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ternative to the standard platinum-based chemotherapeutics. In addition, they show photoluminescence
properties and thus can be regarded as multifunctional materials. In this study, we synthesized and char-
acterized three neutral Zn(Il) complexes (1-3) with pyridine-based TH ligands HLS!-3 in order to investi-

Keywords: gate the influence of the ligands charge on the structure and intermolecular interactions in the solid state,
Intermolecular interactions and consequently photophysical properties. The deprotonation of the ligands mainly affects the relative
Photoluminescence energies of electronic levels in the complexes, compared to cationic counterparts, resulting in similar
TD-DFT photoluminescence mechanisms and quantum yields with a small shift in emission energy. The influence

Spectroelectrochemistry

) - of the substitution at the ligands’ periphery on the selected quantum molecular descriptors of the com-
Anticancer act1v1ty

plexes is localized to the substitution site. Also, the substituents did not considerably influence the redox
responses of the complexes. However, predominant spectral changes were observed in the course of the
first reduction and oxidation processes which caused distinct spectral color changes indicating their pos-
sible functionality for electrochromic applications. In addition, complex 1 showed antiproliferative activity
with Glso values below 2 uM on all tested cancer cell lines.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction wide spectrum of pharmacological activities. 1,3-THs are known as
a potent anti-inflammatory, antimicrobial, anticancer and antipar-

1,3-Thiazolyl-hydrazones (1,3-THs; Fig. 1A) are compounds asitic agents [1]. Their ability to inhibit acetylcholinesterase and
based on thiazolyl and hydrazone pharmacophores that exhibit a monoamine oxidases A and B indicates a possible use in neurode-
generative disease therapy, while their targeting properties towards

a-glucosidase and «-amylase point to a potential for the treat-

mondmg author. ment of type-2 diabetes mellitus [1,2]. Additionally, 1,3-THs are
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Fig. 1. (A) The general formula of 1,3-THs; (B) The general formula of the «-py-1,3-TH ligands HLS'-3 used in this study.

nucleotidase, S-glucuronidase, intestinal alkaline phosphatase and
tissue non-specific alkaline phosphatase [1], as well as urease [3],
cyclin-dependent kinase 2 [4], epidermal growth factor receptor ty-
rosine kinase [5], aldose reductase [6], matrix metalloproteinases
MMP-2 and MMP-9 [7] and S-ketoacyl-ACP synthase [8].

Besides very potent and versatile biological effects, THs rep-
resent a class of, at least, bidentate ligand systems. Complexa-
tion of 1,3-THs with D-metals often results in enhancement of the
biological activity of the complexes in comparison to the corre-
sponding metal-free ligands [9,10]. Our studies are focused on 1,3-
THs ligands that possess a pyridine substituent in «-position («-
py-1,3-THs, HLS'-3, Fig. 1B). These ligands were designed to have
the same donor set of atoms and to differ only in substitution
at the ligand periphery. A single crystal X-ray diffraction analy-
sis (XRD) study confirmed that this class of ligands coordinates
in NNN tridentate manner via pyridine, imine and thiazole nitro-
gen atoms [11-14]. Again, the complexation of HLS!-3 with Co(lII),
Cd(1I) and Zn(II) resulted in a synergistic effect regarding biological
activity [11-15]. Co(lll) complex with HLS? ligand, [Co(LS3),]BF,,
appeared to have significant activity against Pseudomonas aerugi-
nosa. Detailed experimental studies, supported by docking simu-
lations, revealed that this compound inhibits P. aeruginosa 3-oxo-
C12-HSL-dependent QS system (Lasl/LasR system) via inhibition of
transcriptional activator protein complex LasR-3-oxo-C12-HSL [15].
Studies of the anticancer potential of this compound showed that
it reached the same level of inhibition of 3-D human mammary
adenocarcinoma (MCF-7) spheroids as cisplatin. Our findings indi-
cated that [Co(LS3),]BF4 has a different mode of activity in com-
parison to cisplatin and it can be suitable for combinational ther-
apy [11]. Octahedral cationic Cd(II) and Zn(Il) complexes of HLS!-3
appeared to be more active against several cancer cell lines when
compared to cisplatin and 5-fluorouracil (5-FU), with Glsy values
below 2 and 4 uM, respectively [13,14].

Zn(II) complexes gained much attention in recent years as pos-
sible alternatives to standard platinum-based chemotherapeutics
[16,17]. In that respect, the antiproliferative activity of Zn(Il) com-
plexes with various types of «-py-1,3-TH ligands [18-21], includ-
ing our most recent study [14], has been reported. Also, due to
zero crystal field stabilization energy and the absence of potential
quenching processes caused by D-d transitions, Zn(II) complexes
may represent a cheaper alternative to other known luminescent
materials [22,23].

To further investigate the influence of the ligands charge on the
structure, intermolecular interactions in the solid state, and con-
sequently photophysical properties, we have synthesized neutral
Zn(ll) complexes with a-py-1,3-TH ligands HLS'-3. We conducted
detailed studies of the redox mechanisms of obtained complexes
with the voltammetric and in-situ spectroelectrochemical analysis
to evaluate their potential for electrochromic applications. Soluble
complex with HLS! has also been subjected to a detailed mecha-
nistic study of its anticancer activity. Since the mechanism of bio-
logical activity depends on the chemical reactivity of compounds,
quantum molecular descriptors related to the reported complexes’
reactivity and bonding nature have been calculated.

