe, Germany), operating at 500 MHz, were performed at the Central Analitica
of our Institution (Facility Center, https:/ /www.iq.usp.br/portaliqusp/?q=en/services/
analytical-center, accessed on 29 September 2023). IR spectra were recorded in a BOMEM
3.0 (diffuse reflectance) instrument (Quebec, QC, Canada), in the range of 4000-400 cm~1,
while UV /Vis spectra were recorded in an UV-1650PC equipment from Shimadzu (Kyoto,
Japan). EPR spectra were registered using an EMX spectrometer from Bruker Instruments
(Karlsruhe, Germany), operating at X-band (9.5 GHz), 100 kHz modulation frequency,
and 20.0 mW power, using standard Wilmad quartz tubes and quartz Dewar (Vineland,
NJ, USA). DPPH («, o’—~diphenyl-p-picrylhydrazyl) was used as the frequency calibrant
(g =2.0036), with samples as frozen CHzOH or CH3CH,OH/H,O (4:1) solutions, at 77 K.
A modulation amplitude of 15 G, and 3.56 x 107 receiver gain were usually employed. Sim-
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ulation and analyses of spectra were provided by the EasySpin 5.2.35 software package [42],
in a MatLab environment.

2.4. Cells and Parasites

The studied T. cruzi parasites were from Y strain, classified as Tcll among the six
discrete typing unit (DTU) groups [43]. Mouse peritoneal macrophages were used in MTT
assays. Biological tests of the viability of different forms of the parasites, in the presence of
the metal complexes or the free ligands, were carried out by using a Neubauer chamber or
by MTT assays, as described next. All experiments were carried out in triplicate. Original
LLC-MK?2 cell lines (Macaca mulatta, code 0146, purchased from Banco de Células do
Rio de Janeiro, R]J, Brazil—https:/ /bcrj.org.br/accessed on 29 September 2023) in DME
medium, supplemented by 10% fetal bovine serum at 37 °C, and 5% CO,, were used as
control and as cells to be infected by the parasites. Graphical treatments and statistical
analyses were performed with the GraphPad Prism version 5.0 or 8.0.

2.5. Viability Test in Mouse Peritoneal Macrophages (MTT Assay)

C57BL/6 mice were stimulated with 3% thioglycolate, three days before obtain-
ing the peritoneal macrophages. To verify the effect of the compounds on the viabil-
ity of macrophages, an assay with MTT [3-(4,5-dimethyl-2-thiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide] was performed [44,45]. A total of 2 x 10° cells were plated in each
well of a 96-well culture plate, and after adherence of the cells, 200 uL of DME (Dulbecco’s
modified Eagle’s) medium, supplemented with 10% fetal bovine serum, was added, con-
taining different concentrations of the compounds. Then, the culture plate was incubated
for a period of 24 or 48 h in an oven at 37 °C, with 5% CO,. Subsequently, 22 puL of MTT
(5 mg/mL) was added to each well and the plate was incubated for an additional 4 h.
After this incubation period, the supernatant was removed from each well and 80 uL of
DMSO was added; 5 min later, the absorbance of each well in the plate was measured in a
spectrophotometer at 492 nm. The protocol was approved by the UFMG ethical committee
(CEUA 2/2018).

2.6. Effect of Compounds on the Trypomastigote Forms of T. cruzi

Trypomastigotes were obtained by infection of LLC-MK2 cell lines (Macaca mulatta) in
DME medium, that were also used as control, supplemented with 10% fetal bovine serum at
37 °C, and 5% CO,, as previously described [46]. Five days after infection, trypomastigotes
released into the medium were collected, washed with PBS by centrifugation, pelleted at
10,000x rpm for 10 min, and re-suspended to adequate cell density of the experiment in
DME medium supplemented with 10% fetal bovine serum at 37 °C for 24 or 48 h, in the pres-
ence of aliquots of different concentrations of each copper or zinc compound, solubilized
in aqueous solution containing 1% DMSO. To each well of a 96-well culture plate, 100 uL of
culture medium containing 2 x 10° parasites in the trypomastigote form and 100 uL of the
complex solutions in different concentrations were added. After an incubation period of
24 or 48 h, the viability of T. cruzi trypomastigotes was assessed by verifying the mobility
of the parasites using optical microscopy, through counting in a Neubauer chamber.

2.7. Evaluation of the Effect of Compounds on Amastigote Forms of T. cruzi

To perform this test, 5 x 10° peritoneal macrophages were plated on coverslips in
24-well plates and incubated at 37 °C in a 5% CO, oven for 2 h. Subsequently, T. cruzi
trypomastigotes were added in a 5: 1 ratio (parasite/macrophage) and the cultures were
incubated for another 2 h. After incubation, the wells were washed three times with RPMI
medium, and supplemented with 10% fetal bovine serum at 37 °C to remove free parasites.
Then, 1 mL of different concentrations of the compounds of copper (1025 umol/L) and
zinc (60-155 umol/L) in 1% DMSO aqueous solution was added, and the plate incubated
for 24 h or 48 h. We also used benznidazole as a control in our tests. After the incubation
period, the coverslips were fixed, using the fast panoptic staining kit, for later verification
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of the inhibitory activity of the compounds against the parasite. To determine the inhibitory
activity, the amastigote-infected macrophages and uninfected macrophages were counted,
totaling 300 macrophages per count.

2.8. MTT Assay with Trypomastigote Parasites

T. cruzi trypomastigotes, Y strain, were maintained by infection in LLC-MK?2 cells as
described above (item 2.6). Approximately 1 x 107 trypomastigotes were added to 16 wells
of a 24-well plate, to which the compounds studied were added at concentrations ranging
from 10 to 100 uM at first, and 1 to 10 uM depending on the results of the initial screening.
Two of the sixteen wells containing trypomastigotes were used as control for the DMSO
concentration at 1%, used for the solubilization of the compounds, and two other wells
were used as control for the trypomastigotes’ viability.

The trypomastigotes were incubated at 37 °C and 5% CO,. After 24 h incubation,
biological activity was measured using a colorimetric MTT assay (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; 2.5 mg/mL). Readings were conducted in a Tecan
Infinite F200 microplate reader at a wavelength of 565 nm. Assays were performed at least
in triplicate. The absorbance values of wells containing only medium and reagents were
used as blank for this assay.

3. Results and Discussion
3.1. Characterization and Stability of the Metal Complexes

The oxindolimine complexes investigated in our studies are very stable, and can be
isolated in different tautomeric forms, depending on the pH adjusted during the metalation
step in their syntheses (see Figure 2). Both species, the keto and the enol forms, co-exist
in solution, depending on the pH, as detected by EPR spectra in the case of copper(ll)
species [40], or NMR spectra for the zinc(II) analogs [41], corroborated by ESI-MS data.

M = Cu(ll) or Zn(ll)

A)
-H*
Cf& 1’@ = iy rQ =gy ’r@
keto-keto form keto-enol form enol-enol form
T2+
B) T+
HN 7
/ \ - \ HN
—N\O }Q H* N . \
e - M o)
N/M\ ,N/ | \OH2 N
I o N 0
\_/ T N=
NH \ /
keto form enol form
M:L 1:2 M:L 1:1

Figure 2. Tautomeric equilibria, depending on the pH, verified with copper(II) or zinc(II) oxindolim-
ine complexes: (A) with the isapn ligand, and (B) with the isaepy ligand.

In the case of the copper complexes 1, 3, and 5, the corresponding EPR hyperfine
structure parameters (see Table 1) have been already reported [47], showing that the
determined values for the g,, /A ,, ratio are much lower for the enol forms (around 120 cm)
than for the corresponding keto forms (around 190 cm), indicating a more tetragonal or
planar geometry. This g,, /A, ratio is frequently used to estimate the tetrahedral distortion
around a copper ion in a tetragonal environment [48].
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Table 1. Determined values of spectroscopic parameters (g) and hyperfine constants (A) for

oxindolimine—copper(Il) complexes #,
Complexes at Different pHs g g/ A, G Ay* 10 4em—1 g//Aj cm
[Cu(isaepy)H, O]

pH = 3, keto-form 2.086 112 127 191
pH=7 2.058 2.246 173 181 124

pH = 10, enol-form 2.059 2.252 177 186 121

[Cu(isapn)]

pH = 4, keto-keto form 2.101 2.445 115 131 187
pH =7, keto-enol form 2.112 2.256 186 196 115
pH = 10, enol-enol form 2.092 2.262 184 194 116

*A,1074em ) =g/, /B A, ,(G)=046686 x 1074 g,,A,/(G), where B = 1.39969 MHz/G; ¥ results adapted and
simplified from ref. [49].

'H NMR spectra of the zinc(Il) complex, [Zn(isapn)]CIO, 2 in MeOH-d4, at different
pHs in the range of 5 to 9 also indicated the presence of tautomeric equilibria, due to the
deprotonation of the NH group at indole ring, as previously verified [42]. Similar results
were observed for [Zn(isaepy)Cl;] complex 4. In this case, three species were detected by
ESI-MS data, as shown in Figure S1, corroborated by NMR spectra in Figure S2, in the
Supplementary Material.

A signal corresponding to the free ligand isaepy occurred at m/z = 252.1 [M + 1]*,
[MW = 251.29], attributed to fragment [C;5H;3N30]; another fragment at m/z = 350.0
corresponding to the monocation [Zn(isaepy)(H,O)]*-H,O or [C15H16N303%4Zn] and 352.0,
[MW = 352.04], for [C15H14N303 %°Zn]. Finally, a species Zn:L 1:2 was also verified, since a
fragment at m/z = 564.9, [MW = 564.12], was assigned to the monocation [Zn(isaepy),]*
[C30H24NgO5 %4Zn] and m/z = 566.9 [MW = 566.12 for [C30H4NO5 %0Zn].

At physiological conditions (pH 7), the keto-enol form seems to be predominant
over the corresponding keto-keto or enol-enol forms for both copper(ll) and zinc(Il) com-
plexes with the ligand isapn, as indicated by EPR or NMR data, respectively. For complex
[Cu(isaepy)H,O]* 3, the enol form, more planar, with isaepy acting as a tridentate ligand, is
predominant. For complexes [Zn(isaepy)]* 4, and [Cu(isaepy),]** 5, although isolated as
keto forms in solution at pH 7, the enol form seem to be dominant.

All these metal complexes have already shown high stability in solution [48], with
relative stability constants of the same order as those of copper(Il) or zinc(II) ions inserted in
human serum albumin, for which log K{cyhas)] = 12.0 for copper [50], or log Kjhastsay = 7.2
for zinc, have been reported [51].

3.2. Evaluation of Trypanocidal Activity

Firstly, complexes 1, 2, 4, and 5 had their toxicity verified against trypomastigote forms
of T. cruzi, as shown in Figure 3. The corresponding ICs, results, corresponding to 50%
inhibition of the parasites’ viability, are displayed in Table 2.

Table 2. ICsq values for trypomastigote forms of T. cruzi viability (IC5y = SD *) after 24 or 48 h
incubation with the oxindolimine-metal complexes, at 37 °C.

IC5¢ umol/L [Cu(isapn)] (C104), [Cu(isaepy)2] (C1O4), [Zn(isapn)] C1O4 [Zn(isaepy)Cl;]
24h 155+55 10.7 + 3.8 329 +£14.1 80.2 +£52.6
48 h 27+1.0 3.0£1.0 11.3+ 3.6 56.2 +23.0

*SD = standard deviation.
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Figure 3. ICs values for trypomastigote forms of T. cruzi viability, after (A) 24 h and (B) 48 h
incubation with the oxindolimine-metal complexes.

In parallel experiments, the toxicity of such complexes toward macrophages was also
determined, as shown in Figure 4 and Table 3.

1- [Cu(isapn)]?*
2- [Cu(isaepy),]**
3- [Zn(isapn)]*

4- [Zn(isaepy)]**

1 . 3 4

(B)

LCs, values, umol/L
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N
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2

-
(=3
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1- [Cu(isapn)]?*
2- [Cu(isaepy),]?*
3- [Zn(isapn)]*

4- [Zn(isaepy)]?*

1 2 3 4

Figure 4. Lethal concentrations to 50% of non-infected macrophages (LCsp) were compared after
(A) 24 h and (B) 48 h incubation with the metal complexes at 37 °C.

Table 3. Values of lethal concentration to 50% of non-infected macrophages (LCsy + SD *) incubated
with these complexes for 24 h or 48 h at 37 °C.

LCsp umol/L [Cu(isapn)](ClOy4), [Cu(isaepy)21(C104), [Zn(isapn)]ClO, [Zn(isaepy)Cl;]
24 h 733+ 10.4 39.1+35 183.8 +39.9 162.8 + 18.8
48 h 31.3 +14.0 162 £5.2 138.9 £ 23.8 177.8 & 25.0

*SD = standard deviation.

Further, the toxicity of such metal complexes against amastigotes in macrophages of
mouse C57BL/6 was also verified. The results are shown in Figure 5 (copper complexes)
and Figure 6 (zinc complexes).
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Figure 5. Percentage of infected macrophages after (A) 24 h and (B) 48 h incubation at 37 °C with
copper(II) complexes 1 and 5, in comparison with benznidazole.
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Figure 6. Percentage of infected macrophages after (A) 24 h and (B) 48 h incubation at 37 °C with
zinc(IT) complexes 2 and 4, in comparison with benznidazole.

In Table 4, the results and the corresponding selective indexes, macrophages versus
trypomastigotes, verified with these complexes are compared to benznidazole.

Table 4. ICsy values (uM) and corresponding selective indexes (SI) verified against infected
macrophages and trypomastigotes, in the presence of the studied metal complexes, after an in-
cubation period of 24 or 48 h, at 37 °C, in comparison to benznidazole.

ICs0 (uM) after 24 h Incubation ICs0 (uUM) after 48 h Incubation
Complex Macrophages Trypomastigotes S.I. Macrophages Trypomastigotes S.I.
[Cu(lsap?] (C104)2 73.3 + 10.4 15.5 4+ 5.5 48 31.3 + 14.0 2.7+ 1.0 11.6
[Zn(lsapzn)] ClO, 183.8 +39.9 32.9 + 14.1 5.6 138.9 + 23.8 113+ 36 124
[Cu(lsaep-‘);)z] (ClO4) 391435 10.7 + 3.8 3.7 162 + 5.2 3.0+ 1.0 5.4
[Zn(‘saipy)aﬂ 162.8 + 18,8 80.2 + 52.6 2.0 177.8 + 25 56.2 + 23 3.2
Benznidazole * 30.3 +2.83 2.7

# from ref. [52].
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All those metal complexes showed to be efficient toward the trypomastigote forms of
parasites, and more active than the free ligands (see Figure 7). Particularly, complexes 1
and 2 were the most active in the series. Copper(ll) complexes were more active than the
corresponding zinc(Il) ones with the same ligand, and the ability of copper compounds to
generate ROS is probably responsible for their better performance.

(A) (B

~

Viable cells, %
Viable cells, %

0 15 22 30 45 60 90 120 180 240 360 480 0 20 30 40 60 80 120 160 240 320 480 640

Concentration, pM Concentration, pM

Figure 7. Viability of infected macrophages after 48 h incubation with the free ligands (A) isapn, and
(B) isaepy:.

Many studies in the literature, however, reported values against the epimastigote
forms of the parasite. In Table 5, some already reported data for other metal complexes

toward trypomastigotes are displayed, for comparison. In many of them, the incubation
times are longer than 24 or 48 h.

Table 5. ICs5 values (M) and corresponding selective indexes reported in the literature for different

metal complexes, at different incubation times (h), against the trypomastigote (or epimastigote #)
forms of the parasite.

Complexes ICs0 (HM) Selective Index (S.I.) Incubation Time
Trypomastigotes
[Cu(dmtp)4(H,0)] (ClO4)2 a
dmtp = 5,7-dimethyl-1,2,4-triazolo[1,5-a]pyrimidine »H4+23 165 72h
[Zn(dmtp)z(HZO)4] (CIO4)2 192+ 1.1 3.8 72h?
[Cu(4-MH)(dmb)(ClO4);]-2H,0O
4-MH = 4-methoxybenzhydrazide; 14.0 12.9 72hP
dmb = 4-4’-dimethoxy-2-2"-bipyridine
trans-[Ru(tzdt)(PPhs), (bipy)]PFg c
tzdtH = 1,3-thiazolidine-2-thione 0.01 34 24h
[Au(Hdamp)(L1)]NO3 (4-NO3) 16.9 51 48hd
Hdamp = dimethylaminomethylphenyl ' '
[Pt(HL1)(L1)]C1# .7) 8.8) 120h®
L1 = thiosemicarbazone derivative of 1-indanone ' ’ (Epimastigote form)
[PA(HL2)(L2)]C1# 2.3) ©.5) 120he
L2 = thiosemicarbazone derivative of 1-indanone ’ ’

(Epimastigote form)

a ref. [53]; P ref. [54]; © ref. [55]; @ ref. [56]; * epimastigote form, © ref. [25].

These metal complexes were shown to be quite toxic toward both macrophages and
trypomastigotes, with good selectivity indexes (5.1.), although after longer times of in-
cubation. Among our oxindolimine complexes, the two derivatives of the isapn ligand,
complexes 1 and 2, stand out, because despite presenting less efficiency with higher ICsg
values, they showed better selectivity indexes after shorter times of incubation.

In further studies, the macrophages viability was also tested in the presence of free
ligands isapn and isaepy, as shown in Figure 7.

The cytotoxicity verified in the presence of the free ligands were similar, in the range
of 80 to 160 ug/mL, or 320 to 640 umol/mL for ligand isaepy and 240 to 480 umol/mL for
ligand isapn, respectively, much lower than that of the corresponding zinc(II) or copper(II)
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complexes. In Figure 8, the corresponding infection indexes verified after 24 h incubation
of macrophages with the free ligands are displayed.

( A) 1004 3 control (B) 2001 3 control
X . Q i
o 807 El isaepy °\m' 1504 : ::e:y
5'2 a isapn & P
3 60 (]
2 S 100
= £
S 407 § l
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< 207 @
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0~ 04—
0 120 160 240 90 120 180 0 120 160 120
Concentration, uM Concentration, pM
Figure 8. Infection indexes after (A) 24 h or (B) 48 h incubation of the infected macrophages with the
free ligands isapn and isaepy at 37 °C.
These results are shown in Table 6.
Table 6. Comparison of ICsy values at 24 h assays, between two different techniques to measure the
trypomastigotes’ viability toward the studied copper(II) compounds.
Complexes Trypomastigotes Trypomastigotes (MTT) Correlation
P (Neubauer Chamber) yp & (Neubauer Chamber/MTT)
[Cu(isapn)](ClOy); 15.5 + 55 uM 6.11 + 0.44 uM 2.54
[Cu(isaepy)2](ClO4), 10.7 £ 3.8 uM
[Cu(isaepy)H,O]CIO, 1.37 £ 0.12 uM 7.81

We can see that the IC5( values obtained by the MTT technique were lower than those
by reading in the Neubauer chamber, in a ratio that ranged from 2.5x for complex 1 to
7.8x for complex 3 or 5. This discrepancy can be explained by the difference between the
techniques. The optical microscopy with Neubauer chamber counting depends more on
the visual acuity of the operator [57], and even if the counting is done meticulously, it is
subject to more errors depending on the operator than the MTT method, which carries out
the spectrometric reading of the sample operator-independent. Despite this, MTT is not
free from errors, requiring extreme care to eliminate influences from the culture medium
and possible absorbance of the complexes. The trypomastigotes do not adhere to the well
wall, making it impossible to wash them before reading as in the viability test for the
macrophage, and requiring the use of controls to reduce the influence of the absorbance of
the medium in the measurements.

The oxindolimine-metal complexes also showed toxicity toward the amastigote forms
of T. cruzi, as shown in Figure 9. The copper complexes were more active (up to 20 uM) than
the analogous zinc ones (60 to 120 pM), although less active than benznidazole (160 uM).

Although the generation of ROS can provide a good explanation for the better activity
of the copper compounds in comparison to zinc, selected parasite proteins can also be
important targets for such metal complexes. Both copper and zinc compounds showed
high selective indexes. Kinases have been reported as potential targets for trypanocidal
drugs, since there are ~190 protein kinases encoded for T. cruzi genomes [58]. Another
target ubiquitously studied in the literature is the parasite cruzain protein, essential for the
development and survival of the parasite within the host cells [59].
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Figure 9. Toxicities of oxindolimine-copper(II) and —zinc(IT) complexes toward the amastigote forms
of T. cruzi, after incubation for (A) 24 h and (B) 48 h at 37 °C.

4. Conclusions

All metal complexes reported here showed good activity against the trypomastigote
and amastigote forms of T. cruzi. For both parasite forms found in humans, the determined
ICsp values in the presence of the copper(Il) complexes are lower than for the analogous
zinc(Il) compounds, attesting the better activity of copper compounds. However, the esti-
mated selective indexes are better for both copper and zinc compounds with the ligand is-
apn. In comparison to other metal complexes described in the literature (see Tables 4 and 5),
their selective indexes were more favorable after only 24 or 48 h incubation. Further, they
were more reactive against protozoa T. cruzi than toward Schistosoma worms, and their
modes of action probably differ in both cases.

Those complexes are very stable thermodynamically, with formation constants of
the same order as a copper ion inserted in the N-terminal site of human albumin
(log Kcy(msay = 12.0) or zinc ion inserted in this protein (log Kznisa) = 7.1), as already
reported elsewhere [48]. Further, the active tautomeric forms of these complexes at physio-
logical pH 7.4 are probably the enol ones, corresponding to the deprotonation of the NH
group at the indole ring, as demonstrated by the EPR hyperfine parameters, in the case
of the copper complexes (Figure 2 and Table 1), or by the NMR spectra, in the case of the
zinc complexes [35]. More planar or tetragonal species seem to be more active toward the
parasites. The compounds with the isapn ligand were more reactive than the analogous
ones with the isaepy ligand, in both copper and zinc complexes.

Additionally, the copper(Il) complexes were shown in previous studies to have signifi-
cant oxidant properties, being able to damage DNA and HSA, in the presence of hydrogen
peroxide, with the formation of hydroxyl radicals. Therefore, an explanation for its an-
tiparasitic activity could be the induction of oxidative stress, damaging membranes, and
vital molecules in the parasite, through ROS formation [38]. However, previous results also
revealed that interactions of such oxindolimine complexes with specific proteins are in the
same way determinant of their biological activity. The same order of reactivity has been
demonstrated for such metal complexes regarding the inhibition of topoisomerase IB pro-
tein [41]. Also in these studies, the [Cu(isapn)] complex 1 was a more active inhibitor than
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[Cu(isaepy)] complex 3 or 5, and the copper species with each of these ligands were more
efficient than the corresponding zinc species. Nevertheless, further studies are necessary
to elucidate the probable modes of action of these oxindolimine-metal complexes, and to
provide other new and more efficient compounds as trypanocydal agents, based on our
results. Further mechanistic studies are in progress in our laboratory to identify probable
parasite targets.

5. Patents

The University of Sdo Paulo has filed patent applications (AUCANI—USP Innovation
Agency) related to the antiparasitic activity of the oxindolimine-metal complexes under
study in our laboratory (INPI, BR 10 2013 026558 6). This patent has not been conceded
yet, it is still under evaluation. A related Brazilian patent, regarding anticancer activity of
this class of metal complexes, was conceded on 24 March 2020 (BR 2006 00985-A).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11110420/s1, Figure S1: Mass spectrogram of complex
[Zn(isaepy)Cl,] 4 in methanol:water (9:1) solution; Figure S2. TH NMR spectra of (A) isaepy free
ligand, and (B) complex 4 [Zn(isaepy)Cl,] in D,O.
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Abbreviations

Cruzain  a recombinant form of protein cruzipain, EC 3.4.22.51

DPPH o, o -diphenyl-p-picrylhydrazyl

EPR electron paramagnetic resonance

HGPRTs hypoxanthine—guanine phosphoribosyl-transferases
(E)-3-((2-(pyridin-2-yl)ethyl)imino)indolin-2-one; oxindolimine ligand obtained from
isatin and 2-(2-aminoethyl)pyridine
(8E,3’E)-3,3’-(propane-1,3-diylbis(azaneylylidene)bis(indolin-2-one); oxindolimine
ligand obtained from isatin and 1,3-diaminopropane

U2AF35  host protein that binds to RNA at the polypyrimidine tract

isaepy

isapn
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Abstract: Two new ligands were synthesized with the goal of copper stabilization, N,N’-(2-
methylpyridine)-2,11-diaza[3,3](2,6)pyridinophane ("I°N4) and N-(methyl),N’-(2-methylpyridine)-
2,11-diaza[3,3](2,6)pyridinophane (PieMeNg), by selective functionalization of HN4 and THN4. These
two ligands, when reacted with various copper salts, generated both Cu(II) and Cu(I) complexes.
These ligands and Cu complexes were characterized by various methods, such as NMR, UV-Vis,
MS, and EA. Each compound was also examined electrochemically, and each revealed reversible
Cu(II)/Cu(I) redox couples. Additionally, stability constants were determined via spectrophotometric
titrations, and radiolabeling and cytotoxicity experiments were performed to assess the chelators
relevance to their potential use in vivo as 64Cu PET imaging agents.

Keywords: bioinorganic chemistry; pyridinophane ligands; copper(Il) complexes; copper(I) complexes;
cyclic voltammetry; radiolabeling; 64Cu PET imaging agents; reversibility

1. Introduction

Mononuclear copper complexes have been extensively utilized throughout various
areas of inorganic chemistry: synthesis of structural or functional biomimetic inorganic
complexes of Cu-containing enzymes [1-4], cation detection or sequestration [5,6], devel-
opment of metal-based therapeutic or diagnostic compounds [7-10], and many others. In
particular, the development of *Cu-based positron emission tomography (PET) agents
has garnered significant attention in recent years as an alternative to shorter-lived radionu-
clides '1C and '8F, which are commonly used in PET imaging [11-13]. However, these **Cu
PET agents still face challenges presented by the possibility of in vivo decomplexation.
Ideally, a suitable chelator should demonstrate high thermodynamic stability and kinetic
inertness in order to avoid this problem, which has been the focus of many studies in recent
years [14]. However, a problem faced by some of the most common 64Cu chelators is the
issue of reduction-induced demetallation. Given the reducing environment of cells and
the presence of in vivo bioreductants, the ideal chelator should be able to avoid this issue
by remaining stable even upon reduction to Cul [15]. As such, ligands with flexible donor
arms that have the ability to stabilize both Cu'l and Cu' are good candidates for chelating
64Cu [16]. Several studies have been published in recent years focused on the coordination
chemistry of ®*Cu complexes with macrocyclic ligands substituted with pendant arms like
2-pyridylmethyl, picolinate, thiazolyl, and others [17-21].

In that vein, two new pyridinophane ligand systems, inspired by previous macro-
cyclic polydentate ligands, have been synthesized [22-24]. By substituting non-interacting
groups (i.e. Me or tBu) for groups that can interact with the metal center, greater binding
modes than usual for N4 ligands can be achieved with altered characteristics of the re-
sultant complexes. Interacting groups like 2-methylpyridyl, picolyl—“Pic”, could bind
directly with the metal center while being easily synthetically attached to the N4 backbone.
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When both alkyl groups are chosen to be the picolyl fragment, the resultant hexaden-
tate ligand N,N’-(2-methylpyridine)-2,11-diaza[3,3](2,6)pyridinophane, N4, offers the
possibility of a distorted octahedral environment around the metal center while simulta-
neously shielding from inner sphere interactions. An asymmetric version could also be
synthesized using previously reported methods to make N-(methyl),N'-(2-methylpyridine)-
2,11-diaza[3,3](2,6)pyridinophane, PicMeN4 which could act as a pentadentate ligand and
leave one coordination site available for an exogenous ligand. This flexible pentadentate
ligand could more easily adapt to geometries other than a distorted octahedral arrangement.
When this ligand was bound to copper, both Pi*N4 and "®MeN4 were able to stabilize both
Cu'! and Cu' oxidation states, with each complex being crystallographically characterized.
Each of these four complexes was spectroscopically scrutinized by various techniques,
including NMR, EPR, ESI-MS, and UV-Vis. Cyclic voltammetry experiments were able
to show that the conversion between Cu'' and Cu' was remarkably reversible for both
systems, as a consequence of the flexible nature of the picolyl arms being able to come off
the Cu center. The Pi®N4Cu!"/! couple was also low at E; /, = —1.1 V vs. Fc/Fc*. Calculation
of Cul! stability constants using spectrophotometric titrations also revealed the moderate
ability of the complexes to stabilize both Cul! and Cu' complexes. Finally, preliminary
radiolabeling studies showed that both P°N4 and iMeN4 can quickly and efficiently be
radiolabeled with #*Cu, making these ligands potentially relevant chelators for use in **Cu
PET imaging studies.

2. Results and Discussion
2.1. Synthesis

The ligand synthesis of "®N4 was a two-step development. The first attempt at the
synthesis of P°N4 involved an Sy2-based mechanism utilizing 2-chloromethyl pyridine
under basic conditions at a roughly 80% yield [25]. Multiple bases were tested for this
synthesis; between sodium carbonate, potassium carbonate, and Hiinig’s base (diisopropy-
lethylamine), Hiinig’s base gave the highest yield of 81%, while the carbonates gave smaller
yields of around 40%. Additional synthetic attempts using reductive amination have
given inconsistent results and a maximum yield of 46%. Full synthetic details and product
descriptions can be found in the Supporting Information.

Ligand synthesis for Pi™€N4 was achieved by two different methods, as depicted
in Scheme 1. In the first pathway, the direct functionalization of M¢"'N4 by placing the 2-
methylpyridyl on the secondary amine was performed to make the product. This pathway
requires making M®HN4, a product synthesized by previously discussed methods [23]. The
second pathway utilized THN4 for functionalization to yield "“™N4. The tosyl deprotection
reaction using concentrated sulfuric acid did not degrade the ligand significantly, providing
a good yield of Pi'N4. The penultimate product, "®/'N4, was then methylated to yield
the final product, Pi™MeN4. Since both pathways showed that the products ™¢N4 and
TsPieN4 could survive the harsh sulfuric acid conditions of the detosylation reaction, the
second pathway was chosen. Functionalization of the secondary amines occurred by one
of two methods: reductive amination or SN2. Both methods achieved high yields (75% and
81%, respectively), but the SN2 was much more consistent and less reliant on the purity
of reagents.

The syntheses of the 1-(OTf); and 2-OTf complexes was achieved by mixing the
appropriate triflate salt with the ligand in MeCN (Scheme 2). Cu'l(OTf), and "°N4 were
mixed overnight and either crashed out of solution by trituration with diethyl ether or
recrystallized via diethyl ether diffusion, with an 88% yield of 1-(OTf),. While most studies
in this paper utilize the triflate complex, other salts like Cu'l(C10y); or Cull(PFy), were
also employed with similar yields. Similarly, [(MeCN),Cu!]OTf and *N4 were mixed in
MeCN for one hour and recrystallized via ether diffusion for a 55% yield of 2-OTf.
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Scheme 1. Synthesis of PieN4 and PiMeN4. (i) 90% H,SOy4, reflux 2.5 h; 88% (ii) 2-
(methylchloro)pyridine HCI, iPr EtN, MeCN, 48 h; 81% (iii) TsCl, DCM, 0 C, 3 h; 44% (iv) 2-
(methylchloro)pyridine HCI, iPr, EtN, MeCN, 48 h; 82% (v) 90% H,SOy, reflux, overnight; 89%
(vi) formic acid, formaldehyde, reflux, overnight; 82%.

20Tf
. Pic 1l
PieNg + cul(OTf) MeCN _  [(T*N4)CuT)(OTf),
2 — > 1.(0Tf),
PeNg + [Cu(MeCN),JOTf MECN _  [(PieNg)cu'jOTS
2.0Tf
20Tf PicMeN4 + Cu”(OTf)2 MeCN [(PiCMeN4)CU”(MeCN)](OTf)z
3-(0TH),
PicMeng + [Cy/ MeCN PicMe |
[Cu'(MeCN),JOTf —2&=N 5 [(PicMeN4)CU'OTF
4.0Tf
3:(0Tf), 4-OTf

Scheme 2. Preparation of Copper Complexes.

The synthesis of complexes 3-(OTf), and 4-OTf were similarly completed: the relevant
copper triflate salt and the ligand were mixed in MeCN (Scheme 2). While crystals for the
Cu'! salt were not easily obtained, a green solid was crashed out from MeCN with toluene
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and rinsing with pentane (55% isolated yield). When attempting to get crystals of 3-(OTf),,
the use of sodium tetraphenylborate, NaBPhy, generated orange crystals of 4-OTf in low
yield. A more acceptable approach to preparing 4-OTf was P™¢N4 and [(MeCN),Cu']OTf
mixed in MeCN for one hour in the dark and recrystallized via diethyl ether diffusion at
—35°C (77% yield).

2.2. Structural Characterization of Metal Complexes

X-ray diffraction-quality crystals of the copper complexes were obtained by diethyl
ether diffusion into MeCN solutions at room temperature or —35 °C (Figure 1 and Table 1).
Full crystallographic details are provided in the Supplemental Information. The crystal
structure of 12* had a similar distorted octahedral environment to the one observed for
the analogous BUN4 complex [22,26,27]. The inclusion of the two pyridine moieties on the
metal center preclude the need of additional exogenous ligands, such as solvent or triflates
directly bound to the metal center. The Cu'! center exhibits a Jahn-Teller like distortion, with
the four pyridine nitrogens having relatively short bond lengths to copper (2.00-2.06 A),
while the amine nitrogens form much longer bonds (2.28, 2.35 A).

Figure 1. ORTEP plots (50% probability ellipsoids) of cations 12* , 2*, 3%, and 4*. Counterions and H
atoms are omitted for clarity. The crystallographic datasets for 1-(OTf),, 2:OTf, 3-(OTf),, and 3-OTf
have been deposited at CCDC under the record numbers 2049802, 2049803, 2049804, and 2049805.

Table 1. Selected bond distances (A) and angles (°) of cations 1-4.

12+ 2+ 32+ 4+
Cu-N1 2.056(4) 2.1341(1) 1.944(9) 2.1286(1)
Cu-N2 2.028(4) 2.0817(1) 2.173(7) 2.0768(2)
Cu-N3 2.003(4) 1.9640(1) 1.967(8) 1.9461(1)
Cu-N4 2.276(4) 2.3983(1) 2.258(7) 2.3957(2)
Cu-N5 2.348(4) 2.3456(1) 2.165(8) 2262(2)
Cu-N6 2.017(4) 3.323 2.219(9) -
N2-Cu-N1 84.43 81.36 82.9 83.07
N4-Cu-N5 148.38 146.78 152.1 147.85
e(®) 86.60, 84.19 86.91, 87.93 88.07, 89.28 88.19, 87.00
o)’ 36.19 28.92 20.39 31.80

7 @ (°) designates the angles between the average plane of two pyridine rings and a mean equatorial plane; * 0
(°) designates the angle between the equatorial plane made between atoms N1, N2, and Cu and the plane made
between atoms N3, Cu, and N6 for Cul' complexes and N3, Cu, and para-carbon on picolyl arm for Cul.
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Upon reduction to 2*, the coordination environment changes to a pentadentate dis-
torted square pyramid geometry with a structural parameter 15 = 0.13.[28] As expected
for Cu! structures, the Cu-Neg bond lengths averaged a shorter value of 2.00 A, while the
Cu-Nax bond lengths were much longer at 2.34 A. The non-coordinating picolyl nitrogen
was sufficiently far away to not interact with the Cu center at 3.32 A [4,22].

Supposing that crystals of 4* was more stable than 3%, the ligand was mixed with
Cu'OTf in MeCN and recrystallized with ether diffusion at room temperature to yield large
orange crystals. The cation of 4* adopts a distorted square pyramid pentadentate geometry
with a structural parameter t5 = 0.12, similar to 2* [28]. It has a similar delineation of Cu-N
bonds around the Cu: Cu—Neq bond lengths averaged 2.00 A, while Cu-N,x bond lengths
averaged 2.33 A. Unlike in 2, the methylamine on the "®™¢N4 backbone was less sterically
restricted than the picolyl functionalized amines.

In an attempt to obtain crystals of 3-(PFg)2, the blue solid was dissolved in MeCN with
two equivalents of NaBPhy and subjected to diethyl ether diffusion at room temperature.
When isolated, there were primarily orange crystals of 4:-PFg present with a blue solution.
Crystals of 3-(BPhy), were eventually recovered under these conditions as a mixture of Cu'!
and Cu! crystals. Although it was unknown exactly how the Cu'! complex was reduced
in the solution, it was suspected that the NaBPhy and the BPh3 impurity promoted the
reduction of the Cu'l center. Regardless, 32* displays a Jahn-Teller like distorted octahedral
geometry with one exogenous MeCN bound to the Cul' center. Interestingly, the Cul'
species seemed to exhibit Jahn-Teller like compression along the N1-Cu-N3 axis where the
Cu-N bond lengths are around 1.95 A, while the other four Cu-N bonds are longer at an
average of 2.20 A.

2.3. Complex Characterization

To better understand the solution state characteristics of these complexes, several
techniques were utilized, including electron paramagnetic resonance (EPR), NMR, and
electrochemical studies. The paramagnetic d° Cul! complexes 12* and 3%* were charac-
terized by EPR in a fashion similar to previous Cu'! species, and the EPR spectra are
shown in Figure 2 and the EPR parameters are summarized in Table 2. Analysis by Evan’s
method measured in CD;CN yielded the expected values for these d” Cu'l centers: 1.80 up
and 1.71 up for 12* and 3%, respectively [29]. The EPR spectrum for 1-(OTf), exhibited
values of gx =2.070, gy = 2.055, and g, = 2.259 (A, = 144.5 G) and gy = 2.067, gy = 2.056,
and g, = 2.264 (A, = 152.5 G) for 3-(OTf),, which is consistent with what is expected of a
distorted octahedral Cu¥ center, and in line with the solid state structural data [22,29,30].

Exp Exp
Sim Sim
1-(OTf), 3-(OTf),

240 260 280 300 320 340 360 240 260 280 300 320 340 360
mT mT

Figure 2. EPR spectrum (black) and simulation (red) of 1-(OTf), (left) and 3-(OTf), (right) in
MeCN:PrCN (1:3) at 77K.
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Table 2. Selected EPR Data for Paramagnetic Complexes.

8x 8y 8z Az (G)
1-(0Tf), 2.070 2.055 2.259 145
3-(0TA), 2.067 2.056 2.264 152

While the paramagnetic 'H NMR spectrum of 12* did not afford much information
(Figure S14), the spectra of the d'° Cu' species could generally be assigned with the help of
a gCOSY 2D spectrum (Figures S9-513). The assignment of the 2-:OTf spectrum gathered
in CD3CN was assigned as so: the four most downfield aromatic peaks corresponded
to the different pyridine hydrogens on the picolyl arm, while the two upfield sets of
aromatic multiplets corresponded to the pyridine hydrogens on the N4 backbone [31]. The
methylene region contained five total peaks: a singlet (4.62 ppm) matched to the two picolyl
methylene hydrogens and a pair of doublets matched to the N4 methylene hydrogens.
Further assignment of the N4 methylene hydrogens could not be easily discerned due to
the symmetry and structure of the molecule. The integration and the 2D NMR corroborated
this assignment (Figure S11). Since the methylene on the picolyl arm appears as a singlet,
this implies there was rapid exchange between the bound arm and the unbound arm which
was faster than the NMR time-scale.

The assignment of the 4-OTf spectrum followed in a similar way. The three most
downfield aromatic peaks matched the four pyridine hydrogens on the picolyl arm, while
the two down-field aromatic multiplets corresponded with the para- and meta-hydrogens
on the N4 pyridine backbone. The two singlet peaks in the aliphatic region corresponded
to the two methylamines: the methylene moiety on the picolyl arm (4.469 ppm) and the
methyl group (3.313 ppm). In a similar fashion to the PiN4 complex, the methylene on the
picolyl arm was not fixed in spaced which allowed resolution into a singlet. The remaining
four sets of doublets (Javg ~ 15 Hz, geminal) corresponded to the methylene protons fixed
in place on the N4 backbone. Based on the gCOSY crossover peaks (Figure S13), the doublet
pairs 4.248 and 3.668 ppm correspond to interaction protons, while 4.177 and 4.040 ppm
are also coupled.

Cyclic voltammetry (CV) for 1-(OTf), featured a couple at —0.752 V vs. Fc/* (Figure 3),
corresponding to the Cu'/! couple with a quasi-reversible nature (AEp =97 mV) as well as
an irreversible oxidation at + 1.047 V (Figure S15). In order to confirm the reversibility of
the Cu/! couple, 2-OTf was also scrutinized to yield a similar couple at —0.716 V vs. Fc?/*
(AEp =176 mV). A similar analysis for 3-(OTf), found a quasi-reversible Cu'T couple at
—0.468 V vs. Fc/+ (AEp =105 mV) along with an irreversible Cu'! oxidation at 1.552 V
(Figure S16). Confirming the reversibility of this quasi-reversible Cu'/T couple, a CV of
4-OTf showed the couple at —0.441 V vs. FcV/+ (AEp, =96 mV).

Notably, all four copper complexes exhibit larger AE,, values than the values expected
for fully reversible redox processes (Table 3). However, the measured AE;, values for the
FcO/+ couple in both sets of experimental conditions, 129 mV and 176 mV, are also larger
than standard values, indicating that the large peak-to-peak separation may not necessar-
ily imply redox irreversibility of the copper complexes. Furthermore, the discrepancies
between the AE,, values of the complexes can be explained by the different sets of experi-
mental conditions for each: Cul' complexes are air stable and can be analyzed on the bench
top, while Cu! complexes are very air sensitive and required rigorous anaerobic conditions
of a glovebox.
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Figure 3. Cyclic voltammetry of the copper complexes 1-(Otf);, (a), 2-Otf (b), 3-(Otf); (c), and 4-Otf
(d) (0.1 M BugNclO4/CH3CN; arrow indicates the initial scan direction). The asterisk (*) corresponds
to a trace amount of PiMeN4Cul (H,0) complex.

Table 3. Selected Physical Parameters of Complexes 1-4.

12+ 2+ 32+ 4+

E, V (AEp, mV) #be
Ey/; = —0.468 (105)

Ey/» = —0.752 (97)

E1/2 =—0.716 (176) Ej /o = —0.441 (96)

Eox = 1.047 Eox = 1.552
UV-Vis, Amax, nm (g, M~! cm~1), MeCN
257 (22,775), 250 (8395), 258 (12,251), 251362(%315?;)’
340 (446), 362 (2438), 322 (671), 370 (3854),
717 (146) 444 (893) 687 (91) 435 (1611),

tege (1B) at 293 K, Evans’ Method, CD3;CN

1.80 N/A 1.71 N/A

# Redox Potentials (vs. Fc/Fc+), 0.1 MtBAP/MeCN, 0.01 M Ag/AgNOs or Ag wire reference, Aep is the separation
between anodic and cathodic waves in mV, measured at 100 mV/s. ¥ 12* & 32* had 3-segment sweep. © 2* & 4*
had 5-segment sweep. N/A: not applicable.

Additionally, both complexes were subjected to conditions with increasing concentra-
tions of water in MeCN. The Cu'/T couple for N4 was only shifted slightly to —0.800 V
vs. Fc¥/* even in a 70% water to MeCN solution (with 0.2 M TBAP). The reversibility of the
couple remained stable throughout the course of the experiment (Figure S17). The Cull/!
couple of Pi*MeN4 shifted less drastically to —0.600V vs. Fc%/* after adding up to 70% water
to an MeCN solution (with 0.2 M TBAP). The system was overall reversible but at higher
concentrations of water, and additional oxidation and reduction peaks appeared probably
due to water binding to the metal center over MeCN (Figure S18).
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2.4. Ligand Acidity Constants and Complex Stability Constants

To determine the acidity constants (pKa) of Pi°N4 and F®MeN4, UV-Vis spectropho-
tometric titrations were performed and the changes in the spectra were monitored. To
a solution of either "°N4 or PiMeN4 in 0.1 M KCl, aliquots of 0.15 M KOH were added
and the UV-Vis spectra were recorded at each pH. For the Pi°N4 ligand, the increase of the
solution’s pH results in the steady decrease of the =—r* transition band at 264 nm, until
around pH 7, at which point the absorbance begins to increase (Figure 4). The data was
then simulated in the HypSpec 2014 program (Protonic Software, UK) [32], which afforded
the species distribution plot (Figure 4) and three pKa values: 8.94, 5.32, and 3.60. These
values are tentatively assigned to the tertiary amine nitrogen, pyridine on the N4 backbone,
and picolyl nitrogen, respectively. Despite containing six potential sites for protonation,
only three pKa values were determined. This is likely due to the increased electrostatic
repulsion that occurs upon sequential protonation steps, making it difficult to observe
higher charged species in the pH range of the titration [33].