2. Experimental
2.1. Materials and methods

The Supplementary material contains all details regarding ma-
terials and methods (Section 1).

2.2. Synthesis

The synthesis of the ligands HLS'-3 (Fig. 1B) was carried out
by the literature protocol [12]. Details regarding the synthesis and
characterization of complexes [Zn(LS'),] (1), [Zn(LS?);] (2), and
[Zn(LS3),] (3) are given in Supplementary material (Section 1).

2.3. Characterization methods, computational details, electrochemical,
anticancer, and photophysical study

Supplementary material (Section 1) contains experimental data
for single crystal and powder diffraction X-ray analysis, Hirsh-
feld analysis, the energy distribution of intermolecular interactions,
molecular electrostatic potential maps (MEP), Fukui functions, av-
erage local ionization energy (ALIE), QTAIM analysis, thermal anal-
ysis, electrochemistry, and in situ spectroelectrochemistry, anti-
cancer activity, photophysical study, and details regarding DFT and
TD-DFT calculations.

3. Results and discussion
3.1. General

Complex 1 was obtained by direct reaction of HLS!' and
Zn(ClO4),-6H,0 in MeOH with the addition of KOH as a base
and precipitating reagent for perchlorates. The synthesis of com-
plexes 2 and 3 was carried out by a direct reaction starting from
Zn(CH;C00),-2H,0 with the ligand HLS2/3 in MeOH, where the ac-
etate ion served as a base. Molar conductivity measurements in
DMSO showed that all the complexes are non-electrolytes. The IR
spectra of the ligands contain characteristic bands around 3100
cm™! which can be attributed to v(N-H). The absence of these
bands indicates that the ligands are coordinated in an anionic
form. In addition, absence of the bands of stretching O-H vibra-
tions in the range 3600-3200 cm™! in spectrum of 1 indicates the
absence of crystalline water or methanol molecules. Bands in the
range 1609-1597 cm™! and 1569-1573 c¢cm™!, which are assigned
to the v(C = N) of azomethine group and thiazole ring of the lig-
ands, respectively, are significantly shifted to the lower frequencies
in the spectra of the complexes (~1475 cm~! and 1400 cm™!, re-
spectively). 1D ('H and 3C) NMR spectra of all complexes and 2D
('H-13C HSQC, 'H-13C HMBC, NOESY, and COZY) NMR spectra of
1 were recorded in DMSO-dg (all spectra are given in Supplemen-
tary material, Section 2). The differences between the 'H and 13C
NMR spectra of the complexes and the corresponding ligands are
significant. The absence of a signal at 12 ppm in the spectra of the
complexes, derived from the N-H proton, indicates that the ligands
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Fig. 2. ORTEP drawings of molecular structures of 1-3 with the labeled ligator atoms. Thermal ellipsoids are at a 30% probability level. Hydrogen atoms are omitted for

clarity.

are coordinated in deprotonated form. Due to the deprotonation of
N-H proton of the coordinated ligands, upfield shifts of all pro-
tons in '"H NMR spectra of the complexes were observed. Shifts of
almost all signals in 13C NMR spectra of the complexes are also ob-
served. Based on spectroscopic data, elemental analysis, and crys-
tallographic data (vide infra), the general formula of the complexes
[Zn(LS'-3),] can be derived.

3.2. Molecular structures

ORTEP drawings of molecular structures of 1-3 are shown in
Fig. 2. Bond distances and angles within the coordination sphere
of the complexes are given in Tables S2-S5 (Section 3, Supplemen-
tary material). The asymmetric unit of 1 consists of four chemi-
cally identical but crystallographically different complex molecules
(Tables S2 and S4, Supplementary material). Both 2 and 3 crystal-
lize with one molecule in the asymmetric unit. In all complexes
1-3, zZn(Il) coordinates two deprotonated HLS'-3 ligands giving
the distorted octahedral bischelate complexes, where ligator atoms
are pyridine, azomethine and thiazole nitrogen atoms. The angu-
lar distortions of octahedral geometry in 1-3 exist due to the con-
straining influence of the ligands, which is a consequence of the
position of the ligator atoms (Tables S4 and S5, Supplementary
material).

3.3. Crystal packing analysis

Pairs of neighboring molecules were generated using the crys-
tallographic structures of 1-3 to obtain all possible intermolecu-

Table 1
The surface area included in the selected intermolecular interac-
tions (%).

Label of interaction 1 2 3 4 5

Type of interaction H-C H-N H-S C-C O-H

1-Zn1 Surface 31.7 8.1 10.5 25 -

1-Zn2 area 25 9.4 11.5 3 -
1-Zn3 in- 25.6 9.9 10.1 3.6 -
1-Zn4  cluded 31.1 8.4 9.3 24 -
2 (%) 27.9 8.6 11.6 2 6.4
3 25.3 7.9 13 4.2 -

lar interactions within each crystal. Interaction energies for each
crystal structure were computed by single-point energy calcula-
tions. Illustrations of orientations, corresponding interactions and
interaction energies (in kcal/mol), used to describe the packing
in the crystal structure of 1-3 are given in Supplementary mate-
rial (Section 3, Tables S6-S8). For a deeper understanding of in-
termolecular interactions, which govern the crystal packings of all
complexes, a Hirshfeld surface analysis (HSA) was performed [24-
26]. The Hirshfeld surfaces and 2D pseudosymmetric fingerprint
plots of 1-3 are shown in Figures S16 and S17 (Supplementary ma-
terial). The relative contributions of different types of interactions
in all complexes are shown in Table 1. In the crystal packing of
all complexes, C---H interactions have a high contribution. Although
N---H interactions have a significantly lower contribution, they also
represent the closest contacts seen as red spots on Hirshfeld sur-
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Fig. 3. (A) Different views of Hirshfeld surfaces displaying the pairwise N---H and S---H close contacts responsible for the formation of 2-D layers in the crystal packing of 1.
(B) 1-D chains running along the [2-21] crystallographic direction. (C) 2-D crystallographic layer parallel to the (110) plane in the crystal packing of 1.

faces (Table 1 and Fig. 3 Figures S18 and S19, Supplementary ma-
terial).

Since the asymmetric unit of 1 consists of four crystallograph-
ically different complex molecules, this implies the realization of
different types of interactions, where each molecule of 1 will have
a unique Hirshfeld surface (Figure S16, Supplementary material).
Consequently, a direct comparison can be made between crystal-
lographically different molecules of the complex. There are pairs
of complex units (1-Zn1 and 1-Zn4; 1-Zn2 and 1-Zn3) that have
approximately similar contributions of the corresponding interac-
tions. In the crystal packing of 1, the most significant intermolec-
ular interaction is the one where a deprotonated nitrogen atom
from one complex molecule interacts with an aromatic proton
from neighboring molecules (Fig. 3A). This interaction is respon-
sible for the formation of the tetramer. 1-Zn2 and 1-Zn3 molecules
additionally form bifurcated COOOA (A = N and S) interactions
which are responsible for the interconnection of tetramers in 1-
D chain along the [2-21] crystallographic direction (Fig. 3B). 1-D
chains are connected into 2-D layers parallel to the (110) crystallo-
graphic plane (Fig. 3C).

The crystal structure of 2 is based mainly on the non-classical
hydrogen and aromatic interactions. CH---r and CH---N interactions
are responsible for the formation of 1-D chains which are further
connected into 2-D layers, parallel to the (101) crystallographic
plane, via CH---S and m---7 interactions. Additionally, these 2-D lay-
ers are connected via CH--O and CH.--w interactions into a 3-D
supramolecular structure (Figure S18, Supplementary material).

The crystal structure of 3 is also based mainly on the non-
classical hydrogen and aromatic interactions (Figure S19, Sup-
plementary material). The zig-zag 1-D chains are formed by
CH...S, CH---r and H---H interactions. 1-D chains are interconnected
through .- and H---H interactions with the formation of 2-D lay-
ers parallel to the (102) crystallographic plane. Additional connec-
tions of these 2-D layers via CH---N, CH---S, CH..-7r, -7, S---m and
H---H interactions are responsible for 3-D supramolecular structure
of 3.

The Hirshfeld analysis of all three crystal structures revealed
that slight differences in the nature of substituents at the ligands’

periphery do not affect the distribution of the same type of inter-
molecular interactions. However, the ligands’ periphery has a sig-
nificant effect on the overall crystal structures since the complexes
crystallize in different space groups (Table S1, Supplementary ma-
terial).

3.4. X-ray powder diffraction analysis

Before the investigation of potential applications, the phase pu-
rity of the synthesized complexes was checked by PXRD. Rietveld
refinement was performed using the crystal structures obtained by
single crystals X-ray diffraction analysis (Figure S20, Supplemen-
tary material). It was shown that all the samples are phase pure.
Powder XRD analysis was also used to determine the microstruc-
tural parameters of the complexes’ powders (Table S9, Supple-
mentary material). Preferred orientation using the Rietveld-Toraya
model shows that all three complexes exhibit G1 values < 1, which
are associated with platelet-like crystallites. This can be correlated
with the existence of 2-D planes in the crystal packing of the com-
plexes. The effect is much more pronounced in 1 and 2. Crystallite
size analysis shows that 3 exhibits relatively symmetrical crystal-
lites, while crystallites of 1 and 2 are much more asymmetrical,
with larger values along the a, ¢ and b axes respectively. This is
consistent with observed preferential orientation results. All com-
plexes also exhibit a relatively small amount of microstrain in the
structure, typically below 1%.

3.5. Local reactivity and bonding in 1-3

To computationally characterize complexes 1-3, several quan-
tum molecular descriptors related to their reactivity and bond-
ing nature are calculated. ALIE and MEP are important quantum
molecular properties descriptors related to electron density that
provide a deeper understanding of the local reactive properties of
molecules. MEP values are important in drug design and identifi-
cation of the nucleophilic and electrophilic regions in molecules.
Since ALIE represents the energy required for taking an electron
from the molecule, it is used to recognize the molecular sites that
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Fig. 4. MEP and ALIE are represented on the molecule surface of 1-3. Red and blue points (at MEP labeled in kcal/mol and at ALIE labeled in eV) represent local minima

and maxima, respectively.

are likely to be subjected to electrophilic attacks. In addition, Fukui
indices are another type of quantum molecular descriptor consid-
ered relative indicators of molecule reactivity [27]. QTAIM analy-
sis shows the electron density distribution, which is indicative of
the bonding environment in the molecule. The potential changes
caused by peripheral groups’ presence reflect the weakening or
strengthening of bonds [28].