PicN4
1.0 100
— pH 2.28 \
0.8 - o 804 LH;
meiem pH 11.03 e
o
2
0.6 4 T 60+
2 e
< 5
0.4 - ® 404
E
L
0.2 X 20
0.0 T T T 0 T T T r
225 250 275 300 325 2 4 6 8 10
Wavelength (nm) pH

Figure 4. Variable pH (2.28-11.03) UV-Vis spectra of Pi°N4 in 0.1 M KCl at 25 °C (left) and its species
distribution plot (right). [PieN4]ior = 60 M.

For the "MeN4 ligand, a similar decrease in the peak at 261 nm occurred upon the
increase in pH, until the lowest absorbance was observed at approximately pH 4 (Figure
525). Thereafter, the absorbance was observed to increase until a plateau at pH 7. Analysis
using HypSpec provided four pKa values, the highest of which, 11.13, is assigned to the
deprotonation of the methyl amine nitrogen (Table 4). The next highest value, 9.16, is
assigned to the deprotonation of the tertiary amine amended with the 2-methylpyridine
arm, which has previously been shown to lower the basicity of amine nitrogens attached
to it [34-36]. This assignment also aligns with the highest pKa observed in '°N4, which
contains two similar amine sites.

Table 4. Acidity constants (pKa) of ligands.

PiCN4 PiCMEN4

[H4L]* = [H;L1** + H* - 2.47(9)
[H5L]3* = [H,L]** + H* 3.60(3) 5.46(9)
[HL]** = [HL]* + H* 5.32(0) 9.16(9)
[HL] = [L] + H* 8.94(6) 11.13(8)

To obtain the Cul! stability constants for the complexes, similar spectrophotometric
pH titrations were performed for a 1:1 mixture of Cu®* and ligand in 0.1M KCl (Figure 5).
Analysis of the spectral changes occurring in the UV for each complex gave a series of
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stability constants, as summarized in Table 5. The log(Kcu(I%) values reveal that "°N4 is
able to form slightly more stable copper complexes than Pi™eN4. In the case of PiMeN4,
a value corresponding to the deprotonation of water was also obtained (7.75), but this
was not observed for P°N4. This could likely be attributed to the open coordination site
available for F™MeN4  as evidenced in the crystal structure, which would allow for the
binding and subsequent deprotonation of a water molecule.

PicN4 + cu2¢
100 /—
CuLH cul
3 80 uLr,
3 CuLH
2
= 60 4
©
5
= 40
©
£
K]
X 20
0.0 T T T T — 0 T T T T
250 275 300 325 350 2 4 6 8 10
Wavelength (nm) pH

Figure 5. Variable pH (2.29-11.03) UV-Vis spectra of the Pi°N4 + Cu?* system in 0.1 M KCl at 25 °C
(left) and its species distribution plot (right). [Cu?*Jior = [P N4]ior = 50 pM.

Table 5. Stability constants (logK values) and calculated pM values for Cu and Zn complexes. Errors
reported for the last digit.

PicN4 + Cu2+ PiCMeN4 + Cu2+ PiCN4 + Zn2+ PicMeN4 + Zn2+

M?+ + HoL* = [MH,L]** 4.13(3) - - -

M2t + HL* = [MHLJ]?* 7.40(1) 4.54(1) 2.67(2) 9.28(7)

M2t + L = [ML]** 17.96(3) 17.07(1) 11.45(4) 10.41(7)
[ML(H,0)1** = [ML(OH)]* + H* - 7.75(2) - -

pM?* (pH 7.4) 2 16.81 12.90 8.87 8.02

log(KCu(II)L) 1796 1707 - -
log(KCu(I)L) 7.05 9.46 - -

2 Values calculated as —log[M]gee, Where [M2*]=10"% M, [L] =105 M.

The determination of the Cu! stability constants for each complex relied on the Cu'!
stability constant and the E; /; values determined in the aqueous CV experiments. CVs
of the complexes in aqueous conditions with 0.1 M NaOAc as a supporting electrolyte
revealed E; ), values of —0.415 V and —0.220 V vs. Ag/AgCl for 12* and 3?*, respectively
(Figures S19 and S20). It is worth noting that the aqueous CV data of 12* showed an
additional reversible redox couple at —0.245 V vs. Ag/AgCl, which could be attributed to
an alternative coordination mode, perhaps from the binding of an acetate ion present in
solution. Another possible explanation for the observation of two species in solution could
be two protonation states, as the species distribution for this complex shows nearly equal
amounts of CuL and CuLH species at pH 7. Nevertheless, for the purpose of determining
Cu! stability constants, the more negative reduction potential was used in the Nernst
equation. Stability constants for Cu! could then be obtained by applying a Nernstian
relationship using the reduction potentials, which results in log(Kc i) values of 7.05 and
9.46 for N4 and FMeN4, respectively.

Another important consideration for **Cu chelators is the possibility of transmetala-
tion with biogenic metals in vivo. Therefore, the stability constants of the ligands Pi*N4
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and PMeN4 towards Zn?* were also determined. Both ligands have significantly lower
Zn stability constants as compared to those for Cu, and the affinity towards Zn is also
markedly lower at biological pH. This data indicates that the copper complexes of P*N4 and
PicMeN4 are unlikely to undergo transmetalation with zinc, a promising trait for potential
64Cu chelators.

When comparing the log(Kcymyr) to other commonly used 64Cu chelators, it is ob-
served that "®N4 and Fi®MeN4 have moderately lower stability constants than the other
chelators (Table 6). Many of these chelators have N,O-based donor sets, but notably also
have irreversible reduction potentials (e.g. DOTA, TETA). The chelators described in this
work have the added benefit of reversible Cu'/! redox couples, allowing for the ability to
form stable Cu! complexes.

Table 6. Comparison of log(Kcymr.) values of commonly used 64Cu chelators.

Chelator Log(Kcyanr) Ref.
Pien4 17.96 This work

PicMeN4 17.07 This work

YW-15-Me 14.7 [7]

DO4S 19.6 [16]
PCTA 19.1 [37,38]
EDTA 19.2 [37,39,40]
TETA 21.1 [39-42]
DOTA 22.2 [39-41]
cyclen 24.6 [39,40]

2.5. Radiolabeling Studies

The radiolabeling capabilities of "i°N4 and PiMeN4 were also evaluated. Using a stock
solution of ®*CuCl, diluted in ammonium acetate buffer (pH 5.5), mixtures of the ligands
and **CuCl, were incubated at 45 °C for 30 min. These relatively mild conditions are
comparable to those used for the common 64Cy chelators like NOTA and DOTA [38]. The
radiolabeled compounds were then analyzed by radio-HPLC using water (0.1% TFA) and
acetonitrile (0.1% TFA) as the mobile phase with a gradient of 0-100% acetonitrile over
15 min (Figure 6). A control of only ®*CuCl, in ammonium acetate was also analyzed to
compare the retention times. Both ligands showed complete conversion to **Cu complexes,
with no remaining free **Cu being observed in either radio-HPLC trace. While "MeN4
shows one peak in the chromatogram, N4 shows two peaks close to one another. One
possible explanation for this observation is an alternative coordination environment around
the copper center, such as a different counterion (e.g. chloride, acetate) bound to the metal
center. This observation is consistent with the aqueous CV studies that show "°N4 also
having two species present in solution (Figure S19).

Free®Cu

640y + PicN4

64y + PicMeN4

0 2 4 6 8 10 12 14 min
Retention time (min)

Figure 6. Radio-HPLC chromatograms for the ®*Cu labeled complexes of ''®N4 and Pi*MeN4.
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After confirming that the ligands were able to be radiolabeled with *Cu, the lipophilic-
ity of the complexes was determined by measuring the octanol/PBS partition coefficient
(logDqct, Table 7). Both dicationic complexes are particularly hydrophilic, with ®*Cu-
PicMeN4 having a more negative partition coefficient than ®*Cu-F*N4.

Table 7. Molecular weight and measured LogD values of the ®*Cu complexes.

64Cu Complex MW (g/mol) log Doct
64Cy-PicNg 556.98 —1.564 + 0.26
64Cy-PicMeNy 479.90 —2.171 £+ 0.09

2.6. Cytotoxicity Studies

In order to test the plausibility of in vivo applications for these two chelators, cyto-
toxicity studies were performed using an Alamar blue assay on mouse neuroblastoma
Neuro2a (N2a) cells. Cells were treated with each compound of their Cul' complexes and
cell viability was evaluated after a 48 h incubation period. The percentage of cell viability,
as summarized in Figure 7, revealed that both ligands "°N4 and "*MeN4 are toxic at higher
concentrations, but Pi™MeN4 is significantly less toxic than Pi°N4. Notably, the addition of
Cu greatly reduces the toxicity of these ligands, with both complexes showing extremely
high cell viability across the board, even at concentrations of 20 pM.

I Control

120
110 ‘}
100
90
80
70 +
60
50 +
40
30
20
10

I 20 M
I 10 uM
5uM
2 uM

Cell Viability (%)

PicMeN4 PicN4 Cu(ll)-PicMeN4  Cu(ll)-PicN4
Treatment

Figure 7. Cell viability (% of control) of Neuro2A cells upon incubation with PiMeN4, PicN4, and
their Cull complexes at 2, 5, 10, and 20 uM concentrations.

3. Conclusions

Inspired by previous pyridinophane ligands, herein we report two new ligand systems,
PicN4 and PiMeN4. The 2-methylpyridyl arms of these ligands bind to the Cu center in
place of exogenous ligands and allow for a polydentate binding mode greater than BYN4.
The hexadentate Fi°N4 ligand offers the metal center a fully bound, distorted octahedral
geometry, which can shield the metal center from side reactions. The asymmetric PMeN4
ligand offers five coordinating atom donors with the option of binding one exogenous lig-
and. This flexible pentadentate ligand can adopt geometries other than distorted octahedral
and could be used to probe electrocatalytic transformations.

When bound to copper, PicN4 and PiMeN4 both stabilized Cul! and Cu! centers,
which were characterized by various spectroscopic means. Crystal structures were also
obtained for all four compounds, showing a preferred geometry of distorted octahedral
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for the Cu'! complexes and a distorted square pyramidal geometry for the Cu' complexes.
Electrochemically, P®N4 exhibits a reversible Cu'/! couple at a low potential of —0.1 V
vs. SHE. Conversely, the Pi™eN4 Cu'l/! couple was also reversible, but the ability to
bind an exogenous ligand caused other redox features to appear. Both Cu! and Cu!
stability constants for each ligand were also determined, as were their affinities for Cul! at
biologically relevant pHs.
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Abstract: The Cu(II)/Cu(I) conversion involves variation in the coordination number and ge-
ometry around the metal center. Therefore, the flexibility /rigidity of the ligand plays a critical
role in the design of copper superoxide dismutase (SOD) mimics. A 1,3-Bis[(pyridin-2-ylmethyl)
(propargyl)amino]propane (pypapn), a flexible ligand with an N4-donor set, was used to pre-
pare [Cu(pypapn)(ClO4),], a trans-Cu(Il) complex whose structure was determined by the X-ray
diffraction. In DMF or water, perchlorate anions are exchanged with solvent molecules, afford-
ing [Cu(pypan)(solv)2]2+ that catalyzes O,°~ dismutation with a second-order rate constant
kmer = 1.26 x 107 M~1 s71, at pH 7.8. This high activity results from a combination of ligand
flexibility, total charge, and labile binding sites, which places [Cu(pypapn)(solv),]>* above other
mononuclear Cu(II) complexes with more favorable redox potentials. The covalent anchoring
of the alkyne group of the complex to azide functionalized mesoporous silica through “click”
chemistry resulted in the retention of the SOD activity and improved stability. A dicationic
Cu(II)-N4-Schiff base complex encapsulated in mesoporous silica was also tested as an SOD mimic,
displaying higher activity than the free complex, although lower than [Cu(pypapn)(solv),]**.
The robustness of covalently attached or encapsulated doubly charged Cu(Il) complexes in a
mesoporous matrix appears as a suitable approach for the design of copper-based hybrid catalysts
for O*~ dismutation under physiological conditions.

Keywords: Cu-based SOD mimic; structure; mesoporous silica; click chemistry; SOD activity

1. Introduction

Superoxide radical (O,°7) is part of aerobic life. It is formed during the O, metabolism
under normal physiological conditions and is the major initial form of other reactive oxy-
gen species (ROS) associated with oxidative stress, such as HyO, and HO® radicals [1].
Superoxide dismutase (SOD) enzymes are efficient endogenous defenses that catalyze
O,°~ dismutation, regulating its concentration and keeping it at a tolerable level [2]. The
imbalanced production of O,*~ and other ROS associated with a number of neurode-
generative diseases [3] has stimulated the research of synthetic catalytic antioxidants to
assist the endogenous counterparts in the suppression of ROS [4]. Among SOD enzymes,
copper-zinc superoxide dismutase enzyme (CuZnSOD) catalyzes the proton-dependent
dismutation of O,°~ at a bimetallic site, where the copper ion is the redox partner of O,°~,
and Zn(II) plays a structural role in the enzyme stability [2,5]. In the active site of the

Inorganics 2023, 11, 425. https:/ /doi.org/10.3390/inorganics11110425 183

https://www.mdpi.com/journal/inorganics



Inorganics 2023, 11, 425

oxidized form of the enzyme, the Cu(Il) ion is bound to the N4-donor set of four histidine
residues and one water molecule, adopting a distorted square-pyramidal geometry [6].
The Cu(l) ion is bridged to the Zn(II) ion through the imidazolate ring from one of the
histidine residues, and the Zn(Il) coordination sphere is completed by two histidine and
one aspartate residues disposed in a distorted tetrahedral geometry (Figure 1) [5,6].

ZT

Figure 1. Active site of CuZnSOD.

In the search for efficient SOD mimics, a number of Cu(ll) complexes with non-
heme ligand scaffolds bearing an N4-donor set have been synthesized and their SOD
activity evaluated [7-17]. During the redox cycle, the switch between Cu(II) and Cu(I)
oxidation states involves changes in coordination number and geometry around the
metal ion, i.e., from tetragonal to tetrahedral [18,19]. Therefore, more flexible ligands
can be thought to be better candidates to speed up electron transfer with a low reor-
ganization energy barrier [20,21]. To serve as a therapeutic antioxidant, besides being
active, the complex must be stable at physiological pH. However, in a solution, SOD
mimics may undergo hydrolysis, metal dissociation, or oligomerization processes during
the redox reaction [8,22,23]. Immobilization of a catalyst in a mesoporous solid has
proven to be a good strategy for its protection and site isolation, improving its stabil-
ity while preserving the properties of the homogeneous system [24-28]. Among the
solid supports, mesoporous silica particles possess a large contact surface and pore
volume, which allows for high catalyst loading [29,30], chemical and mechanical sta-
bility [31,32], biocompatibility [33], and controllable geometric parameters that enable
a suitable design of different types and sizes of pores [29]. An effective approach to
reducing the complex leaching from the silica consists of the covalent attachment of
the catalyst to mesoporous silica employing “click” chemistry [34-37]. In this work,
the SOD activity of the Cu(II) complex formed with an Ny4-tetradentate “clickable” lig-
and, 1,3-bis[(pyridin-2-ylmethyl)(propargyl)amino]propane (pypapn, Scheme 1) [38],
was evaluated in homogeneous phase and covalently grafted to azido functionalized
mesoporous silicas, aimed at assessing the role played by this ligand on the catalytic
activity and the effect of the covalent anchoring on the catalyst stability. Additionally, the
SOD activity of the Cu(II) complex of N,N’-bis(2-pyridylmethylen)propane-1,3-diamine
(py2pn, Scheme 1), an N4-Schiff base ligand, was evaluated after insertion in mesoporous
silica by ionic exchange. Results obtained via employing these two immobilization ap-
proaches are compared with the intention to ascertain the effect of ionic vs. covalent
binding of the catalyst on the support of the turnover numbers and catalyst recovery.
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Scheme 1. Ligands and complexes used in this work.

2. Results
2.1. Characterization of the Complex

The reaction of equimolar amounts of pypapn and Cu(OAc); in methanol at room
temperature afforded a greenish-blue solution. Even when color changes were observed
immediately after mixing, it was necessary to add sodium perchlorate and then hexane for
the [Cu(pypapn)(ClO4),] complex to separate from the solution as a violet-blue polycrys-
talline solid. Single crystals of [Cu(pypapn)(ClO4);] could be obtained by slow diffusion
of the reaction mixture into toluene at 4 °C. X-ray diffraction analysis revealed that the
complex crystallizes in the orthorhombic F d d 2 space group with a lattice comprising
discrete [Cu(pypapn)(ClO4),2] molecules with Cu(Il) bound to the tetradentate ligand and
two perchlorate anions, as illustrated in Figure 2.

Bond distances and angles summarized in the caption of Figure 2 indicate that the
coordination environment of the Cu(Il) ion can be described as an elongated octahedron
in which the equatorial plane is defined by the N4-donor set of the pypapn ligand while
the apical positions are occupied by two oxygen atoms belonging to two perchlorate
anions. The Cu-O bond distances (2.620 A) are significantly longer than the equatorial
Cu-N ones (Cu-Npy 1.987 and Cu-Napy, 2.057 A), indicating that the perchlorate anions
are weakly bound to the metal ion. The values of the dihedral angles around the Cu(II)
center are between 82.28 and 99.53°, evidencing the deviation from an ideal octahedral
geometry. In the crystal lattice of [Cu(pypapn)(ClOy);], the molecules are arranged in
layers oriented parallel to the bc plane (Figure S1) and interconnected through H-bond
contacts between the perchlorate O-atoms and the alkyne H-atom of a neighbor molecule,
with H(C9)---02 = 2.370 A and H(C9)- - - O4 = 3.187 A distances. The long axes of the
complex molecules in each layer are aligned on the crystallographic a-axis intercalated
between molecules of adjacent layers.

The FT-IR spectrum of the complex (Figure 3a) displays intense absorption bands at
3262 and 2117 cm ™!, assigned to the =C-H and C=C stretching vibrations of the terminal
alkyne, and at 1118, 1067, and 622 cm L, corresponding to the perchlorate anions. Addi-
tionally, the shift of the strong in-plane C=N and C=C stretching vibrations of the pyridine
ring from 1588 and 1437 cm ! in the ligand to 1611 and 1445 cm ! in the complex is a clear
indication of the metal coordination to the Npy atom [39], in agreement with the crystal
structure of the complex.
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Figure 2. Molecular structure of complex [Cu(pypapn)(ClO4);] at the 50% probability level with
atom numbering. Selected bond lengths (A) and angles (°): Cul-N1 1.987(3); Cul-N2 2.052(3);
Cul-032.620(3); N1-Cul-N1! 99.53(19); N1-Cul-N2! 175.97(14); N1-Cul-N2 82.28(10); N2-Cu1-N2!
96.13(18); N1-Cu1-03 91.53(13); N2-Cu1-03 87.68(11); N11-Cu1-03 88.67(12); N2i-Cu1-03 92.11(12);
03-Cul-03! 179.69 (18). Standard deviations in parentheses. Symmetry transformations used to

generate equivalent i atoms: —x +1; —y + 1; z.
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Figure 3. (a) FT-IR spectra of pypapn and [Cu(pypapn)(ClO4),]. (b) HRMS of [Cu(pypapn)(ClOy)]*
in MeCN. (c) Electronic spectrum of 5 x 104 M [Cu(pypapn)(ClOy);] in MeCN. (d) EPR spectra of
powdered and frozen MeCN solution of [Cu(pypapn)(ClOy),]; T =120 K; v = 9.51 GHz.
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The chemical composition of the complex in solution was confirmed by the high-
resolution mass spectrum (HRMS) of the complex in acetonitrile (Figure 3b) that
shows the peak at m/z = 494.0786, corresponding to [Cu(pypapn)(ClO4)]*. The full
ESI-mass spectrum (Figure S2) also shows peaks at m/z = 197.5634 (12%) and 395.1297
(11%) assigned to [Cu(pypapn)]** and [Cu(pypapn)]*, respectively, besides the peak of
[Cu(pypapn)(ClO4)]* (10%). These species are present in relatively low proportion com-
pared to the peak at m/z = 440.1276 (100%), corresponding to the [Cu(pypapn)(CHO,)]*
monocation generated by perchlorate exchange with the formate anion present in the
spectrometer. It is worth noting that the isotopic distribution of all the peaks is consis-
tent with the simulated spectra. As expected, in the negative mode, the HRMS exhibits
the peaks corresponding to the ClO4™ anion (not shown).

The electronic spectrum of [Cu(pypapn)(ClO4)2] in acetonitrile displays a low-
intensity broad absorption band envelope centered at 653 nm (¢ = 76 M~! cm™1),
characteristic of the d—d transitions of Cu(ll) in a tetragonal field. A detailed examina-
tion of this region of the spectrum shows that this band splits into two bands of similar
intensity (Figure 3c), with energies of 14,184 cm~! and 16,529 cm ™!, which can be
assigned to d;» — dx2-y2 and dy, Jyz = dx2-y2 transitions, respectively, consistent with
an axially elongated octahedral geometry [18]. Other intense absorptions in the UV
region (not shown) correspond to ligand-to-metal charge transfers (LMCT) overlapped
with intraligand 7-n* and n-7t* transitions.