The MEP maps (Fig. 4) show that the presence of -OCH3, and
—-CH3 groups at C13 in 2 and 3, respectively, caused an increase in
the electron density of the benzene ring, and decreased its local
electrostatic potential from -4.7 kcal/mol to about -17 kcal/mol.
On the other hand, introducing -OCH3; and -CH3 groups into the
benzene ring lowers ALIE values (Fig. 4) from a local minimum and
maximum of 8.7 and 12.0 eV for 1 to about 8 eV and 10.5 eV for 2
and 3, respectively.

Since the substituents in 2 and 3 increase the electron den-
sity of the benzene ring, the energy required to ionize it decreases.
However, there is relatively little difference in minimum and maxi-
mum values of MEP and ALIE between the three complexes (Fig. 4),
indicating that the effects of substituents at C13 are localized to
the substitution site and do not extend to a significant degree to
the rest of the molecule. The minimum MEP values are in the
range -31 to -32.5 kcal/mol, while maximum values are in the
range 17.6 to 19.0 kcal/mol. These regions represent the most fa-
vorable sites for electrophilic and nucleophilic attacks. The most
probable site for an electrophilic attack is the =N-N- moiety of
each ligand, whereas the nucleophilic attacks tend to occur on C3-
H of the pyridine ring. Maximum value of ALIE is 14.3 eV in all
three complexes.

The Fukui functions for the electrophilic (f -), radical (f ©) and
nucleophilic (f*) reactivities of all the complexes are shown in Fig-
ure S21 (Supplementary material). According to the results, neither
-OCH3 nor -CH3 groups significantly impact the reactivity of the
complexes. However, all the complexes seem more suitable for un-

dergoing an electrophilic attack at the nitrogen atom of the =N-
N- moiety that is not coordinated to Zn(Il), compared to a radical
or nucleophilic reaction. This result agrees with the fact that these
ligands are protonated in that particular nitrogen atom when more
acidic conditions are provided. In addition, these results agree with
MEP and ALIE.

The QTAIM analysis was performed using structures obtained
by the single-crystal XRD, showing electron density distribution
and potential changes caused by the presence of peripheral groups.
All three complexes share a similar pattern of interactions between
the ligands and the Zn(Il) ion (Figure S22, Supplementary mate-
rial). Due to the negative charge on the nitrogen atom of each
ligand, the interaction of the N2 with the Zn(Il) represents the
strongest type of interaction (b and e) among the ones between
the ligands and the Zn(Il) ion. Moreover, this type of interaction
also has a significantly greater ionic nature (highestV 2p(r)) due to
the concentrated negative and positive charges on the ligand and
Zn(I) ion, respectively. The substitution at C13 of the ligands’ ben-
zene ring does not significantly impact the interactions between
the ligands and the Zn(Il) ions (Figures S22 and S23, Table S10,
Supplementary material). This agrees with the results of the local
reactivity study, which showed only localized effects of the substi-
tution.

3.6. Thermal analysis

The complexes were analyzed in air and argon by a simul-
taneous thermoanalytical technique, thermogravimetry-differential
scanning calorimetry (TG-DSC). The compounds do not contain lat-
tice or coordinated solvent molecules. Small mass loss (1.3%) ob-
served on the TG curve of complex 1 from the onset temperature
(137 °C) up to 200 °C is most probably a consequence of evapo-
ration of the solvent (Fig. 5A), which overlaps with the beginning
of thermal degradation of the compound 1. Compounds 2 and 3



J.B. Araskov, N. Maciejewska, M. Olszewski et al.

A ( B

Mass (%)

p 4
324°C)334°C
283°C n‘euﬁ‘

T )| /
¥ o\
/ \ ‘/ (
// N A X
. e

100 200 300 400 500 600 700
Temperature (°C)

/°C)

Deriv. Mass (%

Journal of Molecular Structure 1281 (2023) 135157

2 —=——Heat Flow (W/g)

Y
8

T T T T T T
100 200 300 400 500 600 700

ExoUp Temperature (°C)

Fig. 5. (A) TG curves and corresponding derivative curves of 1-3 in the air; (B) DSC curves of 1-3 in the air.

lose only negligible mass (0.3 and 0.2%, respectively) in this tem-
perature range. The decomposition of 2 begins at 254 °C. The first
decomposition step with a DTG peak at 283 °C, with a mass loss
of 2.9%, probably corresponds to the partial splitting of OCH3 sub-
stituent from the phenyl ring of the ligand (4.54% mass). The fol-
lowing steps are more overlapped and can be separated neither in
TG nor in DTG curves. The decomposition of 3 begins at 275 °C.
The shape of TG and DTG curves for 2 and 3 indicates similar
degradation mechanisms. The first DTG peak of 3 appears at 303 °C
and it may be correlated to the release of the methyl group from
the ligand that overlapped with the degradation and rearrange-
ment of the thiazole-type ligand. Generally, the thermal decom-
position of the complexes is the most intense around 300 °C with
DTG maxima at 324, 318, and 334 °C for 1, 2, and 3, respectively.
Above ~350 °C up to 500 °C, the decomposition processes of all
complexes are slower, but continuous without stable intermediate
formation. Above 500 °C there is a combustion of the organic part
of the compounds. The corresponding DTG maxima are 589 (1),
625 (2), and 614 °C (3). The mass of the final remains of all com-
pounds is constant above 700 °C and is probably ZnO, since the
formation of other IR-active products can be excluded by IR spec-
tra. The endothermic peak on the DSC curve of 1 at 246 °C (Fig. 5B)
together with the TG curve suggests evaporation processes from
220 up to 260 °C. DSC curves for 2 and 3 show that these com-
pounds do not change up to ~280 °C. The main decomposition
step of both 2 and 3 at ~300 °C begins with a small exothermic
peak before the main exothermic decomposition step due to oxi-
dation processes. The combustion of the organic part of the com-
plexes above 500 °C is also accompanied by exothermic peaks at
588, 622, and 612 °C for 1, 2, and 3, respectively.

The measurements were carried out in argon, too (Figure S24,
Supplementary material). Up to ~400 °C, there is no significant
difference between the decomposition of the complexes in an in-
ert and an oxidative atmosphere. The endothermic peaks at 250-
400 °C are more visible in argon. The main difference is that above
400 °C in the inert atmosphere the combustion of the compounds
above 500 °C does not occur, therefore, the degradation is not com-
plete up to 700 °C, while in the air the decomposition was com-
plete with ZnO formation. In accordance, the DSC curves recorded
in argon, do not show the transformation accompanied by heat ef-
fect in this temperature range.

3.7. Electrochemical studies

TH ligands have redox activity because of the electron transfer
reaction of the hydrazone and thiazole moieties. Hydrazone groups
of these ligands can undergo successive 2e~ based reduction and

Table 2
Electrochemical parameters of the complexes.

Peak Potentials® (V vs Ag/AgCl at 100 mVs™! scan rate)

Complexes  R(1) R(2) R(3) o(1)
1 -1.63 -1.83 -223 065
2 -1.58 -1.79 -220 068
3 -1.62 -182 -222 0.64

@ Ep for reduction and Ej, for oxidation processes, which were derived
from SWVs.

thiazole rings have an oxidation tendency with one-electron trans-
fer reactions [29-32].

As shown in Figures S25-S27 (Supplementary material), all
three complexes illustrate very similar SWVs and CVs responses
in DMSO/TBAP media. Two successive le~ irreversible waves at
around -1.50 (R(1)) and -1.80 V (R(2)) are recorded for the sequen-
tial reduction of each imine group to hydrazo products. At more
negative potentials, the third reduction process occurs at about —
2.0 V, for the further 2e- reduction of two hydrazo groups of the
complexes (at the same potential as the amine products). The dif-
ferent substituents on the ligands slightly alter the peak positions
and do not influence the redox mechanism (Table 2). Complex 2
is the most easily reduced one. In addition to the reduction reac-
tions, the complexes show a 2e~ oxidation process related to the
oxidation of the two thiazole rings. CVs recorded with various ver-
tex potentials (Figures S25B-S27B, Supplementary material) clearly
indicate that the R(1) couples behave reversibly when the vertex
potential is returned just after the first reduction wave. However,
after the second and third reduction processes, all reductions be-
come irreversible when the potential is changed. Moreover, small
new waves are noticed during the reverse potential scans because
of the possible chemical reactions that may occur after the second
and third reduction processes.

Similar ligands with thiazole moieties have a tendency to un-
dergo le- oxidation process [33-35]. For instance, Ozkiitiik et al.
reported the irreversible oxidation wave of six different thiazole
ligands at around 1.0 V vs Ag/AgCl in DMSO/TBATFB electrolyte
[33]. The studies indicate that the redox mechanisms of similar lig-
ands could be easily modified with substitution and upon coordi-
nation [36-39]. Herein, the voltammetric results suggest that coor-
dination of the TH ligands does not influence the redox responses
of the ligands due to the redox inactivity of Zn(Il). Controlled po-
tential electrolysis (CPE) was performed to ascertain the number of
transferred electrons throughout each redox wave. The CPE analy-
sis indicates that 1, 1, and 2 electrons were transferred during the
R(1), R(2), and R(3) processes, respectively. Similarly, O(1) is found
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Scheme 1. Redox mechanism of the complexes in DMSO/TBAP electrolyte.

to be a 2e” transfer process. The reduction and oxidation mecha-
nisms of the complexes are presented in Scheme 1.

In situ UV-Vis spectroelectrochemical analysis was performed
to determine the color and spectra of the reduced and oxidized
species and to support the proposed mechanisms derived from the
voltammetric analysis. Three complexes showed very similar in situ
UV-Vis spectroelectrochemical responses. As an example, the re-
sponse of 1 is presented in Fig. 5.

Neutral complex 1 shows distinct intraligand (n — 7* and
7 — m*) transition bands at 266, 297, 338, 440, 468, and 498 nm.
During the R(1) process at an applied constant potential of -
1.70 V, the bands at 338 and 498 nm decrease in absorbance inten-
sity, while all other bands remain unchanged. Moreover, two new
charge transfer bands are observed at 355 and 392 nm (Fig. 6A).
Well-resolved isosbestic points at 321, 347, and 493 nm indicate
the chemical reversibility of the reduced species. Comparison of
the spectral changes observed during the R(1) with those assigned
to the central metal reduction of a similar complex [40], suggests
that R(1) process can be assigned to the ligand electron trans-
fer process. All bands increase in intensity during the R(2) (at -
1.95 V) as illustrated in Fig. 6B. None of the isosbestic points was
not recorded due to the instability of the dianionic species. Dur-
ing the R(3) reaction, all bands decreased in intensity due to the
complex’s fragmentation after forming the amine products. At the
applied potential of 1.0 V (0O(1)), while the intensity of the bands
at 440, 468, and 498 nm were reduced, the intensity of the bands
at 266, 297, and 338 nm was increased. Moreover, two new bands
are observed at 393 and 592 nm (Fig. 6C). The isosbestic points at
418 and 523 nm point to the chemical reversibility of the oxida-
tion reaction of the complex. These spectral changes agree with
the spectroelectrochemical responses of thiazolyl-containing lig-
ands [12,41]. As illustrated in the chromaticity diagram (Fig. 6D),
the orange color (pointd; x = 0.489 and y = 0.422) of the com-
plex becomes light orange (point o; x = 0.457 and y = 0.430), then
yellow (point A; x = 0.457 and y = 0.430) and colorless (point v;
x = 0.457 and y = 0.430) after the reduction reactions. Similarly, a
red color (point ¥%; x = 0.457 and y = 0.430) is observed after the
oxidation of the complex.