The X-band electron paramagnetic resonance (EPR) spectrum of powdered
[Cu(pypapn)(ClO4);] shows an axial signal typical of Cu(Il) sites in tetragonal ge-
ometry with g =2.20 and g, = 2.06. The spectrum registered on a frozen acetonitrile
solution of [Cu(pypapn)(ClOy),] (Figure 3d) is consistent with a d,» (2 ground state in
a slightly distorted N4-square—planar geometry, with spectral parameters g =2.25 and
g1 =2.08. In this solvent, the spectrum is broad [40], and only two of the four parallel
hyperfine features are observed, from which the hyperfine coupling to the Cu nuclear
spin A =181 x 10~* cm~! was estimated. Moreover, the empirical distortion index
f(g)/A)) =124 cm [41] indicates that in solution, the complex exhibits slight tetrahedral
distortion from tetragonal geometry, in agreement with UV-vis results. In this poorly
coordinating solvent (DNMeCN = 14) the perchlorate anions remain bound to Cu(Il),
affording a neutral molecular complex. This was confirmed by the conductivity of
the complex measured in acetonitrile, which shows non-electrolytic behavior (same
conductivity as for the neat solvent). By contrast, in DMF, a more coordinating solvent
(DNPMF = 27), the molar conductivity of the complex is 132 Q~! cm? mol~!, a value
expected for a 1:2 electrolyte in this solvent [42]. Therefore, perchlorate is substituted
by DMF to afford [Cu(pypapn)(DMF),]?*. The coordination of DMF is also supported
by the bathochromic shift of the d—d transition in the visible spectrum, with a broad
band centered at ~750 nm as the axial positions are occupied by DMF, lowering the
energy of the transition along the z-axis (Figure S3).

The 'H NMR paramagnetic spectrum of [Cu(pypapn)(ClOy),] in CD;CN (Figure 4a)
shows that the pyridine protons undergo broadening as well as a differential isotropic
shift depending on the distance between each proton and the metal center. The broad
signal at the low field can be assigned to overlapped Hy /Hy" at 11.0 ppm, with a peak
width of 104 Hz. Meanwhile, the 3/’ and v pyridine protons can be observed at 8.61,
7.95, and 7.48 ppm, displaying signals with a peak width of 20 Hz, 24 Hz, and 32 Hz,
respectively. This spectral pattern suggests that the two pyridine rings are symmetrically
related around the copper center, which is in agreement with the elongated tetragonal
geometry proposed from the EPR spectrum of the complex in this solvent. Moreover,
signals belonging to the methylene protons broaden and split in the 2.5-4.0 ppm spectral
region, with peak widths in the range from 12 to 32 Hz, depending on their relative
location. Integration affords an 8:6 ratio for the pyridine and methylene protons adjacent
to the donor N atoms, so it is possible that resonances originating from methylene protons
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closest to the Cu(Il) ion are broadened and shifted downfield. The broad resonance at
~13 ppm can account for this (Inset in Figure 4a).

(a) (b)
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—— complex
—0.05V/s
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Figure 4. (a) 1TH NMR spectrum of [Cu(pypapn)(ClOy4),] in CD3CN. (b) Cyclic voltammogram of
1 mM [Cu(pypapn)(ClOy4),] in acetonitrile, 0.1 M BuyNPFg, and glassy C/Pt/SCE, at different
scan rates.

The donor sites, the geometry, and the flexibility of the ligand are known to mod-
ulate the redox behavior of the copper center and, consequently, its reactivity toward
superoxide. The redox potential of [Cu(pypapn)(ClOy4);] was determined by cyclic
voltammetry. The voltammograms of the complex in acetonitrile at various scan rates
(Figure 4b) show the growth of the intensity of the cathodic and anodic peaks as the rate
increases, along with a shift of both peaks to more negative and more positive potentials,
respectively. The AE value (0.55V at v = 0.1 V/s), its dependence on v, and the I, /I
ratio of 0.35 indicate that the reduction in the complex is irreversible and takes place at
Epc = —0.22 Vvs. SCE (v = 0.1 V/s), while the oxidation of the reduced complex occurs
at Epa = 0.33 V vs. SCE. The irreversibility of the process can be attributed to geometry
changes experienced by the complex during reduction. Most probably, the reduction in
the tetragonal Cu(Il) complex is accompanied by perchlorate dissociation to yield Cu(I)
in a flattened tetrahedral geometry, and the observed oxidation peak originates from this
four-coordinate complex. It must be noted that the absence of a re-dissolution peak upon
anodic polarization scans indicates that no copper is released from the Cu(I) complex
generated at the electrode. For comparison, [Cu(py,pn)]?**, formed with the Schiff base
N,N’-bis(2-pyridylmethylen)propane-1,3-diamine, is reduced at —0.044 V vs. SCE [7].
Therefore, the more flexible Ny-diamine/dipyridine ligand stabilizes Cu(Il) toward re-
duction better than the N4-diimine/dipyridine one, reflecting the higher electron-donor
ability of pypapn.

2.2. Synthesis and Characterization of Modified Mesoporous Silicas

2.2.1. Synthesis of Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS
The [Cu(pypapn)(solv),]** complex was covalently anchored to mesoporous silica ma-
trix by reaction of the alkynyl groups with azide functionalized mesoporous silica employ-
ing “click” chemistry. Two different approaches were used to prepare the azide-modified
mesoporous silica: post-synthetic functionalization of SBA-15 silica; and a co-condensation
method [28]. The first method consists of grafting (3-bromopropyl)trichlorosilane to SBA-15
mesoporous silica to yield Brpn@SBA-15, followed by the bromine substitution by azide to
afford N3pn@SBA-15 (Scheme 2, route (a)). The other procedure involves a “one-pot” co-
condensation reaction using tetraethyl orthosilicate (TEOS) and 3-azidopropyltriethoxysilane
(AzPTES) in the presence of the triblock copolymer Pluronic P-123 as surfactant template
(Scheme 2, route (b)). In the one-pot methodology, the azidopropyl chains are placed
between the copolymer chains favoring the binding of the organic groups to the inner pore
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walls of the silica particles [43,44]. The material obtained by this procedure exhibits textural
properties similar to SBA-15 (see below). Subsequently, the pypapn ligand was covalently
linked to the two azide functionalized silicas by the formation of the 1,2,3-triazole ring,
using (Ph3P)3CuBr as a catalyst, to afford pypntriazole@SBA-15 and pypntriazole@OP-MS.
In each case, the reaction was stopped after the disappearance of the azide band in the ATR-
FTIR spectra of the solid samples. The Cu(Il) complex was formed in situ by the addition of
a solution of Cu(ClOy4); to a suspension of pypntriazole@SBA-15 or pypntriazole@OP-MS
in methanol, yielding Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS, with similar
Cu(Il) loading, as described in the experimental part. In both hybrid materials, the ligand
is attached to the channel walls at a single binding site (Scheme 2), as evidenced by metal
and nitrogen analyses.
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EtO- "~
(@) (b) C o, OE
SBA-15 P-123, H*
+ * OEt N
Cl /\/\“‘Si/ / \\l /
i~ N
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w

Cu-pypntriazole@MS

Scheme 2. Synthetic routes toward the hybrid catalyst. MS = SBA-15 or OP-MS.

For comparative purposes, the complex [Cu(pyzpn)]?>* formed with the N4-Schiff-base
was introduced into the mesoporous matrix of SBA-15 silica by ionic exchange, affording
the Cu-py,pn@SBA-15 hybrid material where the divalent complex cation was retained
inside the silica channels by electrostatic interaction with the silanolate groups of the pores’
surfaces. The FI-IR spectrum of the material confirms that the complex is essentially located
inside the pores since it shows only the strong bands of the Si-O-5i, Si-OH;, and Si-OH
groups but no or negligible bands belonging to the functional groups of the Schiff-base.
The lower proportion of the encapsulated complex in SBA-15 agrees with the smaller
decrease in the pore volume and surface area (see below) determined from the adsorption
N; isotherms of this complex compared to Cu-pypntriazole@SBA-15.

2.2.2. Textural Properties and Morphology of the Mesoporous Materials

SBA-15, prepared following a reported methodology [11], shows an ordered mesostruc-
ture with a high specific surface area and pore width of 4.9 nm (Table 1) suitable to host
the catalysts, which are around 1.0 nm wide (calculated from the crystal structures of

[Cu(pypapn)(ClO4),] and [Cu(py2pn)(ClO4)2] [7]).
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Table 1. Textural characterization of mesoporous materials.

SBET Vpp VMP VTI’ WwWp mmol Complex/
(m2g1) (em3 g-1) (cm® g~1) (cm?® g—1) (nm) 100 g Material
SBA-15 641 0.03 0.64 0.79 4.9 -
Cu-pypntriazole@SBA-15 310 0.00 0.34 0.41 3.7 24
Cu-py,pn@SBA-15 501 0.00 0.57 0.71 4.4 9.8
N3pn@OP-MS 362 0.00 0.41 0.47 4.8 -
Cu-pypntriazole@OP-MS 433 0.00 0.40 0.46 4.0 18

V1P = Vinp + Vprimary MP + Vsecondary Mp- MP = mesopore. pP = micropore. wp = pore diameter.

All the materials obtained by catalyst covalent grafting or encapsulation display
type 1V isotherms with a sharp jump and an H1 hysteresis loop at relative pressure
p/p° = 0.55-0.75 (Figure 5). This behavior is typical of ordered mesoporous materials,
denoting that the hybrids possess mesostructure similar to SBA-15 and uniform dis-
tribution of pore sizes, although smaller pore volume and surface area (Table 1) as a
consequence of the presence of the organic groups or catalyst inside the channels.

SBA-15
5001 —— Cu-py,pn@SBA-15
1—— Cupypapntrizole@SBA-15 300+
400
250-
2 300 . 200-
£ 2
(&) 1 mE
T § 150+
¥ 200+ f
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100 1 1 —— N,pn@OP-MS
50+ —e— Cupypapntriazole@OP-MS
0 T T T T T T 0 T M T % T ' 1 - T = T
0.0 0.2 0.4 0.6 0.8 1.0 00 02 04 06 08 10
P/po p/p0

Figure 5. Adsorption-desorption N, isotherms of mesoporous materials.

The morphology and size of the mesoporous silica particles were analyzed by scanning
electron microscopy (SEM, Figure S54). The SBA-15 particles are oblong, with an average
size of ~1-1.5 um long, lined up forming chains of 30-50 um long. The hybrid materials
obtained by either covalent attachment or encapsulation of the catalyst in SBA-15 maintain
the morphology of the starting silica particles, although they align to form shorter chains
of 15-20 um long. Fiber-like mesoporous N3pn@OP-MS is made up of a bundle of wires
forming long strands of 50-100 um long, and after the “click” reaction, exhibits a similar
morphology. Upon Cu binding, the hybrid catalyst shows rod-shaped particles of 2-3 pm
long, forming wheatlike aggregates of 10-15 um long.

Transmission electron microscopy (TEM) images of the three hybrid materials
(Figure 6) corroborate the regular array of cylindrical channels, as well as the hexagonal
pore arrangement, confirming a highly ordered mesostructure. The images show that
the channels are oriented along the long axis of the particles and that the pore network
reaches the particle surface, serving as a substrate entrance channel to interact with
the catalyst. From statistical analysis of TEM images of Cu-pypntriazole@SBA-15, pore
diameter and wall thickness were calculated using a protocol that takes into account
integration over grey scales in carefully selected zones where the electron beam was
perpendicular to the channels. The average pore diameter and wall thickness calculated
in this way are 3.5 & 0.6 nm and 4.7 &= 0.5 nm, respectively, in agreement with the pore
size calculated from the adsorption isotherm. The histograms are shown in Figure S5.
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These thick walls reflect the hydrothermal stability of the mesostructured silica particles
without enlargement of the pore size and confer robustness to the catalytic material.

g ¥ triazole@SBA-1 Yy pntriazole@SBA

SPN@SBA-15

Figure 6. TEM images of hybrid materials showing the parallel channels and their hexagonal arrangement.

The ordered mesostructure of SBA-15 and Cu-pypntriazole@SBA-15 was also verified
by low-angle X-ray diffraction (XRD, Figure S6). The XRD pattern indicates that SBA-15
exhibits a long-range mesoscopic ordering of hexagonal p6mm phases, as evidenced by the
intense (100) peak and the weaker (110) and (200) reflections [45]. The observed pattern
is not modified after anchoring the complex, confirming that the integrity of the porous
structure is maintained. The peak at 20 = 0.93 is not shifted after covalent attachment, but
it shows a 25% decrease, as well as the higher order reflections, possibly due to a decrease
in periodicity [46].

2.3. SOD Activity Studies

The SOD activity of the complex and the hybrid materials was measured in a phos-
phate buffer of pH 7.8. As described before, when [Cu(pypapn)(ClO4),] dissolves in MeCN,
perchlorate anions remain coordinated to Cu(Il), but when it is dissolved in a stronger
donor solvent like DMF or water, ligand exchange occurs, and perchlorate is replaced by
solvent molecules affording the dicationic [Cu(pypapn)(solv),]** complex. For simplic-
ity, hereafter, the solvated complex will be referred to as [Cu(pypapn)]**. Given the low
solubility of the complex in aqueous phosphate buffer, it was first dissolved in DMEF, and
an aliquot of the concentrated solution was diluted with phosphate buffer of pH7.8 to a
final volume of 3.2 mL. In this way, complete dissolution of the complex was achieved, and
the stability was verified by monitoring its electronic spectrum for 2 h. Spectra taken at
different times after preparing the solution exhibited analogous absorption features and
band intensities (Figure 7a). The stability of the hybrid materials was also checked after
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incubation in a phosphate buffer of pH 7.8 for 2 h, followed by centrifugation and record
of the UV-vis spectra of the supernatant. These measurements denoted the absence of
complex released into the solution. The SOD activity of [Cu(pypapn)]>* and the hybrid
materials was determined by the Beauchamps and Fridovich indirect assay using the NBT
reagent [47] at pH 7.8. This assay is based on kinetic competition between NBT and the cata-
lyst for photogenerated superoxide. Therefore, the SOD activity of the catalyst is measured
by its ability to inhibit the formation of formazan, the product of the reaction of NBT with
superoxide, observed at 560 nm. [Cu(pypapn)]** displays activity, as shown in Figure 7b.
The ICsg value, the concentration of catalyst that inhibits by 50% the NBT reduction by
0,°~, was determined from the plot of % inhibition vs. [catalyst] and used to calculate the
McCord-Fridovich rate constant, kycr, which is independent of the detector [48].
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Figure 7. (a) UV-vis spectrum of 5 x 107° M [Cu(pypapn)]2+ in buffer phosphate of pH =7.8. SOD
activity of (b) free and covalently attached [Cu(pypapn)]ZJr and (c) free and encapsulated [Cu(pyzpn)]2+.

Table 2 lists the values of kyier and Eq /2 (or Ep) redox potential for [Cu(pypapn)]2+
and other reported Cu(Il) complexes with open-chain ligands (see Chart S1 for their
structures) [9-13,49,50]. If the catalyzed O,°~ dismutation occurs through an outer
sphere mechanism, a complex will be thermodynamically competent as a catalyst when
its redox potential lies between the E(O,°~ /H0O,) =0.642 V and E(O,/0,°7) = —0.404 V
vs. SCE redox couples, at pH 7 [51]. On this basis, the best catalysts should be those
with a metal-centered redox couple close to 0.12 V vs. SCE (pH 7), the midpoint be-
tween the oxidation and reduction in O,°~ radical. However, in Table 2, it can be
observed that [Cu(MPBMPA)CI]" (Ep. = —0.47 V) is twice as active as [Cu(pypapn)]2+
(Epc = —0.22 V), even when its redox potential is outside the range for O,*~ dismuta-
tion (entries 2,3, Table 2). Furthermore, [Cu(pypapn)]?* exhibits an SOD activity better
than [Cu(pyzpn)]2+ (E1/2 = —0.044 V) and similar to [Cu(PBMPA)CI] (E1;, = 0.213 V),
although its redox potential is further away from 0.12 V (entries 3,4,7, Table 2). This
behavior can be explained if the reaction takes place through an inner sphere mechanism
where the redox potential is not the only relevant factor but also the flexibility of the
ligand, steric hindrance, labile coordination sites, and the total charge of the complex.
During catalysis, the coordination sphere of Cu in [Cu(pypapn)]** must change between
the tetragonal geometry of Cu(ll) to the tetrahedral or tricoordinate geometry preferred
by Cu(I). Although both [Cu(pypapn)]** and [Cu(py,pn)]** have a similar geometrical
arrangement of the Ny-tetradentate ligand around the Cu(Il) ion, the diamine pypapn
ligand is more flexible than the diimine py,pn and adapts better to the geometrical
reorganization required to accommodate the two metal oxidation states during catalysis.
This is particularly evident for [Cu(PuPy)]?* (entry 1, Table 2) with a longer and more
flexible tetramethylene chain between the imine groups that doubles the SOD activity
of [Cu(pypapn)]?*. The relevance of steric factors is evident in the four-time decrease
in the SOD activity going from [Cu(PuPy)]** to [Cu(Pu-6-MePy)(H,0)]**, where the
o-methyl substituted pyridine derivative hinders the access of O,°~ to the metal center
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(entries 1,6, Table 2). The number of labile positions available for binding the sub-
strate via ligand exchange is a factor made evident when comparing [Cu(MPBMPA)Cl;]
and [Cu(PBMPA)CI], the first being twice as active as the second (entries 2,4, Table 2).
Another example is [CuZn(dien),(y-Im)](ClO4)3, which during catalysis, dissociates,
converting into [Cu(dien]]**, which can bind O,*~ and promote its dismutation despite
its very unfavorable redox potential (entry 5, Table 2). Although with similar ligand
flexibility, the SOD activity of [Cu(PBMPA)CI] is three times higher than that of the
related complex [Cu(PCINOL)CI]* (entries 4,8, Table 2), probably as a result of the com-
bination of a more favorable redox potential of [Cu(PBMPA)CI] and a stronger labilizing
effect of the carboxylate compared to the alcohol group of [Cu(PCINOL)CI]*, to facilitate
ligand exchange. The more rigid and planar Cu(Il) complexes derived from salen and
salpn ligands are the least active (entries 9-11, Table 2), even slower than Cu(ClOy),
(knmier = 2.7 x 106 M~1 s71) [52]; hence, reinforcing the ligand flexibility is a key factor in
the O,°*~ dismutation catalyzed by the Cu(II) complexes.

Table 2. SOD activity of [Cu(pypapn)]** and other functional SOD models.

Entry Catalyst Ligand Donor Sites (106 K/I[\/Ef s1) R vE.llg CE) Ref.
1 [Cu(PuPy)]?* N, 23.6 - [9]
2 [Cu(MPBMPA)CI, ] Nj 21.2 —0.471 [10]
3 [Cu(pypapn)]** N, 12.6 —0.22 (Epc) This work
4 [Cu(PBMPA)CI] N3O 12.5 0.213 [10]
5 [CuZn(dien), (#-Im)(ClO4),]* N3Ny, 6.46 —0.89 (Epc) [11]
6 [Cu(Pu-6-MePy)(H,0)]** Ny 6.3 - [12]
7 [Cu(pyapn)]?* Ny 4.05 —0.044 [7]
8 [Cu(PCINOL)CI]* N3O 3.3 —0.416 [13]
9 [Cu(5-EtO-salpn)ZnCl,] N,O, 2.1 - [49]
10 [Cu(4-OMe-salchda)ZnCl, ] N,O, 0.87 - [50]
11 [salpnCuZnCl,] N,O, 0.85 —0.689 [11]
12 CuZnSOD Ny 2000 0.156 [2]

Immobilized Catalyst (106 II\C/INLC{: s—1)
13 Cu-pypntriazole@SBA-15 14.2
14 Cu-pypntriazole@OP-MS 13.3
15 Cu-py,pn@SBA-15 6.9

PuPy = N,N’-bis(2-pyridylmethylen)-1,4-butanediamine; HPBMPA, N-propanoate-N,N-bis-(2-pyridylmethyl)amine;
dien = diethylenetriamine; HIm = imidazole; Pu-6-MePy = N,N’-bis(2-(6-methylpyridyl)methylen)-1,4-butanediamine;
HPCINOL, 1-[bis(pyridin-2-ylmethyl)amino]-3-chloropropan-2-ol; salpn, 1,3-bis(salicylidenamino)propane;
4-OMe-salchda = N,N’-bis(4-methoxysalicylidene)cyclohexane-1,2-diamine.

Even the more flexible and active complexes listed in Table 2 are two orders of magni-
tude less active than the CuZnSOD enzyme (entry 12, Table 2), where the protein matrix
constraints the metal geometry halfway between that of each oxidation state and the small
structural reorganization is required for switching between the oxidized and reduced forms
of the enzyme results in fast electron transfer.

Aimed at examining the effect of immobilization on the SOD activity and stability
of the catalyst, the reactivity of the three hybrid materials toward O,°~ was evaluated
(Figure 7b,c). Cu-pypntriazole@SBA-15 and Cu-pypntriazole@OP-MS, with the catalyst
covalently attached to the surface of the silica channels, retain the activity of the free
complex (entries 13,14, Table 2). This result suggests that the ligand binding through the
triazole does not restrain the ligand flexibility or affect the geometry of the metal center.
Low-temperature X-band EPR spectra registered after the reaction of these hybrids
with an excess of KOy in DMSO (shown for Cu-pypntriazole@SBA-15 in Figure 8a)
confirmed that the immobilized complex keeps the geometrical arrangement of the
ligand around the Cu(II) ion. The spectral parameters for Cu-pypntriazole@SBA-15 after
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(a)

[Cu(pypapn)(CIO,),]

Cu-pypntriazole@SBA-15

reaction with KO, are g =2.25, g =2.06, A| =186 x 104 ecm~! and f(g/A)) =121 cm,
denoting that Cu(ll) is in a slightly distorted tetragonal geometry, similar to that observed
for the complex in a homogeneous phase (Figure 8a). Interestingly, encapsulation of
[Cu(pyopn)]?* inside the SBA-15 silica matrix almost doubles the SOD activity of the
free complex (entry 15, Table 2), probably because the silanolate-copper interaction
renders the copper center more electrophilic, favoring electron transfer from O,°~ to
Cu(Il). Also, in this case, the low-temperature X-band EPR spectrum registered after
the reaction of Cu-py,pn@SBA-15 with an excess of KO, in DMSO (Figure 8b) accounts
for the retention of the complex structure in the silica pores. The calculated spectral
parameters of Cu-py,pn@SBA-15 are g =2.23,8, =2.05, A =182 x 107* em~1, and
f(g)/A)) = 123 cm, analogous to those of the complex in frozen DMSO solution [7]. It
must be noted that the absence of the superoxide signal (g = 2.1021, g, =2.003) [53] in
the EPR spectra recorded after the reaction of the hybrids with 10-times excess of KO,
in DMSO indicates that these materials act as catalysts for O,*~ dismutation. Aimed at
verifying if the SOD activity is retained after several cycles, the NBT conversion was
measured with and without the hybrid material after consecutive illuminations of the
reaction mixture. In each new illumination, the NBT concentration was kept constant
by the addition of the required quantity of NBT to restore the starting concentration.
Cu-pypntriazole@SBA-15, Cu-pypntriazole@OP-MS, and Cu-py,pn@SBA-15 retain the
activity after several illumination cycles, indicating that, in all cases, immobilization of
the catalyst in the mesoporous matrix isolates and protects the complex to react with
0,°7, extending the catalyst life and reusability.