3.8. Photophysical and computational study

Complexes 1-3 exhibit solid-state luminescence at RT and at
77 K after irradiation with UV light (Fig. 7A). Thus, at RT, 1-3 dis-
play an emission at 625 (& = 3.7%), 610 (¥ = 2.8%), and 633 nm
(@ = 3.7%), respectively with lifetimes of 450 (1), 433 (2) and
393 ns (3). These lifetimes in the nanosecond range, together with
the small stokes shift and the fact that the excitation spectra are
included in the absorption ones, (see Figures S28-S30, Supplemen-
tary material) point out that fluorescent processes cause the ob-
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served luminescent emissions. At 77 K, the new emissions display
two maxima located at 586 and 613 (1), 580 and 613 (2), and 594,
614 nm (3), and shoulders at lower energy, perhaps arising from
a vibronic structure. These structured profiles are likely to be re-
lated to vibronic structures since the difference in energy between
adjacent peaks appears around 750 cm~'. This energy range would
correspond to C-S stretching vibrations. Accordingly, we can pro-
pose that the ligands are involved in the luminescent emissions
(vide infra).

Obtained results are corroborated by the analysis of the molec-
ular orbitals and the computed singlet-singlet electronic excita-
tions calculated by DFT and TD-DFT, respectively. As a represen-
tative example of this set of complexes, a theoretical model sys-
tem 1a was used. This model system is completely DFT-B3LYP op-
timized and built up based on the crystal structure obtained from
the single-crystals XRD studies for 1. The computation of the elec-
tronic structure of the frontier molecular orbitals reveals that these
show a ligand-based composition (Fig. 7B). The first 50 singlet-
singlet excitations at the TD-DFT level for model system 1a were
computed and compared with the experimental excitation and ab-
sorption spectra of 1 (Figure S32, Supplementary material). We an-
alyzed the most intense singlet-singlet transitions (Table S11 and
Figures S33 and S34, Supplementary material). Ligand-to-ligand
charge transfer (LLCT) and intra-ligand (IL) appear to be allowed
electronic excitations. The origin of the emissive properties of 1-
3 can be described by the singlet-singlet transitions displaying
higher oscillator strengths since the lifetime is in the nanosecond
range. Therefore, an admixture of 1LLCT and 1IL electronic transi-
tions is responsible for the appearance of the emission of investi-
gated compounds. Some of us recently reported a similar assign-
ment on related octahedral Zn(Il) complexes [14].

A deeper analysis of the MOs (Figures S33 and S34, Supple-
mentary material) shows that lower energy singlet-singlet transi-
tions arise mainly from orbitals HOMO and HOMO-1 and arrive
to orbitals LUMO and LUMO+1. In contrast, higher energy singlet-
singlet transitions arise from a different part of the same ligands in
orbitals HOMO-3, HOMO-4 and HOMO-9 and arrive again to LUMO
and LUMO+1 (see Figures S33 and S34, Supplementary material).
In all cases, the C-S bonds are involved in all the MOs, supporting
the previous assignment of the experimentally observed emissions.

3.9. Anticancer activity

3.9.1. Antiproliferative activity

Due to non-electrolyte nature, the complexes are soluble only
in DMSO. The anticancer potential of investigated compounds was
initiated by determining their solubility and stability in the culture
medium containing 0.25% v/v DMSO. Among all synthesized com-
pounds, only 1 is soluble in the culture medium containing 0.25%
v/v DMSO and therefore it was further studied in that respect. The
buffered aqueous solution behavior of 1 with respect to hydroly-
sis was studied by UV/vis spectroscopy over 48 h under conditions
similar to those used in the antiproliferative activity determina-
tion experiment (PBS solution of 1 containing 0.25% v/v DMSO at
298 K). Complex 1 showed only a 12% decrease of the intensity
of the band with an absorption maximum at 465.4 nm after 48 h
(Figure S40, Supplementary material).

The antiproliferative activity of 1 has been examined at the fol-
lowing solid tumor cell lines: WiDr (colon), HBL-100 (breast), T-
47D (breast), HeLa (cervix), and A549 (non-small cell lung) and
expressed as Glsy values. Obtained Glsg values for 1 as well as
Glsg values previously determined for corresponding ligand (HLS!)
[1] and anticancer drugs cisplatin and 5-fluorouracil (5-FU) are
presented in Table 3. The obtained results indicated that 1 exhib-
ited appreciable activity on all six investigated cell lines, with GI50
values lower than 2 pM. 1 appeared to be more active than the
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Fig. 6. In situ UV-Vis spectroelectrochemical results for 1 (arrows illustrate the change of the spectra under applied potentials): A) Eypp = -1.75 V, B) E3pp = -1.95 V, and C)
Eapp = 1.00 V in TBAP/DMSO media; D) color of the neutral, reduced, and oxidized complex (Neutral: 0J; R(1): o; R(2): A; R(3): v; O(1): ).

Table 3
Antiproliferative activity (Glso) of the investigated compounds.
Glso (uM)

Compound A549 HBL-100 HelLa T-47D WiDr
HLS! * 3.0+ 1.1 5.8 + 1.7 52 +1.1 22 +£0.92 n.a.*
1 14 +£0.23 1.2 £0.14 1.0 + 0.06 14 + 0.25 1.6 £ 0.42
Cisplatin 1.9+02 2.0+ 03 15 +£23 49 £ 0.2 1.9+02
5-FU 22 +03 44 + 0.7 16 + 4.5 43 £ 16 49 + 6.7

* Literature data [1]. **n.a. - not active (Glsg > 100 pM).

corresponding ligand, and cisplatin and 5-FU as the reference com-
pounds.

3.9.2. Analyses of cell cycle phases and progression

Uncontrolled cell division is one of the hallmarks of cancer
[42]. Therefore, the activity of many chemotherapeutics agents re-
lies on modulating cell cycle phases [43]. To establish whether
HLS! and 1 influence cell cycle progression, the distribution of
A549-treated cells in different cell cycle stages was determined us-
ing flow cytometry. As shown in Fig. 8, both compounds induced
concentration-dependent accumulation cells in G¢/G; phase, with
a concomitantly decreased number of cells in the S-phase; how-

ever, no changes were observed in the G,/M phase. The Gy/G; frac-
tion was ~30% in DMSO-treated control cells and increased up to
52.9 + 1.1%, and 48.5 + 3.5%, with 20 uM of HLS! and 1, respec-
tively. This suggested that both compounds might inhibit cell pro-
liferation by inducing cell Go/G arrest.

3.9.3. Evaluation of pro-apoptotic properties

To further understand the mechanism underlying the cytotox-
icity of HLS! and 1 on A549 cells, their pro-apoptotic properties
were investigated using flow cytometry. Cells were subjected to in-
creasing doses of both compounds for 48 h and stained with An-
nexin V-FITC and 7-AAD. This combination allows the differentia-
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Fig. 7. (A) Solid state emission spectra for 1-3 at RT (left) and at 77 K (right). (B) Theoretical model system 1a (left) and HOMO (middle) and LUMO (right) obtained at the

DFT theory level.

tion among necrotic cells (Annexin V-FITC(-)/7-AAD(+)), late-phase
apoptotic cells (Annexin V-FITC(+)/7-AAD(+)), early phase apop-
totic cells (Annexin V-FITC(+)/7-AAD(-)), and viable cells (Annexin
V-FITC(-)/7-AAD(-)). Physical changes in the plasma membrane
such as the exposition of the negatively charged phosphatidylser-
ine in the outer leaflet of the membrane, are one of the events
occurring in apoptotic cell death [44]. Moreover, during the late
apoptotic and necrotic phases the integrity of the plasma mem-
brane is compromised [45]. As depicted in Figure S41 (Supple-
mentary material), HLS! slightly increased the populations of both
apoptotic positive cells (early + late) independently of its concen-
tration. Treatment of A549 cells with 1 led to a concentration-
dependent increase in apoptotic cells. This effect was strongly en-
hanced in comparison to the ligand alone. The most notable in-
crease in the number of late apoptotic cell death was noticed for
15 and 20 puM of 1, where the population raised to 48.2 + 1.85%
and 62.5 + 4.5%, respectively. The highest concentrations of 1 in-
creased the necrotic fraction of cells, but significantly only after
treatment with 20 pM (p < 0.01). In addition, it is worth noting
that Etoposide’s fraction of apoptotic cells (early and late) was only
374 + 4.8%. Typical cytomorphological features of apoptosis, like
chromatin condensation, cell shrinkage, cell blebbing, and apop-
totic bodies were also observed by fluorescent microscopy after
A549 cells were treated with HLS! and 1 (Figure S42, Supplemen-
tary material).

3.9.4. Evaluation of caspase-3 and —7 activity

Throughout apoptosis, executioner caspases-3 and -7 are
cleaved and activated, leading to catalysing proteolysis of many
key cellular proteins [46]. To investigate whether HLS! and 1 in-

duce caspase-dependent apoptosis, cells were subjected to several
concentrations of the compounds and analyzed by flow cytometry.
Figure S43 (Supplementary material) depicts representative dot-
plots and quantitative analyses. A concentration-dependent activa-
tion of caspase-3/7 was noticed for both compounds after 48 h of
treatment. In addition, compounds exhibited similar activity in all
tested conditions, leading to approximately threefold augmentation
in caspase-3/7 expression compared to the vehicle.