(b)

[Cu(py,pn)**

2000 2400 2800 3200 3600 4000 2400 2800 3200 3600 4000
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Figure 8. X-band EPR spectra of (a) [Cu(pypapn)(ClOy);] in frozen MeCN solution (v = 9.5 GHz)
and solid Cu-pypntriazole@SBA-15 (v = 9.31 GHz). (b) [Cu(pyzprl)]2+ in frozen DMSO solution
(v =9.5 GHz) and solid Cu-py,pn@SBA-15 (v = 9.31 GHz). T =120 K.

3. Materials and Methods

In this study, all the used reagents and solvents were commercial products of the highest
available purity and, when necessary, were further purified via conventional methods.

3.1. Synthesis of Ligands, Complexes, and Hybrid Materials

The synthesis of the ligands N,N’-bis(2-pyridylmethylen)propane-1,3-diamine
(py2pn) [54] and 1,3-bis[(2-pyridilmethyl)(propargyl)amino]propane (pypapn) [38] and
the complex [Cu(py,pn)(ClO4),] [7] were described in previous papers.
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3.1.1. Synthesis of [Cu(pypapn)(ClO4);]

Cu(OAc);-H,0 (30 mg, 0.15 mmol) was dissolved in methanol (5 mL) and added to
a solution of pypapn (50 mg, 0.15 mmol) in methanol (2 mL). After stirring the reaction
mixture for 1 h at room temperature, NaClO4.H,O (42 mg, 0.30 mmol) in methanol
(1 mL) was added. Then, the formed solid was filtered off; hexane was added to the
filtrate, and the mixture was left at 4 °C overnight. The solid was filtered, washed with
cold methanol and hexane, and dried under a vacuum. Yield: 36 mg (0.06 mmol, 40%).
Anal. calcd. for Cy;ClL,CuHp4N4Og: C 42.4; H 4.03; N 9.40%. Found: C 42.8; H 4.21;
N 9.34%. UV-vis, Amax nm (¢ M~ cm~!) in acetonitrile: 258 (7600); 280 (sh); 384 (sh); 653
(76). Significant IR bands (KBr, v, cm~1): 3262; 2117; 1611; 1574; 1445; 1118; 622. HRMS
(acetonitrile): m/z = 494.0786 [Cu(pypapn)(ClO4)]*; 395.1297 [Cu(pypapn)]*. Violet
crystals suitable for X-ray diffraction were obtained after 3 days by slow diffusion of the
reaction of mother liquor into toluene at 4 °C.

Caution! The perchlorate salts used in this study are potentially explosive and should be
handled with care.

3.1.2. Synthesis of Azidopropyl Functionalized Silicas N3pn@SBA-15 and N3pn@OP-MS

A high surface area SBA-15 mesoporous silica was prepared by hydrothermal synthe-
sis, using tetraethoxysilane (TEOS) as Si source and the triblock copolymer Pluronic 123 as
template in acid medium, as already reported [11]. The azido-functionalized N3pn@SBA-15
silica was prepared to employ a post-synthetic approach [28] by treating a suspension of
1 g of SBA-15 silica in 30 mL of toluene with 136 mL of 3-(bromopropyl)trichlorosilane,
added dropwise, and left stirring for 2 h at 80 °C. The solid was separated by filtration and
washed with toluene and ether; then, Soxhlet was extracted with dichloromethane and
dried under vacuum at 60 °C. Afterward, the solid was mixed with a saturated solution of
NaN3 in dimethylformamide (10.0 mL) and stirred for 2 days. After filtration, the solid was
washed with water, acetone, and ethanol and dried at 60 °C to yield 0.95 g of N3pn@SBA-15.
Residual mass (%) at 800 °C: 82.5%. IR (KBr): vas(N3) = 2114 cm 1.

The one-pot azido-functionalized mesoporous silica N3pn@OP-MS was prepared by
co-condensation of TEOS (2.2 mL) and 3-azidopropyltriethoxysilane (AzPTES, 275 mg)
with Pluronic P-123 (1.0 g in 40 mL of aqueous 1.6 M HCI) as surfactant template, following
a previously reported methodology [28]. After the template removal by Soxhlet extraction
in ethanol, the material was dried at 60 °C to yield 1.1 g of N3pn@OP-MS. Residual mass
(%) at 800 °C: 85.3%. IR (KBr): vas(N3) =2114 cm~ 1.

3.1.3. Synthesis of Cu-Pypntriazole@SBA-15 and Cu-Pypntriazole@OP-MS

Azide-functionalized mesoporous silicas (350 mg) were suspended in 72 mL of a
75:25 methanol:acetonitrile mixture and stirred for ten minutes. A solution of pypapn
in the same solvent mixture (30 mg, 0.09 mmol, 9 mL) was added, and the reaction
mixture was stirred for 1 h. Afterward, CuBr(PPhs); (84 mg, 0.09 mol) was added
and left with stirring at 60 °C. The completion of the reaction was determined by the
disappearance of the azide stretching band at 2114 cm~! in the IR spectrum. The
solid, pypntriazole@SBA-15 or pypntriazole@OP-MS, was filtered, washed by Soxhlet
extraction with methanol, and dried at 60 °C. Then, 250 mg of pypntriazole@SBA-15 was
suspended in 25 mL methanol, and a solution of Cu(ClOy4);-6H,0O (300 mg, 0.8 mmol) in
5 mL of methanol was added dropwise. The mixture was stirred for one week at room
temperature. The solid was filtered, washed with methanol and dichloromethane, and
dried at 60 °C to yield 220 mg of Cu-pypntriazole@SBA-15. Anal. (wt.%): N 2.35; Cu 1.5.
Catalyst content: 24 mmol/100g. Significant IR bands (KBr, v em~1): 1640 (d, H-O-H);
1080 (vas, Si-O); 795 (vs, Si-0); 463 (5, Si-O-Si). Following the same procedure, 250 mg of
pypntriazole@OP-MS yielded 230 mg of Cu-pypntriazole@OP-MS. Anal. (wt.%): N 1.8;
Cu 1.15. Catalyst content: 18 mmol/100g. Significant IR bands (KBr, v cm~1): 1640 (6,
H-O-H); 1080 (vas, Si-O); 795 (vs, S5i-O); 463 (5, Si-O-5i).
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3.1.4. Synthesis of Encapsulated Catalyst Cu-py,pn@SBA-15

Complex [Cu(py,pn)(ClO4),] was inserted in mesoporous silica SBA-15 by the addi-
tion of a solution of the complex (100 mg, 0.19 mmol) in methanol (20 mL, 35 °C) to the
silica (168 mg). The mixture was stirred for 24 h and filtered. The obtained material was
suspended in 5 mL of methanol and left stirring for 24 h. The solid was filtered, washed
with methanol, and dried at 60 °C. Yield: 140 mg. Weight loss between 200 and 500 °C:
3.9%. Anal. (wt.%): N 0.55, Cu 0.6. Catalyst content: 9.8 mmol/100g.

3.2. Analytical and Physical Measurements

An inductively coupled plasma mass spectrometer (ICP-MS) PerkinElmer NexION 350 x
was used to measure the metal content. CHN analyses were performed on a PerkinElmer
2400 series IT Analyzer. Infrared spectra were recorded in the 4000-400 cm ! range on
a PerkinElmer Spectrum One FTIR spectrophotometer provided with a DTGS detec-
tor, resolution = 4 cm~?!, and 10 accumulations. FT-IR spectra were registered from
KBr sample pellets or ATR-FI-IR. Electronic spectra were recorded on a Jasco V-550
spectrophotometer. Electron Paramagnetic Resonance (EPR) spectra were obtained at
115 K on an Elexsys E 500 Bruker spectrometer, operating at a microwave frequency
of ~9.5 GHz, and on a Bruker EMX-Plus spectrometer with a microwave frequency of
~9.3 GHz. Electrospray ionization (ESI) mass spectra were obtained with a Thermo
Scientific LCQ Fleet. The solutions for electrospray were prepared from solutions of
complex diluted with acetonitrile to a final ~10~> M concentration. 'H NMR spectra
were recorded in CD3CN on a Bruker AC 400 NMR spectrometer at ambient probe
temperature (ca. 25 °C). Chemical shifts (in ppm) are referenced to tetramethylsilane,
and paramagnetic NMR spectra were acquired, employing a superWEFT sequence,
with an acquisition time of 270 ms. Conductivity measurements were performed on
1.0 mM solutions of the complexes in MeCN or DMF using a Horiba F-54 BW con-
ductivity meter. The electrochemical experiments were performed with a Princeton
Applied Research potentiostat, VERSASTAT II model, with the 270/250 Research Elec-
trochemistry Software. Studies were carried out under Ar in MeCN solution using
0.1 M BuyNBF; as a supporting electrolyte and ~ 10~3 M of the complex. The working
electrode was a glassy carbon disk, and the reference electrode was a calomel electrode
isolated in a fritted bridge with a Pt wire as the auxiliary electrode. Under these condi-
tions, E(ferrocene/ferrocenium) = 388 mV in MeCN at room temperature. The size and
morphology of the solid materials were analyzed using an AMR 1000 Leitz scanning
electron microscope (SEM) operated at variable accelerating voltages and with EDX
detector NORAN System SIX NSS5-200. Samples for SEM observation were prepared by
dispersing a small amount of powder of dry silica and hybrid samples on double-sided
conductive adhesive tabs on top of the SEM sample holders. Then, the samples were
covered by a thin layer of gold deposited by sputtering to avoid charge accumulation
on the surfaces. The selected accelerating voltage used in the showed images were
20 kV at high vacuum condition. Transmission electron microscopy (TEM) analysis was
performed with a TEM/STEM JEM 2100 Plus with the operational voltage of 200 kV
(variable), with a LaB6 filament. The samples were prepared by dropping a suspension
of material in ethanol over a Formvar/Carbon square mesh Cu, 400 Mesh grids, and
let dry. TEM images were processed using the public domain Image] program. N
adsorption—desorption isotherms were obtained at 77 K on a Micrometric ASAP 2020
V4.02 (V4.02 G) apparatus. The samples were degassed at 10~3 Torr and 200 °C for
6 h prior to the adsorption experiment. Surface area (SBET) was calculated using
the Brunauer-Emmett-Teller (BET) [55] equation over the pressure range (p/p°) of
0.05-0.20. The volume of micropores and mesopores (V,,p and Vyp) was determined
by the alpha-plot method using the standard Licrospher isotherm. The total pore
volume (V1p) was determined with the Gurvich rule [55] at 0.98 p/p°. The pore size
distributions were calculated using the Villarroel-Bezerra-Sapag (VBS) model [56] on
the desorption branch of the Nj isotherms.
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3.3. Crystal Data Collection and Refinement

Crystallographic data for compound [Cu(pypan)(ClO4),] were collected at 298(2) K on
a Bruker D8 QUEST ECO Photon II CPAD Diffractometer, using graphite monochromated
Mo-Ka radiation (A = 0.71073 A). Data collection was carried out using the Bruker APEX4
package [57], and cell refinement and data reduction were achieved with the program
SAINT V8.40B [58]. The structure was solved by direct methods with SHELXT V 2018/2 [59]
and refined by full-matrix least-squares on F? data with SHELXL-2019/1 [60]. Molecular
graphics were performed with ORTEP-3 [61], with 50% probability displacement ellipsoids.
The packing diagrams were generated with SHELXL-2019/1. CCDC-2297367 contains the
supplementary crystallographic data for this paper. These data can be obtained free of
charge via http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html, accessed on 6 October 2023
(or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

3.4. Indirect SOD Assay

An indirect assay based on the inhibition of the photoreduction of nitro blue tetra-
zolium (NBT) was used to test the SOD activity of the free and immobilized com-
plexes [47]. The reaction mixture (3.2 mL) containing riboflavin (3.35 M), methionine
(9.52 mM), NBT (38.2 uM), and different amounts of free or immobilized complex was
prepared in phosphate buffer of pH 7.8. Riboflavin was added last, and the mixture was
illuminated for 15 min with a 16 W led lamp placed at 30 cm, at 25 °C. The reduction
of NBT was measured at 560 nm. Control reactions were performed to verify that the
complexes did not react with NBT or riboflavin directly. Inhibition percentage (IC) was
calculated according to
[(AAbs /1)

(AAbs/t) } % 100

without catalyst

(AAbs/t)

with catalyst

IC =

)

without catalyst

The IC5( values were determined from plots of % inhibition vs. complex concentration
and used to calculate the McCord-Fridovich second-order rate constant (ky.r) [48]. At
50% inhibition, the rates of the reactions of O,*~ with NBT and the mimic are identical;
therefore, kyr was calculated according to the equation kyep [complex] = knpt [NBT],
with knpr (pH =7.8) =5.94 x 10* M~1 s~ 1.

3.5. Preparation of Potassium Superoxide Solutions

The stock solution of KO, in anhydrous dimethylsulfoxide (DMSO) employed in EPR
measurements was prepared by suspending 9.3 mg of KO, in 5 mL of DMSO, followed
by sonication during 15 min and centrifugation at 6000 rpm for 25 min. The concentration
of KO, in the supernatant was calculated using ¢ = 2686 M~! cm~! in deoxygenated
DMSO [62] and confirmed by the assay of the horseradish peroxidase. The saturated KO,
solution in DMSO (0.75 mL) was added to a suspension of 10 mg of the hybrid material in
1.25 mL of DMSO, and the mixture was left stirring for 10 min. The solid was separated by
centrifugation, washed with methanol, and dried at 60 °C.

4. Conclusions

[Cu(pypapn)]** is among the most active Cu(IT) complexes formed with open-chain
ligands for catalyzing O,°*~ dismutation. In this complex, the metal ion is in a tetragonal
N2(amine)N2(py) O2(solvent) €nvironment, with the ligand disposed in the equatorial plane and
two labile trans-positions for reaction with the substrate. The ligand flexibility seems to play
a decisive role in the SOD activity, more than the redox potential, as [Cu(pypapn)]** exhibits
higher activity than [Cu(py,pn)]**, with redox potential closer to the optimum value for
0,°~ dismutation but less conformational flexibility in the chelate rings, while displaying
lower activity than complexes with a longer, and more flexible, central chain between the
N-donor sites. Covalently linked [Cu(pypapn)]>* holds the metal ion geometry inside the
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pores of the silica matrix and retains the SOD activity exhibited in the homogeneous phase.
The silica matrix preserves its ordered mesostructure after functionalization and in the
same way as the protein framework, isolates and protects the catalyst from hydrolysis,
extending its lifetime. In the hybrid material obtained by encapsulation of [Cu(py,pn)]**,
the strong electrostatic interactions between the dicationic catalyst and the surface groups
on the pores proved decisive for the full retention of the complex within the silica matrix
and activation of the metal center to react with O,°*~. In view of the robustness and
stability of Cu-pypntriazole@SBA-15, Cu-pypntriazole@OP-MS, and Cu-py,pn@SBA-15,
covalent anchoring and electrostatically-driven encapsulation of doubly charged copper
complexes, appear suitable strategies for the design of copper-based hybrid catalysts for
0,°*~ dismutation under physiological conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/inorganics11110425/s1, Table S1: Crystal data and structure
refinement for [Cu(pypapn)(ClOy4),]; Figure S1: Crystal packing diagram for [Cu(pypapn)(ClO4)2];
Figure S2: HRMS of [Cy(pypapn)(ClOy);] in acetonitrile; Figure S3: Electronic spectrum of
[Cu(pypapn)(ClOy4),] in DMF; Figure S4: SEM images of the mesoporous silica and the hybrid ma-
terials; Figure S5: Histograms of the channel diameter and wall thickness of Cu-pypntriazole@SBA-15;
Figure S6: Low angle X-Ray diffractograms of SBA-15 and Cu-pypntriazole@SBA-15; Chart S1:
Structures of complexes listed in Table 2.
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Abstract: The two most common oxidation states of copper in biochemistry are Cu(Il) and Cu(I), and
while Cu(II) lends itself to spectroscopic interrogation, Cu(]) is silent in most techniques. Ag(I) and
Cu(I) are both closed-shell d'° monovalent ions, and to some extent share ligand and coordination
geometry preferences. Therefore, Ag(I) may be applied to explore Cu(I) binding sites in biomolecules.
Here, we review applications of "' Ag perturbed angular correlation (PAC) of y-ray spectroscopy
aimed to elucidate the chemistry of Cu(l) in biological systems. Examples span from small blue
copper proteins such as plastocyanin and azurin (electron transport) over hemocyanin (oxygen
transport) to CueR and BxmR (metal-ion-sensing proteins). Finally, possible future applications are
discussed. ' Ag is a radionuclide which undergoes B-decay to '1Cd, and it is a -y cascade of the
11Cd daughter nucleus, which is used in PAC measurements. ' Ag PAC spectroscopy may provide
information on the coordination environment of Ag(I) and on the structural relaxation occurring
upon the essentially instantaneous change from Ag(I) to Cd(II).

Keywords: copper proteins; copper biochemistry; Cu(l); spectroscopy; metal site structure and
rigidity; Ag(I) binding to proteins

1. Introduction

Copper ions take part in fundamental biochemical processes such as electron transfer,
oxygen transport, enzyme catalyzed redox reactions, and systems to control copper itself
in the cell (transcriptional regulators, chaperones, and transmembrane transporters) [1-4].
The most common oxidation states are Cu(I) and Cu(ll), and while Cu(Il) is observable
by several experimental methods, Cu(l) is a closed-shell (d'°) ion and therefore silent in
most spectroscopic techniques, except nuclear and X-ray based approaches such as EXAFS,
XANES, NMR/NQR, and potentially 3-NMR [5,6]. Similarly, other closed-shell ions such
as Mg(Il), Ca(Il), and Zn(II) pose a challenge in terms of the spectroscopic characterization
of their coordination environments. Substitution of spectroscopically silent native metal
ions by active probes such as Co(Il), Mn(II), and H3Cq(11) (for NMR) has found widespread
use in the characterization of the metal site structure and function of metalloproteins [7,8].
Similarly, Ag(I) has been used in a number of studies to explore copper biochemistry [9-17],
despite the fact that Ag(I) in itself is also silent in most spectroscopic analyses.

In perturbed angular correlation (PAC) of y-ray spectroscopy, 1'™Cd has been em-
ployed as a means to probe the function of several Zn-dependent enzymes [18], and in the
context of this minireview, the less commonly used ! Ag is of particular interest to explore
the biochemistry of Cu(I) and potentially in radiopharmaceutical applications [19,20]. As
a group 11 element, Ag is a heavier congener of Cu, and not surprisingly Ag(I) and Cu(I)
exhibit common properties such as coordination with soft ligands, most notably thiolates in
proteins, and geometries of metal sites, although the ionic radius of Ag(I) is larger than that
of Cu(I). ' Ag PAC spectroscopy has been applied in a limited number of (bio)inorganic
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chemistry studies so far, including small inorganic compounds [21-23], Ag(I) chelators
with potential radiopharmaceutical applications [19,20], and metalloproteins. One of the
key advantages of PAC spectroscopy is that it relies on a radioactive probe; and so akin to
radiotracer techniques, only very small amounts of the probe are required to record a spec-
trum, typically on the order of picomoles (or 10!! probe ions or atoms) [18]. Moreover, PAC
spectroscopy may be applied to any physical state (solid, liquid, or gas) [18,24], and as most
biological material is transparent to y-rays, even in vivo PAC experiments are possible [25].
1 Ag may be produced at radioactive ion beam facilities such as ISOLDE/CERN or by
neutron irradiation of isotopically enriched 110p( at facilities such as ILL, Grenoble, France.
The relatively long half-life (T1/, = 7.45 days) allows for shipping from a production facility
to the home lab, and as such, makes 111Ag an attractive PAC probe.

With this work, we review applications of 1! Ag PAC spectroscopy within Cu(I)
bioinorganic chemistry, which so far only encompasses electron transfer proteins (plasto-
cyanin and azurin) [26-29], an oxygen transport protein (hemocyanin) [30], and metal-ion-
sensing proteins functioning as transcriptional regulators (CueR and BxmR) [31-33].

2. PAC Theory

In this section, we provide a brief introduction to PAC spectroscopy with an emphasis
on 1! Ag PAC; for a more detailed analysis of the technique, we refer the reader to [18].

In PAC spectroscopy, the hyperfine interactions between the nuclear magnetic and/or
quadrupole moments of the probe nucleus and the local magnetic fields and/or electric
field gradients (EFGs) are measured through the perturbed angular correlation of a y-vy
cascade in the nuclear decay. In this review, we will focus solely on interactions between
the nuclear quadrupole moment of the PAC nucleus and the EFG of its surroundings, i.e.,
the nuclear quadrupole interaction (NQI). An EFG is a signature of the local electronic and
molecular structure surrounding the PAC probe site, and if the EFG is time-dependent,
dynamics may also be explored typically on the ps—ns time scale. The NQI gives rise
to hyperfine splitting of the nuclear energy levels of the probe nucleus, and this energy
splitting is measured via PAC spectroscopy for the intermediate level of the -y cascade.
For a nucleus with spin I = 5/2, such as the relevant nuclear level of many PAC probes
including ' Ag, the intermediate energy level is split into three sublevels with transition
frequencies of wy, wy, and w3 between these sublevels. Note that this invokes the rule
that w3 = wy + wy. These frequencies serve as a fingerprint for the local structure at the
probe site.

For randomly oriented molecules and a time-independent NQI, the measured data
reflect the so-called perturbation function, which, for I = 5/2, is given by:

Gy (t) = ap + ay cos(wyt) + ap cos(wyt) + az cos(wst) (1)

where g; and w; depend on only two parameters, the NQI strength typically reported as vg
or wy, which is proportional to |V, |, and the axial asymmetry parameter 7 = ( VW-Vxx)/V o
where Vyy, V,y, and V; are the diagonal elements of the EFG tensor in the principal axis
system, ordered such that [V, | > [V, | > [ Vi l.

Figure 1 shows the decay schemes of 1! Ag and ''™Cd. Note that ! Ag does not
directly undergo the necessary -y cascade for PAC spectroscopy, instead it decays by 5~
emission to '''Cd, and with a ~7% chance, the “correct” excited state of '''Cd is populated
(342 keV) which then may decay by the successive emission of two y-rays necessary for
PAC. The intermediate level probed in this cascade has a half-life of 85 ns, and it is the NQI
that the Cd nucleus experiences in this state which is measured in ''* Ag PAC experiments.
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Figure 1. Nuclear decay of "' Ag. The probabilities of the various decay routes are given per 11 Ag
decay. The decay of ''™Cd (another commonly used PAC isotope) is also indicated to demonstrate
that the hyperfine splitting of the same intermediate level (I = 5/2, 245 keV) is probed in -y PAC
spectroscopy in the two radionuclides, although the first -y differs for the -y cascade in 11! Ag PAC
and 11™mCd PAC.

If the EFG is time-dependent on the ps—ns time scale, the perturbation function,
Equation (1), is affected. If the motion is slow (1/7. << wy), the perturbation function is ex-
ponentially dampened by exp(—t/7.), where 7. is the characteristic time of the (stochastic)
dynamics, for example, the rotational correlation time of a molecule undergoing rota-
tional diffusion. If the motion is fast (1/7. >> wy), the perturbation function becomes
Ga(t) = exp(—2.8woTc(1 + 52 /3)t), i.e., a purely exponentially decaying function. If the
dynamics originate from chemical exchange between two (or more) species, three differ-
ent scenarios are possible, in analogy to NMR spectroscopy: slow exchange where both
species are observed, intermediate exchange where line broadening is pronounced, and
fast exchange where a weighted average signal is observed.

3. Examples of Applications of ' Ag PAC Spectroscopy Elucidating Cu(I)
Bioinorganic Chemistry

In this section, we aim to provide an overview of the type of questions which can be
addressed with "' Ag PAC spectroscopy. We begin with a series of literature examples, and
we end with suggestions for future applications of the technique.

3.1. Metal Site Structure in Small Blue Copper Proteins—Electron Transport and Transfer

Small blue copper proteins take part in the transport of electrons. The prototypical
example is plastocyanin, transporting electrons in photosynthesis from cytochrome bg /f,
diffusing as Cu(I)-plastocyanin to associate with and transfer the electron to photosystem I.
The metal site is composed of two histidine residues and one cysteine residue in a distorted
trigonal planar structure, with an additional methionine residue at an axial position and
with an unusual distance from the metal ion to the thioether sulfur of around 3 A, see
Figure 2. The metal site is assumed to be rigid, and crystallographic data indicate that there
is very little difference in the Cu(I) and Cu(ll) coordination geometry [34], presumably
facilitating rapid electron transfer. In a broader perspective, these so-called type I copper
sites are an important class of Cu-binding sites which are present in many copper-containing
proteins, most notably in blue multicopper oxidases.
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Figure 2. Metal sites of plastocyanin (left) and azurin (right). A copper ion is bound in a distorted
trigonal planar structure with two His residues, one Cys residue, and an axial Met residue at
an uncommon distance of ca. 3 A from the metal ion (pdb codes: 1PLC [35] and 1AZC [36]). Figure
produced with PyMOL [37].

M Ag and '™ Cd PAC was employed to determine if there is a difference between
the metal site structure of the monovalent Ag(I) and the divalent Cd(II)-substituted azurin,
or if the protein fully dictates the metal site structure [26]. The PAC spectra are presented
in Figure 3, demonstrating that there is very little difference between the recorded NQIs for
111Ag(I) azurin and "™ Cd(IT) wild-type (WT) azurin (lower panel). The small (but statisti-
cally significant) difference may be accounted for by changes in the ligand-metal-ligand
angles of a few degrees [26]. Interestingly, the (small) difference between the NQIs from
1 Ag and 1!™mCd PAC is most pronounced in the 1! Ag PAC data for the first ca. 60 ns
after the decay from !'Ag to 1'1Cd, while at longer times (60-120 ns) after the decay,
the NQI approaches the value recorded by '''™Cd PAC. This indicates that although the
structures of Ag(I) and Cd(II) are highly similar, (minor) structural relaxation occurs on the
nanosecond time scale upon the decay of ! Ag to 1''Cd. This model was corroborated by
PAC experiments at two different temperatures (1 °C and 25 °C), demonstrating that the
rate of relaxation increased by around a factor of 2 when increasing the temperature from
1 to 25 °C. Thus, 111 Ag PAC spectroscopy allowed for an estimate of the rate of the (small)
structural reorganization occurring when the metal ion changed from monovalent Ag(I) to
divalent Cd(Il), in analogy to a pump—probe experiment, where the “pump” is the nuclear
decay of ' Ag, and the probing is performed by following the time-dependent change in
the metal site NQI.

Mutation of the methionine near the metal site to leucine, forming M121L azurin, is
a way to probe if M121 significantly affects the metal site structure. Interestingly, 11! Ag
PAC spectra of the M121L mutant show very little change compared to the WT protein, see
Figure 3, top panel, while the '''™Cd PAC spectra exhibit one NQI similar to the WT signal,
but another NQI (with significant line broadening, reflecting structural variability) also
appears. Thus, it seems that the introduction of both a mutation (M121L) and a non-native
metal ion with different combination of electronic structure (d'°) and charge (Cd(II)) from
Cu(I) and Cu(Il) leaves the metal site less well defined. Similarly, "' Ag PAC spectra of
the M121H mutant of azurin [27] gave rise to significantly more diverse coordination
geometries than observed for the WT protein. As a function of pH from 4.0 to 7.7, four
different NQIs were observed and interpreted as [AgHisCys(H,0O),] at low pH, and three
different [AgHis,Cys(H,O)] structures in various proportions at the higher pH values,
where the changes are controlled by the protonation states of the histidine residues. Thus,
M121H mutation significantly alters the metal site properties.
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Figure 3. "' Ag and '"™Cd PAC spectra of azurin and M121L azurin. Lower panel: "' Ag PAC
spectrum (solid line) and Himcg pPAC spectrum (dotted line) for wild-type azurin. Upper panel:
H1Ag PAC spectrum (solid line) and '"'™Cd PAC spectrum (dotted line) for M121L azurin. The
Fourier transform for '! Ag PAC is multiplied by —1 for easy comparison with the Fourier trans-
form for 111mCd PAC. Reprinted with permission from Ref. [26]. Copyright American Chemical
Society 1997.

3.2. Plastocynin—Photosystem 1 Association—Protein—Protein Interactions in Electron Transport

Reduced photosystem I is the physiological partner to which Cu(I)-plastocyanin trans-
fers an electron. In analogy to the study of azurin, vide supra, "' Ag and "''™Cd PAC
spectra were recorded for Ag(I)- and Cd(II)-substituted plastocyanin, and the measured
NQIs were very similar, indicating that Ag(I) and Cd(II) occupy very similar metal site
structures [28] with distorted trigonal planar coordination by two histidine residues and
one cysteine residue. In a pH series from 5.0 to 8.5, the low pH spectra indicated significant
changes in the first coordination sphere, presumably reflecting dissociation of one of the
His residues and coordination by the axial methionine thioether [29], in agreement with
data obtained by X-ray diffraction at low pH [38]. The main point of the current subsection
is, however, that it is possible to monitor the binding of Ag(I)-plastocyanin and Cd(II)-
plastocyanin to reduced photosystem I, see Figure 4 [28]. In the absence of photosystem I
(top panels of Figure 4), both the ' Ag(I)-plastocyanin and the ''™Cd(II)-plastocyanin
data display heavy damping of the oscillatory signal; this is caused by rotational diffusion
of the protein, which is relatively rapid under the experimental conditions. However,
upon addition of photosystem I, the oscillations of the observed perturbation function for
11 Ag-plastocyanin are recovered, indicating that the Brownian tumbling of the protein
is much slower, i.e., that 1! Ag-plastocyanin is bound to photosystem I. Contrary to this,
no indication of binding of '''™Cd-plastocyanin to photosystem I is observed, in accor-
dance with the function of plastocyanin. Moreover, the binding of ! Ag-plastocyanin to
photosystem I eliminates the relaxation of the ! Ag metal site structure to that observed
for 11'mCd, implying that the metal site structure and association with photosystem are
mutually affecting each other.
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Figure 4. "' Ag- and '1"™Cd PAC time traces recorded for plastocyanin in the absence and presence
of photosystem I. Left panels: '''™Cd PAC data for plastocyanin in the absence (top) and presence
(bottom) of photosystem I. Right panels: "' Ag PAC data for plastocyanin in the absence (top) and
presence (bottom) of photosystem I. Data points indicated with error bars, and fit (solid lines) using
Equation (1) with exponential damping due to rotational diffusion. The data for 111Ag PAC are
multiplied by —1 for easy comparison with the 1''™Cd PAC data. Reprinted with permission from
ref. [28]. Copyright American Chemical Society 1999.

3.3. Metal Site Structure in Hemocyanin—OQOxygen Transport

Hemocyanins (Hcs) transport oxygen in the hemolymph of some mollusks and arthro-
pods. The oxygen binding site is composed of two copper ions coordinated by three
histidine residues each, see Figure 5. In the absence of oxygen, both metal ions are reduced,
while upon oxygen binding, they are oxidized to Cu(II) and accordingly oxygen is reduced
to the peroxide ion.

The binuclear Cu site in deoxy-Hc from the arthropod Carcinus aestuarii was charac-
terized by ' Ag PAC spectroscopy by Holm et al. [30] through a series of experiments
with varying Ag(I)-to-protein ratios. Note that the amount of radioactive ! Ag is very
small, so the Ag(I) concentration is controlled by the addition of non-radioactive Ag(I),
typically as a nitrate or perchlorate salt. With 0.1 eq. Ag(I) with respect to 0.5 mM Hc,
a PAC signal with wgy = 0.183(1) rad/ns and # = 0.18(3) was observed. Increasing the Ag(I)
concentration to 2.0 eq. Ag(I) gave rise to a different signal with a larger line width (i.e.,
increased width in the distribution of NQIs) and an increase in the asymmetry parameter
to 7 = 0.26(4), if fitting the data with only one NQI. Although these changes are small,
they are statistically significant, and in particular, the increased line width is qualitatively
observable in the data. Fitting the 2.0 eq. Ag(I) data with two NQIs instead gives roughly
equal amplitudes for the two signals, as expected for full occupation of the two metal sites
in He. The PAC parameters differ (for both sites) from those observed at 0.1 eq. Ag(I). Thus,
it was concluded that the protein displays two slightly different metal ion binding sites, and
that the NQI recorded for site 1 depends on whether site 2 is occupied or not, indicating
that they are close in space, in agreement with the structure, see Figure 5. An additional
experiment was carried out with 1.0 eq. Ag(I), and the spectrum differed from that recorded
with 0.1 eq. Ag(l), indicating that both sites are occupied in a significant fraction of the
proteins in the presence of 1.0 eq. Ag(I), and consequently that the binding of the two metal
ions is likely to be cooperative.
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Figure 5. Metal site of hemocyanin. In the resting state of the protein (deoxy-Hc), two Cu(l) are

His-328

present at the dioxygen binding site, each bound by three histidine residues (pdb code: 1LLA [39]).
Figure produced with PyMOL [37].

The structural interpretation of the recorded PAC signals was carried out by Holm et al. [30]
using the semiempirical angular overlap model (AOM) [40]. It was concluded that purely
three-coordinated Ag(I) does not agree well with the ' Ag PAC spectroscopic data, and
that it is likely that a fourth ligand, for example, a water molecule, may be present both with
one and with two Ag(I) bound to Hc. In the work by Holm et al. [30], it was assumed that
the local Ag(I) metal site structure persisted throughout the PAC measurements, i.e., that
little or no structural relaxation occurred, despite the change of element and oxidation state
accompanying the nuclear decay of 1! Ag(I) to '''Cd(II). Later experiments on the CueR
transcriptional regulator [32], vide infra, have demonstrated that this assumption may
not always hold. Therefore, it is conceivable that the conclusion of the analysis of the Hc
11 Ag PAC spectroscopic data should be re-evaluated, and augmented with an additional
possibility: (A) the presence of a water molecule bridging the two Ag(I) ions or (B) a water
molecule (or another ligand) might be recruited by Cd(Il) rapidly after 1'' Ag decay. The
I Ag PAC data reflect the structure(s) present from about 10 to 200 ns after the nuclear
decay, which could be long enough for a water molecule to migrate to the metal site. The
time scale is controlled by the half-life, T ;, = 84 ns, of the intermediate nuclear level of the
v-7 cascade of 1''Cd (because Ti, of the initial state of the -y cascade is much shorter,
see Figure 1). Note that the other Ag(I) of the binuclear site will (in almost all cases) be
non-radioactive, because only a very small amount of ! Ag is present with respect to
the total amount of added non-radioactive Ag(I). In summary, the experimental data can
be interpreted in two different ways: either Ag(I) in Hc from Carcinus aestuarii is four-
coordinated with a water molecule as the fourth ligand, or Ag(l) is three-coordinated by
the three histidine residues, and the fourth ligand is recruited after the decay to Cd(Il). To
discriminate between these two options, it might be useful to carry out experiments at low
temperature, where the chance of trapping Ag(I) in the native coordination environment is
higher, vide infra.

208



Inorganics 2023, 11, 375

3.4. Metal Site Structure in Cu(I)-Sensing Proteins—Transcriptional Regulation
3.4.1. BxmR

BxmR is a transcriptional regulator protein of the ArsR family with a complex metal
ion response profile. Cu(I), Ag(I), and Cd(II) all bind to the so-called 3N site in which four
cysteine residues are available for metal ion coordination.

1 Ag PAC spectroscopic data display two NQIs, reflecting two different coordination
geometries [31]. 11'mCd PAC spectroscopy, which probes the metal site structure of Cd(Il)
via the NQIs of the same intermediate nuclear state that is probed in ' Ag PAC, gives
spectra that differ from those of "' Ag PAC. This indicates that the NQIs observed by 11 Ag
PAC are specific for Ag(I) coordination. One of the two NQIs observed by ! Ag PAC
spectroscopy has NQI1: wy = 0.23 rad/ns and # = 0.33, while the other is more difficult to
fit, and can either have NQI2: wy = 0.42 rad/ns and # = 0.05 or NQI2": wy = 0.24 rad/ns
and 7 = 1. In the same paper, a comprehensive analysis of the Cu(I) binding (including
XANES, EXAFS, UV-Vis absorption, and luminescence) indicated that a Cu(I)2Sy cluster is
formed, in which each Cu(]) is tri-coordinated. NQI2 agrees well with a trigonal planar
structure for Ag(I). Based on the additional work compiled on "' Ag PAC since this work
was published, and on analysis using AOM [40], we tentatively suggest that NQI1 might
reflect a Ag(I),S4 cluster in which the bridging thiolates have weaker bonding to Ag(I) (and
Cd(II)) than the cysteines used to parameterize the AOM. Both structural interpretations
are in accordance with the formation of a Ag(I),S4 cluster, although other structures may
also underlie the observed NQIs.

3.4.2. CueR

CueR is a transcriptional regulator protein of the MerR family with specificity for
monovalent ions of the coinage metals [41]. Cu(I) (and Ag(I) and Au(l)) is found in a near
linear structure coordinated by two cysteinates, see Figure 6. Ser77 from the other monomer
of the protein dimer is positioned close to the metal site.

Figure 6. Metal site of CueR. Ag(I) is bound in an almost linear structure by two cysteinates, and the
backbone carbonyl oxygen of Ser77 from the other monomer of the homodimeric protein is located
near the metal ion (pdb code: 4WLW [42]). Figure produced with PyMOL [37].

11Ag PAC was applied to characterize the CueR metal binding site [32,33], see
Figure 7, and the decay of ' Ag to 1''Cd(Il) provided a means to elucidate the effect
of instantaneously changing from Ag(I), which activates the protein function, to Cd(II),
which does not. Contrary to the rigid small blue copper proteins, vide supra, significant
structural changes are induced at the CueR metal site by the Ag(I) to Cd(Il) transition.
An experiment conducted at —196 °C displayed two NQIs, reflecting the presence of two
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different metal site structures. One of the signals is in good agreement with an almost linear
structure with two coordinating thiolates, as expected, possibly with a weak ligand in the
equatorial plane, such as carbonyl oxygen, suggested to be from Ser77 (high frequency
signal, top panel, Figure 7). The other signal indicated a higher coordination number,
thus implying that even at this low temperature, Cd(II) does in some cases recruit more
ligands to satisfy this metal ion’s preference for coordination numbers higher than two.
In a subsequent quantum mechanical molecular dynamics (QM/MD) simulation [43], it
was demonstrated that Cd(II) may indeed recruit additional ligands, and probably form
a four-coordinate site involving, for example, backbone carbonyl oxygens, in addition to
maintaining coordination with the two Cys residues. Interestingly, a '* Ag PAC experiment
at 1 °C exclusively displayed this second signal, demonstrating that the metal site structure
relaxes within ca. 10 ns to a structure accommodating a higher coordination number than
two. Thus, the change from Ag(I) to Cd(Il) gives rise to rapid structural change, presumably
inactivating the protein’s function.

\ -196 °C 111Ag PAC A
e N

w

N
w”

N

lk 1°C 11Ag PAC

-
(L}

/4

Arbitrary units

-
L

0.5 1 °C 11imcd pAC
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AR RERTA
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Figure 7. "' Ag and ""™Cd PAC spectra recorded for CueR. Two NQIs are present in the top panel,
one (NQI1, red) reflecting the native metal site structure (possibly with an additional weak equatorial
ligand) and the other (NQI2, blue) reflecting a higher coordination number. NQI2 is exclusively
present in the experiment at 1 °C (middle panel), demonstrating that the daughter nucleus, Cd(Il),
remodels the metal site within ca. 10 ns of "' Ag decay. The Fourier transform for ' Ag PAC is
multiplied by —1 for easy comparison with the Fourier transform for 1''mCd PAC. Reprinted with
permission from ref. [32]. Copyright 2020 the authors, published by Wiley-VCH Verlag GmbH & Co.

A MmCd PAC experiment, see the lower panel of Figure 7, gave a very low-frequency
NQI, presumably originating from coordination by four cysteinates, demonstrating that at
thermodynamic equilibrium, Cd(II) most likely recruits two additional Cys ligands, which
are available in the C-terminal CCHHRAG fragment.

3.5. Potential Future Applications

I Ag PAC spectroscopy has so far not been applied extensively in bioinorganic
chemistry, nor in any other field. Here, we briefly present some examples for which 1 Ag
could potentially provide useful and unique information.

3.5.1. Cu(]) Binding Sites in Redox Active Proteins

Characterization of the metal site structure of Cu(I) in redox active, copper-dependent
proteins is an obvious target for the application of "' Ag PAC. The simplest case would
be enzymes with a single copper site, for example, lytic polysaccharide monooxygenases
(LPMOs), amine oxidase, heme-copper oxidase, nitrite reductase, and superoxide dis-
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mutase (SOD) if the Ag(I)Zn(I)-SOD species can be prepared. Moreover, mixed species
of multicopper proteins with Cu(I/II) and Ag(I) might be characterized, assuming that
well-defined species may be prepared with certain sites occupied by copper ion(s) and
others by silver ion(s) [11]. In particular, this would allow for elucidation of Cu(I) binding
site structures of intermediates in reaction cycles where Ag(I) prevents the oxidation at
the site it occupies. Although this may be highly challenging and perhaps impossible for
multi-copper sites (type II and type III copper sites), Ag(l) substitution in mononuclear
copper sites (type I copper sites) of multicopper oxidases might be achieved.

3.5.2. Cu(]) Binding Sites in Cu(I) Transporting ATPases

Cu(]) transport out of cells is accomplished by transmembrane ATP-dependent trans-
porters [44]. The details of Cu(I) coordination at a number of transiently occupied sites
within these large proteins might be elucidated by ! Ag PAC spectroscopy. The opportu-
nity to explore metal ion transporters pertains not only to ! Ag(I), but also to other PAC
isotopes, such as '"™Cd(IT), which might be applied to explore, e.g., Zn(II) transport. Such
studies have not been conducted yet.

3.5.3. Methionine Containing Cu(I) Binding Sites

Cu(]) is a relatively soft metal ion, and often displays binding to soft ligands such
as sulfur. In the cytosol, cysteine thiolates are commonly found at Cu(I) binding sites of
both metallochaperones and metalloregulatory proteins, vide supra. However, under more
oxidizing conditions, e.g., extracellularly or in the periplasm of prokaryotic organisms,
methionine takes part in the coordination of Cu(I), and even so-called methionine-only
binding sites have been identified [11,12,45-56]. It is conceivable that "' Ag PAC spec-
troscopy can provide further elucidation of the metal site structure and flexibility at such
metal sites.