3.9.5. Evaluation of calcium efflux

Deregulation of calcium (Ca?*) homeostasis is a hallmark of
cancer cells. Alteration of intracellular concentration of Ca2* is ob-
served in metastasis and apoptosis resistance [47,48]. In the major-
ity of cells, a key role in Ca* storage has the endoplasmic retic-
ulum (ER) [49]. During stress, ER leads to efflux Ca?* from its
lumen inducing accumulation in the mitochondrial matrix. Mito-
chondrial outer membrane permeabilization and cytochrome c re-
lease are signs of proapoptotic mitochondrial alteration. They are
both triggered by the influx of Ca?* into mitochondria [50]. In-
tracellular levels of Ca?twere measured in A549 cells, after treat-
ment with HLS! and 1 at increasing doses for 24 h. Figure S44
(Supplementary material) shows that both compounds induce po-
tent, time-dependent increases in free Ca?t levels. Importantly, af-
ter the complexation of the HLS! compound, Ca?* efflux from the
ER was significantly higher than this caused by ligand alone. Addi-
tionally, it is worth emphasizing that A549 cells treated with 1 at
20 1M led to a massive accumulation of cytosolic Ca?t, which was
revealed as a 93+1.32% increase compared to the vehicle. These
results indicated that HLS! and 1 could dose-dependently induce
ER-mediated apoptotic death in A549 cells.
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Fig. 8. Cell cycle distribution analysis in A549 cells after 48 h of treatment with HLS' and 1. DMSO was used as a benchmark compound. (A) Illustrative histograms; (B)
Graph bar representation of the quantification of the analysis. Error bars reflect the SEM of data from three independent experiments. Statistical differences were tested with

a one-way ANOVA test.
*p < 0.01, ** p <0.001, *** p <0.0001, **** p <0.00001 in comparison to DMSO.

3.9.6. Genotoxic properties

Cell cycle arrest and apoptosis can be triggered by specific DNA
lesions [51]. In terms of cell death, double-strand breaks (DSB)
are considered as deadliest. One of the early steps in response
to DSB is the phosphorylation of H2AX at Ser 139 at the site of
DNA damage [52]. The DNA-damaging effects of HLS! and 1 were
assessed after the treatment of A549 cells with various concen-
trations of the compounds by flow cytometry. As shown in Fig-
ure S45 (Supplementary material), both compounds induce a sig-
nificant, concentration-dependent increase of DSBs compared to
DMSO-treated cells after 48 h. In the concentration range of 5 -
15 pM, 1 exhibited stronger genotoxic properties than HLS!; how-
ever, at 20 utM both compounds exerted similar activity, leading to
554 + 1.6% (p < 0.0001), and 61.4 + 2.5% (p < 0.00001) increase
of yH2AX positive cells for HLS!, and 1, respectively.

4. Conclusions

In this work, the synthesis and characterization of Zn(Il) com-
plexes 1-3 with deprotonated forms of 1,3-TH ligands HLS!-3
was presented. Single-crystal XRD analysis reveals that deproto-
nated forms of HLS!-3 behave as NNN tridentates upon coordina-
tion to Zn(Il), as it was noticed for their neutral forms. All com-

10

pounds were shown to be relatively thermally stable, with de-
composition starting in the 220-250 °C temperature range. Since
the only structural difference between investigated compounds is
the presence of additional groups at C13 of the benzene ring,
it was possible to evaluate the impact of additional -Me and -
OMe groups on selected molecular descriptors. The differences
between maximum and minimal values of MEP and ALIE be-
tween all three complexes are low, suggesting that substituent
influence is localized to the substitution site. All these parame-
ters indicate that the non-coordinated nitrogen atom of the hy-
drazone moiety is the most favorable for electrophilic attacks,
while the pyridine hydrogen atom in the anti-position concern-
ing the nitrogen atom is the most favorable for nucleophilic at-
tacks. The reactivity to an electrophilic attack to =N-N functional
group is preferred over radical or nucleophilic reaction. Finally,
QTAIM calculations indicate the significant ionic nature of all Zn-N
bonds. All Zn complexes have similar imine-based-reduction and
thiazole-based oxidation reactions. The substituents on the lig-
ands did not considerably influence their redox responses. Pre-
dominant spectral changes were observed during the first reduc-
tion and oxidation processes that caused distinct spectral color
changes indicating their possible functionality for electrochromic
applications.
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The obtained results regarding the photophysical properties of
novel asymmetrical complexes 1-3 herein agree with our previous
hypothesis [14] since all three investigated complexes are asym-
metric and show luminescent properties. Comparison of emission
wavelengths of 1-3 with the corresponding Zn(Il) complexes with
the neutral form of the ligands shows that the emissions of 1-3 are
shifted to lower energy and originate from an admixture of 'IL and
TLLCT electronic transitions. This suggests that the deprotonation
of the ligands mainly affects the relative energies of electronic lev-
els in the complexes, resulting in similar photoluminescence mech-
anisms and quantum yields with a small shift in emission energy.

Since only 1 was soluble in the culture medium containing 0.25
v/v DMSO, it was the only compound tested for the antiprolifera-
tive activity on selected cancer cell lines. Gl5q values of 1 were be-
low 2 pM. Flow cytometry studies confirmed that the antiprolifera-
tive action results from blocking the G1/S phase in A549 cells. Ad-
ditionally, the compound induced pronounced DNA damage as well
as distinctive morphological and biochemical changes associated
with apoptosis features, such as chromatin condensation, exposure
of phosphatidylserine and activation of caspases. Further analysis
revealed that 1 significantly altered calcium homeostasis, indicat-
ing ER stress-mediated apoptotic death in A549 cells. It is worth
emphasizing that 1 showed markedly increased anticancer activity
than the corresponding ligand. Obtained results indicate the poten-
tial application of Zn(Il) complexes with 1,3-THs in cancer therapy.
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