3.5.4. Low Temperature Experiments

The decay of 11! Ag(I) to 1" Cd(II) is accompanied by an almost instantaneous change of
element and oxidation state, and additionally the Cd daughter nucleus receives a significant
amount of recoil kinetic energy (up to around 500 k] /mol) in a direction depending on the
direction of emission of the B~ and the antineutrino. It has been demonstrated by QM/MD
simulations [43] that the recoil energy is dissipated to the surrounding protein within
picoseconds. The nuclear decay gives a unique opportunity to explore these relaxation
processes, and thus probe the protein metal site flexibility /rigidity. However, if the aim is to
characterize the Cu(I) metal site structure, the nuclear decay is an undesired complication
which can, to some extent, be alleviated by conducting the experiments at low sample
temperatures. This is illustrated by the 1! Ag PAC data recorded for the Cu(I)-sensing CueR
protein, vide supra. Thus, there may be a significant advantage to running experiments at
low sample temperatures to elucidate Cu(I) metal site structures, and it seems likely that at
even lower temperatures, e.g., using a He cryostat, may further enhance the trapping of the
native metal site structure.
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Abstract: Copper-oxygen adducts are known for being key active species for the oxidation of C-H
bonds in copper enzymes and their synthetic models. In this work, the synthesis and spectroscopic
characterizations of such intermediates using dinucleating ligands based on a 1,8 naphthyridine
spacer with oxazolines or mixed pyridine-oxazoline coordination moieties as binding pockets for
copper ions have been explored. On the one hand, the reaction of dicopper(I) complexes with O,
at low temperature led to the formation of a p-n2m? Cuy:0, peroxido species according to UV-Vis
spectroscopy monitoring. The reaction of these species with 2,4-di-tert-butyl-phenolate resulted in the
formation of the C—C coupling product, but no insertion of oxygen occurred. On the other hand, the
synthesis of dinuclear Cu(II) bis-p-hydroxido complexes based on pyridine-oxazoline and oxazoline

I

ligands were carried out to further generate Cu!'Cu! oxygen species. For both complexes, a reversible

monoelectronic oxidation was detected via cyclic voltammetry at E1 ;, = 1.27 and 1.09 V vs. Fc* /Fc,

respectively. Electron paramagnetic resonance spectroscopy (EPR) and UV-Vis spectroelectrochemical

1T

methods indicated the formation of a mixed-valent Cul'Cu'' species. Although no reactivity towards

exogeneous substrates (toluene) could be observed, the Cu'Cu!™!

complexes were shown to be able
to perform hydroxylation on the methyl group of the oxazoline moieties. The present study therefore
indicates that the electrochemically generated Cu''Cu'"" species described herein are capable of
intramolecular aliphatic oxidation of C-H bonds.

I

Keywords: copper-bioinspired chemistry; mixed-valent Cu'Cu'' species; dioxygen activation

1. Introduction

An important part of the research in bio-inorganic chemistry is currently focused on
the development of model complexes that mimic the catalytic center of enzymes. In the
field of copper-metalloenzymes, low-temperature oxygenation of synthetic Cu! or Cu',
compounds has provided a variety of structurally and spectroscopically characterized
CuyO; species including high valent species [1] (Scheme 1). The combination with their
respective reactivity profiles has provided useful information on dicopper-metalloenzyme
structure and function [2,3]. In particular, Cup-containing enzymes activate O, to generate
Cu,0; species capable of oxidizing various substrates varying from catechol to methane [4].
To prepare model complexes, the nature of the supporting ligands employed, the presence
of substituents to control the bulkiness and the electronic properties (donor/acceptor
groups) and flexibility of the ligand control the final structure of the Cu,O, species. The
majority of dinucleating ligands with tridentate arms described in the literature have been
used to generate bis-p-oxido dicopper(Ill) complex or equilibrium mixtures of (u-n?m?)

Inorganics 2023, 11, 332. https:/ /doi.org/10.3390/inorganics11080332 215 https://www.mdpi.com/journal/inorganics
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peroxido dicopper(Il) and bis-p-oxido species [5-10] (Scheme 1). By contrast, dinucleating
ligands with tetradentate arms have predominantly led to cis-p-1,2-peroxido dicopper(II)
complexes [11] or trans-p-1,2-peroxido-dicopper(Il) complexes [12-16].

i I
O _cu'L Leu( _cu'l 0-0, ot
Lou! O Q Led  cu' Loyl "0”
OH
trans-p-1,2 -peroxido y-hydroperoxido cis-p-1,2-peroxido p-1,2-superoxido
(8)

't O I n Lcu!! cullL
Leu'k T >cu'L LCu'{ S LCU'<O>Cu L Ny

o 0

(H)

mixed-valent Cu"'Cu

2.2 ; -oxido
H-n"-n"-peroxido bis(p-oxido) " H

Scheme 1. Representative Cu, /O, adducts characterized from model complexes.

In this context, we reported the synthesis of the symmetrical CuyPy4 complex (Py4
ligand is presented on Scheme 2) containing a naphthyridine spacer (known to be redox-
inert, and to promote two well-defined coordination sites with a short metal-metal distance)
associated with bis-pyridyl arms [17]. With the Cu,Py4 bis(u-hydroxido) complex, we
showed that a mixed valent Cu!Cu'" intermediate could be generated and activate strong
sp® C-H bonds [18]. In addition, from the corresponding dinuclear Cu', Py, species, no O,
adduct was detected [19].

Py,

Scheme 2. Ligands used in this work.

With this background, in this study, we describe two novel naphthyridine-bridged
ligands (Scheme 2) using bis-oxazoline moieties as binding site. Bis-oxazoline (BOX) ligands
have found numerous applications, in particular in the field of asymmetric synthesis [20].
In particular, the steric bulk of the oxazoline group provides hindrance around the copper
centers, stabilizing potential intermediates formed. This concept was applied by Meyer
et al. in the copper—O, activation field showing that such an entity was able to stabilize a
u—n2:112—peroxido-dicopper(H) complex [21].

Here, we have employed Ox4 and Ox;Py; ligands for the preparation of dinuclear
copper(I) and (IT) complexes. Aiming at generating mixed valent Cu'lCu'"'-oxygen species,
we have followed two strategies. In a first approach (Strategy 1, Scheme 3), Cu!, complexes
have been reacted with O, in order to generate stable (u-n?m?3) peroxido Cu'l, complexes
that can be further reduced/protonated. The second approach (Strategy 2) is based on
the electrochemical/chemical mono-oxidation of stable Cqu—hydroxido or Cully-bis(u-
hydroxido) complexes, as previously developed by our group with the Pyy ligand [17].
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cu'

cu'

((")l) (|-)|
e, nH* RON - (e7, nHY) FONA )
&, Cu”\(l)>Cu” (—)> Cu“\o/Cu'” - Cu\O/Cu
(H) H
Strategy 1 Strategy 2

I

Scheme 3. Possible strategies for formation of Cu'Cu'!l oxygen-mixed-valent species.

2. Results and Discussion
2.1. Ligands Synthesis

As shown in Scheme 2, the new ligands Ox4 and Ox;Py, display a common 1,8-
naphthyridine spacer, the bis-oxazoline (BOX) or pyridine moieties (Py = 2,2'-dipyridylethane)
serving as binding pockets (Scheme 2). The bis-oxazoline [22] and the pyridine (Py) [23]
entities were synthesized according to procedures described in the literature. Oxq was
synthesized via lithiation of bis-oxazoline and subsequent reaction with the 2,7-dichloro-
1,8-naphthyridine building block (synthesized according to literature procedures, in three
steps) [24,25] with 20% yield. The ligand Ox;Py> was obtained in the same manner after
two successive lithiations with 60% yield (Scheme 4). Corresponding 'H (Figure S1) and
13C (Figure S2) NMR are depicted in the Supplementary Materials along with ESI-MS
spectra (Figure S3).

OxzPy,

Scheme 4. Synthetic pathway for the ligands Ox4 and Ox; Py,

2.2. Dicopper(I) Complexes
2.2.1. Synthesis and Characterizations

Complex Cul,Py; was synthesized according to the procedure described by
Tilley et al. [26]. The two air-sensitive Cu(I) complexes based on Ox4 and Ox;Py; ligands
(named Cu',0x4 and Cu',0x, Py, respectively) were prepared using a similar procedure:
under argon, one equivalent of ligand (Ox4 or Ox,Py;) was reacted with 2.1 equivalents
of [Cul(CH3CN),4]OTf in tetrahydrofuran (THEF). In both cases, the reaction produced an
orange precipitate with 70% or 92% yield, respectively. Unfortunately, no suitable crystal
for X-ray diffraction analysis could be obtained. 'H-NMR characterization of the two
complexes was carried out in CD3CN (Figure 54). Peaks centered around 4.0 ppm and
1.35 ppm can be attributed to the CH; and CHj3 groups of the oxazoline entities. Two peaks
(doublets) were detected around 4 ppm, which did not appear on the 'H-NMR spectrum of
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the ligand itself. This result is a good indicator for copper(I) coordination to the ligand, as
the two diastereotopic protons of the ligand are no longer in an equivalent environment.
Two singlets at around 1.35 ppm matching to the CHj groups of the oxazoline moieties
support this result.

2.2.2. Reactivity

In order to generate Cuy /O, adducts, dioxygen was bubbled through solutions of
Cul,0x; and CuIZOszyz complexes in acetone at low temperature (T = 193 K). The
reaction was monitored via UV-Vis spectroscopy (Figures 1 and S5). For both complexes,
the spectrum of the initial dicopper(I) solution under N, was taken as the baseline for more
accurate determination of the wavelength of the arising new absorption bands.
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Figure 1. UV-vis monitoring of the addition of O, on Cu'yOxy4; parameters: optical path = 1 cm;
solvent: acetone, concentration 0.094 mM, T = 193 K. The baseline was taken on the dicopper(I)
complex solution before O, addition for better monitoring of the peroxide absorption bands (justifying
the use of relative absorbance (AAbs.) instead of absorbance (Abs.) on the graph).

For complex Cu',0x4, four new bands with wavelengths ranging between 330 and
700 nm appeared rapidly upon addition of dioxygen. In particular, an intense absorp-
tion band at Apmax = 338 nm (¢ ~ 6400 M~1.cm™1) together with a less intense one at
Amax = 409 nm (e ~ 1000 M~ .cm~1) were observed. In addition, two low-intensity bands
at 530 nm (¢ ~ 350 M~1.cm™1!) and 637 nm (e ~ 312 M~!.cm™!) were detected. These
absorptions correspond to low energy d-d transition, as reported in a parent dicopper com-
plex [27]. The main absorption band at 338 nm is in the typical range of p-n?m2-peroxido-
Cu'ly oxygen species and attributed to ligand-to-metal charge transfer (LMCT) from the
peroxido to the copper centers [3]. A similar behavior was obtained with Cul,0x,Pys.
Indeed, a new absorption band was observed at Apax = 367 nm upon addition of dioxy-
gen (e ~2400 M~1.cm ') [3,28] (Figure S5). As for Cu',Oxy, this wavelength value sug-
gests the formation of side-on peroxido dicopper(Il) species. However, both Oxs and
Ox;Py;-based peroxides were shown to be poorly stable, hence excluding any further
reduction/protonation for generating mixed-valent species such as shown in Scheme 3.

The reactivity of these u-n>m?-peroxido-Cu'!; oxygen adducts towards exogeneous
substrates was then examined in acetone. Aromatic hydroxylation reactivity is well-known
for dicopper(Il)-p-n?m>2-peroxido species, whereas dicopper(Il)-bis-p-oxido species are
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better for electrophilic reactivity mechanisms such as hydrogen atom abstraction [28-31].
For both species generated here, no reactivity towards PPhj or benzaldehyde was observed.
In contrast, with sodium 2,4-di-butylphenolate as substrate, both dicopper(Il)-p-n>m>2-
peroxido gave rise to the carbon—carbon coupling product detected via GCMS (Figure S6)
over arene oxygenation. These results are in line with those of Meyer et al. [21] using a
bis-oxazoline derivatives. As previously suggested, the presence of the dimethyl bulky
groups on oxazoline units impacts the reactivity by limiting the access of substrates to the
CuyO; core.

2.3. Dicopper(1I) Complexes
2.3.1. Synthesis and Characterizations

The next step consisted in exploring the redox properties of the dicopper(Il) bis(u-
OH) Ox4 and Ox;Py; complexes. For this purpose, the complexation reactions of the
two ligands were carried out in a classical manner. One equivalent of the ligand was
dissolved in THEF, and 2.1 equivalents of triethylamine and water (10 equivalents) were
added followed by 2.1 equivalents of Cu(OTf),. Upon diffusion of di-isopropyl ether into a
concentrated acetonitrile solution of complexes, single crystals for X-ray diffraction analysis
were obtained with 71% and 75% yield, respectively. Details for X-ray analysis are in Table 1.
Complex 1 (Cu'',Oxq) crystallizes as a dinuclear complex with the Cu atoms bridged by
two hydroxido groups (Figure 2a) with Cu-O-Cu angles close to 90.4°. The Cul and Cu2
copper atoms are set at a short distance from each other (2.7537(5) A). The geometries of
both copper atoms are described as a square-based pyramid (t = 0.07 for Cul and 0.08
for Cu2) [32] with N1 and N2 of the naphthyridine spacer occupying the axial position.
Although the equatorial distances are in the range of the values obtained for parent/relevant
dinuclear complexes (1.9-2.1 A) [17,33-35], the nitrogen of the naphthyridine is located at
2.43-2.46 A from the copper(II) centers. These significantly longer distances could indicate
a weaker donating group and a possible unbinding of these atoms in solution.
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Figure 2. Representation of cationic units of (a) [(Cup(Ox4))(u-OH),](CF3S03); (1) and
(b) [(Cup(OxPy7)(1-OH),](CF3S03); (2A). Selected bond lengths (A) and angles (°) are reported in
ESI (Tables S1 and S2). Others view and complete representation including counterions and solvent
are in ESI (Figure S7a,b).

The similarly complexation of ligand Ox,Py, afforded compound 2 (Cu'',0x,Py>)
as a crystalline material. The unit cell encloses two crystallographically independent
[C32H14CupNgOgl(CE3503), entities and one CH3CN as solvate. Each cationic unit displays
two triflate counterions. Unit 2A is shown in Figure 2b (other views on Figure S7b) and
unit 2B is shown in Figure S7c (Supporting Information); each consists of two copper atoms
bridged by two hydroxido groups. Selected bond lengths and angles are reported in Tables
51 and S2 in the Supplementary Materials and display no significant difference between 2A
and 2B dimers. In 2A, the CulA-Cu2A distance is short (2.80) A but rather long compared
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to CullyPy4 (complex 3) [17] and to Cul’,Ox4, with a distance of 2.75 A. Each copper atom
has a square-based pyramid geometry (T = 0.01 for CulA and 0.02 for Cu2A) [32] with the
equatorial positions occupied by the hydroxido groups and the nitrogen atoms of either
the pyridines or the BOX entities and the axial positions occupied by the N atoms of the
naphthyridine spacer. Bond distances between the Cu atoms and equatorial positions are
0f 1.9-2.0 A. The axial bonds are longer at 2.47 A for CulA-N1 (the side of the BOX units)
and 2.26 A for Cu2A-N2 (the side of the pyridine units).

UV-Vis characterization of the dicopper(Il) complexes 1 and 2 was carried out in ace-
tonitrile. The complexes exhibited intense electronic transitions in the UV region at 260, 305,
310 and 317 nm (e ~ 10000 M~! cm™1). These bands are similar to those of Ox4 and Ox;Py>
free ligands and have been assigned as -7 transitions. Large bands at 580 nm and 570 nm,
respectively, with weak values of molar absorptivity (¢ ~ 100 M~! cm~!) were observed for
each complex and correspond to d—d transitions. These two complexes were also analyzed
via ESI-MS in acetonitrile (Figure S8). Peaks were detected at 883 and 843 m/z correspond-
ing to [M-OT{]" for [(Cuz(0x4))(1-OH)2](CF3503); and [(Cuz(Ox2Py2))(1-OH),2J(CF3503)2,
respectively, where M corresponds to the complex. Theoretical isotopic profiles matched
experimental ones indicating that the complexes remain dinuclear in solution.

2.3.2. Electrochemical Oxidation of Complexes 1 and 2

We further investigated the oxidation process for both dicopper(II) complexes 1 and 2.
Attempts to generate a mixed-valent Cu''Cu'"! species were carried out via cyclic voltam-
metry (CV) in a CH3CN solution with tetra-n-butyl ammonium perchlorate (TBAP) as the
supporting electrolyte.

As shown in Figure 3, the two complexes displayed a reversible oxidation system at
Ei/p =127 Vand 1.09 V vs. Fc* /Fc, respectively, for 1 and 2 at v = 100 mV-s~! rendering
them all out of reach of commonly used chemical oxidants [17]. Noteworthy, complex 1
showed a complete loss of reversibility at a lower scan rate (v = 20 mV-s~1) (Figure 3a),
contrary to complex 2, for which reversibility was still observed at v = 5 mV-s~! (Figure 3b).
Plots of the normalized anodic peak current [v~1/2 against the scan rate (v) (Figure S9)
showed a particular increase of Iv~!/2 at low scan rates for 1. This result is indicative of an
ECE mechanism (E = electrochemical and C = chemical) where the oxidation of the complex
is followed by a chemical reaction on the experimental time scale, producing new species,
which, in turn, can be oxidized. The oxidation of both complexes therefore involves, at room
temperature, the formation of a transient species that has a half-life of several seconds. For
the oxidation process of each complex, the number of electrons was determined by using
the Randles-Sevcik equation [36,37] for scan rate values for which the system remained
reversible. Ip was plotted against v'/? for complexes 1 and 2 (Figure S10), yielding values
of n = 1.3 and 1.2, respectively, thus indicating a one-electron transfer for both complexes.
This behavior is reminiscent of that previously obtained with complex 3 (Cu'',Py,), which
displayed a reversible system at 1.26 V vs. Fc* /Fc in the same conditions [17].

In order to avoid decomposition at room temperature because of the occurrence
of an ECE process, the mono-electronic oxidized species were generated at —40 °C via
bulk electrolysis of 1 and 2 (0.7 mM) in a 0.1 M NBuyClOy/acetonitrile solution to the
potentials of 1.41 V vs. Fc*/Fc for 1 and 1.26 V vs. Fc*/Fc for 2. Bulk oxidation was
accompanied by a color change from pale blue/colorless to yellow for complex 2 and
colorless to brown for complex 1. During the course of the low-temperature electrolysis,
the samples were taken out and immediately frozen in liquid nitrogen for EPR analysis. For
control experiments, to get the EPR spectrum of the final product, the oxidized species was
also warmed to room temperature and then frozen in liquid nitrogen. Before electrolysis,
the two complexes were EPR-silent (CH3CN, 100 K). The EPR spectrum of complex 2 after
oxidation via electrolysis is displayed in Figure 4, along with the spectrum of the product
warmed to room temperature. Spectra were recorded at 15 K, but the same features were
observed from 15 to 100 K. The oxidized complex displayed four clear lines (Figure 4)
with coupling constant A of 173 G, the expected EPR spectrum for a mononuclear Cul!
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complex in an axial geometry (an unpaired electron coupling to the nuclear spin of one
copper with I = 3/2). This is consistent with a valence-localized Cu''Cu'!! species (the Cu'
being EPR silent), defined in the Robin Day classification system [38] as a class I (classes I
and III represents slight and significant delocalization, respectively). The spectrum of the
complex 1 after oxidation was less resolved but four lines were still observable (A =177 G)
(Figure S11). The loss of resolution of the signal from this oxidized complex could be due to
more instability of the one-oxidized species that can also be stated by its lower reversibility
of the CV (Figure 3a) at room temperature compared to complex 2 (Figure 3b). For the
mono-oxidized species 1, 2 and 3, in all three cases, the EPR parameters of the spectra (see
Figures 4 and S11) obtained after simulation show a Cul! in an axial geometry [17]. It is
therefore obvious that mono-oxidation of the complexes CquOszyz and Cull,Ox4 leads
to the formation of mixed-valent Cu!'Cu'"! species. After the oxidized samples had been
warmed to room temperature, the recorded spectra of all complexes at 15K displayed broad
signals, indicating a mixture of several Cu'! complexes in solution.
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Figure 3. Scan—rate—normalized CV for (a) complex 1 and (b) complex 2 (for each at 1 mM) in
acetonitrile with 0.1 M NBuyClOy4; room temperature; scan rates 100 mV-s~! (blue), 20 mV-s~1
(black), 10 mV-s~! (red) and 5 mV-s~! (green).
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Figure 4. EPR spectra of complex 2 after oxidation after bulk electrolysis at —40 °C (red), and
after warming to room temperature (black) in frozen solution (0.1 M NBuyClO; in acetonitrile) of

0.7 mM of 2 recorded at 15 K; frequency = 9.419 GHz. Simulation was carried out with the EasySpin
program [39] assuming the following parameter: g | =2.065,g,, =2.307,A; =0G,A,, =173 G.

UV-Vis-NIR time-resolved spectroelectrochemistry experiments were carried out at
room temperature to further characterize the unstable mono-oxidized species. Upon mono-
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oxidation of Cull,Ox4 (1), new absorption bands were detected at Amax = 380 nm, 480 nm
(both ¢ ~ 735 M~!.cm~!) and 630 nm (weak) (Figure S12). In the NIR region, a very
low-intensity and broad band centered at 1680 nm was observed (Figure S12). For this
complex, the redox process was found to be irreversible at the defined scan rate (30 mV-s 1),
suggesting a fast evolution of the generated mixed-valent species.

For Cu'!Ox, Py, (2), spectroelectrochemical measurements displayed slightly different
features than for 1. New absorption bands were detected at Apmax = 360 nm (3420 M~L.em™1)
and 424 nm (sh, 2140 M~ 1.cm™1) (Figures 5 and S13). In the near infrared region, a broad
and weak band appeared at Amax = 1185 nm (120 M~L.em™1) (Figure S13). The process
was found to be fully reversible as shown by CV and from spectroscopic data since these
absorption bands disappeared upon back reduction. Aiming at better analyzing the oxi-
dized product from 2, we determined the bandwidth at half-height (Aviz = 2460 cm ') by
fitting the NIR experimental curve (Figure S14). From this value and by assuming a Cu—Cu
distance of 2.80 A from the X-ray structure of 2, we determined the electronic coupling
matrix element H,}, (determined from the Mulliken-Hush expression [40,41]) as well as
the ratio between the experimental and theoretical values of Avia (I' parameter). The
calculations yielded H,, = 373 cm™! and T = 0.45, as typically found for a class II system in
the Robin—Day classification, i.e., low delocalization of the charge, here at room tempera-
ture. Noteworthy, this result is close to that obtained with Cu'Py; (3) (H,p, = 322 cm ! and
I =0.39) [17] and demonstrates the strong similarities between Cu!Ox, Py, and Cul'Py,
complexes. It likely suggests that the oxidation occurs on the copper/pyridine moieties for
complex 2.
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Figure 5. UV-Vis—NIR monitoring of the oxidation of complex 2 via spectroelectrochemistry showing
the reversibility of the redox process. Right: current intensity variation with time taken from the
CV atv =30mV-s~!. Conditions: 7 mM in 0.1 M NBu4ClOy in acetonitrile, optical path = 0.2 mm,
working electrode: Pt, room temperature.

In regard to the observed reactivity toward toluene (bond dissociation energy
(BDE) = 89.8 kcal mol ') [42] of Cul'Cu™! species generated electrochemically from Cu'',Py,,
the reactivity of the mono oxidized species from 1 and 2 were probed via CV with (over
100 equiv.) and without toluene. For both complexes, the CV remained the same when
toluene was added, suggesting no reactivity between the Cul'Cu!"! species and toluene at
this timescale. Few Cu'lCu'"! species are reported in the literature [17,33-35] and besides our
previous studies [18], only one result demonstrated a reactivity on dihydroanthracene [33],
a rather weak C-H bond.

To test a possible reason of this lack of observed reactivity, the ligands were analyzed
after the monoelectronic-oxidation of the complexes (0.7 mM) through exhaustive electroly-
sis in NBuyClO4/CH3CN at —40 °C at 1.26 V vs. Fc* /Fc for complex CquOszyg and at
1.41 V vs. Fc* /Fc for complex Cull,0x4 under air. After electrolysis, the solutions were
warmed to room temperature.
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For identification of the oxidation products, the demetallation residue was analyzed
via ESI mass spectrometry (Figures S15 and S16). In the case of Cull;0xy, the protonated
ligand [LH + H]* (Where LH represent the ligand) was observed at 575 m/z, but peaks at 591
m/z, 613 m/z and 629 m/z indicated the ligand hydroxylation as [LOH + H]*, [LOH + Na]*
and [LOH + K], respectively, corresponding to the addition of an O atom. This behavior is
consistent with change of the C(CHj3), into C(CH3)(CH,OH) as depicted in Figure S17. The
peak at 630 m/z was tentatively attributed to [LCHOHCN + H]J*, which could be formed
by a radical coupling of the oxazoline unit with the CH3CN solvent. Similar products
were observed from the residue of CquOszyzz peaks at 535 m/z and 557 m/z from the
ligand [LH + H]*, [LH + Na]™, respectively, and peaks at 551 m/z and 573 m/z from the
hydroxylated product [LOH + H]* and [LOH + Na]*. Peaks at 590 m/z and 612 m/z
could tentatively be assigned to products [LCHOHCN + H]* and [LCHOHCN + Na]*,
respectively. All products are consistent with a proton coupled electron transfer as the
initial step of the reaction. The oxidation of the relatively strong C-H bonds of the ligands
is not surprising given the high oxidation potential of the complexes (where the oxidation
potential and the pKa are the two thermodynamic driving forces for proton coupled electron
transfers) [42].

From the non-electrolyzed complexes (but using the same treatment with concentrated
KOH), no hydroxylated products or peaks assigned to the formation of LCHOHCN were
observed on the residues, demonstrating that the changes to the ligand are linked to the
generation of the CullCu'l species.

3. Materials and Methods
3.1. General

Reagents were purchased from commercial sources and were used without purification.
The solvents were purified via standard methods before use. ESI mass spectra were
recorded on an Esquire 3000 plus Bruker Daltonis with nanospray inlet. UV-Vis analyses
were performed using a Cary 50 spectrophotometer operating in the 200-1000 nm range
with quartz cells. The temperature was maintained at 25 °C with a temperature control unit.
NMR solution spectra (\H and !3C) at 298 K were recorded on a unity Plus 400 MHz Varian
spectrometer with the deuterated solvent as a lock. X-band EPR spectra were recorded
in a range of 15-100 K with a Bruker EMX Plus spectrometer equipped with a nitrogen
flow (or He flow) cryostat and operating at 9.4 GHz (X band). All spectra presented were
recorded under non-saturating conditions. Simulation of EPR spectra was carried out with
EasySpin program [39]. All electrochemical measurements were carried out under an argon
atmosphere at room temperature using a Biologic SP-300 instrument. Experiments were
performed with solutions of the complexes containing 0.1 M of the supporting electrolyte
(TBA-ClOy). For cyclic voltammetry, a standard three-electrode configuration was used
consisting of a glassy carbon (d = 3 mm) working electrode, a platinum counter electrode
and an Ag wire placed in an AgNO3 (0.01 M in CH3CN)/NBuyClO4 (0.1 M in CH3CN))
solution as a pseudo reference electrode. The system was systematically calibrated against
ferrocene after each experiment and all the potentials are therefore given versus the Fc* /Fc
redox potential. Low-temperature electrolysis was carried out with a home-designed 3-
electrode cell (WE: Carbon felt, RE: Pt wire, CE: Pt grid) dipped in an acetone/dry ice bath at
—40 °C for 45 min. Samples for EPR and UV-Vis analysis of the mixed-valent complex were
taken every 15 min. They were instantly frozen in liquid nitrogen for EPR measurements.

3.2. Ligands’ Syntheses

Synthesis of ligand Ox4. According to the literature procedures [22,24], the inter-
mediates 2,7-dichloro-1,8-naphthyridine and BOX were synthesized. A total of 1.25 g
(5.56 x 1073 mol, 2.2 eq) of BOX dissolved in 40 mL of freshly distilled THF under argon
and cooled to —60 °C was slowly added to 2.5 mL (5.56 x 1073 mol, 2.2 eq) of 2.4 M n-BulLi.
The colorless solution was stirred for 30 min and 0.526 g of 2,7-dichloro-1,8-naphthyridine
was added, leading to a beige precipitate in a red-orange solution. The solution was stirred
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overnight and reached room temperature, resulting in the solubilization of the precipitate.
After addition of water (5 mL), THF was evaporated and a 40 mL of water was added.
The solution was extracted with dichloromethane (DCM) and dried over Na,SOy4. The
residue was purified via column chromatography (gradient of acetone/pentane) over silica
to give products OxyCl and Oxy4 (79% and 20%, respectively). 'H-NMR (400 MHz, CD3;CN),
5y (ppm): 8.27 (2H, d, | = 8.8 Hz, C4H), 7.70 (2H, d, | = 8.8 Hz, C3H), 3.97 (8H, s, C1oH),
1.95 (6H, s, C7H), 1.23 (24H, s, C11H); '"H-NMR (400 MHz, CDCl3), 5y (ppm): 8.07 (2H, d,
J=8.8Hz, C4H), 7.66 (2H, d, | = 8.4 Hz, C3H), 4.00 (8H, s, Cj9H), 2.09 (6H, s, C;H), 1.32
(24H, s, C11H); 3C-NMR (101 MHz, CDCl3), 8¢ (ppm): 165.44 (Cg), 162.71 (Cy), 154.16 (Cg),
136.10 (Cy4), 122.14 (C3), 120.66 (Cs), 79.47 (C19), 67.36 (Co), 50.58 (C1), 27.93 (C11), 23.15 (Cy);
ESI-MS: m/z 575.4 [M + H]*; elemental analysis: C3sH4pNgO4-1.75(H,0). Theoretical (%):
C:63.40, H: 7.57 and N: 13.86. Obtained: C: 63.37, H: 7.24 and N: 13.77.

Synthesis of ligand Ox,Py,. In total, 0.70 g (0.38 x 10~3 mol, 1.1 eq) of 1,1-di-(2-
pyridyl)ethane [23] was dissolved in 15 mL of freshly distilled THF under argon and
cooled to —50 °C, followed by the slow addition of 0.26 mL (0.38 x 1073 mol, 1.1 eq) of
1.4 M n-BulLi and the red solution was stirred for 30 min. Then, 0.133 g of 2,7-dichloro-
1,8-naphthyridine was added using a powder finger. The solution was stirred overnight
and allowed to reach room temperature, resulting in the formation of a precipitate. Then,
1 mL of water (1 mL) was added, dissolving the precipitate; the THF evaporated and
water (20 mL) was added, and the solution was extracted with DCM (4 x 15 mL) and
dried over MgSQOy. The residue was purified via column chromatography (gradient of
acetone /pentane) over silica to give the ligand Ox,Py; (140 mg, 76%). 'H-NMR (400 MHz,
CD3CN), by (ppm): 8.48 (2H, d, ] = 4.4 Hz, C1¢H), 8.22 (1H, d, ] = 8.4 Hz, C;H), 8.15 (1H,
d, ] =84 Hz, C4H), 7.67 (1H, d, ] = 8.4 Hz, CgH), 7.66 (2H, dt, J; = 8.0 Hz, J, = 2.0 Hz,
C14H), 740 (1H, d, ] =8.8 Hz, C3H), 7.23 (2H, d, ] =8.0 Hz, C3H), 7.20 (2H, dd, J; = 7.6 Hz,
J» =49 Hz, Cy5H), 3.95 (4H, s, C19H), 2.35 (3H, s, C11H), 1.93 (3H, s, Cy1H), 1.21 (12H, s,
CyoH); 13C-NMR (101 MHz, CD5CN), 8¢ (ppm): 170.72 (Cg), 166.57 (C), 166.21 (Cy), 163.50
(C17), 154.85 (C12), 149.47 (Cyg), 137.65 (Cy), 137.24 (Cy4), 136.99 (Cy), 124.79 (C3), 124.56
(Cy3), 123.14 (Cg), 122.60 (Cy5), 121.00 (Cs), 80.09 (Cq9), 68.20 (Cy3), 62.02 (Cqp), 51.41 (Cy),
30.69 (C11), 28.16 (Cyp), 27.80 (C), 26.27 (C), 23.06 (Cy1); ESI-MS: m/z 557 [M + Na]*, 535
[M + HJ*; elemental analysis: C3pH34NgO5-0.6(CHCly). Theoretical: C: 66.86, H: 6.06 and
N: 14.35. Obtained: C: 66.91, H: 6.27 and N: 14.08.

3.3. Complexes Syntheses

Synthesis of complex Cul,0x,Py,. In a glove box, the ligand Ox,Py, (0.073 g,
1.4 x 10~* mol, 1 eq) was dissolved in 4 mL of distilled THF and added to a solution
of [Cul(CH3CN)4]JOTf (0.11 g, 2.9 x 10~% mol, 2.1 eq) in 10 mL of THF. The resulting
suspension was stirred for 12 h and then filtered. The solid was recovered and dried under
vacuum giving a bright orange solid (0.127 g, 92%). 'H-NMR (400 MHz, CD;CN), 8y (ppm):
8.57 (2H, br, C16H), 8.35 (2H, m, CygyH), 7.90 (2H, m, CagsH), 7.77 (2H, br, C14H), 7.51 (2H,
bI‘, C13H), 7.37 (ZH, bI‘, C15H), 4.07 (ZH, d, ] =8.2 HZ, ClgH), 3.90 (ZH, d,] =82 HZ, C]gH),
2.43 (3H, s, C11H), 2.13 (3H, s, Cy1H), 1.39 (6H, s, Cy0H), 1.32 39 (6H, s, CyoH); elemental
analysis: CzgH37CupFgIN7OgS;-2(H0)-1.5(CH3CN). Theoretical: C: 42.64, H: 4.17 and N:
10.84. Obtained: C: 42.32, H: 4.03 and N: 10.82.

Synthesis of complexCul,0xy4. In a glove box, the ligand Oxy (0.041 g, 7.5 x 1075 mol,
1 eq) was dissolved in 4 mL of distilled THF and added to a solution of [Cul(CH;CN),JOTS
(0.057 g, 1.5 x 10~* mol, 2.1 eq) in 10 mL of THF. The resulting suspension was stirred
for 12 h, followed by filtering, and the solid was dried under vacuum, giving a bright
orange solid (0.050 g, 70%). TH-NMR (400 MHz, CD3CN), 5y (ppm): 8.45(2H, d, ] =8.4 Hz,
C4H), 7.61 (2H, | = 8.4 Hz, C3H)), 4.10 (4H, | = 8.4 Hz, CjpH), 3.96 (4H, d, ] = 8.4 Hz,
CyoH), 2.08 (6H, s, C7H), 1.40 (12H, s, Cq11H), 1.36 (12H, s, C;1H); elemental analysis:
C36H45CLI2F6N701082-B(Hzo)'(CH3CN)'(CH2C12). Theoretical: C: 39.24, H: 4.70 and N:
9.51. Obtained: C: 39.16, H: 4.35 and N: 9.41.

224



Inorganics 2023, 11, 332

Synthesis of the complex [(Cuy(Ox4)(1-OH),](CF3S03), (1). Briefly, 130 mg of the
ligand Ox4 (2.2 x 10~* mol, 1 eq) was dissolved in 10 mL of THF. Triethylamine (66 uL,
4.7 x 10~* mol, 2.1 eq) was added, followed by a solution of Cu(OTf); (170 mg,
4.6 x 107* mol, 2.1 eq) in 5 mL THE. A blue precipitate gradually formed, and after 3 h, the
solution was decanted and the solid washed in THE. The blue solid was recrystallized via
slow diffusion of DIPE into a solution of CH3CN to give blue crystals (160 mg, 71%) suit-
able for X-ray diffraction. ESI (acetonitrile): m/z 883 (M-OTf)*, 359 (M-(OTf),)?*. UV-Vis
(acetonitrile) A/nm (e/M~! cm™1): 253 (9700), 305 (8300), 310 (8600), 317 (10000) 580 (94).
Elemental analysis: C34H4sCuyFgNgO135,-HyO. Theoretical: C: 38.82, H: 4.41 and N: 7.99.
Obtained: C: 38.85, H: 4.51 and N: 8.34.

Synthesis of the complex [(Cup(Ox2Py2)(1-OH)2J(CF3SO3); (2). First, 50 mg of the lig-
and OxyPy,; (9.4 X 10~® mol, 1 eq) was dissolved in 5 mL of THF. H,O (17 uL,
9.4 x 10~* mol, 10 eq) and triethylamine (27 pL, 1.9 x 10~ mol, 2.1 eq) were added,
followed by a solution of Cu(OTf); (71 mg, 2.0 x 10~* mol, 2.1 eq) in 5 mL THF. A
blue precipitate gradually formed, and after 3 h, the solution was decanted and the solid
washed in THFE. The blue solid was dissolved in 1 mL of CH3CN, 40 mL of THF was
added and the mixture placed in the freezer (—20 °C) for one week, after which crystals
had formed. These were collected, and dried under vacuum (73 mg, 75%). X-ray diffrac-
tion quality crystals were obtained via slow diffusion of DIPE into a solution of CH3CN.
ESI (acetonitrile): m/z 843 (M-OTf)*, 338 (M-(OTf),-H,0)**. UV-Vis (acetonitrile) A/nm
(e/M~1 em™1): 268 (8200), 303 (7400), 306 (8600), 317 (7300) 570 (100). Elemental analysis:
C34H3¢CurFgNgO19S;2:0.5(H0). Theoretical: C: 40.72, H: 3.72 and N: 8.38. Obtained: C:
40.69, H: 3.60 and N: 8.58.

3.4. Crystallographic Studies

Crystals were mounted on a Kappa APEXII Bruker-Nonius diffractometer equipped
with an Incoatec psource with multilayer mirror mono-chromated Mo-Kx radiation
(A =0.71073 A) and a cryosystem Oxford cryostream cooler. Intensities were corrected
for Lorentz and polarization (EVAL14) and for absorption (SADABS). Structural resolutions
were carried out via direct method (SIR97) or the charge flipping method (Superflip) and
refinement via full-matrix least squares on F2 (SHELX2013) [43] completed using the OLEX
2 analysis package [44]. The refinement of all non-hydrogen atoms was carried out with
anisotropic thermal parameters. Hydrogen atoms were generated in idealized positions
(excluding the hydroxido bridges, which were located on the difference Fourier map),
riding on the carrier atoms, with isotropic thermal parameters. CCDC 2266887 and 2266888
contain the full data collection parameters and structural data for 2 and 1, respectively.

Table 1. Crystallographic data for [(Cuy(Ox4))](CF3503); (1) and [(Cup(OxpPy2)(1-OH)2J(CF3SO3), (2).

Compound 1 2
Chemical Formula [C32H44C112N606](CF303S)2 2[C32H36CUZN604)(CFO3S)2]'CH3CN
Formula mass 1033.95 2028.83
Morphology plate plate
Color blue blue
Crystal size (mm) 0.48 x 0.3 x 0.1 0.45 x 0.2 x 0.1
Crystal system monoclinic triclinic
Space group P121/n1 P-1
a[A] 10332 (2) 12.377 (3)
b[A] 30.427 (6) 14.361 (3)
c[A] 13.415 (3) 23.657 (5)
a[°] 90 84.30 (3)
BI°] 92.80 (3) 82.98 (3)
v [°] 90 83.00 (3)
Unit-cell volume [A3] 4212.2 (15) 4127.1 (15)
Dy (g-cm™3) 1.63 1.633
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Table 1. Cont.
Compound 1 2
T [K] 200 200
Z 4 2
i [mm—1] 1.202 1.222
Total reflections 68,415 77,009
Unique reflections 12,173 18,827
Obsd. reflections 9889 (F > 20) 11,658 (F > 20)
Rint. 0.0501 0.0961
R? 0.0400 0.0868
R(w)? 0.0873 0.2176
Goodness of fit S 1.085 1.061
APmin/APmax (e-A~3) —0.641/0.574 —1.310/1.754
CCDC Number 2,266,888 2,266,887

@ Refinement based on F where w = 1/[0?(Fo)? + (0.0288p)?> + 5.5580 p] with p = (Fo? + 2Fc?)/3 for 1,
w = 1/[0*(Fo)? + (0.1196p)? + 17.8205 p] with p = (Fo? + 2Fc?)/3 for 2.

3.5. Spectroelectrochemistry

Thin layer room-temperature UV-Vis-NIR spectroelectrochemistry was carried out
with a specific home-designed cell in a reflectance mode (WE: platinum, RE: Pt wire, CE: Pt
wire). The UV-Vis and Vis-NIR optic fiber probes were purchased from Ocean Optics. Time-
resolved UV-Vis-NIR detection was performed with QEPro and NIRQuest spectrometers
(Ocean Insight, Orlando, FL, USA). Spectroscopic data were acquired using the Oceanview
software. A DH-2000-BAL light source (Ocean Optics) was used for these experiments. The
potential of the spectroelectrochemical cell was monitored using an AUTOLAB PGSTAT
100 (Metrohm, The Netherlands) potentiostat controlled by the NOVA 1.11 software.

4. Conclusions

Two new bridged ligands bearing a naphthyridine spacer and symmetrical or un-
symmetrical coordination environment including a bis-oxazoline arm were successfully
synthetized. The related Cu', complex with four pyridine arms (Pys) [26] displayed no
dioxygen activation, whereas the corresponding Cu2I complexes from Ox;Py; and Ox4
ligands were shown to bind dioxygen at —40 °C yielding p-n?m2-peroxido-Cu'l, species as
clearly observed by using UV-Vis spectroscopy. For both, preliminary reactivity studies
with sodium 2,4-di-tert-butylphenolate were performed. The resulting product (3,3',5,5'-
tetra-tert-butyl-2,2'-biphenol) indicated C-C coupling, whereas no ortho-hydroxylation
was observed. The corresponding cull, complexes 1 (Cull,0x4) and 2 (CquOszyz)
have been prepared and characterized via single-crystal X-ray diffraction. Electrochem-
ical mono-oxidation provided access to mixed-valent Cup'"™ y-hydroxido species with
charge localization on one of the two copper ions. ESI-MS of the solution after electrolysis
and demetallation show unequivocal evidence of intramolecular oxidation of the ligand
through the bis-oxazoline moieties, contrary to complex 3 (CquPy4), which is active in
electrocatalysis at room temperature of exogenous substrate [18]. The present study there-
fore emphasizes that the electrochemically produced Cu'Cu'" species are competent for
aliphatic oxidation of C-H bonds (intramolecular or external substrate). In order to further
advances towards generating a catalytic system (or oxidation of an external substrate),
efforts on the synthesis of more robust ligands are currently being pursued.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics11080332/s1, Figure S1: 'H NMR spectra of
ligand Ox4 and Ox,Py,; Figure S2: 13C NMR spectra of ligand Ox4 and Ox;Pyy; Figure S3: ESI-
MS spectra of ligand Ox4 and Ox;Pyy; Figure S4: 'H-NMR spectra of Cul,Ox4 and CuIQOXzPyz ;
Figure S5: UV-vis spectrum after addition of O, to the complex CuIZOszyz ; Figure S6: GCMS of
the resulting solution after reaction of the u—nzznz—peroxo—Cqu species from complex Cul,Ox, with
2 4-di-tert-butylphenol, Figure S7: Molecular structure of 1, 2A and 2B; Figure S8: ESI-MS spectra
of complexes Cull,0x4 (1) and CquOszyz (2); Figure S9: Plots of the normalized peak current
Iv=1/2 against the scan rate v for complexes 1, 2 and [(Cuy(Py4))(1-OH),](CF3503),; Figure S10:
Plots of the I against v1/2 for complexes 1, 2 and [(Cuy(Py4))(1-OH),](CF3S03),; Figure S11: EPR
spectrum of the mono-oxidized complex 1 after bulk electrolysis at —40 °C, and after heating to room
temperature; Figure S12: UV-Vis-NIR spectroelectrochemistry data of 1 (a) Time-monitoring of the ox-
idation process; (b) Selected UV-Vis and NIR spectra at different time intervals; (c) CV of the complex
during the spectroelectrochemical measurement; Figure S13: UV-Vis-NIR spectroelectrochemistry
data of compound 2; (a) Selected UV-Vis and NIR spectra from the spectroelectrochemical at different
time intervals; (b) CV of the complex during the spectroelectrochemical measurement; Figure S14:
Experimental and simulated of the NIR band obtained by spectroelectrochemistry of compound 2;
Figure S15: ESI-MS spectrum of the complex Cu'',Oxy after electrolysis, demetallation and purifi-
cation; Figure S16: ESI-MS spectrum of the complex Cull,Oxy after electrolysis, demetallation and
purification; Figure S17: Proposed mechanisms; Table S1: Selected bond distances [A] in1, 2A and 2B
from X-Ray data; Table S2: Selected angles [°] in 1, 2A and 2B from X-ray data.
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